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“At once she saw something strange was happening in the sky...the sight filled the north-
ern sky; the immensity of it was scarcely conceivable. As if from Heaven itself, great
curtains of delicate light hung and trembled. Pale green and rose-pink, and as trans-
parent as the most fragile fabric, and at the bottom edge a profound and fiery crimson

like the fires of Hell, they swung and shimmered loosely with more grace than the most

skillful dancer.”

The Northern lights, Philip Pullman.
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This thesis will investigate the formation and structure of polar cap arcs using ground-
based and spacecraft instrumentation. In particular, we present polar cap arc sub-
structure down to unprecedented spatial and temporal scales using the Auroral Struc-
ture and Kinetics (ASK) instrument. Events are identified using images from Special
Sensor Ultra-violet Spectrographic Imager (SSUSI) instruments on board Defence Me-
teorological Satellite Program (DMSP) F16-F19.

Three studies are presented. First, an event with polar cap arcs occurring on the dawn
and duskside of the northern hemisphere on 19 January 2008 was observed by SSUSI
instruments on board DMSP F16 and F17. The structure on the duskside occurred
over Svalbard and was analysed using a multitude of ground-based instrumentation,
including ASK, and was found to be consistent with formation on closed field lines. The
arc on the dawnside of the northern hemisphere was found, using in-situ particle data,
to be consistent with formation on open field lines. This first study shows that polar

cap arcs consistent with different formation mechanisms can occur simultaneously.

The second study surveyed SSUSI and corresponding SSJ/5 data to identify and classify
polar cap arc events in December 2015. Further examples of arcs occurring on both
magnetic field topologies are found as well as examples that are not, at first sight,
consistent with either. The occurrence frequency of polar cap arcs is also investigated

and they are found to be present in the SSUSI images at least 20% of the time.

Finally, two events with polar cap arcs consistent with different magnetic field topologies
occurring over Svalbard are analysed using ASK data. The first occurred on 4 February
2016 and is consistent with formation on closed field lines; the second occurred on 15
December 2015 and is consistent with open field lines. The small-scale structure within
these arcs is found to be quite different and consistent with their occurrence on differ-
ent magnetic field toplogies. The ground-based observations are then compared to the

spacecraft observations to infer more information about the two formation mechanisms.
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Chapter 1

Introduction

1.1 General overview

The aurora is a visual representation of the complex interactions between the Earth
and the Sun’s magnetic fields. These dynamic light displays have fascinated people
throughout history, with the first reported auroral observations dating back as far as
2000 BC in ancient Chinese literature. Naturally, many myths and legends exist about
the causes of the northern lights, particularly in the Nordic and Canadian regions.
According to a Finnish folk tale, the lights are created by an Arctic fox sweeping its
tail across the snow which throws the lights into the sky; the Finnish name for the
northern lights, ‘revontulet’, translates literally to fox fires. It was not until the first
international polar year (1882 - 1883), that Sophus Tromsholts related the occurrence of
the aurora with the occurrence of Sun spots (which are correlated with solar activity).
Later, around 1900, Kristian Birkeland used his Terrella experiments to understand
why auroral activity occurred in the polar regions. These experiments led to the well
accepted theory that the interaction between particles flowing away from the Sun and

the Earth’s magnetic field ultimately generates the auroras.

This thesis will investigate the fine-scale structure within a mysterious subset of auroral
arcs which occur at high latitudes, known as polar cap arcs. These high latitude arcs were
first reported by Douglas Mawson, who made detailed logs of the auroral activity over
different Antarctic stations during expeditions in 1908 and between 1911-1914 [Mawson,

1916, 1925], shown in Figure 1.1. He found, on average, that the arcs were aligned in a
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north-south direction around midnight and an east-west direction in the morning and

evening, pointing towards the Sun; this arcs were subsequently termed sun-aligned arcs.

FIGURE 1.1: Mawson’s Antarctic expedition. Photo from the National Archives of
Australia.

Despite over a century of study, the formation of these arcs is still not well understood.
This thesis uses ground-based and spacecraft observations of polar cap arcs to investi-
gate how they are formed and what consequences this has on our near-Earth magnetic
environment. In particular, this thesis will look at ground-based observations from Sval-
bard. Due to its high latitude location, Svalbard spends a lot of time in the typically
dim polar cap region (within the auroral oval), especially when on the nightside and is
hence ideal for studying these arcs. The University of Southampton has ground-based
instrumentation located on Svalbard. Figure 1.2 shows a picture of aurora occurring
over Svalbard, although this is main oval aurora rather than the elusive polar cap arcs

which are the focus of this thesis.

The interactions between the Earth’s magnetosphere (the region of space in which the
Earth’s magnetic field dominates, described in Section 1.4) and the constant stream of
plasma emitted by the Sun, known as the solar wind (Section 1.3), ultimately result

in the auroral displays which are of interest to this thesis. Section 1.2 will explain the
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fundamental physics which underpins these interactions, before giving a review of polar

cap arc studies which have led up to this thesis in Section 1.5. Happy reading!

FIGURE 1.2: Aurora above Svalbard. Photo credit Dan Whiter.

1.2 Plasma physics

A plasma is an ionised gas with approximately equal numbers of positive and negative
charged particles (quasi-neutral). It can co-exist with a background of neutral particles,
depending on the source of the ionization. It is the fourth state of matter and makes up
approximately 99% of the observable universe, for example the Sun is made of plasma (as
are all stars). For an ionised gas to be called a plasma it must satisfy three conditions,

known as the plasma criteria, which are discussed below.

The first condition relates to Debye shielding, which describes the collective effect in
which a ‘cloud’ of electrons surround ions in a plasma, due to the electrostatic potential.
These electrons shield the electric field of the ions and result in the plasma being quasi-
neutral. The Debye length (Ap) is the distance over which Debye shielding occurs; within
distances of Ap particles have to be considered individually, but over larger distances

(i.e. Ap >> 1), the plasma may be considered as a fluid [Kivelson and Russell, 1995].
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Equation 1.1 gives the Debye length where ¢ is the permittivity of free space, kp is the
Boltzman constant, T is the electron temperature, e is the charge of an electron and n,

is the electron density.

€0kJBT
ApD = 1.1
p V' e2n. (1.1)

For a plasma to be quasi neutral, the Debye length must be must smaller than the scale
length of the plasma (L) i.e. Ap << L. This is the first plasma criterion. This condition
can be shown to be equivalent to the free particle criterion that the thermal energy of

the particles must be greater than the potential energy due to other particles.

In order for Debye shielding to occur, the number of particles within a sphere of radius
Ap (the Debye sphere), known as the plasma parameter A (given by equation 1.2) must

be large.

A= ne/\D (1.2)

The second plasma criterion is: A >> 1.

If a plasma is disturbed by an external force, the electrons will be accelerated back by a
restoring force to maintain quasi-neutrality. This results in electrons oscillating around
the more massive ions at the electron plasma frequency (wpe) given by equation 1.3,

where m, is the mass of an electron [Kivelson and Russell, 1995].

2
Ne€
W2 =

pe

= e (1.3)
The third plasma criterion states that the particles must be collisionless on the timescale
of the collective processes (i.e. the electron plasma frequency) and hence wpe, >> 1
where 7, is the average time between two electron-neutral collisions. All three plasma
criteria must be obeyed in order for a medium to behave as a plasma i.e. it must be
quasi-neutral on a large scale, must consist of free particles and must be collisionless on

timescales of the collective processes [Baumjohann and Treumann, 1996].
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A plasma can be produced by heating a gas to high enough temperatures such that the
kinetic energy of the particles is greater than the ionisation energy (the energy required
to separate an electron from the nucleus); this is a process that occurs throughout the
Sun. Another way to produce a plasma is to irradiate a gas with photons of higher
energy than the ionisation energy; this process is called photoionisation and occurs in
the upper atmosphere of the Earth due to UV radiation from the Sun (as it does in any
planetary atmosphere that is irradiated by UV radiation) [Baumjohann and Treumann,
1996]. The plasma layer at the top of the Earth’s atmosphere is called the ionosphere;

this is where the auroras occur and will be discussed in more detail in Section 1.4.3.1.

Generally, there are three ways in which a plasma can be described: single particle
dynamics, which considers the individual particles within a plasma; magnetohydrody-
namics (MHD), which treats all the particles within a plasma as a fluid and kinetic
theory which is statistical. The basics of these three approaches are described in Sec-

tions 1.2.1-1.2.3 respectively.

1.2.1 Single particle dynamics

Equation 1.4 describes the motion of a charged particle in a magnetic and electric field
(where q is the charge of the particle); this is called the Lorentz equation and is fun-
damental for charged particles in a plasma. All charged particles inherently have an
electric field (E) and, if moving at velocity (V), they also have a magnetic field (B)

[Baumjohann and Treumann, 1996].

F=¢E+VxB) (1.4)

These electromagnetic fields are fundamentally described by Maxwell’s laws which en-
compass: Gauss’s Law, no magnetic monopoles, Faradays Law of Induction and Amperés
Law. These are shown in differential form by equations 1.5- 1.8 respectively, where p is

the charge density and pug is a constant, the magnetic permittivity of free space.
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V-B=0 (1 6)
0B
E=— 1.
V x 5 (1.7)
) OE
V x B = puoj+ /Loe()a (18)

Charged particles in a dipolar magnetic field, such as that of the Earth, experience
gyration, bounce and drift as demonstrated in Figure 1.3 which shows particle motion

on one magnetic field line. Each of these motions will be described in detail below.

TRAJECTORY OF
TRAPPED PARTICLE

MIRROR POINT

DIRECTION QF
ELECTRON DRIFT

MAGNETIC
FIELD LINE

DIRECTION
OF PROTON
DRIFT

FI1GURE 1.3: The trajectory of particles in the Earth’s dipolar magnetic field from Walt
[2005].

1.2.1.1 Gyromotion of charged particles

If a particle is in a constant magnetic field and the electric field is zero, the equation of

motion of the particle (given in equation 1.4) becomes:

dv
F=m— =¢q(V x B) (1.9)
dt
This equation demonstrates that a magnetic field results in a force which is perpendicular

to the direction of motion and the field itself, this will cause the particle to experience



Chapter 1. Introduction 7

circular motion and gyrate about the magnetic field line (guiding axis) [Baumjohann
and Treumann, 1996]. By equating this force to the centripetal force, the radius of
gyration (r4) and the gyrofrequency, or cyclotron frequency (wy) can be expressed in the

following way respectively:

mVJ_
=" (1.10)
qB

where m is the mass of the particle and V| is the perpendicular component of it’s

velocity.

Equation 1.9 shows that the force causing the circular motion is dependent on the charge
of the particle and therefore, ions and electrons gyrate in opposite directions. If a particle
has a component of velocity in the same direction as the magnetic field (i.e. parallel), the
path of the particle can be described by a helix. The angle between the perpendicular

and parallel velocity components is known as the pitch angle, a.

v
a= arctan(—L) (1.12)

Y
In a uniform magnetic field, with no electric field applied to it, the circular motion of a

particle does not change the kinetic energy of the particle.

1.2.1.2 Bounce motion

Figure 1.4 shows the path of a particle in a converging magnetic field. In this situa-
tion, the particle will experience a force in the opposite direction to the increasing field

strength, known as the mirror force.

This force results in the parallel velocity (V}) decreasing (and hence, due to conservation
of energy, V| increasing) as the field strength increases until it reaches zero. At V) =

0, the force will then accelerate the particle in the opposite direction, this is known as
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Mirror Point

FIGURE 1.4: Particle in a converging magnetic field from Baumjohann and Treumann
[1996].

the mirror point (i.e. the point where the particle changes direction) [Baumjohann and

Treumann, 1996].

The mirror point can be inferred by using the magnetic moment (u) of a particle in a
magnetic field, given by the ratio of the perpendicular particle energy (W, = %me)

and the magnetic field strength:

p=— (1.13)

The magnetic moment is a useful parameter for describing a particle in a magnetic
field and is the first adiabatic invariant, which means it can be considered ‘constant’
for perturbations to the system on timescales which are greater than the gyrofrequency.
The first adiabatic invariant tells us that, as the magnetic field strength changes, the
only quantity that is can change is V| which is dependent on the pitch angle of the
particle (V| = Vsin(a)). At the mirror point (B,,), the pitch angle is 90° and therefore

using equation 1.13:

B
B, = —— 1.14
" sin2a (1.14)
This shows that the mirror point only depends on the particle’s pitch angle (equation
1.12) and relative field strength at a given location, for example at the equator. A
particle’s pitch angle changes as it moves along a magnetic field line (as the magnetic

field strength changes). Therefore, particles of different mass and charge but with the

same pitch angle in a given magnetic field configuration, will mirror at the same point.
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Particles with a > sin_l% will remain trapped by the converging field whereas par-

—1 Bo.

ticles with o < sin B

can escape the converging magnetic field [Baumjohann and

Treumann, 1996].

In the dipolar magnetic field of the Earth, a population of particles with sufficiently
small pitch angles will mirror within the atmosphere. The loss cone is the solid angle
containing the particles with o < ap ¢, such that these particles are lost to the system via
atmospheric collisions. On field lines which are connected to Earth in both hemispheres,
a double loss cone is present. Particles with a > ay ¢ are trapped by the Earth’s dipolar

magnetic field and bounce between each hemisphere.

1.2.1.3 Drift motion

In general, in a uniform magnetic field (B) that is acted on by external force (F), the
resultant motion is helical with a constant drift which is perpendicular to both the
external force and the magnetic field. Equation 1.15 gives the general equation for this

drift (Vp):

_F><B

Vp=—— 1.15

In a plasma, electric fields which are parallel to the magnetic fields are quickly cancelled
out due to charge separation and subsequently E is usually zero. If there is an electric

field acting perpendicular to the magnetic field (E ) equation 1.15 becomes:

ExB
B2

Vg = (1.16)
Where Fg = qE. This drift (V) is known as the Ex B drift. This drift is independent of
particle charge or mass and is therefore the same for all particles [Kivelson and Russell,

1995).

In a magnetic field which is not homogeneous (such as that of the Earth), as particles
move into regions of increasing or decreasing field strengths, they will experience gradient

drift (V) given by:
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_ W./BxVB

\Z2 5

(1.17)
where W is the perpendicular component of the kinetic energy. This drift is propor-
tional to the charge of the particles and hence electrons and ions experience drifts in

opposite directions [Kivelson and Russell, 1995].

In a magnetic field with curved field lines the trajectory of the particles is constantly
changing as it experiences centrifugal force (F. = mV?/R.). This external force leads

to a curvature drift (V) shown by:

QWHQRC x B
V.= —~

1.1

where W) is the parallel component of the particles kinetic energy and R is the radial
direction of gyration (R./|R¢| = 1). This drift is also dependent on charge, and therefore
moves electrons and ions in different directions. It is also proportional to the parallel
component of the particles velocity and acts in the same plane as the E x B drift

[Kivelson and Russell, 1995].

It can be seen from Equations 1.17 and 1.18 that both of these magnetic drifts are
dependant on components of the particles kinetic energy and are therefore dependant
on the particles pitch angle. This results in changes in the relative strength of these
drifts as particles move along magnetic field lines; the curvature drift is strongest at the
equator and the gradient drift is strongest at the poles. Furthermore, it can be seen

from Equation 1.16, that the ExB drift is not energy dependent.

1.2.2 Kinetic theory

Another approach at describing a plasma is kinetic theory. Here, instead of treating a
plasma as a sum of the individual particles, kinetic theory takes a statistical approach.
As discussed above, plasmas are a collection of approximately equal numbers of electrons
and ions and some neutral particles. The motion of these different particles is governed
by external forces (such as electromagnetic forces for the charged particles) and internal
collision processes. The observed macroscopic plasma parameters, such as electron den-

sity, temperature and pressure, are averages of these microscopic interactions. Kinetic
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theory considers a particle in terms of phase-space in which it can be described by its
position vector (r) and velocity vector (v). A multi-particle system, such as a plasma,
can be described by distribution functions f(r,v,t), which can be used to derive the

macroscopic plasma properties, such as those outlined above.

1.2.3 Magnetohydrodynamics

Magnetohydrodynamics (MHD) describes the collective fluid motion of charged particles
in a plasma rather than considering the individual particles. The MHD approximation
is valid for timescales which are longer than the gyrofrequency and length scales which
are large compared with the gyroradius. Maxwell’s equations and generalised Ohm’s
law (equation 1.19) can be used to derive the induction equation (equation 1.20), which

is key for describing different MHD regimes:

J=0(E+V xB) (1.19)

OB V’B
E—VX(VXB)—F oo

(1.20)

The ratio between the two different terms on the right hand side in the induction equation

gives the magnetic Reynolds number [Baumjohann and Treumann, 1996]:

R o_ convective term  V x (V x B)
™ diffusive term V2B /pgo

(1.21)

For most of the plasma in the solar system, R,, >> 1, where the convective term
dominates. In this region the magnetic field is moving with the plasma. When R,,, << 1,
the diffusive term dominates and the magnetic field can diffuse through the plasma. The

consequences from these two different regimes are discussed below.

1.2.3.1 Frozen-in

In the convective limit (R,, >> 1), also known as ideal MHD, the particles in the plasma

and the magnetic field move together. This is known as the frozen-in flux theorem and
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means that the magnetic flux through a surface which is moving with the plasma (i.e.
frozen-in), is constant. Plasma elements can be considered to be stuck on the same
magnetic field lines and can only move parallel to the magnetic field. The implications
of frozen-in depend on the energy densities of different regions of plasmas. The total
pressure exerted by a plasma is the sum of the thermal (Pr), dynamic (or ram, Pp) and

magnetic (Pp) contributions:

2

1 B
Pyt = Pr + Pp + Pg = nikT + —m;nv?® + —

1.22
5 50 (1.22)

The plasma beta, 3, is the ratio of the of thermal to magnetic pressure. When 8 >> 1,
the particle energy dominates and the particles carry the magnetic field. When 5 << 1
the magnetic energy dominates and the plasma is confined by the magnetic field lines

[Baumjohann and Treumann, 1996].

1.2.3.2 Magnetic Reconnection

In the diffusive limit (R,, << 1), the frozen-in approximation breaks down and particles
can diffuse across magnetic field lines. Under these conditions, a process known as
magnetic reconnection can occur whereby field lines from different plasma regions ‘merge’

or become joined, changing the overall topology of the field lines [Kivelson and Russell,

1995]; this is depicted in Figure 1.5.
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FIGURE 1.5: Evolution of merging magnetic field lines with time. The current sheet in
indicated by a yellow shaded region where the current is coming out of the page. The
diffusion region (not to scale) is indicated by blue dashed lines.
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The image on the left hand side in Fig. 1.5 shows oppositely directed magnetic field lines
moving towards each other. In the convective limit, the frozen-in approximation applies
and therefore the two different plasmas cannot mix and are separated by a thin current
sheet (indicated by the yellow shaded region of Fig. 1.5). However, in the second image
depicted in Fig. 1.5, due to external forces pushing these plasmas together and the high
magnetic gradient between the opposing field lines, the frozen-in approximation breaks
down and diffusion can occur within the blue dotted box; this is known as the diffusion
region (not to scale) and is where the magnetic field lines are being reconfigured. The last
image on the right of Fig. 1.5 demonstrates the newly orientated field lines. These field
lines are then ejected away from the diffusion region, where the frozen-in approximation
becomes valid again. Magnetic reconnection results in a transfer of energy and particles

between two plasmas [Baumjohann and Treumann, 1996].

Magnetic reconnection is a key process which occurs in the Earth’s magnetosphere and
results in the acceleration of particles into the ionosphere which in turn generates au-
roras. The electron diffusion region at the Earth’s magnetopause region has recently
been observed by the high-resolution data from the Magnetospheric Multiscale (MMS)
mission [Burch et al., 2016].

1.3 The Sun’s magnetic field and the solar wind

2000/02/27 01:54 [ D00D0/02/27 07:42

FIGURE 1.6: Images of a coronal mass ejection shown in different wavelengths (credit
SOHO ESA and NASA).

The outer layers of the Sun’s atmosphere expand out into the solar system, resulting

in a constant stream of plasma flowing radially away from the Sun, known as the solar
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FIGURE 1.7: The structure of the solar wind [Parker, 1963]

wind. This is demonstrated in Figure 1.6 by two images from the Solar and Heliospheric
Observatory (SOHO). A large expulsion of plasma, known as a coronal mass ejection,
can be seen at the top of each image. Solar wind plasma exists in the convective limit
and hence the Sun’s magnetic field is frozen into the plasma, such that as the particles
leave the Sun they drag the magnetic field out into the solar system. This extension
of the solar magnetic field is known as the Interplanetary Magnetic field (IMF). The
entire region in which the solar wind has influence is known as the heliosphere. Due to
a combination of radial flow and the rotation of the Sun, the solar wind is shaped into a
ballerina-like skirt, known as the Parker spiral [Parker, 1958|; a cartoon demonstration
of this is given in Figure 1.7. Due to this structuring, as well as other effects from
the magnetic conditions on the Sun (such as coronal mass ejections), this solar wind is
highly variable by the time it reaches the Earth. This variability plays a huge role in

the geomagnetic conditions of the Earth’s magnetosphere.



Chapter 1. Introduction 15

1.4 The Earth’s magnetosphere

The Earth’s magnetosphere is the region of space that is dominated by the Earth’s
magnetic field, shown in Figure 1.8. It is shaped by the solar wind, which compresses it
on the dayside and drags it out into a long magnetotail on the nightside. The plasma in
the Earth’s magnetosphere, as in the solar wind, is in the convective limit and therefore
obeys the frozen-in approximation. This means that the two plasmas cannot mix and
hence the Earth’s magnetosphere can be thought of as a cavity within the solar wind;
the barrier between the two plasmas is called the magnetopause. As the solar wind is
travelling faster than the speed of sound, it is suddenly slowed down when it encounters
the Earth’s magnetosphere, generating a shock wave known as the bow shock. The
region between the bow shock and the magnetopause is known as the magnetosheath;

this area contains hot, dense solar wind [Kivelson and Russell, 1995].

Plasma mantle

Interplanetary Medium <v1agnetopause

EOISUEUED North Lobe

Magnetotail

Neutral point

Magnetotail
Bow Shock —/ South Lobe

Plasmasphere

Magnetosheath

FiGure 1.8: The different regions of the Earth’s magnetosphere (Image
credit: ESA/C. T. Russell).

The size of the Earth’s magnetosphere is determined by the balance between the mag-
netic pressure of its magnetic field and the dynamic (or ram) pressure from the flowing
solar wind. On the dayside, the distance between the Earth and the nose of the magne-

topause is highly variable with a mean value of approximately 10 Earth radii (R.). The
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length of the nightside magnetotail is not known for sure but it is thought to be dragged
out to hundreds of R, [Dungey, 1965].

The magnetotail can be characterised by two regions: the lobes which host the ‘open’
field lines (field lines which are magnetically connected to the IMF and have a footprint
in only one hemisphere), and the plasma sheet which hosts the ‘closed’ field lines (field
lines which simply trace from the ionosphere in one hemisphere to the ionosphere in
the other, without passing into the solar wind). The lobes are regions of low density,
relatively cold plasma whilst the plasma sheet is a hot, dense region containing all the
trapped particles that are bouncing back between the two hemispheres (as discussed in
Section 1.2.1.3); these regions are labelled in Fig. 1.8. A closed field line can be identified

in particle data by the presence of a double loss cone (e.g. Walsh et al. [2013]).

The interactions between the solar wind and the Earth’s magnetosphere (which will be
discussed below) generate auroral ovals in both hemispheres which are centered approx-
imately over each of the poles. The typically dim region within the main auroral oval
is known as the polar cap (which maps to the magnetotail lobes); this region is of par-
ticular interest to this thesis and will be discussed in detail in Sections 1.4.4 and 1.5.
The auroral ovals are formed on the closed field lines (which map to the plasma sheet)
that surround the open field lines of the polar cap and hence the poleward edge of the
auroral oval can be considered to be the border between these two different topologies,

known as the open-closed boundary.

1.4.1 Low-latitude reconnection and the Dungey cycle

During periods when the IMF is directed southward (i.e. opposite to the Earth’s mag-
netic field), magnetic reconnection (summarised in Figure 1.5) may occur on the dayside
of the Earth’s magnetosphere whereby the closed magnetic field lines change topology
and become open. This is demonstrated in Figure 1.9 which shows incoming solar wind
interacting with the Earth’s magnetic field in a similar side-on view of the Earth’s mag-
netosphere as Figure 1.8. The subsequent stages of this convection process are labeled
1-9. Stage 1 shows a southward directed IMF field line interacting with a closed field
line on the dayside of the Earth. This field line is opend and then dragged anti-sunward
across the polar cap region by the continually flowing solar wind (stages 2 and 3). Be-

tween stages 4 and 5 this field line enters the magnetotail and is compressed inwards as
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FIGURE 1.9: The Earth’s magnetosphere and the stages of the Dungey cycle [Lester,
2003].

a result of the pressure exerted by the solar wind upon the magnetotail. At the center of
the magnetotail (stage 6), oppositely directed field lines from each hemisphere meet and
undergoes nightside reconnection; this acts to close the open field lines. Once nightside
reconnection occurs the field line ‘springs’ back towards the Earth (stages 7-8), becom-
ing more dipolar; this accelerates particles down into both polar regions where they
interact with atmospheric particles and generate auroras (discussed in more detail in
Section 1.4.3). Stage 9 represents a closed field line which has convected back round to
the dayside, ready to start the cycle again. This is known as the Dungey cycle [Dungey,
1961]. Zhang et al. [2015] measured a full Dungey cycle duration, using spacecraft and
ground based instrumentation, to be 3 hours; this observation occurred during relatively

slow solar wind speeds varying between 360-420 km™!.

In a statistical study, Browett
et al. [2016] found the transport of a field line from the dayside to the nightside (and
hence not including the return journey) can take between 1-4 hours depending on the

IMF conditions.
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The ionospheric convection on the duskside of the polar cap during the Dungey cycle
is illustrated at the bottom of Figure 1.9; it shows the newly opened field line travel
anti-sunward across the polar cap before convecting back to the dayside, equatorward

of the auroral oval (same stages 1-9 described above). This pattern is reversed on the

dawnside and, as a whole, is known as the twin cell convection pattern.
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FIGURE 1.10: Ionospheric convection in the polar cap shown for different IMF condi-
tions [Cowley and Lockwood, 1992]. In each image noon is to the top and dawn to the
right.

Figure 1.10 shows the average ionospheric flow in the polar cap region for different IMF
conditions taken from Cowley and Lockwood [1992]. The top row indicates the aver-
age convection patterns during negative IMF B, conditions, when low-latitude dayside
reconnection is occurring, with different IMF B, components. It can be seen that the
presence of the B, components results in asymmetric ionospheric convection which is
skewed depending on the sign of B,. The ionospheric conditions on the bottom row,

where the B, component is positive are considered in Section 1.4.2.

The area of the polar cap and the location of the main auroral oval depends on the
time history of the relative rates of low-latitude dayside reconnection and nightside

reconnection; this is known as the expanding-contracting polar cap paradigm [Milan
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et al., 2003, 2008]. During periods of dayside reconnection, more open flux is being
added to the polar cap and the area of the polar cap increases (expands). This results in
the auroral ovals moving to lower latitudes. During nightside reconnection, open flux is
closed and hence the polar cap shrinks (contracts) resulting in the auroral oval moving

to higher latitudes.

1.4.2 High-latitude reconnection

During northward IMF (i.e. when the IMF B, component is positive, parallel to the
Earth’s magnetic field), dayside reconnection can occur at higher latitudes. High-
latitude or lobe reconnection was first theorised by Dungey [1963], who suggested that
an IMF field line draped over the Earth’s magnetosphere could undergo reconnection
with lobe field lines in both hemispheres, producing a closed field line on the dayside
of the magnetosphere; this is known as dual lobe reconnection. This high latitude
reconnection can also occur independently in each hemisphere, known as single lobe
reconnection. This kind of lobe reconnection has been reported to occur approximately
90% of the time when the IMF is northward [Twitty et al., 2004]. The occurrence of dual
lobe reconnection is somewhat unclear, with some considering it to be a rare phenom-
ena, only occurring during strongly northward IMF conditions (e.g. Imber et al. [2006]),
whereas others have found it to occur more frequently (e.g Lavraud et al. [2005, 2006]).
Figure 1.11 shows a side of view of the magnetosphere during single lobe reconnection in
the northern hemisphere (left) and a view of the ionospheric convection in the polar cap
region (right). This high latitude reconnection only acts to reconfigure the open field
lines in the polar cap rather than change in the amount of open flux and hence the size
of the polar cap does not change (e.g Siscoe and Huang [1985], Cowley and Lockwood
[1992] and Milan et al. [2003]). A reverse-cell convection pattern can be seen in the right
hand image of Fig. 1.11 during lobe reconnection. This convection is sometimes referred
to as a ‘stirring” motion and be can be recognized by the sunward flow (opposite to the
Dungey-like flow discussed in Section 1.4.1). The bottom row of Fig. 1.10 demonstrates
the asymmetric nature of the lobe convection cells which also depend on the IMF B,
component. Lobe reconnection is also thought to have a hemispheric dependence on the
IMF B, component for example, lobe reconnection has been suggested to occur prefer-
entially in the northern hemisphere for IMF B, < 0 and in the southern hemisphere

for B, > 0 [Reiff and Burch, 1985] (i.e. it is more common in the hemisphere with
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field lines anti-parallel to the direction of the IMF field lines). However, using Cluster
data, Lavraud et al. [2005] found a relatively small dependence on the IMF tilt angle
(dependant on IMF B,), and instead found a greater dependence on the dipole tilt of
the Earth.

IMF Bz>0

BN

v=viscously-driven flow
L=lobe flow cell

FIGURE 1.11: High latitude magnetopause reconnection [Lockwood, 1998] shown from
the side and looking down on the polar cap. The stages of reconnection are indicated
by the same numbers in each figure.

1.4.3 Currents

As discussed in Section 1.2.1.3, some magnetic drifts (e.g. curvature and gradient) are
charge dependent. This causes charge separation which results in the flow of current. In
the Earth’s dipolar magnetic field, the trapped particles on closed field lines experience
these magnetic drifts and this results in the ions drifting westward and the electrons
drifting eastward; the resultant effect is known as the ring current and occurs around
the Earth’s equator Baumjohann and Treumann [1996]. Furthermore, Amperés Law
(given by equation 1.8), tells us that where two different magnetic fields meet, there
must be a current sheet. This effect is seen on the magnetopause which is the boundary
between the shocked solar wind of the magnetosheath and the magnetosphere. These
interactions result in currents flowing along the magnetopause, known as the Chapman
and Ferraro currents [Chapman and Ferraro, 1930]. These different currents are closed

via field aligned currents in the polar cap regions.
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open field lines

the sun

ionospheric Pedersen currents
I

FI1GURE 1.12: Cartoon schematic of the global current systems in the Earth’s magne-
tosphere taken from Coxon et al. [2014a]. The region 1 and 2 currents are shown in
blue and pink respectively.

Field aligned currents, theorised by Kristian Birkeland in the early 1900’s, are known
as Birkeland currents [Birkeland, 1908, 1913]. Figure 1.12 is a cartoon schematic of
the large scale morphology of these currents, taken from Coxon et al. [2014a]. This
configuration was first discovered by using low orbiting satellites [Iijima and Potemra,
1976a,b, 1978]. On average, the field aligned currents form two rings in the polar cap,
known as the Region 1 and Region 2 currents. The Region 1 currents (blue lines in
Fig. 1.12) occur further poleward and are connected to the Chapman Ferraro currents at
the dayside magnetopause. The Region 2 currents (pink lines in Fig. 1.12) are connected
to the partial ring current in the nightside inner magnetosphere. Both the Region 1 and
2 currents close in the ionosphere via horizontal Pederson currents [Baumjohann and

Treumann, 1996].

These field aligned currents are associated with the Dungey cycle and are hence driven
by day and nightside reconnection [Cowley and Lockwood, 1992, Clausen et al., 2012,

Coxon et al., 2014a,b]. This is demonstrated in Figure 1.13 which shows a view of the
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Region 1 currents

Region 2 currents

FIGURE 1.13: Field aligned currents in the polar cap taken from Cowley [2000]. The
dotted line indicates the edge of the polar cap, marking the boundary between the open
and closed field lines.

ionospheric flow convection during Dungey conditions and the Region 1 and 2 currents

in and out of the polar cap.

1.4.4 The Aurora

As discussed in the general overview of this chapter, auroras are an integral part of
this thesis. The auroras on Earth are driven by complex and dynamic interactions
between the solar wind and the Earth’s magnetosphere (described in Sections 1.3 and
1.4 respectively); studying auroral images provides insight into these interactions. Some
of the key aspects of the aurora on a global scale are demonstrated in Figure 1.14. This
figure shows a UV image of the southern hemisphere auroral regions taken from a high
altitude spacecraft; this observation were presented by Fear et al. [2015]. The image has
been projected onto a magnetic local time/ magnetic latitude grid, with noon at the top
and dawn to the right. The colour of the pixels is determined by the intensity of the

UV emission (the red area at the top of the image is due to day glow).

As previously discussed, the main auroras occur in ovals in both hemispheres centered
approximately over the magnetic poles (indicated in Fig. 1.14). They occur on the
closed field lines which encircle the open field lines of the polar cap and some of the

most dynamic auroral displays occur within the nightside auroral oval. Poleward of the
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FI1GURE 1.14: Global scale features of the aurora from a UV imager on board a high
altitude spacecraft adapted from Fear et al. [2015]. Noon is at the top and dawn is to
the right.

auroral oval, a thin filament of aurora can be seen connecting the day and nightside
oval in Fig. 1.14. This feature has been labelled as a polar cap arc, this kind of auroral

phenomena are the focus of this thesis and will be discussed in depth in Section 1.5.

The cusp (labelled as the polar cusp in Fig. 1.8) is the region where solar wind can
directly enter the Earth’s ionosphere. The auroral signature of dayside reconnection
is known as the ‘cusp spot’ (e.g. Sandholt et al. [1996]). During northward IMF, the
cusp spot is driven by lobe reconnection and is located just poleward of the auroral oval
[Milan et al., 2000b]; this is indicated in Fig. 1.14 by a white arrow. The position the
cusp spots form, and subsequently the location of lobe reconnection, is dependent on
the IMF By component (e.g. Sandholt et al. [1996], Milan et al. [2000a]), as discussed
in Section 1.4.2.

From the ground, the aurora can generally be classified into two types: diffuse and
discrete (for example Akasofu [1974] and references therein). Diffuse aurora is a ho-
mogeneous band of luminosity which appears as a singly connected oval, present even
during geomagnetically quiet conditions. This kind of aurora is thought to be formed by
wave-particle interactions in the plasma sheet where particles are pitch-angle scattered
into the loss cone [Ni et al., 2008, Nishimura et al., 2010]. Discrete aurora are bright
narrow strips of luminosity known as auroral arcs (e.g. Knudsen et al. [2001], Partamies

et al. [2010], Whiter et al. [2013]). Discrete auroras generally occur at the poleward edge
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of the main auroral oval and are caused by processes in the magnetotail [Akasofu, 1974].
The famous curtain-like structure of the aurora when seen from the ground is illustrated

in Figure 1.15, as an example of discrete aurora.

FI1GURE 1.15: Dynamic aurora over Finnish Lapland. Photo credit Maxime Grandin.

1.4.4.1 The Ionosphere and auroral precipitation

Auroras are generated by particles (mostly electrons but some protons and heavier ions)
being accelerated down the Earth’s magnetic field lines in the polar regions (known as
particle precipitation) and colliding with atmospheric particles. These collisions excite
the atmospheric particles to higher energy states which then release photons of light as
they return to ground state. These interactions occur in the ionised conducting layer of

the Earth’s upper atmosphere, known as the ionosphere.

The ionosphere is a vast region spanning from approximately 90 km to 1000 km in
altitude, where it essentially merges into the plasmasphere in the inner magnetosphere
[Baumjohann and Treumann, 1996]. It can be separated out into different layers by
considering the electron density. The E-region (between 90-120 km) is dominated by

neutral molecules (such as Ny and Og). Above this is the F-region, which during the
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daytime can be separated into F1 (150-220 km) and F2 (220-600 km). The ionosphere is
predominately formed by atmospheric particles being ionised by UV and X-ray radiation
from the Sun, known as photoionization [Rees, 1989]. During the night time there
is no solar radiation, and the E and F1 regions mostly disappear. However particle
precipitation on the nightside, which generates the aurora, also ionises the atmospheric

particles. This is known as impact ionisation [Kivelson and Russell, 1995].

The depth at which precipitating particles penetrate into the atmosphere is dependent
on their energy, with higher energy particles precipitating deeper into the atmosphere.
The classic green aurora (such as in Fig. 1.15) is caused by collision with oxygen atoms
between approximately 110-130 km, which results in emission at 557.7 nm. The red
aurora sometimes seen at the top of auroral rays (at 630.0 nm), is due to lower energy
precipitation (< 1 keV) and is emitted by an atomic oxygen with a peak emission
height in the F-region at 250 km [Jones, 1974]. Blue aurora (at 427.8 nm) is a nitrogen
emission generated by high energy precipitation (> 10 keV), generally seen at altitudes
below 100 km [Kivelson and Russell, 1995]. By measuring different auroral emissions, it
is possible to get the characteristics of particle precipitation (e.g Rees [1963], Rees and
Luckey [1974]); this technique will be used in this thesis (discussed in Section 2.1.1.1).

1.4.4.2 Auroral Substorm

Auroral substorms describe a sequence of events in which the main auroral ovals are dis-
turbed and large scale reconfiguration of the Earth’s magnetosphere occurs. Substorms
can generally be thought of in three phases known as growth, expansion and recovery

[Akasofu, 1964, McPherron, 1970].

The process begins with ‘quiet’ arcs which are east-west aligned in the midnight sector
of the main auroral oval. During growth phase, dayside reconnection is occurring and
open flux is being added into the magnetotail. This results in the polar caps expanding
and these quiet arcs moving equatorward to lower latitudes. As dayside reconnection
continues, more open flux and hence more energy is stored in the magnetotail until finally
there is a big release of energy known as substorm onset. There is some controversy over
what causes substorm onset with some arguing that it is tail reconnection at the near
Earth neutral line that leads to the explosive substorm release (e.g. Angelopoulos et al.

[2008]) while others suggest it is caused by current disruption (e.g. Lui [2009)]).
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FIGURE 1.16: Observation of an auroral substorm over the Southern hemisphere ob-
served by Dynamics Explorer 1 [Frank and Craven, 1988].

At onset, there is a sudden brightening in the most equatorward arc or the formation
of a new arc [Akasofu, S.-I., 1977] followed by a rapid poleward expansion known as
the expansion phase. This is demonstrated in Figure 1.16 which shows sequential UV
images of the southern hemisphere polar region (similar to Fig. 1.14) taken by a high
altitude spacecraft. In the first image a bright spot corresponding to substorm onset
can be seen; as the images progress (left to right) bright auroral emission can be seen in
the previously dark polar cap region. This is caused by the closure of open flux in the
magnetotail. The expansion phase is where the most dynamic discrete aurora occurs

and typically lasts between 30-50 minutes.
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Lastly, during the recovery phase, the most poleward arc will start to move equatorward
as the magnetosphere works to restore its dipolar configuration. The recovery phase can

last around two hours.

1.4.4.3 Small-scale aurora

Auroral scales can be of hundreds of kilometres down to tens of metres; higher resolution
imaging shows that arcs often contain internal sub-structure [Partamies et al., 2010].
Small scale aurora on scales of tens of metres were first reported by Maggs and Davis
[1968] and Davis [1978]. As technology has improved, the ability to measure these small
scale auroral features has grown. It is important to understand auroral structure at
all scales, particularly as the small scale processes often affect the bulk properties of a

plasma.

Quasi-period, small-scale distortions have been observed to develop along auroral arcs
(e.g. Hallinan and Davis [1970], Trondsen and Cogger [1998]). Vogt et al. [1999] studied
the properties a series of anti-clockwise vortices, known as curls, finding them to have
typical wavelengths of 5 km at an assumed auroral altitude of 100 km. Auroral curls are
thought to originate from Kevin-helmholtz instabilities [Trondsen and Cogger, 1998].
Larger scale deformations, such as auroral folds have also been observed with a charac-
teristic size of 20 km [Hallinan and Davis, 1970]. More recently, Dahlgren et al. [2010]
observed even smaller boundary undulations, or as they term them, auroral ‘ruffs’. They
observed these features superimposed on top of larger scale deformations and found a
peak to peak amplitude in magnetic zenith of less that 800 m (at an assumed auroral

height of 100 km).

A lot of small scale structure is thought to be caused by Alfvénic waves; these are low
frequency waves in which the ions oscillate perpendicular to the direction of the wave
propagation and the magnetic field acts as a restoring force [Stasiewicz et al., 2000,
Chaston et al., 2003, 2007]. Recently, Kalmoni et al. [2018] demonstrated that auroral
beads during substorm onset are likely the signature of kinetic Alfvén waves driven
unstable in the magnetotail. Auroral beads are small scale structures (30-100 km)

observed along the substorm onset arc which evolve over time to larger scale sizes.
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One of the things this thesis will do is look into the small scale structures within polar

cap arcs.

1.4.5 Precipitation in the polar cap

As previously discussed, the polar cap is typically a dim region encircled by the main
auroral ova,l however particle precipitation occurs across the entire polar cap and was
first classified by Winningham and Heikkila [1974]. Most commonly, weak, uniform,
electron precipitation, known as polar rain [Baker et al., 1986], enters the ionosphere
via open field lines. These electrons are thought to originate from the field-aligned
component of the suprathermal population of the solar wind, known as the ‘strahl’
[Fairfield and Scudder, 1985]. In order for particles to enter the polar cap from the
upstream magnetosheath, they need to have thermal speeds greater than the tailward
bulk flow. This results in a noon-midnight gradient in the polar rain across the polar
cap, first reported by Torbert et al. [1981], and a lack of ion precipitation (as the larger
mass of ions results in lower thermal speeds, and therefore ions typically do not travel
fast enough to meet this condition). Furthermore, polar rain shows clear hemispheric
preferences depending on the IMF B, component whereby the hemisphere with field
lines in the same direction of as the solar wind experience a higher intensity of polar
rain [Yeager and Frank, 1976]. Fairfield and Scudder [1985] suggest that this is due
to these field lines pointing more directly towards the solar wind electron flux and
hence these particles can more easily enter the Earth’s ionosphere in this hemisphere.
Figure 1.17 demonstrates an example under negative IMF B, conditions, where polar
rain is more intense in the northern hemisphere. In this figure, an open field line in
northern hemisphere lobes is shown doubled back on itself such that the ‘end’ that
is still in the solar wind can be seen to be parallel with the IMF B, component and
therefore the polar rain electrons can enter the magnetotail more readily. The opposite
is true for the southern hemisphere when the B, component is positive. Polar rain has
also been found to exhibit dawn-dusk gradients (which are correlated with the IMF B,
component [Meng and Kroehl, 1977]), be more intense during periods of southward IMF
(when the merging rate is high) and demonstrate seasonal dependencies. Newell et al.
[2009] unified these properties by suggesting that the further down stream a field line
crosses the magnetopause (or points less directly towards the solar wind), the weaker

the polar rain.
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FI1GURE 1.17: A schematic of the Earth’s magnetosphere during IMF B, < 0 conditions
when polar rain is favourable in the northern hemisphere taken from [Newell et al.,
2009].

During northward IMF, the otherwise homogeneous polar rain precipitation, has been
seen to be interrupted by structured, localised precipitation, known as polar showers
[Hardy, 1984, Hardy et al., 1986]. These showers can be classified depending on the
presence, or absence, of proton precipitation (known as ‘type A’ and ‘type B’ polar
showers respectively [Shinohara and Kokubun, 1996]). Type A polar showers, associ-
ated with ion precipitation, are generally more intense than type B showers, which are
electron-only intensification’s. Using one year of particle data from low-latitude space-
craft, Shinohara and Kokubun [1996] found that the type A showers showed no clear
dependence on the IMF B, or B, components, whereas type B demonstrated a statis-
tically similar dependence on the IMF conditions as polar rain (discussed above). This
led Shinohara and Kokubun [1996] to suggest that the properties of the type A polar
showers are similar to boundary sheet plasma and are therefore consistent with occur-
rence on closed field lines, whereas the type B polar showers have similar properties to

polar rain and are consistent with open field lines.
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FIGURE 1.18: The theta aurora observed by DE-1 [Frank et al., 1982].

1.5 Polar cap arcs

The main focus of this thesis is investigating the nature of auroras occurring within
the typically ‘dark’ polar cap region, known as polar cap arcs (PCAs). These arcs
were first discovered over a century ago by Mawson [1916, 1925] during an Antarctic
expedition. Polar cap arcs protrude from the nightside of the auroral oval and are
correlated with periods of northward IMF and low magnetospheric activity [Davis, 1963,
Berkey et al., 1976, Ismail et al., 1977, Lassen and Danielsen, 1978, Gussenhoven, 1982].
Their location in the polar cap and their motion have been found to be dependent on the
IMF B, component [Frank et al., 1985, Huang et al., 1989, Craven et al., 1991, Valladares
et al., 1994, Kullen et al., 2002]; however, there are exceptions to this dependence (e.g.
Hosokawa et al. [2011]).
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There is some confusion surrounding the terminology associated with polar cap arcs
with terms such as high latitude arcs, sun-aligned arcs, theta aurora and transpolar arc,
being used interchangeably and without consensus. In this thesis, I adopt the use of
polar cap arcs as the general ‘umbrella’ term for all arcs occurring in the polar cap,
similar to the review paper by Zhu et al. [1997]. However, transpolar arcs or theta
aurora are considered to be polar cap arcs formed on closed field lines as adopted in a

recent review by Fear [2019].

1.5.1 Historical observations

During the International Geographic Year (IGY), 1957-1958, several articles on polar
cap arc morphology were published using all sky camera data (for example, Davis [1960,
1962, 1963], Gustafsson [1967]). These studies noted the Sun-Earth orientation of these
arcs, with Gustafsson [1967] reporting an angular distribution of 20° relative to the direc-
tion of the Sun. However, these studies were typically of isolated arcs and limitations in
the field of view meant that a more global picture could not be built. In the 1970’s, after
the launch of low altitude spacecraft (for example, the Defence Meteorological Satellite
Program (DMSP) and International Satellites for Ionospheric Studies (ISIS) missions),
studies into the relationship between polar cap arcs and the auroral oval were possible
using visible wavelength images of polar cap arcs combined with in-situ particle measure-
ments (e.g. Meng and Akasofu [1976]). However, these studies were restricted to dark
region observations due to the limitations of using visible wavelength cameras. Finally in
the early 1980’s, after the launch of Dynamics Explorer 1, the first satellite UV images of
a global polar cap revealed large scale sun-aligned arcs emerging from the nightside oval
and joining the dayside oval, forming a Greek letter theta (see Figure 1.18) [Frank et al.,
1982, 1986]. This phenomena was termed ‘theta aurora’ or when considering just the
arc, ‘transpolar arcs’. The energies of particle precipitation above these arcs were found
to be of similar energy to those precipitating above the main auroral oval, suggesting
that these arcs are also formed on closed field lines [Frank et al., 1982, Peterson and
Shelley, 1984, Menietti and Burch, 1987]. Furthermore, other observations have shown
polar rain (precipitation on open field lines described in Section 1.4.4) on either side of
a sun-aligned arc [Hoffman et al., 1985]. This suggests that the arc was surrounded by
open field lines and that the closed field lines it was formed on were somehow bifurcating

the polar caps. These reports were further supported by the launch of other spacecraft
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(e.g. the International Sun Earth Explorer, ISEE) and reports of filamentary structures
found in the lobes that were similar in origin to boundary sheet plasma [Huang et al.,
1987, 1989]. However, at the same time observations suggesting polar cap arcs were
formed on open field lines were also being reported: Hardy et al. [1982] presented ob-
servations of polar cap arcs embedded within polar rain and Gussenhoven and Mullen
[1989] proposed relativistic electrons as the polar cap arc particle source. Therefore, the
topological nature of polar cap arcs (i.e. whether they exist on open or closed magnetic

field lines) is not clear.

As more spacecraft were launched, observations of simultaneous polar cap arcs in both
hemispheres emerged [Mizera et al., 1987, Obara et al., 1988, Craven et al., 1991], which
supported the idea that they were formed on closed field lines. However, @stgaard et al.
[2003, 2007] presented observations of a ‘non-conjugate theta aurora’, in which a large-
scale theta aurora was seen in one hemisphere, with particle precipitation suggestive
of closed field lines, but no arc was observed in the other hemisphere. The so called
non-conjugate theta aurora is problematic for both open and closed field line topologies

and will be discussed in more detail in Section 1.5.3.3.

Many different mechanisms have been put forward to explain polar cap arcs, some of
which predict that the arcs form on open field lines whilst others suggest closed field
lines. This is an issue still very much under debate and will be addressed in this thesis.
One reason there is so much controversy surrounding polar cap arcs is that there may
be more than one type, i.e. there is more than one mechanism forming polar cap arcs
during northward IMF. This possibility will be discussed further in 1.5.3.1. However,
there are still questions surrounding arcs forming on either topology, such as, if they
are formed on closed field lines, how did those closed field lines get into the open polar
cap? And if they are formed on open field lines, what is accelerating the particles to
high enough energies to generate the auroras? Some possible answers to these questions

are discussed below.

1.5.2 Formation mechanisms

As discussed above, there has been a lot of controversy surrounding the formation of
polar cap arcs. In a review of polar cap arcs, Zhu et al. [1997] outlined three configu-

rations of the magnetotail that could give rise to these arcs: oval expansion, tail lobe
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bifurcation, and open field line. More recently, Newell et al. [2009] and Fear and Milan
[2012a] also reviewed several generation mechanisms in the context of more up-to-date

observations. A summary of some of these proposed mechanisms is given below.

1.5.2.1 Oval expansion

The oval expansion configuration was first described by Meng [1981a] following observa-
tions of continuous soft (<1 keV) electron precipitation extending from the main auroral
oval up to high latitudes (> 80°) and simultaneous observations of sun-aligned arcs in
the polar cap. Meng [1981a] proposed that, during northward IMF, the central plasma
sheet thickens and this leads to the expansion of the poleward portion of the auroral
oval. However, in a later paper Meng [1981b] does caution that the soft electron pre-
cipitation was not conclusive of closed field lines and could in fact be on open field lines

caused by the polar cusp or even plasma from the solar wind (polar rain).

Figure 1.19 shows two possible magnetotail configurations, in line with the oval expan-
sion idea, illustrated by Makita et al. [1991]. On the left hand side a tilted plasma sheet
is depicted; this configuration is consistent with observations of polar cap arcs occurring
on opposite sides of the polar cap in opposite hemispheres (i.e. Craven et al. [1991]). On

the right hand side of Fig. 1.19, an asymmetrically expanded plasma sheet is depicted.

The oval expansion mechanism particularly explains polar cap arcs seen on the dawn
and dusk sides of the polar cap that are parallel with the main auroral oval, but it cannot
explain arcs occurring in the midnight sector (for example, the theta aurora observed
by Frank et al. [1982]). Furthermore, this configuration suggests that the arcs are in
fact occurring on the poleward edge of the auroral oval, essentially identifying regular

auroral features observed in the main oval as polar cap arcs.

1.5.2.2 Bifurcated magnetotail lobes

One mechanism which tried to explain how plasma sheet plasma could enter the mag-
netotail lobes was proposed by Rezhenov: [1995]. They suggested that an instability,
possibly a ballooning instability acting on the highly curved field lines, in the plasma
sheet could result in a ‘tongue’ of plasma sheet plasma moving tailward to field lines

which map further poleward. This mechanism predicts that polar cap arcs emerge near
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(Tiibmg plasma sheet) (Dawn—dusk asymmetnc plasma sheet)

FIGURE 1.19: Possible configurations of the plasma sheet that could result in polar
cap arcs, taken from Makita et al. [1991].

midnight and grow sunward and, depending on the IMF B,;, develop towards the dawn/-
dusk side of the polar cap. However, Fear and Milan [2012a] suggest that this model is
unphysical due to the significant distance between the central plasma sheet and the open
closed field line boundary. Furthermore, this mechanism cannot explain the observed
dawn-dusk motion of polar cap arcs which has been linked to the IMF B, component

(e.g. Valladares et al. [1994]).

Several mechanisms have been proposed that argue that a change in the IMF B, com-
ponent triggers polar cap arc formation. This idea was first introduced by Chang et al.
[1998] who suggested an arc formed on the dusk/dawn side of the polar cap could become
‘detached’ when a change in the IMF B, or B, component causes a change in the magne-
topause reconnection site, essentially leaving behind a channel of closed field lines within
the lobes on which the polar cap arc forms. Kullen [2000] also discuss the idea of an
IMF B, trigger for polar cap arcs using the Tsyganenko 1989 model. Their mechanism
follows on from the Meng [1981a] idea of plasma sheet twisting, (depicted by Makita
et al. [1991] and shown here in Fig. 1.19), and goes further to suggest that when there
is an IMF B, sign change in an already twisted magnetotail, a channel of closed flux is

‘left behind’ in the magnetotail lobes. This mechanism, similar to the oval expansion
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configuration discussed above, can explain the arcs in the opposite hemispheres being
mirrored about the noon-midnight meridian. Furthermore, in several model simulations
(e.g. Naehr and Toffoletto [2004], Kullen and Janhunen [2004]), polar cap arcs cannot
be generated without an IMF B, sign change. However, Cumnock [2005] presented
observations of 19 polar cap arc events where only three formed following a change in
the IMF B, component. These observations cannot be explained by the mechanisms

described by Chang et al. [1998] and Kullen [2000].

F1GURE 1.20: Cartoon schematics looking down on the polar cap and the magnetotail
lobes (the northern hemisphere field lines are indicated by solid lines and the southern
hemisphere field lines in the southern hemisphere are indicated by dotted lines) under
(a) B, = 0 and (b) B, > 0 conditions taken from Milan et al. [2005]. The figure on
the left of each panel indicates the the convection (large black arrows) after nightside
reconnection has occurred at the X-line (indicated by horizontal dot-dashed lines). In
figure (b) a transpolar arc is formed in the polar cap on the footprints of the field lines
which straddle midnight (indicated by a black rectangle).

Milan et al. [2005] proposed a mechanism based on the nightside closure of open mag-
netotail flux during northward IMF, when dayside reconnection is suppressed and the
magnetotail is twisted due to an IMF B, component. The IMF B, component is intro-

duced to the tail some hours before during an earlier period of dayside reconnection and
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results in the northern and southern hemispheric lobes twisting about the GSE X axis
(e.g. Tenfjord et al. [2015], Reistad et al. [2016], Browett et al. [2016]), due to asymmet-
ric addition of flux in the lobes [Cowley, 1981, Grocott et al., 2003, 2007]. Figure 1.20
illustrates what the magnetotail lobes look like from above in the case of (a) B, = 0
and (b) By < 0; the latter case demonstrates the twisting of the northern and southern
lobes. The horizontal dot-dashed line in the right hand image for each scenario shows
the reconnection x line with the subsequent return flow of the newly closed field lines
indicated by black solid arrows (see Dungey cycle Section 1.4.1). In the case of the
B, < 0, the return flow of the newly closed flux can be seen to be asymmetric about
magnetic midnight [Grocott et al., 2003, 2007], referred to by Milan et al. [2005] as
TRINNIs (“Tail Reconnection during IMF-Northward Non-substorm Intervals”). Milan
et al. [2005] suggest that under these conditions, the field line that straddles midnight
will become stuck after it undergoes reconnection, due to equal and opposite forces being
applied to either end of the field line as it tries to return to the dayside. Furthermore
the lack of magnetospheric convection (due to the assumed lack of dayside reconnection)
means that there is nothing driving the newly closed field lines back to the dayside. This
mechanism predicts that as more field lines are closed at this point, a tongue of closed
plasma will protrude into the open magnetotail lobes, growing from the nightside oval
across the polar cap, on which the transpolar arc will form (represented by the black

square in the polar cap in right hand image for scenario b in Fig. 1.20).

This mechanism was consistent with previous observations, for example that polar cap
arcs will form in both hemispheres simultaneously, mirrored about the noon midnight
meridian [Gusev and Troshichev, 1986]. Furthermore, the Milan et al. [2005] mechanism
predicts that the side of the polar cap the arcs will form will be determined by the IMF
B, component introduced several hours before formation. This relation has subsequently
been verified statistically by Fear and Milan [2012a]. In a follow-up paper, Fear and Mi-
lan [2012b] also found that TRINNI flows were present in 76% of the events identified in
Fear and Milan [2012a] (where supporting ground-based measurements were available).
They suggested flows were not observed in the remaining events due to instrumentation
limitation. Several different recent case studies have also validated this mechanism, for

example Goudarzi et al. [2008], Fear et al. [2014, 2015] and Carter et al. [2017].

Additionally, Milan et al. [2005] suggest that polar cap arc motion is driven by high lat-

itude reconnection (as discussed in Section 1.4.2). Figure 1.21 gives a cartoon schematic
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F1cURE 1.21: Cartoon schematic of ionospheric flows associated with a polar cap arc

event during high latitude reconnection taken from Milan et al. [2005]. The thick solid

black line indicates the open-closed boundary, the thin black lines indicate the direction

of ionospheric convection driven by high latitude reconnection and the dotted line shows
the footprint of the reconnection site known as the ‘merging gap’.

of the ionospheric flow associated with lobe reconnection during IMF B, > 0 conditions
when a polar cap arc is present. The solid black line represents the open-closed field
line boundary, where the polar cap arc is formed on a ‘tongue’ of closed flux which
is dividing the polar cap into dawn and dusk sectors. The dotted line represents the
footprint of the lobe reconnection site, also known as the merging gap. In this scenario,
the reverse cell convection pattern can be seen but as the open field lines are ‘stirred’,
flux is transferred from the dusk to the dawn cell across the merging gap. This results
in the expansion of the dawn convection cell and contraction of the dusk cell. We know
from the frozen-in theorem (Section 1.2.3.1), that two different plasmas cannot mix and
hence plasma cannot flow across the open-close boundary where the polar cap arc is
situated. This results in polar cap arc moving with the plasma, duskward across the
polar cap (indicated by the large arrow), as the dawn cell expands. This mechanism is
consistent with the observed correlation between the direction of polar cap arc motion

and the IMF B, component (e.g. Valladares et al. [1994]).
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1.5.2.3 Open field lines

Due to their high latitude location, polar cap arcs have often been suggested to be formed
on the open field lines that thread the polar cap regions. As discussed in Section 1.4.5,
intensification of polar rain, termed polar showers (with and without ion precipitation),
have been found to be correlated with northward IMF and are hence naturally associated
with polar cap arcs. Furthermore, there have been reports of polar cap arcs embedded
within the homogeneous polar rain that is present across the polar cap [Hardy et al.,
1982]. Carlson and Cowley [2005] investigated the acceleration mechanism of polar rain
by first assuming that the source region of polar cap arcs was polar rain and worked
backwards to estimated several electrodynamic parameters using kinetic theory, which
could then be compared to observation. Using this approach, they found good agreement
between their estimates and observations of polar cap arcs from Carlson et al. [1988].
Their analysis indicates that polar cap arcs can be produced by field-aligned acceleration
of polar rain electrons. Carlson and Cowley [2005] state that any modest mechanism
that drives shear flows across open field lines could cause this acceleration, for example
at the boundaries between the ‘lobe’ cells and ‘merging’ cells. The authors state that
they expect polar cap aurora caused by accelerated polar rain to be present whenever

the IMF is northward, which is approximately half the time.

1.5.3 Remaining Issues

1.5.3.1 Multiple formation mechanisms

Some authors have suggested that multiple mechanisms may be required to explain the
discrepancy in the observations of polar cap auroras. A statistical study by Kullen
et al. [2002] classified five different types of transpolar arcs depending on their motion,
structure and where they formed within the polar cap. The authors, at the time, could
not find a mechanism that explained more than one of these types and hence concluded
there must be at least five different formation mechanisms. However, Fear and Milan
[2012a,b] found that the observed delay in the IMF B, correlation and the statistical
presence of TRINNI flows suggested they could be explained by the Milan et al. [2005]
mechanism; this finding was verified by Kullen et al. [2015] across most of the Kullen

et al. [2002] categories. One type that did not show these flows were the arcs classified
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as ‘bending arcs’; these arcs appear to form on the dayside and move poleward (anti-
sunward) into the polar cap. Bending arcs have since been identified as a phenomenon
of dayside reconnection under IMF B, dominant conditions and are thought to be an

auroral signature of flux transfer events [Carter et al., 2015].

It has also been argued that polar cap arcs are formed by a more complicated process
whereby two different mechanisms, one on the dayside and the other on the nightside,
occur simultaneously [Eriksson et al., 2005, Mailyan et al., 2015]. However, it is hard to

explain why two independent mechanisms would coincide spatially.

In a ground-based statistical study, Hosokawa et al. [2011] argued that the motion of
only some arcs was correlated with the sign of IMF B, while others moved independently
from it. They suggested the motion of the B, dependent arcs is caused by flux transfer
due to lobe reconnection, indicating that the plasma source for these arcs is on or
adjacent to open field lines. As the B, independent arcs are seemingly unaffected by
lobe reconnection, Hosokawa et al. [2011] suggest they are formed on closed field lines,
indicating a different formation mechanism for each type. However another possible
explanation for the apparent difference between “B,-dependent” and “By-independent”
polar cap arc motion could be that the motion is driven by polar cap convection as
outlined by Milan et al. [2005], which would result in the same spatial patterns as

reported by Hosokawa et al. [2011] (see Reidy et al. [2017]).

In a review of polar precipitation and aurora, Newell et al. [2009] suggested that three
types of polar cap arc could be determined based on their particle data. The first, a
common but weak arc caused by an intensification of polar rain that was associated
with electron-only precipitation (similar to the type B polar showers discussed in Sec-
tion 1.4.5). The second, arcs seen adjacent to the auroral oval associated with higher
electron flux and an ion signature. Lastly, a rare high energy type consistent with trans-
polar arcs that could be identified by ion and electron precipitation surrounded by weak
uniform electron precipitation (i.e. formed on closed field lines within the open polar
cap), similar to the type A polar showers discussed in Section 1.4.5. These categories
correspond approximately to the configurations discussed by Zhu et al. [1997] outlined
above. The use of particle data to determine the topology of the field lines on which

polar cap arc forms outlined by Newell et al. [2009] will be explored in this thesis.
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1.5.3.2 Difference in ground-based vs spacecraft observations

There are several differences between space- and ground-based observations of polar cap
arcs, the most prominent being the apparent discrepancy in polar cap arc occurrence
frequency. In a ground-based statistical study using one winter season of data from a
high latitude all sky camera (located in Qannaaq, Greenland), Valladares et al. [1994]
found polar cap arcs to be present at least 40% of the time. Conversely, in a statistical
study using UV images from a high altitude spacecraft (Polar UV), Kullen et al. [2002]
found polar cap arcs to be present only 10% of the time. Similarly, over a 5 year interval,
743 arcs were identified by Hosokawa et al. [2011] using an all sky imager in Resolute
Bay, Canada whereas Fear and Milan [2012a] found only 130 polar cap arcs using images
from a different high latitude spacecraft (IMAGE FUV), although these values are not
directly comparable due to cloud and spacecraft coverage. Furthermore, Carlson and
Cowley [2005] suggest that weaker polar cap arcs, formed by accelerated polar rain, are
present in the polar cap whenever the IMF is northward i.e. half the time; this is in line
with the occurrence frequencies observed by Valladares et al. [1994]. This discrepancy
could perhaps be explained by the weaker arcs, thought to be formed on open field lines,
dominating the ground-based studies but being missed by the high latitude spacecrafts
which predominately see the more intense but rarer transpolar arc events formed on

closed field lines.

This issue will be explored in this thesis by using low altitude UV imagers which are
capable of observing finer-scale auroral structure than the higher altitude spacecraft and

hence may be able to observe the weaker arcs formed by accelerated polar rain.

1.5.3.3 Non-conjugate theta aurora

One issue surrounding mechanisms that put polar cap arcs on closed field lines is the so-
called ‘non-conjugate’ theta aurora. Any mechanism that puts polar cap arcs on closed
field lines predicts that they will occur in both hemispheres simultaneously. The first
example of a transpolar arc observed in both hemispheres simultaneously was presented
by Craven et al. [1991] using images from the Dynamics Explorer (DE) 1 and Viking
satellites. However two events were presented by @stgaard et al. [2003] with simultaneous

observations of the auroral regions in both hemispheres with a polar cap arc observed
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in only one hemisphere. Simultaneous low-altitude particle data were also available for
these events and it was found that both polar cap arcs had an ion signature comparable
to the main oval, which the authors suggested was indicative of their occurring on
closed field lines; however no ions were detected in the opposite hemispheres. Conversely,
Ostgaard et al. [2003] interpret these arcs as being formed as a result of lobe reconnection,
implicitly suggesting that they are occurring on open field lines. One further observation
of a non-conjugate theta aurora was presented in @stgaard et al. [2007]. Ostgaard et al.
[2003] suggest a possible explanation for the observations is the difference in conductivity
between sunlit and non-sunlit hemispheres, which would lead to the suppression of the
arc in the summer hemisphere. They also argue that differences in the polarity of
the IMF B, component could be the cause, as lobe reconnection is favoured in one
hemisphere depending on the IMF B, component. This interpretation is based on a
model by Chang et al. [1998] who attribute polar cap arcs to a sudden change in the IMF
By component (described in Section 1.5.2.2). However, Fear and Milan [2012a] argue
that this model is unphysical as it requires the magnetopause reconnection site to map
equatorward of the open-closed boundary. Therefore, the interpretation of non-conjugate
theta auroras, with some plasma aspects indicative of a closed topology, remains very
much an open question. Fear and Milan [2012a] briefly discussed a possible interpretation
based on the Milan et al. [2005] mechanism, suggesting that the hemisphere without the
polar cap arcs may have experienced lobe reconnection (which, in the Milan et al. [2005]
mechanism, drives the motion of transpolar arcs) and hence the arc in that hemisphere
could have moved and become indistinguishable from the main oval before the first
observations in that hemisphere were available. However, this issue is still unresolved

and further exploration is warranted.

This thesis will investigate non-conjugate theta aurora using near-simultaneous inter-
hemispheric observations of the aurora regions. Observations of both hemispheres are
rare due to the limitation of having two spacecraft in the right position at the right
time. This thesis uses data from UV imagers on board low altitude spacecraft (detailed

in Chapter 2) which provide almost simultaneous measurements of both hemispheres.
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1.6 This thesis

This thesis will investigate the remaining questions surrounding polar cap arcs, outlined
above. Chapter 2 will introduce the main instrumentation. In particular, this thesis
examines the fine-scale structure of polar cap arcs using ground-based small-scale field
of view cameras and low altitude satellite-based UV imagers which are capable of ob-
serving much finer details than the high altitude cameras used in previous polar cap
arc studies. This thesis will seek to draw some consensus between ground-based and
spacecraft observations and shed light on the configuration of the magnetosphere during

northward IMF'.

Chapter 3 will present a case study which uses multiple ground-based and spacecraft
instrumentation. These observations show two polar cap arcs that are consistent with
different magnetic field topologies occurring simultaneously in the northern hemisphere.
One of these polar cap arcs occurred over Svalbard and is hence analysed using ground-

based instrumentation, the other is investigated using in-situ particle measurements.

Following on from this study, Chapter 4 will present a survey of polar cap arcs using UV
images from low latitude spacecraft with the corresponding particle data. This survey
finds further polar cap arcs consistent with both open and closed field lines (similar
to that presented in Chapter 3). It also finds events which are not, at first sight,
consistent with either an open or a closed field line topology, including an example of a

non-conjugate theta aurora.

In Chapter 5, two polar cap arc events that occurred over Svalbard are presented: one
containing an arc consistent with formation on open field lines; the other an arc con-
sistent with closed field lines. The structure and characteristic energy of these polar
cap arcs are investigated using world leading instrumentation in the study of small scale

aurora.

Lastly in Chapter 6, an overall conclusion is given and avenues for further work are

discussed.
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Instrumentation

This chapter will outline the main instrumentation used in the analysis presented in this
thesis. Of particular interest are ground-based instrumentation on Svalbard; due to its
high latitude location, Svalbard is perfectly situated to study polar cap arcs. Global UV

images from low-orbiting spacecraft are used to identify polar cap arcs over Svalbard.

2.1 Optical instruments

2.1.1 The Auroral Structure and Kinetics (ASK) Instrument

The Auroral Structure and Kinetics (ASK) instrument is a multi-spectral, high reso-
lution imager which is world leading in the study of small scale aurora [Ashrafi, 2007,
Dahlgren et al., 2016]. It has been located on Svalbard since 2005, apart from one winter
season (2005/06) where it was moved to Tromsg. It is located on a shelf at the back of
the EISCAT Svalbard building, as shown in Figure 2.1. ASK is maintained and operated
by the University of Southampton and KTH, Stockholm.

The instrument consists of three narrow view cameras (shown in Figure 2.2) and two
photometers. The ASK detectors are three highly sensitive Andor iXon Electron Multi-
plying Charged Coupled Devices (EMCCDs). It is cooled to -50°C to reduce noise from
thermal electrons. The cameras, which are centered on magnetic zenith, can be fitted
with a telescope to reduce the field of view and improve the spatial resolution. With the

telescopes, the field of view is 3.1° x 3.1° (which corresponding to 5 x 5 km at an altitude

43
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FIGURE 2.1: The ASK instrument on the shelf behind the EISCAT building on Sval-
bard. Photo credit: Dan Whiter

of 100 km) and without the telescopes, the field of view is 6.2° x 6.2° (10 x 10 km at

100 km). These cameras are capable of producing between 20-32 images per second.

Each camera (termed ASK1, ASK2 and ASK3) is fitted with a different narrow passband
interference filter to select specific auroral emissions. This thesis makes use of data from

ASK1 and ASK3 which respond to prompt auroral emissions.

ASK1 images the No 1PG (first positive) (4,1) and (5,2) band emission that dominate
the auroral spectrum between 640-800 nm [Semeter, 2003]. This emission is caused by
high energy electron precipitation and can be accurately modelled [Ashrafi et al., 2009].

The Ny 1PG band emission is produced by transitions between the vibrational states:

B*TI, — A®%} (2.1)
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FIGURE 2.2: Schematic of the ASK instrument

where the term symbols II and ¥ give the orbital angular momentum along the inter-
nuclear axis of 0 and 1 respectively, the g and u give the parity and the + gives the
reflection symmetry. The A and B in front of the term symbols give the electronic state

[Banwell, 1994].

ASK3 is sensitive to an atomic oxygen OI emission at 777.4 nm caused by the following

atomic transition:

3558 — 3p°P (2.2)

Here we have used the Russell-Saunders term symbol for atoms: 2511, where S is the
total spin quantum number, L is the quantum number for the total angular momentum
(L =S, P... corresponds to L =0, 1...) and J is the total orbital quantum number [Russell
and Saunders, 1925]. If L < S then J = 2L + 1 and hence the 777.4 nm emission line is
a multiplet with two weaker emission lines at 777.2 nm and 777.5 nm as there are three
possible transitions for J = 1, 2, 3 [Hecht et al., 1985]. The electronic state is given in

front of the term symbol.

The emission measured by ASK3 is caused by direct electron impact on oxygen in the

F-region ionosphere with an excitation threshold of 10 eV, making this emission a good
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measure of low energy precipitation. This emission can also be produced in the lower

atmosphere by higher energy precipitation from the dissociative excitation of Os.

For completeness, the ASK2 camera is sensitive to a long-lived emission from O" which
emits at 732.0 nm; this can be used to track plasma flows and hence estimate electric

fields, although this is beyond the scope of this thesis.

The ASK data is stored in 20 minutes blocks, called megablocks. These data can be
preliminary viewed on the ASK website! in the form of keograms (vertical cuts down the
middle of the images which are stacked in time), demonstrated by Figure 2.3. Once the
date and time of interest is located, the data can be read in from tapes (these tapes are
located at the University of Southampton and KTH). The images have been binned into
256 x 256 equally sized pixels, during data acquisition. Once the data are read in, they
are then calibrated by subtracting a dark image (which is a combination of dark images
taken at the beginning and end of each megablock) and divided by a dark corrected flat

image (an image created from cloudy data):

Image - dark

Flat - dark (2.3)

A background image, which is a mean image created from a clear period (stars but no
aurora) near to the period of interest, is then subtracted from these images to reduce the
noise of the image and make sure the intensity being measured in each pixel is due to
the auroral emission. This intensity is then converted into Rayleighs by multiplying by
an absolute calibration number and the resolution of the data. The calibration number
is found by matching stars in the images to the brightness of stars from a star catalogue
[Nagy, 1979]. A value for the emission brightness per image can be obtained by averaging

the pixels surrounding magnetic zenith.

The ASK instrument has been used to study auroral features at small spatial scale,
for example boundary undulations or ‘ruffs’ [Dahlgren et al., 2010] (discussed in Sec-
tion 1.4.4.3) and at high temporal resolution to study flickering aurora [Whiter et al.,
2010]. The two main strengths of ASK are the ability to estimate the energy of precip-
itation and to trace plasma flows, which can in turn be used to estimate electric field

strength and direction to very good resolution; these methods are outlined in a review

"http://askl.esr.eiscat.no/keos.html
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FI1GURE 2.3: Examples of ASK keograms located on the website

paper by Dahlgren et al. [2016]. This thesis presents the first small scale observations

of polar cap arcs using these capabilities.

2.1.1.1 The Southampton Ionospheric model

The Southampton ionospheric model (described in the appendix of Lanchester et al.
[2001]) is used in conjunction with data from the ASK instrument to estimate the energy
and energy flux of precipitating particles. The model is a combined electron transport
[Lummerzheim, 1987] and ion chemistry model which assumes a neutral atmosphere
taken from the MSIS E-90 model thermospheric model [Hedin, 1991]. The ion chemistry
part of the model solves the coupled continuity equations for major and some minor
atmospheric ion species time dependently. The main input to the model is an electron
energy spectrum precipitating at the top of the ionosphere (500 km in the model); in
this thesis a Gaussian distribution has been used (this initial condition is verified using
radar data in Section 3.2.2.2). The geomagnetic conditions (specifically the AP index
and the F10.7 solar radio flux), the time and location are also included as inputs to this
model. The AP index is derived from ground based magnetometer data and is used to
monitor the geomagnetic activity [Fraser-Smith, 1972]. The F10.7 solar flux is, after
sun-spot number, one of the most widely used indices for solar activity; it is a measure
of the total emission from the disk of the sun at 10.7 cm, first reported by Southworth
[1945] and recently reviewed by Tapping [2013].

The method for combining the model with ASK data was outlined in a paper by Lanch-
ester et al. [2009]. This method compares the ratio of emissions measured by the ASK1

and ASK3 cameras to a modelled relation between the ratio and energy produced by the
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Model ASK emission brightnesses
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FIGURE 2.4: Emission rates produced by the Ionospheric model for the ASK1 and
ASK 3 filters.

ionospheric model. The ASK1 camera has a filter that is sensitive to high energy elec-
tron precipitation and the ASK3 camera is sensitive to lower energy precipitation. Hence
the ratio of ASK3/ASK1 can provide characteristics of the energy of the precipitating

electrons.

Examples of the model production rates, and emission height profiles for the emissions
measured by ASK can be found in Whiter et al. [2010], Dahlgren et al. [2011] and
Figure 2.4. The height-integrated emissions are used to give a relationship between

brightness ratio and peak energy, which is then compared with the measured brightness
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ratio to give the peak energy as plotted in the second panel of Fig. 2.4. An estimate
of the flux comes from the modelled emission brightness for ASK1 (673.0 nm); Fig. 2.4

shows that above 100 eV, the emission brightness is approximately constant.

This method of estimating the energy and flux of precipitating particle using ASK data
and the Southampton Ionospheric model has been used in several studies and has been
verified by comparison with other ground based instruments, for example EISCAT, (e.g.

Lanchester et al. [2009], Whiter et al. [2010], Dahlgren et al. [2011, 2016)).

2.1.2 The Special Sensor Ultra-violet Spectrographic Imager (SSUSI)

The Special Sensor Ultra-violet Spectrographic Imager (SSUSI) instruments are used
to produce maps of the ionosphere and upper atmosphere, and images of the auroral
regions [Paxton et al., 1992, 2002]. Four SSUSI instruments have been placed on De-
fence Meteorological Spacecraft Program (DMSP) spacecraft (DMSP F16-F19). These
spacecraft are in polar, sun-synchronous orbits with a period of approximately 90 min-
utes; this means that SSUSI observes the aurora at approximately the same local time
in each orbit. The DMSP satellites orbit in local times of either 18:00-06:00 LT or
21:00-09:00 LT meridians. The SSUSI instruments are similar in design to the Global
Ultra-violet Imager (GUVI) instruments on the Thermospheric-Ionospheric-Mesosphere

Energy Dynamics (TIMED) satellite [Humm et al., 1998, Christensen et al., 2003].

The SSUSI instruments have two main optical elements: the Scanning Imaging Spectro-
graph (SIS) and the Nadir Photometer System (NPS) [Paxton et al., 2002]. This thesis
makes use of data from the SSUSI SIS which consists of a circular spectrograph and a
cross-track scanning mirror at the input telescope (a 75mm focal length off-axis parabola
system) with a slit width of 11.84°. The mirror rotates 140° from horizon to horizon,
as shown in Figure 2.5. This scan is anti-symmetric about the nadir, with a scan of 80°
anti-sunward above the limb and 60° towards the Sun. The scan takes approximately
15 seconds to be produced and builds up brush-stroke like images of the auroral regions

over approximately 20 minutes.

These spectrographic measurements are made in the Far Ultra-Violet (FUV) at wave-
lengths between 115-180 nm. On board processing bins the spectral images into five

pre-defined ‘colours’ which are indicated in Figure 2.6 by blue shaded regions. Each
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FI1GURE 2.5: Cartoon schematic demonstrating the scanning capability of the SSUSI
instrument which has a 11.84° field of view and scans 140° along the horizontal axis
Paxton et al. [1992].

spectral band was chosen to represent the primary emissions features from Hydrogen,
Oxygen and Nitrogen (given in Table 2.1). In this thesis, the Lyman-Birge Hopfield long
band is used as these wavelengths show the weak polar cap arc signatures the clearest
and are comparable to previous measurements used in polar cap arc studies (such as

those from IMAGE WIC, for example in Fear and Milan [2012a)).

Emitting species | Wavelength

HI 121.6 nm
Ol 130.4 nm
Ol 135.6 nm

Ny LBH-S 140-150 nm
Ny LBH-L 165-180 nm

TABLE 2.1: The five SSUSI ‘colours’. LBH-S and LBH-L stand for the Lyman-Birge
Hopfield short and long bands respectively.

The relatively quick orbit of the DMSP spacecraft means that near simultaneous images

+Z
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Ficure 2.6: FUV spectrum with the bands measured by SSUSI indicated in blue
[Paxton et al., 2002]

from the northern and southern hemisphere may be obtained from SSUSI up to approx-
imately 45 minutes apart from a single orbit, or more frequently when considering there
are up to 4 SSUSI instruments with data available at one time, as indicated in Table 2.2.
Furthermore, the DMSP spacecraft are in low-Earth orbit (at around 830 km) and hence
allow the SSUSI instruments to observe finer scale auroral structure than previous UV
imagers, such as Polar UV and IMAGE WIC. The SSUSI data used in this thesis were
downloaded from the SSUSI website?.

Satellite | Availability
F16 Jan 2005 - Aug 2016
F17 Jan 2007 - present
F18 April 2010 - present
F19 Sept 2014 - Feb 2016

TABLE 2.2: SSUSI data availability from the different DMSP satellites

2.1.3 All sky cameras

Ground-based cameras located on Svalbard with a larger-scale field of view than ASK

are used to bridge the gap between these small-scale observations and the global-scale

2http://ssusi. jhuapl.edu/
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observations from SSUSI. This thesis uses two cameras which are both located in the

Kjell Henriksen Observatory (KHO), which is situated near to the ASK instrument.

In Chapter 3, images from The Little Camera (TLC) are used to find an interval when
a north-south aligned arc passed through the field of view of the ASK instrument. TLC
is part of the Spectrographic Imaging Facility (SIF) maintained by the University of
Southampton; images can be obtained directly from the University (via Dan Whiter).

This camera has a 645 nm long pass filter on it and a field of view of 80°.

Similarly, in Chapter 5, images from the Sony a7s camera are used to identify periods
when auroral arcs passed through the ASK field of view for two separate case studies.
This camera has a circular fisheye lens with a field of view of 180° in all directions.
These data are obtained directly from the University Centre in Svalbard (UNIS), via

Noora Partamies.

2.2 Low-altitude space-based instrumentation

2.2.1 In-situ particle measurements from SSJ/5

In conjunction with the SSUSI images, data are obtained from the SSJ/5 particle de-
tectors, also on board DMSP F16-F19, which provide characteristics of the electron and
ion precipitation along the track of the spacecraft. The DMSP particle detectors were
designed by D. Hardy of Air Force Research Laboratory, and data were obtained from
the Johns Hopkins University Applied Physics Laboratory.

These instruments consist of a pair of electrostatic analyzers coupled with microchannel
plates [Hardy et al., 1993, 2008]. The SSJ/5 detectors have a fan field-of-view covering
a solid angle of 4° by 90° between zenith and the horizon. This fan is divided into six
15° angular sectors; however, they are currently running in a operational mode similar
to the previous model (SSJ/4) in which the counts from all six sectors are combined to
give one spectrum every second. The SSJ/5 instrument measures the fluxes of electron

and ions in 19 logarithmically spaced energy steps between 30 eV to 30 keV.

Figure 2.7 shows an example spectrogram obtained from the DMSP Java tool which

can be downloaded online®. This tool allows the user to select the specific spacecraft

Shttp://sd-www.jhuapl.edu/Aurora/spectrogram/index.html
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FIGURE 2.7: Example spectrogram downloaded from the DMSP Java script

and period of interest. The top two panels in Fig. 2.7 show the average energy flux
and energy for the electrons (black) and ions (red). The bottom two panels show the
electron and ion spectrograms respectively, where the colour indicates the energy flux.
This particular spectrogram is showing (from left to right) the particle precipitation
above the DMSP spacecraft as it passes over: the duskside oval (characterised by high
energy electron and ion precipitation), the polar cap (which is characterised by electron-
only polar rain precipitation, discussed in Section 1.4.5), and then the dawnside oval
(high energy ion and electron precipitation). This example is from a polar cap arc case

study which will be presented in Chapter 3 (Fig. 3.13).

The DMSP Java tool also allows for the inclusion of an automated boundary detection
routine [Newell et al., 1996a, Redmon et al., 2017]. However, as discussed further in
Chapter 4, these boundaries do not work well for northward IMF, where the precipitation
in the polar cap can be complex due to the presence of polar cap arcs. In the appendix of

Chapter 4, a method for automatically detecting the poleward boundary of the auroral
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oval is presented. This is particularly important for polar cap arc studies to make sure

the arcs being identified are poleward of the edge of the auroral oval.

2.2.2 AMPERE

Data from AMPERE (the Active Magnetosphere and Planetary Electrodynamics Re-
sponse Experiment) were used to infer information about the field aligned currents that
flow between the Earth’s magnetosphere and ionosphere [Anderson et al., 2000, 2014,
Waters et al., 2001, Coxon et al., 2014a,b, 2016, 2018]. These data were used as support-
ing observations in a case study to determine an approximate position of the open-closed
field line boundary. The AMPERE data set is derived from magnetometer measurements
on board 66 Iridium satellites; these magnetometer measurements are then combined to
provide global current maps of the Northern and Southern polar regions. The Iridium
satellites are a commercial satellite network owned by the Boeing service company. The

Iridium-derived AMPERE data were downloaded from the AMPERE website?.

2.3 Ground-based radar data

2.3.1 The EISCAT Svalbard Radar (ESR)

The EISCAT (European Incoherent Scatter) Svalbard radar (ESR) is an incoherent
scatter radar situated at Longyearbyen in the Svalbard archipelago. It is operated
by the European Incoherent Scatter Scientific Association. EISCAT is an international
association supported by research organizations in China (CRIRP), Finland (SA), Japan
(NIPR and STEL), Norway (NFR), Sweden (VR), and the United Kingdom (NERC).

Incoherent scatter radars transmit radio waves into the ionosphere which are then scat-
tered off electrons and the backscatter spectrum is measured. The shape of the backscat-
ter spectrum can be used to derive key ionospheric parameters, for example, the strength
of the backscatter is proportional to the electron density and the width of the return

power spectrum is dependent on the ionospheric temperature (which can be separated

“http://ampere. jhuapl.edu/
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FIGURE 2.8: EISCAT Svalbard radar 32m steerable dish. Photo credit: Dan Whiter.

into electron and ion temperatures). Furthermore, in the ionosphere the motion of elec-
trons is imposed on them by more massive ions and hence by measuring the Doppler

shift of the return spectrum, the ion velocity in the ionosphere can be derived.

The ESR consists of a steerable 32 m diameter dish antenna (Figure 2.8) and a co-
located 42 m fixed dish antenna (Figure 2.9) that is aligned with the local magnetic
zenith [Wannberg et al., 1997]. Data taken during the International Polar Year (IPY)
between 2008-2009 has been used in this thesis. This was a period when the ESR

operated quasi-continuously taking measurements of ionospheric parameters (such as,
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FIGURE 2.9: EISCAT Svalbard radar 42m dish. Photo credit: Dan Whiter.

electron density and temperature and ion temperature) with the 42 m dish at a 6 second

resolution.

2.3.2 The Super Dual Auroral Radar Network (SuperDARN)

The Super Dual Auroral Radar Network (SuperDARN) is a network of high frequency co-
herent scatter radars that measure ionospheric flows in the polar regions of the northern
and southern hemispheres [Greenwald et al., 1995, Chisham et al., 2007]. SuperDARN
is a collection of over 30 high power, low frequency radars funded by national scien-
tific funding agencies of Australia, Canada, China, France, Japan, South Africa, United
Kingdom, and the United States of America. These radars measure the ionospheric
convection over mid and high-latitude regions. The radar beam is Bragg scattered from
irregularities in the F-region plasma (between 200-400 km), the Doppler shift of the

received signal gives the line of site velocity of the plasma.

This thesis uses data from all SuperDARN radars, which are combined with a statistical
model to obtain ionospheric flow patterns in the high latitude regions using the map-
potential technique [Ruohoniemi and Baker, 1998]. Furthermore, Chapter 3 specifically

uses data from the Pykvibaer radar (in Iceland), which has a field of view over Svalbard.
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During the period of interest, it was operating in stereo mode, i.e operating quasi-
simultaneously on two different frequencies allowing for different spatial and temporal
resolutions [Lester et al., 2004]. Data used in this thesis were obtained from the British

Antarctic Survey SuperDARN data hub.

2.4 Supporting ground-based instrumentation

2.4.1 The HiTIES instrument

The High Throughput Imaging Echelle Spectrograph (HiTIES) instrument [Chakrabarti
et al., 2001] is part of the Spectrographic Imaging Facility (SIF) at KHO, located near
the ASK instrument on Svalbard. It is maintained by the University of Southampton
and data can be viewed in 20 minute megablocks on the SIF website®. The instrument
records images at a frequency of 2 Hz (although the spectra are typically post-integrated

to between 10 and 120 s depending on the brightness of the emission).

The HIiTIES instrument contains a spectrograph with an 8° slit that is centred on the
magnetic zenith and an EMCCD detector. Mosaic filters are used to record multiple
non-continuous wavelength regions at high resolution; each individual panel of the filters
is centred in wavelength on a particular atmospheric emission of interest (although each
panel may also contain emissions from multiple other species). Chadney and Whiter
[2018] used the ‘OH’ panel to obtain an estimate of the temperature of the neutral
atmosphere by developing a method of fitting different auroral (Ng, OF and OF) and
airglow (OH) emissions measured by HiTIES.

In this thesis, data from the ‘H-a’ panel of the three panel mosaic, which observes
the wavelength region between 649-663 nm, is of particular interest. This mosaic was
installed in December 2015. Doppler shifted hydrogen emissions are a signature of
proton precipitation (e.g. Eather [1967]). H-a is the brightest hydrogen emission at
656.3 nm [Galand et al., 2004]. Other emissions such as from airglow (OH) and electron
precipitation (N2 (1PG)) are also present in this wavelength region. These emissions are
modelled using methods outlined by Chadney and Whiter [2018] and Price et al. [2019]

to obtain the spectra for the ‘H-o’ emission. Data from the ‘H-o’ panel is used in this

*http://sif .unis.no/
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thesis to determine the topology of the field lines on which polar cap aurora is formed

by the presence (or lack) of precipitating protons (which are a sign of closed field lines).

2.4.2 Ground-based magnetometers

The study presented in Chapter 3 makes use of data from the Svalbard stations of the
International Monitor for Auroral Geomagnetic Effects (IMAGE) network to quantify
the disturbance of the Earth’s magnetosphere during a polar cap arc event [Tanskanen,
2009]. The entire IMAGE magnetometer chains consists of 41 ground based stations.
These stations are a joint European collaboration between Finland, Germany, Poland,
Russia and Sweden and cover geographic latitudes from 51° — 79°. The Svalbard mag-

netometer data presented in this thesis are provided by the University of Tromsg.

2.5 Up stream solar wind monitors

In order to place the observations into an interplanetary context, we need knowledge of
the solar wind behaviour. This is provided by various spacecraft situated in the solar

wind.

In this thesis data from the OMNI database [King and Papitashvili, 2005] is used to
get the IMF conditions during several polar cap arc events; these data were obtained
from the OMNI website®. The OMNI database consists of solar wind magnetic field
and plasma data sets that have been time-shifted to the nose of the Earth’s bow shock
and hence give an estimation of the solar wind conditions at the Earth. Most of the
magnetic OMNI data used in this thesis came from the magnetometer on board the
ACE (Advanced Composition Explorer) spacecraft which is located at the Lagrangian
libration point (L1) and is hence upstream from the Earth [Stone et al., 1998, Smith
et al., 1998]. OMNI calculates a lag in the solar wind data (AT) using the following

equation:

n/'(I{d _'I{o)

AT =
n-V

(2.4)

Shttps://omniweb.gsfc.nasa.gov/
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Where Ry is the spacecraft position, Ry is the displaced location (i.e. the nose of the
Earth’s bow shock), V is the velocity of the solar wind and n is the phase front normal
(PFN) of the solar wind which is calculated using a combination of minimum variance
analysis and cross product methods [Weimer et al., 2003]. This propagation method
is based on the assumption that the variations in the solar wind are organised into a
series of phase fronts which convect with the solar wind speed (i.e frozen-in, discussed
in Section 1.2.3.1). The OMNI propagation method has been verified to be accurate in
several studies (e.g. Case and Wild [2012]).

In Chapter 3, data from the Cluster 3 spacecraft was used. During the period of interest
Cluster was located just upstream from the bow shock. The Cluster mission consists of
four identical satellites that monitor small-scale structures in the magnetosphere by fly-
ing in a tetrahedron formation. Observations from the Fluxgate Magnetometer (FGM)
[Balogh et al., 2001, Gloag et al., 2010] and the Hot Ion Analyzer on the Cluster Ion
Spectrometry (CIS-HIA) [Reéme et al., 2001, Dandouras et al., 2010] are used to measure
the solar wind speed, density and the direction of the IMF during the event. These data
were obtained from the Cluster Science Archive’. It was verified that Cluster 3 was in
the solar wind during the period of interest by looking at the ion spectrograms in the
Cluster Quicklook plots; solar wind can be identified by a high flux of particles in a

narrow energy range (around 1 keV).

For some events presented in Chapter 4, where there were data gaps in the OMNI
data base, data from the ARTEMIS 1 (Acceleration, Reconnection, Turbulence and
Electrodynamics of the Moons Interaction with the Sun) satellite [Auster et al., 2008]
has been used. The two ARTEMIS satellites were re-purposed from the THEMIS (Time
History of Events and Macroscale Interactions during Substorm) missions and have been
in orbit around the Moon since 2010. During periods of interest, it was verified that
ARTEMIS 1 was in the solar wind by looking at the ion and electron spectrograms,

similarly as with the Cluster 3 spacecraft. These data were accessed online®.

All the ground-based and spacecraft instrumentation discussed in this chapter will be
used in this thesis to investigate the nature of polar cap arcs and, more specifically, they
will be used to identify and understand the fine-scale structure of these high latitude

arcs.

"https://www.cosmos.esa.int/web/csa/access
Shttps://sscweb.gsfc.nasa.gov/
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Chapter 3

Multi-instrument observation of
simultaneous polar cap auroras

on open and closed field lines

This work has been published as:

J. A. Reidy, R. C. Fear, D. K. Whiter, B. S. Lanchester, A. J. Kavanagh, L. J. Paxton,
Y. Zhang, and M. Lester. Multi-instrument observation of simultaneous polar cap au-
roras on open and closed magnetic field lines. Journal of Geophysical Research (Space

Physics), 122:4367-4386, 2017. doi: 10.1002/2016JA023718

3.1 Introduction

This chapter presents a case study containing observations of polar cap auroral features
which occurred on 19 January 2008. These features were evaluated using multiple ground

based and space craft instrumentation.

As outlined in Section 1.5, there is some controversy over the formation mechanism that
results in polar cap arcs. Newell et al. [2009] suggest that there are three ‘types’ of polar
cap arc which can be identified by the associated particle precipitation, two of which
occur on closed field lines (and can be identified by ion and electron precipitation), and

the other occurs on open field lines (and can be identified by electron-only precipitation).

60
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Newell et al. [2009]’s division into two ‘closed’ field line classifications relates to a dis-
tinction between those events which are adjacent to the main auroral oval (discussed in
Section 1.5.2.1) and those which are suggested to be formed on closed field lines within
the otherwise open polar cap. Milan et al. [2005] put forward a mechanism whereby
tail reconnection during northward IMF results in closed flux becoming ‘trapped’ in the
magnetotail and it is on these field lines that the polar cap arc forms, as discussed in
Section 1.5.2.2. The third ‘type’ discussed by Newell et al. [2009], identified by electron
only precipitation, is suggested to be formed by accelerated polar rain (discussed in

Section 1.5.2.3) on open field lines.

The aim of this thesis chapter is to combine ground based and satellite observations to
investigate the formation mechanisms of polar cap arcs. This study considers any high
latitude aurora that is distinctly sun-aligned in nature to be a polar cap arc. SSUSI
instruments on board DMSP F16 and F17 (introduced in Section 2.1.2) are used to
identify an event containing two high latitude structures on opposite sides of the north-
ern hemisphere polar cap and a possible conjugate feature in the southern hemisphere.
During the event the two DMSP spacecraft were almost exactly out of phase in their
orbits meaning near-simultaneous measurements of each hemisphere were available. The
structure on the duskside on the northern hemisphere occurred over Svalbard and was in-
vestigated using ground based data from the ASK instrument (Section 2.1.1), the ESR
(Section 2.3.1), the IMAGE magnetometer chain (Section 2.4) and the SuperDARN
radars (Section 2.3.2). The structure on the dawnside of the northern hemisphere polar
cap is investigated using in-situ particle data from the SSJ/5 instrument (Section 2.2.1)

on board DMSP F16 and also SuperDARN map potential plots.

The main observations from this event are presented in Section 3.2 which has been sep-
arated into the interplanetary conditions and large-scale auroral observations for the
overall event (Section 3.2.1) and then the structures on the dusk and dawn sectors of
the northern hemisphere are investigated separately in Sections 3.2.2. and 3.2.3 respec-
tively. A discussion is given in Section 3.3 before the main conclusions are presented in

Section 3.4.
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3.2 Results

3.2.1 Interplanetary conditions and large-scale auroral observations

We present a case study of high latitude aurora on 19th January 2008. Figure 3.1
shows the solar wind conditions between 16:00-21:00 UT on this day provided by the
Cluster 3 spacecraft. Figs. 3.1a, b, and ¢ show the IMF components in the Geocentric
Solar Magnetospheric (GSM) coordinate system, Fig. 3.1d shows the solar wind speed.
The ion and electron spectrograms (not shown) confirm Cluster was in the solar wind
during our event, just upstream from the bow shock, at (14, 12, -8) Re. Our period
of interest is between 18:00-21:00 UT. During this time the IMF B, component was
predominately positive with the occasional negative turn. The IMF turned northward
at around 18:45 UT and, apart from a few brief southward turns, remained so until
around 20:30 UT. Prior to this the IMF alternated between northward and southward.
The B, component was predominately negative throughout the interval. It can be seen

in Fig. 3.1d that this is a period of high solar wind speed with a mean value of 610 km s .
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Ficure 3.1: IMF data from the Cluster spacecraft between 16:00-21:00 UT. The
top three panels are the IMF GSM components, B,, B, and B, respectively, at spin
resolution. The bottom panel shows the solar wind speed.
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Figure 3.2 shows images from the SSUSI instruments on board DMSP F16 and F17
between 17:50 and 19:05 UT. During this interval the spacecraft provide almost simul-
taneous measurements of the northern and southern hemispheres. Each image has been
projected onto an MLT grid with noon at the top and dawn to the right. All of the
southern hemisphere images have been reversed about the noon-midnight meridian for
ease of comparison, such that dawn is to the right in all figures. Consequently, the
spacecraft are travelling in the opposite direction in each hemisphere i.e. left to right in

the northern hemisphere image and vice versa in the southern image.

F16 NORTH 17.53-18.15UT F17 SOUTH 17.42-18.05UT
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FIGURE 3.2: Images from SSUSI instruments on board DMSP F16 and F17 (LBHL
band) between 17:50-19:05 UT with noon at the top and dawn to the right; the southern
hemisphere images have been flipped for ease of comparison.

Figs. 3.2 a and b show images of the northern hemisphere between 17:53-18:15 UT and
the southern hemisphere between 17:42-18:05 UT respectively. These images coincide
with the period when the IMF was alternating between northward and southwards. The
green dot in the northern hemisphere images indicates the position of ASK/ESR on

Svalbard, which at this time are situated poleward of the auroral oval and are within
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the polar cap, looking along open field lines. The southern hemisphere image shows
a sun-aligned structure on the dawnside of the polar cap. This structure is not seen
in any of the following images and is hence not considered as part of this study. The
northern hemisphere between 18:34-18:54 UT and the southern hemisphere between
18:42-19:05 UT are shown in Figs. 3.2 ¢ and d. These images show the auroral regions
around the time the IMF turned northward at 18:45 UT. In both hemispheres there is
an auroral bulge seen between 21-24 MLT. In the northern hemisphere (Fig. 3.2 ¢), an
approximately sun-aligned arc can also be seen in the dawn side of the polar cap. No
obvious counterpart to this structure can be seen in the almost simultaneous southern

hemisphere image (Fig. 3.2 d).
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FIGURE 3.3: Magnetic field deflections in the X component (north) obtained from the
IMAGE magnetometer Svalbard stations between 16:00-21:00 UT.
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Figure 3.3 shows data from the Svalbard magnetometers between 16:00-21:00 UT. A
deflection can be seen around 16:30 UT, which likely corresponds to a magnetospheric
substorm during the period of southward IMF (e.g. Liihr et al. [1998]). At approximately
18:30 UT smaller deflections are seen, with the weakest deflections shown by the Bear
Island magnetometer (BJN) and the strongest at Longyearbyen (LYR). This suggests
the activity may be localised to Svalbard, which agrees with the bulges seen in the SSUSI
image (Fig. 3.2 ¢). We hence suggest that the small, localised magnetic deflections are
signatures of a poleward boundary intensification [Lyons et al., 1999]. Hence the bulges
in the dusk side of the northern and southern hemispheres (Fig. 3.2 ¢, d) appear to

result from flux closure in the tail, most likely at the far neutral line.

F16 NORTH 19.34-19.55UT F17 SOUTH 19.24-19.45UT
; SR R

00
F17 NORTH 20.14-20.36UT
: ,3
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FicUre 3.4: SSUSI images between 19:25-20:50 UT. Same layout as Fig. 3.2.

SSUSI observations between 19:25-20:50 UT are shown in Figure 3.4 with the same layout
as Fig. 3.2. Figs. 3.4 a and b correspond to the intervals between 19:34-19:55 UT for the
northern hemisphere image and between 19:24-19:45 UT for the southern hemisphere.
By this time the IMF had been generally northward for around an hour. The duskside
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bulge in the northern hemisphere (Fig. 3.2c) has protruded further into the polar cap,
extending over the field of view of ASK and ESR (green dot) to almost 80° magnetic
latitude, becoming distinctly sun-aligned in nature. A conjugate structure can still
be seen in the southern hemisphere image, although this structure has not extended
as far polewards. There are now also multiple sun-aligned arcs seen in the dawnside of
the northern hemisphere image, still with no apparent southern hemisphere counterpart.
The last SSUSI images in our period of interest, between 20:14-20:36 U'T in the northern
hemisphere and 20:23-20:47 UT in southern hemisphere, are shown in Figs. 3.4c and d
respectively. The dusk-side protrusion in the northern hemisphere over Svalbard remains
after at least 45 minutes but has not grown further into the polar cap. The conjugate
form is no longer seen in the southern hemisphere image but this could be a result of
the field of view of SSUSI. The sun-aligned structure on the dawn side of the northern
hemisphere image has now moved towards the noon-midnight meridian compared to the

previous image.

The two structures occurring on either side of the northern hemisphere polar cap will

now be discussed separately.

3.2.2 The duskside structure

3.2.2.1 Analysis of optical data

Figure 3.5 shows an image of a north-south aligned arc over Svalbard taken by a 60° field
of view camera from the Spectrographic Imaging facility (SIF), also located on Svalbard
near the ESR/ASK site. Although this arc is not discernible in the SSUSI images, it
likely forms part of the duskside structure observed in Fig. 3.2 ¢ and Figs. 3.4 a and
¢, due to its sun-algined direction which agrees with the SSUSI observations. The arc

entered SIF’s field of view around 20:23:23 UT and moved eastwards i.e. dawnward.

Figure 3.6 shows observations from ASK taken during this selected interval (note the
3.1° x 3.1° field of view of ASK is approximately in the center of the SIF image in
Fig. 3.5). Fig. 3.6a shows the average intensity measured by ASK1, Ig370 (black) and
ASKS3, I7774 (red) in the 20 x 20 pixels surrounding the magnetic zenith between 20:23:25-
20:23:40 UT. Snapshots from the ASK1, Ig379 camera in 1 second intervals between
20:23.29-20:23.36 UT are shown at the bottom of Fig. 3.6. The yellow box indicates
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FIGURE 3.5: Image (in negative) obtained from a 60° field of view camera close to
ASK at 20:23:23 UT. This camera has a 645 nm long pass filter on it. North is at the
top and east is to the left as shown by the arrows. These directions are approximate
as the camera is not sensitive enough to see stars and hence more accurate directions
cannot be obtained. The arrow at the bottom of the image indicates moonlight.

the pixels averaged around magnetic zenith. The images show a bright curved structure
sweeping through the ASK field of view from west to east, followed by a lower inten-
sity more diffuse structure. The rapid changes in these images demonstrate the highly

dynamic and small-scale structures within the larger-scale features.

As discussed in Section 2.1.1.1, the Southampton Ionospheric model [Lanchester et al.,
2001] can be used to find the changes in energy flux and peak energy from the ratio
of different wavelengths observed by the ASK instrument. The input to the model
requires an initial shape for the spectrum of the incoming electrons, assumed to be a
Gaussian in this study. The modelled production rates were given as an example in the
instrumentation section as Figure 2.4. The height-integrated emissions are used to give
a relationship between brightness ratio and peak energy, which is then compared with
the measured brightness ratio to give the peak energy as plotted in the second panel of
Fig. 3.6. The energy flux is found from the brightness of the emission from No, which
is almost independent of energy. A conversion factor of 240 R/(mW m~2) obtained
from the model is used to convert Ig37g into flux which was then multiplied by the data

resolution (20 frames per second in this case).

Fig. 3.6 b shows the precipitation energy varies between 2-11 keV, with a mean value

of 5 keV and a mean energy flux of 0.7 mW m~2. This range also agrees with a similar
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FIGURE 3.6: a. The intensity from ASK1, Ig379 (black) and ASK3, Ir774 (blue) be-

tween 20:23.25-20:24.00 in the 20 x 20 pixels surrounding magnetic zenith. b. The

estimated energy (black) and energy flux (blue) of the precipitating electrons in the in-

terval between 20:23.25-20:24.00 UT. Below are snapshots from ASK1 between 20:23.29-

20:23.36 UT in 1 second intervals. The yellow box in each image illustrates the pixels

averaged around magnetic zenith. North is approximately at the bottom of the images
and Fast is approximately left.

study carried out by Wu et al. [1991] who observed a polar cap arc associated with

precipitation energies between 3-12 keV.

3.2.2.2 Analysis of ESR height profiles

Figure 3.7 shows the electron density (N.), the electron temperature (T.) and the ion
temperature (T;) profiles measured by the ESR between 17:00-22:00 UT, plotted at 1
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FIGURE 3.7: Electron density, electron and ion temperature profiles between 17:00-
22:00 UT from the ESR 42m antenna at 60 second resolution. The orange arrow shows
the time of analysis with ASK, ESR and the respective models.

minute resolution. It can be seen that prior to 18:36 UT there is a cool F-region plasma
(above 200 km); after this time there is a sudden increase in the E-region N, down to
heights of around 90 km with a corresponding increase in T, (Fig. 3.7b). These increases
occur before the northward turning of the IMF at 18:45 UT and coincide with the start
of the interval that SSUSI shows an auroral structure over Svalbard; these features are
typical signatures of precipitation on closed field lines. Furthermore, the T, profiles show
very cold plasma before 18:36 UT that is consistent with polar cap electrons, on open
field lines. From this dramatic change in T., we suggest that the open/closed field line
boundary has moved over the field of view of ESR (the open/closed field line boundary
has previously been identified using T, e.g. Aikio et al. [2006]). The optical data from
an all-sky camera, not shown, confirms that auroral activity spreads northward across

the site during this interval.

The T; profiles (Fig. 3.7c) show distinct structure during the time of the auroral activity,
with increases in T; corresponding to the gaps in N.. These increases are consistent with

large electric fields and horizontal flows of ions in the region close to auroral brightness
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[Lanchester et al., 1996]. This connection between a decrease in N, and increase in T;

has also been reported and studied by Opgenoorth et al. [1990] and Perry et al. [2015].

The energy of the auroral precipitation can be estimated from the N, profiles using the
Southampton Ionospheric model. The N, profiles are converted to ionisation rate profiles
assuming a recombination rate coefficient, which is an assumption that affects the total
flux estimate but does not affect the estimate of the energy of precipitation. The method,
described in Lanchester et al. [1998], uses a library of both Gaussian and Maxwellian
spectra to find the best fit for peak energy of precipitation. This analysis was applied to
the same interval as was chosen in Section 3.4.2.1 to estimate the precipitation energy
using the ASK cameras between 20:23:25-20:24:00 UT, shown by an orange arrow above
Fig. 3.7a.
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F1cURE 3.8: Ionisation rate profile at 20:23:36 UT. Green dots are measurements at
2 second resolution. Blue line is the best fit to a mono energetic/ Gaussian input, red
line is the best fit to a Maxwellian input.

Figure 3.8 shows the results of this fitting process using an N, profile at 20:23:36 UT.
The data are shown in comparison with Maxwellian and mono-energetic (Gaussian) fits
at 1.7 keV and 4.9 keV respectively. This clearly shows the data are a better fit to a

Gaussian spectral shape. This result agrees with the analysis using the ASK emissions
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in Fig. 3.6b which has mean value of 5 keV. The combined ASK and ESR observations
and associated modelling show that the energy of the precipitation is consistent with

that typically seen on closed field lines.

3.2.2.3 SuperDARN flows
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FIGURE 3.9: Velocity flows observed by the Pykkvibaer (PYK) radar from beam 5
at 18:58 UT. This radar is operating in stereo mode. Negative flows (Red/orange)
indicates flows away from the radar.

The SuperDARN Pykkvibaer (PYK) radar has a field of view that covers the ASK
and ESR site and at the time of interest was operating in ‘stereo’ mode [Lester et al.,
2004], in which two different experimental modes were operating simultaneously on
different channels. The primary channel operated at 10.3 MHz in ‘common’ mode,
executing scans of the whole field of view, though no significant scatter was observed.
The second channel (10.5 MHz) operated only on one beam (Beam 5) at higher temporal
resolution. Figure 3.9 shows the spatial distribution of the data from one scan on this

secondary channel at 18:58 UT in context with the northern hemisphere SSUSI image
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F1GURE 3.10: Time series between 18:40-19:10 UT of the velocity measurements ob-
tained from PYK radar 5 in stereo mode [Lester et al., 2004], again red/orange indicates
flow away from the radar.

produced between 18:34-18:54 UT. Although these data appear spatially patchy (since
data were only available from the one beam and the scatter is limited in extent along the
beam) it can be seen in Figure 3.10, showing the time series of the line of sight velocity
measurements observed by the radar between 18:40-19:10 UT, that these flows at 76°
are persistent between 18:50-19:03 UT. Fig. 3.9 illustrates that these flows coincide with

the poleward edge of the bulge seen in the SSUSI image.

SuperDARN flows in the southern hemisphere were also examined. Figure 3.11 shows a
map potential plot at 17:42-18:05 UT in context with the southern hemisphere SSUSI
image between 17:58-18:00 UT. The flow is spatially very localised between 20-22 MLT
but shows apparent flow out of the polar cap approximately at the location the bulges
form in the northern and southern polar caps. Figure lc in Fear and Milan [2012b],
shows a cartoon of nightside flow patterns of a transpolar arc whereby flux is closing
in the tail and asymmetric flows are seen either side of the position of the transpolar
arc. Hence we suggest these flows are indicative of magnetotail reconnection under the
influence of a B, component, and hence consistent with the mechanism proposed by
[Milan et al., 2005] for transpolar arcs. Furthermore, although the data from the single

radar beam shown in Fig. 3.9 only tells us that there is ionospheric flow just duskward
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FIGURE 3.11: Map potential plot of southern hemisphere SuperDARN data between

17:58-18:00 UT obtained using the method outlined by Ruohoniemi and Baker [1998].

Data are plotted on top of the corresponding SSUSI image from DMSP F17 between
17:42-18:05 UT. Noon is at the top and dawn to the right.

of the duskside feature that has a component directed away from the radar, we suggest
the localised but persistent flows seen at the tip of the duskside structure are at least
consistent with the closure and exit of flux from the polar cap adjacent to the arc, and

hence consistent with the transpolar arc mechanism.

3.2.3 The Dawnside sun-aligned arcs

3.2.3.1 DMSP

Figure 3.12 shows the footprint of the DMSP spacecraft during the 18:34-18:54 UT pass
over the northern polar cap with corresponding SSUSI image. It can be seen that during
this pass, DMSP intersected the tip of the furthest extended sun-aligned arc on the dawn

side of the polar cap but missed the structure on the duskside. The arrows correspond



Chapter 3. Multi-instrument observation 74

FIGURE 3.12: Footprint of the DMSP F16 spacecraft during the 19:34-19:55 UT pass,
overplotted onto the corresponding SSUSI image. The arrows correspond to features
in the DMSP particle spectrogram shown in Figure 3.13.

to the spacecraft crossing the duskward edge of the auroral oval (orange), the tip of the
dawnside arc (blue) and the dawnside of the auroral oval (red). Fig. 3.13a shows the
spectra for each of these features in the corresponding colours. These spectra clearly
show that the precipitation causing the dawnside arc is of lower energy than that above

the auroral oval.

Figure 3.13b shows the DMSP electron spectrogram with the times of the three spectra
indicated again with the orange, blue and red arrows. The black vertical line marks
the noon-midnight meridian, hence dividing the dawn and dusk sides of the polar cap.
Multiple low energy features can be seen in the dawnside of the polar cap, the highest
energy of these corresponds to the furthest protruding arc (blue arrow). Not all of these
features can be seen in the corresponding SSUSI image (Fig. 3.12) as they are too low in
energy flux to be picked up by the UV imager. The ion spectrogram (Fig. 3.13c) shows

two ion signatures corresponding to each side of the auroral oval with no ion signatures
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FIGURE 3.13: Data from the particle spectrograph SSJ/5 on-board DMSP F16 between
19:34-19:55 UT. a. Spectra (1 second) from the three times indicated by the arrows
on the DMSP pass (Fig. 3.12) at 19:39.15, 19:46.00 and 19:49.03 UT.; b. The electron
spectrogram with the time of the above spectra indicated by the corresponding coloured
arrows. c¢. The ion spectrogram. The black line seen in b and ¢ corresponds to the
noon/midnight meridian to differentiate the dawn and dusk sides of the polar cap.

within the polar cap between them. Newell et al. [2009] reported a common type of
polar cap arc that can be identified by lower energy precipitation with no ion signature.
They state this type of arc is consistent with accelerated polar rain, which Carlson and
Cowley [2005] suggest can occur from shear flows on open field lines. Furthermore, the
IMF conditions of negative B, and positive By favour polar rain in the dawnside of the
northern hemisphere polar cap [Meng and Kroehl, 1977, Yeager and Frank, 1976]. We
hence suggest the dawnside arc is an example of an arc formed by accelerated polar rain,

occurring on open field lines.

As an additional point, Figs. 3.13a and b show the oval electron signatures to have
energy of the order of a few keV, with a peak on the dusk side of 5 keV. These energies
are very similar to those derived for the duskside structure from the ASK and ESR

observations and hence further supports the idea that this feature is formed on closed
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field lines.

3.2.3.2 SuperDARN lobe reconnection flows
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F1cURrE 3.14: Map potential plot of SuperDARN data between 19:14-19:16 UT over-
plotted on the SSUSI image between 19:34-19:55 UT in the northern hemisphere.

Examination of the map potential plots from SuperDARN during our event revealed
evidence of lobe reconnection between 19:12-19:30 UT and 20:10-21:00 UT. Examples
are shown in Figures 3.14 and 3.15 at 19:14 UT and 20:14 UT, respectively, with the
corresponding SSUSI image. Both images show sunward flows on the dayside of the
polar cap and what appear to be dawnside lobe reconnection cells. The anti-sunward
return flows appear to be poleward of the extension of the main oval from the SSUSI

field of view, which is indicative of single lobe reconnection [Milan et al., 2000a].

We previously noted that the furthest extended sun-aligned arc on the dawnside moved
duskward between SSUSI images seen in Figs. 3.4a and c, which approximately corre-
sponds to between 19:30 - 20:00 UT. This motion is consistent with what is expected
observationally for positive IMF B, (e.g. Valladares et al. [1994]). It is also consistent

with Milan et al. [2005] suggestion that the ‘stirring’ of flux caused by lobe reconnection
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F1cURrE 3.15: SuperDARN map potential plot between 20:14-20:16 UT overplotted on
the SSUSI image between 20:14-20:36 UT.

in one hemisphere results in flux being transferred between dawn/dusk convection cells
depending on the direction of IMF B,. Milan et al. [2005] argued that this transferal of
flux causes the arc, depending on its spatial location relative to the lobe convection, to

move in the direction of IMF B,, which is consistent with our observations.

3.3 Discussion

The structure seen by the SSUSI imager on the duskside of the northern hemisphere was
analysed with the ASK instrument and the ESR radar in conjunction the Southampton
ionospheric model to estimate the energy of the electron precipitation. This analysis
revealed that the structure was associated with high energy precipitation which likely
occurred on closed field lines. The structure formed out of an auroral bulge. The small,
localised disturbances in the Svalbard magnetometer data (Fig. 3.3) coupled with the
location of the bulge at the poleward edge of the oval suggested it is formed by closure of
flux at the far Earth neutral line, resulting in a poleward boundary intensification. This

is further supported by SuperDARN flows seen in Fig. 3.11, which indicate magnetotail
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reconnection was occurring around the position that the bulges formed in the polar cap.
Flows measured by SuperDARN in the northern hemisphere (Figs. 3.9 and 3.10) indi-
cated that after the IMF turned northward, flux continued to close in the tail. Hence we
suggest, due to an assumed absence of low-latitude dayside reconnection from evidence
of lobe reconnection (Figs. 3.14 and 3.15), subsequently closed field lines protruded fur-
ther into the polar cap instead of convecting back to the day side. Furthermore, the
flows in Fig. 3.11 show flows exiting the polar cap at 21 MLT which indicates the IMF
B, was having an effect on reconnection in the tail. These observations are consistent
with the mechanism described in Milan et al. [2005] for transpolar arcs. However, as the
structure does not cross the entire polar cap, we conclude it is an example of a ‘failed’
transpolar arc. The transpolar arc most likely failed due to a cessation in nightside
reconnection between 19:30-20:30 UT when the structure was seen to stay at the same
magnetic latitude in the SSUSI images (i.e. between Figs. 3.2c and 3.4a). This claim is
somewhat supported by the fact that we see no evidence of nightside reconnection in the
SuperDARN data (such as those seen earlier in Figs. 3.9 and 3.11) during this interval
(not shown). Furthermore, the structure is no longer seen by SSUSI after 20:40 UT (also
not shown), which coincides with the Southward turning of the IMF (Fig. 3.1).

The Milan et al. [2005] mechanism (described in Section 1.5.2.2) predicts that the trans-
polar arc would form on the duskside of the northern polar cap for positive IMF B,
statistically verified by Fear and Milan [2012a], which is consistent with the conditions for
this event. However the southern hemisphere counterpart also appears on the duskside
which is not consistent with the Milan et al. [2005] mechanism. Grocott [2017] suggests
there are two factors which lead to asymmetric flows seen in the polar cap, as seen in the
southern hemisphere SuperDARN observations (Fig. 3.11). The first factor is a twist in
the magnetotail occurring after a few hours of By influence and results in asymmetries
between auroral onset location in the northern and southern hemispheres, which is why
the Milan et al. [2005] mechanism predicts transpolar arcs on opposite sides of the polar
cap in the different hemispheres. A study by Reistad et al. [2016] reported a 3 hour
MLT shift in the auroral onset region seen by simultaneous of measurements from the
IMAGE FUV-WIC camera in the northern hemisphere and the Polar VIS Earth camera
in the southern hemisphere. This shift was seen on the duskside of the auroral oval and
was attributed to a persistent positive IMF B, component which led to asymmetries in

the magnetospheric footprints. The second factor is caused by dawn-dusk asymmetries
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in the plasma sheet occurring after longer periods of stable B, which results in a shift in
the auroral onset location to earlier MLT for positive B, and later for negative B,. The
latter mechanism appears to be consistent with our event since the IMF B, component
in the hours before the period of interest (Fig. 3.1) and in the previous 24 hours (not
shown) was predominately positive and the structures appear on the same side of the
polar cap. Hence our event could be evidence for the two factors being present at the
same time, an idea speculated by Grocott [2017], or could suggest that the lack of day-
side reconnection rather than the twist in the magnetotail is the key factor in the Milan
et al. [2005] mechanism for this case. Furthermore, although our event does not seem
to show such a dramatic asymmetry, and is occurring under northward IMF conditions,
Figures 3.4a and b do show a shift in the position of the ‘failed’ transpolar arc, which

could be considered consistent with Reistad et al. [2016].

The multiple, sun-aligned arcs seen in the dawn side northern hemisphere polar cap
appear to be formed by a different mechanism than the duskside structure. They were
only seen in one hemisphere of the SSUSI images (Figs. 3.2 and 3.4) and the DMSP
particle data showed the furthest protruding arc to be of lower energy than the oval and
duskside structure and not associated with an ion signature (Fig. 3.13). This is different
to the DMSP observations of a transpolar arc in a study by Fear et al. [2014] which
showed the arc to be associated with high energy electron (up to 10 keV) and ion (greater
than 1 keV) signatures. This study also presented observation from Cluster that showed
the plasma source for this arc was on closed field lines. They also saw lower energy
electron-only signatures, which did not have a counterpart in IMAGE, and suggested
these may be associated with fainter polar cap arcs that may be formed on open field
lines. These features are more consistent with the DMSP precipitation associated with
the dawnside arcs in this study. Similarly, a study by Mailyan et al. [2015] saw a
transpolar arc in IMAGE associated with a lower energy plasma signature detected by
Cluster than that seen by [Fear et al., 2014]. Mailyan et al. [2015] also presented images
from the GUVI (Global Ultra Violet Imager) Instrument (same instrument to SSUSI)
on board the TIMED spacecraft, which showed fine structures around the transpolar
arc which were associated with low energy electron and no ion signatures in the DMSP
particle data. These features are potentially consistent with polar rain signatures, similar

to the dawnside arc presented in this study. Additionally, in another polar cap aurora
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study using DMSP particle data Cumnock et al. [2009] found examples where a large-
scale arc seen by IMAGE was made up of multiple-thin arcs. All of these high latitude
arcs were shown to have an ion signature as well as energies comparable to the main

oval, and in this respect are different from the dawnside sun-aligned arcs in this study.

Newell et al. [2009] suggest polar cap arcs that do not have an ion signature and are
not adjacent to the auroral oval could be produced by enhanced polar rain (discussed in
Section 1.5.2.3). It can be seen in Figure 3.13b that the sun-aligned arc on the dawnside
of the northern hemisphere polar cap is embedded within similar features of lower energy
electron precipitation, which are not seen in the SSUSI image. These features are similar
to what Shinohara and Kokubun [1996] classify as type B polar showers, i.e. polar
showers without ion fluxes that respond to solar wind conditions (appearing on the
dawnside for positive B, and northern hemisphere for negative B,) and hence suggested
to originate from the solar wind (outlined in Section 1.4.5). Therefore, we conclude that
these sun-aligned arcs are consistent with accelerated polar rain and hence formed on

open field lines.

We have shown that the dawnside arcs move duskward with the flow in the lobe con-
vection cells. This duskward motion for positive IMF B, is a consistent with previous
studies which observed polar cap arcs to move in the same direction as IMF B,. Milan
et al. [2005] suggest the convection caused by the stirring of the lobes will cause polar
cap arcs in the northern hemisphere to convect duskward/dawnward for IMF B, posi-
tive/negative respectively. This pattern is observed during our event. As an additional
point, the duskside structure was seen by the SIF ground based camera to move from
west to east, i.e. dawnward. This motion also fits with the Milan et al. [2005] mechanism
but the arc moves oppositely to the direction of IMF B, because it is on the other side of
the polar cap and hence moving with the dusk cell. However this structure would have
been classified by Hosokawa et al. [2011] as a ‘By-independent’ as it is moving poleward
irrespective of the direction of IMF B,. Hence ‘B, dependent’ and ‘B, independent’

arcs can both be explained by the Milan et al. [2005] mechanism.

3.3.1 Instrumentation contribution

Multiple instrumentation was used in this chapter to study a polar cap arc event.
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UV images from the SSUSI instruments on board DMSP F16 and F17 were used to
identify polar cap arcs, study their hemispheric nature and determine the lifetime of
events and their spatial extents. The SSUSI observations provide a valuable global
context, but the relatively low cadence compared with ground-based instrumentation

means that it is possible that short-lived events may be missed.

Data from ground-based optical instrumentation on Svalbard (the ASK instrument and
the TLC) were used to study the auroral feature on the duskside of the northern hemi-
sphere polar cap at higher spatial and temporal resolution than was possible from the
SSUSI images. ASK data were also used to obtain an estimate of the characteristic en-
ergy of the precipitation. The method used to estimate the energy method relies on the
Southampton Ionospheric model and the calibration and analysis of the ASK data (as
described in Section 2.1.1). The mean value of the energies obtained was consistent with
the duskside feature being formed on closed field lines and was independently verified

using data from the ESR.

Data from the ESR were also used to infer that an open-closed boundary had passed
over Svalbard during our period of interest, and measurements from the SuperDARN
radars were used to investigate the ionospheric flows around the polar cap arcs. A
major limitation in this event was that there was only scatter from one beam of one
radar around the ‘failed’ transpolar arc. Individual radars only provide a line-of-sight
component of the ionospheric velocity - in order to obtain a 2D velocity vector, data from
multiple radars must be available. Therefore, we can not say for sure what direction the
ionospheric flow is in, we can only state that it is away from the radar and that this is

consistent with flow out of the polar cap due to nightside reconnection.

The SSJ/5 particle spectrometer on board DMSP F16 was used to analyse the in situ
signature of the northern hemisphere dawnside polar cap arc. Multiple peaks in the
electron precipitation can be seen on the dawnside of the spectrogram in Fig. 3.13 which
are not obviously associated with arcs in the SSUSI image (Fig. 3.12). We suggest this

indicates that some arcs fall below the threshold of detection for the SSUSI instruments.

Data from a ground-based magnetometer chain near Svalbard was used to suggest that
the magnetic and auroral features observed near to the start of the event were consistent
with a polar boundary intensification. This fits with the picture that the duskside auroral

feature was formed by closure of open field lines in the magnetotail.
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3.4 Conclusion

A case study of polar cap aurora occurring on 19th January 2008 has been presented.
Almost simultaneous observations of the northern and southern auroral regions were
provided by the SSUSI instruments on-board DMSP F16 and F17. Two different types
of high latitude aurora were observed simultaneously in the northern polar cap: a ‘failed’
transpolar arc on the duskside formed on closed field lines, and sun-aligned arcs on the

dawnside which were consistent with precipitation on open field lines.

The duskside structure had a conjugate form in the southern hemisphere which also
formed on the duskside on the southern polar cap. The structure started as a bulge,
identified in magnetometer data as a polar boundary intensification, which grew into a
distinctly sun-aligned structure. The northern hemisphere structure was examined using
ground based instruments. Using observations from the ASK instrument in conjunction
with the Southampton ionospheric model, the electron precipitation energy above the
dusk structure was estimated to be between 2-11 keV and confirmed, by fitting electron
density profiles from the ESR, to be monoenergetic in spectral shape. It was shown that
these energies are similar to the measurements made by the DMSP particle spectrometer
of the auroral oval. Images from the ASK1 camera also revealed highly structured
and dynamic small-scale filamentary aurora; these are the first fine-scale observation of
polar cap aurora using ASK. It was concluded the duskside structure was consistent
with aurora formed on closed field lines. ESR electron temperature profiles showed
very cold plasma prior to the onset of the aurora on closed field lines, hence suggesting
that these closed field lines were within the open field lines of the polar cap. Coupled
with the signatures of nightside reconnection observed in the SuperDARN data, we find
this duskside structure to be consistent with the mechanism proposed by Milan et al.
[2005] for transpolar arcs. The duskside protrusion was found to be consistent with the
mechanism for transpolar arcs but in this case the structure did not cross the entire
polar cap and is hence we suggest it is an example of a ‘failed’ transpolar arc. The arc
perhaps failed due to a sudden cessation of nightside reconnection. Furthermore, the
fact this feature was shown to form from a polar boundary intensification is consistent
with the idea that transpolar arcs (failed or otherwise) are formed from magnetotail

reconnection.
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The second type of structure was only seen in the northern hemisphere SSUSI images
and was analysed using data from the DMSP particle spectrometer. This sun-aligned arc
was associated with lower energy electrons than in the oval and no ion signature. It also
appeared on the dawnside of the northern hemisphere polar cap which is consistent with
statistics for polar rain. Hence this arc is suggested to be an example of the common
weaker polar cap arcs described in Newell et al. [2009], consistent with acceleration of

polar rain on open field lines.

This chapter adds to the existing knowledge of polar cap arcs in the following ways:

e It presents the first observations of simultaneous polar cap arcs that are consistent
with formation on different magnetic field topologies. This observation resolves
some of the controversy discussed in Section 1.5.3.1 which has arisen due to con-
flicting reports of polar cap arcs occurring on open or closed field lines. The fact
that these different mechanisms can occur simultaneously is important for the

configuration of the Earth’s magnetosphere during northward IMF.

e We suggest that the previous discrepancy in observations of polar cap arcs may
have have been due to instrumentation limitation whereby ground-based cameras
are more sensitive to lower energy polar cap arcs on open field lines whereas the
high altitude UV imagers only observe the higher energy events on closed field

lines.

e This chapter has also investigated the motion of polar cap arcs using auroral images
and measurements of the ionospheric flow from SuperDARN. We discussed the
apparent contradictory observations from Hosokawa et al. [2011] and demonstrated
that these observations can be explained within the framework of the formation

mechanism described by Milan et al. [2005].

e We expand on the understanding of the closed field line formation mechanism
suggested by Milan et al. [2005] by relating it to the first observation of a ‘failed’
transpolar arc and an observation of a conjugate arc that was on the same side
of the polar cap in both hemispheres (as opposed to being mirrored about the

noon-midnight meridian).
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This chapter has demonstrated that the SSUSI instruments are capable of observing
polar cap arcs consistent different formation mechanisms, hence suggesting these instru-
ments provide intermediary observations between the ground-based and high altitude

instruments. This capability will be further investigated in Chapter 4.
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Inter-hemispheric survey of polar

cap auroras
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J. A. Carter, L. J. Paxton, and Y. Zhang. Interhemispheric survey of polar cap aurora.
Journal of Geophysical Research: Space Physics, 123(9):7283-7306, 2018. doi: 10.1029/
2017JA025153

4.1 Introduction

Following the observations presented in Chapter 3, in this chapter we present a survey
of SSUSI and SSJ/5 particle data from December 2015. This month was initially cho-
sen in order to identify further conjunctions between polar cap arcs (PCAs) and the
ASK instrument. We also investigate the occurrence frequency of polar cap arcs in the
SSUSI instruments using three further months of SSUSI data from 2015, including June

(southern hemisphere summer), and March and September (the equinox months).

As discussed in Section 1.4, precipitation is present across the entire polar cap known
as polar rain. Polar rain originates from the solar wind and enters the Earth’s magne-
tosphere via open field lines. Intensification’s in the polar rain, known as polar showers,

have been found to be correlated with northward IMF [Hardy et al., 1982]. Shinohara
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and Kokubun [1996] classified polar showers depending on whether they contained ion
precipitation or not. The type with ion precipitation (‘type a’) was also found to be
associated with high energy electron precipitation and is thought to originate on closed
field lines. The type without ion precipitation (‘type b’) is thought to occur on open field

lines due to its similarities in IMF dependence to polar rain (discussed in Section 1.4.5).

New capabilities, including low-altitude auroral imagery (such as that from the SSUSI
instruments on board several of the DMSP spacecraft) have led to a renewal of interest
in inter-hemispheric observations of polar cap arcs and associated plasma signatures.
Carter et al. [2017] reported a simultaneous observation of polar cap arcs occurring
in both hemispheres using data from SSUSI and a UV imager on board the IMAGE
(Imager for Magnetopause-to-Aurora Global Exploration) satellite. Using the particle
data from the DMSP spectrometer SSJ/5 they showed the arcs to be associated with ion
precipitation, consistent with formation on closed field lines. Xing et al. [2018] presented
a similar observation with a conjugate polar cap arc that was seen to be associated with
ion precipitation in the DMSP particle data that was hence also consistent with a closed
field line mechanism. DMSP particle data were also published in association with a large-
scale polar cap arc in Fear et al. [2014]. Their observations showed an arc associated
with an ion signature that was consistent with the closed field line tail reconnection
mechanism suggested by Milan et al. [2005]. Conversely, as we presented in the previous
chapter, SSUSI observations of a polar cap arc occurring in only one hemisphere were
found to be associated with an electron-only signature in the DMSP SSJ/5 particle data.
This arc was found to be consistent with formation on open field lines by accelerated
polar rain. These different observations appear to be consistent with the type a and b
polar showers identified by Shinohara and Kokubun [1996] discussed above and will also

be investigated in this chapter.

One problem for either open or closed field lines formation mechanisms, is the so called
‘non-conjugate theta aurora’ (discussed in Section 1.5.3.2). This kind of aurora will be
explored in this chapter by using the near-simultaneous SSUSI observations to investi-

gate the hemispheric nature of polar cap arcs.

This chapter also aims to investigate polar cap arc occurrence by surveying three further
months of SSUSI images from 2015. As discussed in Section 1.5.3.3, previous polar cap

arc surveys have shown different occurrence rates for polar cap arcs with ground based
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surveys finding polar cap arcs to be occurring at least 40% of the time [Valladares et al.,
1994], whereas Kullen et al. [2002] found an occurrence of at least 10% of the time
using data from Polar UV (a high altitude UV imager). This difference in occurrence
rate could be due to the different types of polar cap arcs, with the lower energy arcs
dominating the ground based studies and perhaps being missed by the UV imagers that
see only the brighter larger scale events. As shown in the previous chapter, SSUSI can
observe polar cap arcs occurring on both open and closed field lines and hence this

capability will be further investigated in this chapter.

A brief overview of the instrumentation used in this survey is given in Section 4.2.
Section 4.3 discusses the polar cap arc events recorded in December 2015 in conjunction
with the corresponding particle data. These events are separated depending on whether
they were observed in one or both hemispheres. Section 4.4 will present polar cap arc
occurrence statistics over four months in 2015. Lastly a discussion and conclusions are

given in Sections 4.5 and 4.6 respectively.

4.2 Instrumentation

As previously mentioned, SSUSI images are used to identify polar cap arcs. This survey
uses data from the SSUSI instruments on board DMSP F16, F17 and F18 (see Table 2.1),
data from the SSUSI instrument on board DMSP F19 are not included in this survey
as these data were not publicly available at that time. The corresponding data from
the SSJ/5 particle detector (described in Section 2.2.1) on board DMSP F16-F18 are
also obtained for events where the spacecraft track intersected a polar cap arc. For one
event identified in this suvey, supporting observations of the global field-aligned current
systems inferred from the AMPERE data set are provided (described in Section 2.2.2).
Data from OMNI [King and Papitashvili, 2005] and ARTEMIS 1 [Auster et al., 2008] are
also obtained to evaluate the IMF conditions during the polar cap arc events (discussed

in Section 2.5).
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4.3 Observations

Data from December 2015 were obtained from the SSUSI instruments on DMSP space-
craft F16, F17 and F18. This was an interval when data from all three spacecraft
were available and coincided with an instrument campaign ran by the University of
Southampton for the ASK instrument (described in Section 2.1.1). Over that month,
43 polar cap aurora events were identified in the SSUSI data. These events are defined
by the presence of polar cap arcs in the SSUSI images; SSUSI images with more than

one arc are counted as one event.

Once identified, the events were classified using the SSUSI images in both hemispheres.
To be classified as a ‘both hemisphere’ event, the arc had to be visible in two subse-
quent images, one from each hemisphere. As discussed later, this classification does not
necessarily imply conjugacy, as independent ‘open field lines’ arcs could form in both
hemispheres simultaneously. To be classified as a ‘one hemisphere’ event, the arc had to
appear in one SSUSI image, then be absent in the next available images for all spacecraft
in the opposite hemisphere, but then still be visible in the subsequent images of the orig-
inal hemisphere. If an arc was seen in one image, not in the following hemispheric images
and then not in the next images of the original hemisphere, it was left unclassified. This
is because the arc was not visible in the SSUSI images long enough for its hemispheric
nature to be determined. Events where the SSUSI field of view was obstructed in one
hemisphere or where the data quality was not good enough to distinguish the main

auroral oval were left unclassified.

Out of the 43 events identified in December 2015, 19 were seen in both hemispheres, 8
in one hemisphere only and 16 were left unclassified. In this chapter, we consider only
the events that could be classified as ‘one hemisphere’ or ‘both hemisphere’ and that
had particle data from the SSJ/5 instruments on board the DMSP spacecraft. All 19
‘both hemisphere’ and 2 of the 8 ‘one hemisphere’ events had particle data. Figure 4.1
shows the IMF B, and B, components averaged over the event duration for these 21
events. The event duration is given by the start and end times of the first and last
SSUSI images, respectively, containing polar cap arcs. From Fig. 4.1 it can be seen that
most of the events occurred during northward IMF or B, close to zero and under the

influence of a significant IMF B, component. The color coding is discussed below in
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FIGURE 4.1: IMF B, and B, components averaged over each of the 22 events identified.
The colors denote the possible classifications with filled circles for ‘both hemisphere’
events and open circles for ‘one hemisphere’ events.

Sections 4.3.1 and 4.3.2. The filled in circles correspond to ‘both hemisphere’ events,

the open circles represent ‘one hemisphere’ events.

Data from the particle spectrometer on board the DMSP spacecraft were obtained for
events when the spacecraft track crossed the arc, and were used to classify whether
each event corresponded to open or closed field lines. If arcs are associated with an
ion signature and seen in both hemispheres then they are consistent with a closed field
line formation mechanism (e.g. Carter et al. [2017], Xing et al. [2018]). If the arcs
are associated with an electron-only signature then they are consistent with an open
field line mechanism [Newell et al., 2009, Reidy et al., 2017], whether they are seen in
one or both hemispheres. Ion and electron signatures are identified when the summed
energy flux of the high energy particles is above a certain threshold. For an arc to be
classified as having an ion signature we required both the summed ion and electron
fluxes to be above a certain value; this was required in an attempt to avoid associating
cusp precipitation (which occurs on open field lines but may contain ions [Frey et al.,
2003]) with the polar cap arcs, particularly on DMSP passes which orbit close to the
dayside aurora. Hence in this chapter when we refer to an arc having an ‘ion signature’,

we technically mean an ion and an electron signature. For an electron-only signature,
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TABLE 4.1: Events identified as occurring in both hemispheres in SSUSI data. Event
times are extracted from the SSUSI images whereby the start and end times are recorded
when the DMSP spacecraft crosses 70° magnetic latitude. All arcs that intersected
the DMSP footprint have an electron signature. The arcs with an accompanying ion

signature are marked by ‘y’,

electron-only arcs ‘n’. The column is left blank if the

DMSP footprint does not intersect the arc. The classification of the arc, i.e. whether
it is consistent with an open or closed field line mechanism, is indicated in the last

column, with the same categories as in Fig. 4.1.

Event  Start Time (UT) End Time NHion SH ion Classification

num. sig. sig.

03 2015/12/02 22:21 2015/12/03 01:17 y y Closed

04 2015/12/03 14:36  2015/12/03 16:36 y y Not consistent

06 2015/12/03 23:59 2015/12/04 01:04 y Possibly closed

07 2015/12/04 08:36 2015/12/04 13:14 y y Closed

08 2015/12/04 16:11 2015/12/04 21:26 y Possibly closed

10 2015/12/06 13:09 2015/12/06 16:09 y Possibly closed

11 2015/12/06 17:22  2015/12/06 18:38 n n Open

14 2015/12/08 11:06 2015/12/08 12:59 n y Not consistent

15 2015/12/08 14:25 2015/12/08 15:18 n n Open

22 2015/12/14 17:21  2015/12/14 20:55 y y Not PCA

23 2015/12/15 12:55 2015/12/15 14:11 y Possibly closed

24 2015/12/15 17:08 2015/12/15 20:45 'y y Both observed
simultaneously

2 2015/12/16 18:36  2015/12/16 23:56 y y Closed

31 2015/12/22 13:04 2015/12/22 18:16 'y y Closed

35 2015/12/25 18:18 2015/12/25 22:09 'y y Closed

38 2015/12/27 01:02  2015/12/27 01:20 y Possibly closed

39 2015/12/27 14:28  2015/12/27 18:18 y y Closed

40 2015/12/27 22:01  2015/12/28 00:49 y Possibly closed

43 2015/12/31 16:06 2015/12/31 18:15 n y Closed

we required the summed electron flux to be above a certain threshold and the summed
ion flux to be below a threshold. We found it was not possible to set a single threshold
that could be used uniformly for all events, which would identify all plasma signatures
in all events without also identifying ‘noise’ in the spectrograms of some other events.
Therefore, the threshold was adjusted in some cases based on a manual examination of
the spectrograms, the auroral images and the summed flux time series. Full details of

the method used to identify the particle signatures are given in Appendix A.

4.3.1 Events occurring in both hemispheres

Table 2.1 lists the 19 events identified as occurring in the polar caps of both hemispheres
simultaneously. In all 19 cases there was a pass by a DMSP satellite over the polar cap

arc in at least one hemisphere on at least one orbit and hence particle data for these arcs
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have been obtained. As these arcs are seen to be occurring in both hemispheres, our
initial expectation would be for them to be consistent with a closed field line formation
mechanism and hence we expect to see an electron and an ion signature associated with
these arcs. The fourth and fifth columns of Table 2.1 list which arcs had an ion signature
in either or both hemispheres. These columns are left blank for events when the arc
does not intersect the DMSP track. All arcs were associated with an electron signature
on the passes which intersected the arc. It can be seen that: (a) 9 of the events contain
arcs with an ion signature in both hemispheres, (b) 2 have electron-only signatures in
both hemispheres, (¢) 2 have an ion signature in one hemisphere and an electron-only
signature in the other and (d) 6 have an ion signature in one hemisphere but the arc in
the opposite hemisphere did not intersect the DMSP footprint and hence no particle data
could be obtained for those arcs. We discuss each of these groups below by classification,
which is indicated in the last column of Table 2.1 and also indicated in Figure 4.1, but at
this point note that (a) and possibly (d) are consistent with our expectations (i.e. with
closed field lines, given that they are present in both hemispheres) whereas (b) and (c)
are not. Events in group (b) are potentially consistent with independent simultaneous
open field line arcs in the two hemispheres. NB Events 22 and 24 contain auroral
structures initially identified as polar cap arcs, associated with ion signatures in both
hemispheres and are hence included in group (a) but are classified differently as ‘Not
PCA’ and ‘Both observed simultaneously’ which will be addressed in Sections 4.3.1.1

and 4.3.1.2 respectively.

4.3.1.1 (a) Consistent with a closed field line mechanism

Figure 4.2 shows summary images for all the events with a polar cap arc associated with
ion precipitation in both hemispheres. Each row consists of four figures corresponding to
a single event. For each event, the clearest SSUSI images (i.e. the images where the polar
cap arc is most visible) and the corresponding SSJ/5 spectrograms are chosen from each
hemisphere. As presented in Chapter 3, the SSUSI images are projected onto magnetic
local time grids and the southern hemisphere images have been flipped across the noon-
midnight meridian for ease of comparison with the northern hemisphere, such that noon
is to the top of each image and dawn is always to the right. This means the DMSP track
on the southern hemisphere SSUSI images is in the opposite direction (i.e. from right to

left) to the northern hemisphere passes and hence features are mirrored in the southern
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hemisphere SSUSI and SSJ/5 images. Ion and electron-only signatures, meaning the
presence of electron and ion fluxes with energies greater than approximately 1 keV,
are identified from the DMSP SSJ/5 data. These are shown on the ion and electron
spectrograms and on the track of the DMSP spacecraft (black line) in the SSUSI images
in red, for arcs associated with ion precipitation, and orange, for arcs associated with
electron-only precipitation (e.g. Event 24, row 4, shows an example of both). An
estimated position for the poleward boundary of the auroral oval is also indicated for
each event (dashed vertical lines on the particle spectrograms and small vertical lines
on the DMSP track on the SSUSI images - grey for the ion boundary, black for the
electrons). These boundaries are defined as where there is a significant drop in the high
energy particle fluxes poleward of the auroral oval [Newell et al., 1996b]. Full details of

the method used to define these boundaries are given in Appendix A.

All of the events shown in Fig. 4.2 contain arcs associated with an ion signature in both
hemispheres and are hence consistent with formation on closed field lines. These arcs
are represented in Fig. 4.1 by the red filled circles. In each of the particle spectrograms
in Fig. 4.2, energetic signatures in both the electrons and ions can be seen corresponding
to the polar cap arcs, indicated in red. High energy electron and ion precipitation is
detected either side of the polar cap arc as the spacecraft passes through the main auroral
oval (e.g. Event 3, top row of Fig. 4.2). In some spectrograms, low energy ‘uniform’
precipitation can be seen between the oval signatures in the electron spectrograms (e.g.
Event 22, third row of Fig. 4.2); this type of signature is typical for what is expected
for polar rain (e.g. Gussenhoven et al. [1984]). As a side point, we note that the DMSP
spacecraft passes close to the dayside in the northern hemisphere in Events 3 and 26
(first and fifth row of Fig. 4.2). As cusp precipitation (on open field lines) can include
ions, the SSUSI images were also examined in the Lyman-alpha channel (not shown).
No obvious evidence of a cusp spot could be seen for either event, although it is possible

the particle flux was not high enough to generate an auroral signature for the cusp.

The northern hemisphere summary image for Event 43 (bottom row of Fig. 4.2) consists
of two SSUSI images overlaid. The main image (and the electron and ion spectrograms
shown) are taken from the DMSP F18 spacecraft; the pass occurred between 17:15-
17:26 UT and the corresponding footprint is indicated in the SSUSI images by the
solid black line. The background image is from the DMSP F16 spacecraft, between
17:15-17:25 UT, and is indicated by the dashed DMSP footprint. It can be seen that
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despite the simultaneity of the two passes, the two DMSP SSJ/5 instruments detect
different signatures associated with the same arc, with an ion signature observed by
the F18 instrument (red), and an electron-only signature by F16 (orange). Figure 4.3
shows the SSUSI image and DMSP particle data from both spacecraft passes separately.
This observation presents some interesting issues and will be examined further in the

discussion section.

Figure 4.4 shows the IMF conditions for all the events shown in Fig. 4.2, from two hours
before the start time of the event. Each row corresponds to an event from Figure 4.2.
The SSUSI passes in each hemisphere are indicated throughout the event with boxes;
passes where a polar cap arc was observed are shown as solid boxes. Passes where no
polar cap arc was observed are shown by a dashed box, in these cases it is likely that
the polar cap arc was not observed due to issues with the SSUSI field of view or noise
in the image such that no arc could easily be discerned. In some cases the sensitivities
of the spacecraft differed and hence polar cap arcs were not observed in all three DMSP
passes; this issue will be discussed further in Section 4.4. From Fig. 4.4 it can be seen
that most of the events occurred during northward IMF or B, close to zero, consistent
with expectations for polar cap aurora (e.g. Berkey et al. [1976]). Event 22 (third row
of Fig. 4.4), however, occurred during strongly southward IMF, with brief northward
turnings at around 19:15 and 19:45 UT. The corresponding SSUSI images show that
the auroral oval is expanded to approximately 70° magnetic latitude meaning the arcs

identified are in Event 22 are at a lower latitude than the other events.

Figure 4.5 shows current density plots from AMPERE [Anderson et al., 2000, Waters
et al., 2001, Anderson et al., 2014], solar wind data and the AL, AU and SYM-H pa-
rameters for the day of Event 22 (14" December 2015). The two panels at the top of
Fig. 4.5 show the field aligned currents from AMPERE at 17:30 UT, around the time of
the SSUSI observations shown in Fig. 4.2, in the northern and southern hemispheres. In
these panels, the currents are plotted on a magnetic local time grid in a similar manner
to the SSUSI images in Fig. 4.2. Red and blue correspond to the upward and downward
currents respectively. The next four panels show midnight /noon and dawn/dusk slices
of the field aligned currents in the northern and southern hemispheres, as a function of
time. The bottom four panels show the IMF B, and B, components, the solar wind
dynamic pressure, the AU and AL indices and the SYM-H index. It can be seen that

an increase in the solar wind pressure (panel 6) is followed by an enhancement in the
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FicUre 4.5: AMPERE, solar wind and index data for 14th December. The top images
show the upward (red) and downward (blue) currents from AMPERE over the northern
and southern polar regions at 17:30 UT. This time is indicated in the subsequent plot
by the green line. The top four panels of this plot show keograms in the noon-midnight
and dawn-dusk meridians of the AMPERE data throughout the day in the northern
and southern hemispheres respectively. The fifth panel shows the IMF data with the
B, component shown in red and the By, for positive and negative in grey. The next
panel shows the solar wind speed in green and the density in pink (between 0-20 cm~3).
The AL, AU indices are shown in the 7th panel and lastly the SYM-H index in the
bottom panel. It can be seen from approximately 14 UT a geomagnetic storm took

place.
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ring current (indicated by the SYM-H value in the bottom panel of Fig. 4.5). An en-
hancement in the field aligned currents measured by AMPERE can also be seen around
this time, with an expansion of the auroral oval consistent with the SSUSI images from
Fig. 4.2. Furthermore, the ‘arcs’ identified in the SSUSI images are co-located with the
dusk-side R1 current sheet, meaning they are not consistent with being in the polar cap.
Therefore these supporting data show that the ‘arcs’ identified in the SSUSI images, al-
though they look similar to polar cap arcs and have similar particle precipitation to other
polar cap arc observations, are not polar cap arcs but instead an emission phenomenon

associated with a geomagnetic storm.

4.3.1.2 (b) Consistent with an open field line mechanism

Figure 4.6 shows the summary images for Event 11, occurring on 6th December 2015
between 08:17-11:41 UT, and Event 15, 8th December 2015 between 14:25-15:18 UT, in
the same format as Fig. 4.2. Both of these events have an arc in both hemispheres, each
of which is associated with an electron-only signature. In the DMSP SSJ/5 spectrograms
a ‘spike’ in the electrons that is distinct from the main oval signature is indicated by
orange lines; no clear ion signature corresponding to these spikes can be discerned from
the ion spectrograms during these events. It can be seen in the SSUSI images that each
of these electron-only signatures corresponds to a sun-aligned arc within the polar cap.
These features are consistent with what is expected for an open field line mechanism
i.e. accelerated polar rain or ‘polar showers’ (e.g. Newell et al. [2009]). However as
these arcs are occurring in both hemispheres at the same time, they are not consistent
with polar rain IMF statistics which have a clear hemisphere preference controlled by
the IMF B, component, which in both cases is strongly negative (shown in Figure 4.7).

These events are represented as blue filled circles in Fig. 4.1.

Event 24 (fourth row of Fig. 4.2) shows an example where, as well as the arcs associ-
ated with ion signatures observed in both hemispheres, there is an arc in the northern
hemisphere pass with an electron-only signature. This event is classified in Table 2.1
as ‘both occurring simultaneously’ as arcs with different plasma signatures are observed
in the same pass. This observation is comparable to Reidy et al. [2017] (Chapter 3)
who found arcs consistent with formation on different magnetic topologies occurring

simultaneously.
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4.3.1.3 (c) Not consistent: Electron-only signature in one hemisphere and

an ion signature in the other

Figure 4.8 shows the summary images for Events 4 and 14 (in the same format as
Fig. 4.2) which both have an arc associated with ion precipitation in one hemisphere
and an arc associated electron-only signature in the other. The IMF conditions for these
events are given in Figure 4.9. These events are problematic for both closed field line
and open field line formation mechanisms and are hence classified as ‘not consistent’ and

shown as green solid circles in Fig. 4.1.

The arcs may be completely unrelated and coincidentally occurring at the same time in
opposite hemispheres. The arcs with an electron-only signature, seen in the northern
hemisphere for both events, are potentially consistent with an accelerated polar rain
formation mechanism. The arcs in the southern hemisphere of both events are associ-
ated with ion signatures but do not fit expectations for a closed field line mechanism
because they are seen in only one hemisphere. These arcs are possibly examples of ‘non-
conjugate’ theta aurora, which will be discussed further in Section 3.2.2, but cannot
formally be classified as such as they did not persist for more than one orbit i.e. the
arcs were short lived. It could also be the case that the arc giving the ion signature was

too short lived to be observed in both hemispheres.

It is possible that these arcs are related, but in that case it is unclear why the particle
precipitation would be different in opposite hemispheres. It could be that the energy
flux of the ions in the northern hemisphere are just below detection and hence we note
that there is some uncertainty in the electron-only detections. However, by eye and by
applying the semi-automatic method to detect particle signatures described in Appendix
A, no clear ion signature corresponding to any of arcs seen in the northern hemisphere
SSUSI images can be discerned. Hence we treat these events as if the arcs are occurring

independently but simultaneously in opposite hemispheres.

4.3.1.4 (d) Potentially consistent with closed field lines: Particle data only

available for an arc in one of the hemispheres

The events where the arc intersects a DMSP track in only one hemisphere are shown in

Figure 4.10. As before, the clearest SSUSI image from each hemisphere is shown, with
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the footprint of the DMSP spacecraft indicated in black. The particle data are shown
only for the hemisphere where the arc intersects the DMSP footprint. Figure 4.11 shows
the IMF conditions for each event in the same way as for the other groups. All of the
events shown in Fig. 4.10 have an arc associated with an ion signature, and the arc is
observed in both hemispheres. Therefore, these events are potentially consistent with a
closed field line mechanism (represented as orange filled circles in Fig. 4.1). However,
we have seen from Events 4 and 14 (group (c)) that there are cases where the particle
signatures are different in the different hemispheres and hence we cannot determine the

nature of these arcs with complete certainty.

4.3.2 Events occurring in only one hemisphere

From surveying SSUSI data from December 2015, eight events were found where a polar
cap arc was observed in only one hemisphere. As above, these arcs are analysed using
particle data where the arc intersected the footprint of a DMSP spacecraft. Table 2.2
lists the date and duration of each event and indicates whether particle data could be
obtained for each arc. It can be seen that of these 8 events, only 2 had corresponding
particle data. As discussed above, polar cap arcs occurring in only one hemisphere
are indicative of an open field line mechanism and hence electron-only signatures are
expected in the particle data, although this is not what we see, as is evident from the

final column of Table 2.2 and discussed below.

TABLE 4.2: Events identified in SSUSI as occurring in only one hemisphere, marked

with ‘N’ for North or ‘S’ for South. If the arc intersects the DMSP track, the occurrence

of an ion signature is marked with either ‘y’ or ‘n’. The classification of these events is
indicated for the arcs with particle data.

Event num. Start Time (UT) End Time Hem Ion sig. Classification
12 2015/12/07 17:09 2015/12/07 19:05 N n Open
16 2015/12/09 08:17 2015/12/09 11:54 N
19 2015/12/11 10:40  2015/12/11 12:19 S
25 2015/12/16 11:49  2015/12/16 13:44 N
30 2015/12/22 07:05 2015/12/22 10:42 N y Not consistent
33 2015/12/24 10:03 2015/12/24 13:39 N
34 2015/12/24 16:50 2015/12/24 18:58 N
36 2015/12/26 06:29 2015/12/26 08:24 N
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4.3.2.1 Consistent with an open field line mechanism

Figure 4.12 shows the ‘one-hemisphere’ event (Event 12) which was associated with an
electron-only signature in the northern hemisphere and an ‘empty’ polar cap, i.e. no
polar cap arc, in the southern hemisphere, although we note that the field of view in
the southern hemisphere does not completely show the dawnside of the southern polar
cap. This event is represented in Fig. 4.1 as an unfilled blue circle. The algorithm for
detecting the plasma signatures has detected three distinct electron-only signatures in
the northern hemisphere, two of which, however, are occurring adjacent to the auroral
oval and hence when talking about the electron-only arc for Event 12 we are referring
to the arc on the dawn side that is clearly distinct from the main auroral oval. The
electron signature for this arc is similar to those discussed in Sections 4.3.1.2 and 4.3.1.3
and by Reidy et al. [2017] (Chapter 3). The IMF conditions for this event (Figure 4.13)
are consistent with polar rain statistics [Yeager and Frank, 1976] i.e. the IMF B, is
negative, favouring polar rain in the northern hemisphere, and the IMF B, is positive

which favours polar rain on the dawn side of the northern hemisphere.

4.3.2.2 Not consistent: ‘non-conjugate’ theta auroras

Fig. 4.14 shows the summary image for Event 30 which occurred on 22"¢ December
2015. A polar cap arc can be seen in the northern hemisphere SSUSI image (between
9:04-9:17 UT) that is associated with an ion signature in the corresponding particle data.
We note that the DMSP spacecraft passes quite close to the dayside oval, and hence
there is a chance that the ion precipitation may be associated with lobe reconnection;
however, the SSUSI image was also examined in the Lyman-alpha channel (not shown)
and no obvious sign of a cusp spot was observed. No polar cap arcs are observed in the
southern hemisphere SSUSI images and no high energy particle signatures are seen in the
corresponding particle data poleward of the auroral oval. A polar cap arc was observed
in the subsequent images of the northern hemisphere (not shown), as per the conditions
for being classified as ‘one hemisphere’ event. The combination of an ion signature
but presence in only one hemisphere is not consistent with our expectations for either
an open field or a closed field line mechanism and hence this event is represented as an
unfilled green circle in Fig. 4.1. This observation is similar to that presented by Ostgaard

et al. [2003] of ‘non-conjugate’ theta aurora. (The open field line arcs are also strictly
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‘non-conjugate’ but in this chapter we take the term to refer specifically to the type of
observation reported by Ostgaard et al. [2003] in which an ion signature is present or
expected to be present, which therefore suggests closed field lines, but which are only

seen in one hemisphere).

As a point of interest, we note that in the northern hemisphere SSUSI image (Fig. 4.14),
an example of a poleward moving auroral form can be seen between approximately 6
and 10 MLT, which is the auroral signature of a flux transfer event [Fasel, 1995, Milan
et al., 2000b, Sandholt and Farrugia, 2007]. Phenomenologically, this example is typical
of a feature that has been identified as a ‘bending arc’ in some surveys (e.g. Kullen
et al. [2002, 2015]), but which has been shown to be a signature of dayside reconnection
[Carter et al., 2015], as is the case for flux transfer events. Furthermore, this feature
is occurring under B, dominated conditions, which can be seen in Fig. 4.15 around
09:00 UT, consistent with that found by Kullen et al. [2002, 2015] and Carter et al.
[2015].

4.4 Polar cap arc occurrence statistics and seasonal effects

During this study it was noted, and is evident from the summary images discussed above,
that the visibility of polar cap arcs in the southern hemisphere SSUSI images was gen-
erally poorer than in the northern hemisphere (e.g. Event 24, fourth row of Fig. 4.2).
Furthermore, only one of the 8 ‘one hemisphere’ events occurred in the southern hemi-
sphere. Hence we have investigated the seasonal and hemispheric dependence of polar
cap arcs, and the effect of inter-spacecraft sensitivity on our observations. Statistics
relating to the events discussed above in December 2015, including a percentage of how
many polar cap arcs occurred in each hemisphere, are reported in the right hand column
of Table 2.3. It can be seen that more arcs were recorded in the northern hemisphere
than the southern hemisphere, which is expected as a result of the noisier images from
the southern hemisphere. To explore this effect further, we examined the SSUSI data
from March, June and September 2015, i.e. the equinox months and a month in north-
ern hemisphere summer, and identified polar cap arcs in these months. These results

are also presented in Table 2.3.
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It can be seen in Table 2.3 that the percentages of polar cap arcs recorded in each
hemisphere during the equinox months are similar, i.e approximately 40% of the arcs
were recorded in the northern hemisphere and approximately 60% in the southern hemi-
sphere for both March and September. The percentage of polar cap arcs seen in each
hemisphere for June and December is almost opposite, i.e. the hemisphere experiencing
summer (South for December and North for June) sees approximately half as many polar
cap arcs as in the winter hemisphere. These observations can be explained by sunlight
contamination preventing the identification of some features in the summer hemisphere,
notwithstanding the attempt to correct for dayglow in the SSUSI data which is under-
taken by the SSUSI instrument teams. This observation is consistent with fewer arcs
being recorded in the summer hemispheres of June and December. Furthermore, the
orbits of the DMSP spacecraft generally occur such that they pass closer to the dayside
in the northern hemisphere and closer to the nightside in the southern hemisphere. This
means that the northern hemisphere images will generally suffer more from dayglow
contamination than the southern hemisphere images, which is hence consistent with
the higher number of polar cap arcs observed in the southern hemisphere during the
equinox months. (As an additional note: the SSUSI field of view is not equal about the
nadir, with more of the swath covering the nightside than the dayside as demonstrated

in Fig. 2.5).

Also in Table 2.3, the percentage of the number of images containing polar cap arcs and
the percentage of orbits containing polar cap arcs for each spacecraft is given. It can
be seen that, consistently, across all four months, more polar cap arcs are observed by
the SSUSI imager on board DMSP F17. Fewer polar cap arcs are recorded from the
SSUSI imager on board DMSP F18, particularly in March, June and September; this
difference is less obvious in December. One potential reason for this difference is that the
SSUSI instrument on board DMSP F17 is more sensitive than the other two, according
to the latest SSUSI calibrations (Brian Wolven, personal communication), and hence

the weaker polar cap arc events are measured more clearly.

Overall, these surveys show polar cap arcs are seen by the SSUSI instruments at least
20% of the time. We are likely missing some polar cap arc events due to the effects of

the sunlit hemisphere and the field of view of SSUSI due to the DMSP spacecraft orbits.
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TABLE 4.3: Statistics from March, June, September and December 2015. For each

month, the total number of polar cap arc events, the total number of images with polar

cap arcs and the percentage of polar cap arcs in each hemisphere are recorded. The

percentage of images from each spacecraft which contain polar cap arcs are given in

rows 5-7 with a total percentage for all three spacecraft in row 8. The percentage of

orbits containing polar cap arcs for each spacecraft, and then as a total of all three are
given in rows 9-12.

March June September December

No. PCA Events 50 42 41 43
No. Images with PCA 333 228 327 204
North (%) 41.7 30.7 39.4 67.2
South (%) 583 69.3 60.6 32.8
F16 images (%) 11.8 8.0 13.2 7.1
F17 images (%) 20.0 120 18.3 11.8
F18 images (%) 7.7 6.4 9.3 6.6
Total images(%) 13.3 8.9 13.5 8.4
F16 orbit (%) 18.9 13.6 21.0 12.0
F17 orbit (%) 29.1 21.7 28.4 21.1
F18 orbit (%) 12.6 114 15.2 11.9
Total orbits(%) 20.3 155 21.3 14.8

4.5 Discussion

In this chapter we have examined the particle precipitation associated with polar cap
auroras and used the ion signature, or lack thereof, to infer the magnetic field topology of
these arcs. We have classified the polar cap arc events depending on their hemispheric
nature, i.e. whether the arcs were seen in one or both hemispheres, using data from
the SSUSI instruments on board three of the DMSP spacecraft. These spacecraft are
in 90 minute sun-synchronous orbits and hence provide reasonable time resolution for
inter-hemispheric study. From previous polar cap arc studies and proposed mechanisms,
arcs occurring in both hemispheres are consistent with a closed field line mechanism and
therefore an ion and and electron signature is expected in the particle data (e.g. Carter
et al. [2017]). Arcs seen in only one hemisphere are consistent with an open field line
mechanism and an electron-only signature is expected in the particle data (e.g. Newell
et al. [2009]). In this study, we have defined events as a period of time when polar cap
arcs were visible in the SSUSI images rather than by individual polar cap arcs and hence

images containing multiple arcs are classified as one event.

64% of the events were found to contain arcs consistent with a closed field line mechanism

(14 events), whereby arcs were seen in both hemispheres and were associated with an
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ion signature in at least one hemisphere. This percentage includes 8 of the 9 events from
group (a) where an ion signature was detected in both hemispheres (Section 4.3.1.1), also
counting Event 24 (fourth row of Fig. 4.2) which also had a separate electron-only arc
that was observed to occur simultaneously in the northern hemisphere, and the 6 events
from group (d) where a polar cap arc intersected the footprint of a DMSP spacecraft
in only one hemisphere (Section 4.3.1.4). Not included in this statistic from group (a)
is Event 22 (third row of Fig. 4.2) which was found to be a misidentified polar cap arc
occurring during a geomagnetic storm. As a separate point, it can be seen in Fig. 4.2 that
the polar cap arcs identified are (mostly) mirrored about the noon-midnight meridian
in the opposite hemispheres. This asymmetry is consistent with previous observations
(e.g Craven et al. [1991]) and also consistent with predictions from several mechanisms
which place polar cap arcs on closed field lines (e.g. Kullen [2000], Milan et al. [2005]).
It can be seen that in the case of Event 22, the arcs are occurring on the same side of the
polar cap in both hemispheres and hence this event does not fit the pattern discussed

above.

One of the events identified as being consistent with closed field lines (Event 43, bottom
row of Fig. 4.2) was seen to have an arc in the northern hemisphere with an ion signature
detected by one spacecraft orbiting closer to the nightside and an electron-only signature
detected by another spacecraft, around the same time, orbiting further sunward (shown
in Fig. 4.3). We suggest three possible explanations for this observation. The first
is that there is a sensitivity issue with some of the DMSP SSJ/5 instruments (or the
ion signatures are sometimes weak) such that ions are not always detected. Secondly,
it could be a spatial feature; the field lines which map further sunward on the arc
are those that have most recently been closed; in the Milan et al. [2005] mechanism,
after closure, the field lines will seek to contract, but the field lines which map closer
to the dayside will contract least. Therefore it is possible that the precipitating ion
signature is less developed. This explanation would imply that an electron-only signature
is not a guarantee that the observation occurred on open field lines, which potentially
complicates the interpretation of arcs identified as forming by accelerated polar rain. A
third explanation for this observation is that the arc may be formed by two independent
mechanisms, one on open and the other on closed field lines, each occurring at the same
time. Such ideas have been discussed by Eriksson et al. [2005] who suggest polar cap

arcs may be formed by two separate dayside and nightside mechanisms. However, it is
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hard to explain why two independent mechanisms would coincide spatially. A possible
explanation may be based on the arguments of Fear et al. [2015], who noted that if
a polar cap arc is frozen to a set of magnetic field lines, the flow pattern excited by
lobe reconnection will draw the polar cap arc into the cusp. If this applied to both
independent mechanisms, it could potentially cause the two elements to align. However,
this suggestion is highly speculative, and we reserve further analysis of this to future

studies.

27% of the events were seen to contain arcs with an electron-only signature in the
DMSP SSJ/5 particle spectrometer (6 events): two events with an electron-only arc in
both hemispheres (Fig. 4.6), two events with an electron-only arc in one hemisphere and
an ion signature arc in the other (Fig. 4.8), one event with an electron-only arc in one
hemisphere and nothing in the other (Fig. 4.12) and lastly one event with an electron-
only arc occurring simultaneously with an ion signature arc in the northern hemisphere
of Event 24 (fourth row of Fig. 4.2). (It is important to note that this percentage and
the percentage quoted above for arcs consistent with closed field lines are not additive

as both include Event 24).

Polar cap arcs associated with an electron-only signature are consistent with an open
field line mechanism. Carlson and Cowley [2005] argued that shear flows across open
field lines in the magnetotail could accelerate the polar rain enough to generate polar
cap arcs. Polar rain favours a hemisphere depending on the IMF B, component [Yeager
and Frank, 1976] (demonstrated in Fig. 1.17). Excluding the two events with electron-
only arcs in both hemispheres (Events 11 and 15), all of the electron-only arcs identified
above occurred in the northern hemisphere and hence, the polar rain statistics would
predict the IMF B, component to be negative during these events. Using IMF data from
OMNI, we found that three of the four electron-only arcs observed in only one hemisphere
occurred during negative IMF B, as expected (Event 4, Fig. 4.9, Event 12, Fig. 4.11
and Event 14, Fig. 4.9). However, Event 24 (fourth row of Fig. 4.4) occurred under
positive IMF B, conditions, which is inconsistent with the overall polar rain dependence.
Shinohara and Kokubun [1996] found that the occurrence frequency of ‘polar showers’
without an ion signature (accelerated polar rain) is increased in the northern hemisphere
for negative IMF B, and in the southern hemisphere for positive IMF B,, but there was
a minority of events which did not conform to this trend. Therefore, although the sign

of the IMF B, component makes accelerated polar rain more likely in one hemisphere,
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it is not impossible in the other. Events 11 and 15 are not included in this discussion
as the arcs with electron-only signatures occurred in both hemispheres simultaneously
(Fig. 4.6) and hence cannot fit this pattern. It has been reported that an exception to
the IMF B, hemisphere control occurs when there is a closed-loop-flux event in the solar
wind [Makita and Meng, 1987]. These rare events mean that polar rain will be equally
likely in both hemispheres. However no evidence for this type of event can be seen in
the IMF data for Events 11 and 15 (Fig. 4.7). Three out of the six electron-only arcs
occurred at the same time as an arc associated with an ion signature; Event 24 where
this ion signature arc was seen to occur in both hemisphere and was hence consistent
with closed field lines and Events 4 and 14 where the ion signature arc was too short
lived to determine its hemispheric nature. These observations are therefore potentially
consistent with Reidy et al. [2017] (Chapter 3) who showed that arcs formed on different

topologies could occur at the same time.

An example of a ‘non-conjugate’ theta aurora, whereby a polar cap arc associated with
ion precipitation was observed in only one hemisphere, was given in Section 4.3.2.2.
Event 30 (Fig. 4.14) consists of a northern hemisphere arc associated with an ion sig-
nature, which by itself would be suggestive of closed field lines, but observations in the
southern hemisphere showed no counterpart in the SSUSI or DMSP particle data. As
discussed in Section 1.5.3.3, This type of event is problematic for either an open or a
closed field line mechanism and is consistent with that presented by Ostgaard et al.
[2003, 2007]. (NB. The arcs in the southern hemisphere of Events 4 and 14 (Fig. 4.8)
are not considered ‘non-conjugate’ as the arc does not fit the criteria to be classed as
a ‘one hemisphere’ event as it was short lived). One of the possible explanations given
by Ostgaard et al. [2003] for the absence of the polar cap arc in the ‘empty’ hemisphere
was due to conductivity differences in the summer hemisphere. There have been reports
of suppression of discrete aurorae in the main oval in the sunlit (summer) hemisphere
by Newell et al. [1996b]; they attributed these observations to the ionospheric feedback
mechanism whereby the ionospheric conductance of the sunlit hemisphere was sufficient
to carry the field aligned current hence resulting in a weaker parallel electric field and
no discrete auroral arcs in that hemisphere (e.g. Liou et al. [1997], Shue et al. [2001]).
Another explanation for our observations could be the poor data quality in the southern
(summer) hemisphere due to the effect of dayglow. The statistical study of data from

different seasons (Section 4.4) showed that more arcs were seen in the winter hemispheres
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than the summer.

By surveying four months of SSUSI data, it was found that polar cap arcs are seen by
SSUSI at least 20% of the time. More events or images with polar cap arcs are recorded
during the equinox months; we attribute this observation to arcs being missed in the
summer hemispheres of the other two months. Polar cap arc events were seen nearly
every day during the survey, evenly spread throughout each month. This occurrence
frequency is double what was reported by Kullen et al. [2002], indicating that SSUSI is
more sensitive to the lower energy arcs, perhaps those on open field lines, than Polar
UV used by Kullen et al. [2002]. However our value is less than the 40% recorded
by Valladares et al. [1994] using ground based instruments, suggesting SSUSI is not

measuring all of the small scale features observed from the ground.

4.5.1 Instrumentation contribution

In this chapter, similar to Chapter 3, the SSUSI observations are used to identify polar
cap arc events and determine the hemispheric nature of the arcs. Events where both
hemispheres are not clearly visible, either due to the field of view of the spacecraft or
noise in the image, are not included in the survey. In Section 4.4 we showed that the
SSUSI images are sensitive to the hemisphere, season and spacecraft (with the SSUSI
instrument on DMSP F17 being the most sensitive). These differences cannot be fully
accounted for, but allow us to give a minimum boundary on the number of polar cap

arcs events observed by the SSUSI instruments.

Data from the SSJ/5 instrument on board DMSP were used to investigated the in-situ
particle data associated with the polar cap arcs. These data were also used to develop a
semi-automatic method of identifying the poleward boundary of the auroral oval and the
particle precipitation associated with arcs features within the polar cap. This method
requires modification in some cases to capture all the features seen by eye, as discussed
in Appendix A. Thus, a limitation of this data set is that it was not found possible to

fully automate the boundary detection, and hence an element of subjectivity remains.

Data from OMNI and ARTEMIS were used to determine the IMF conditions for each
event. AMPERE data, along with geomagnetic indices (AL, AU and SYM-H), are
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presented for one event (Event 22) which despite appearances in the SSUSI images, was

not a polar cap arc and in fact occurred during a geomagnetic storm.

4.6 Conclusions

This chapter has used SSUST and DMSP SSJ/5 particle data to investigate the formation
of polar cap arcs. One month of SSUSI data was surveyed (December 2015) to find polar
cap arc events and determine if they were occurring in one or both hemispheres. Particle
data from the spectrometer on board the DMSP spacecraft were obtained for the arcs
that crossed the spacecraft track to analyse the particle precipitation associated with
the arcs and to determine whether they were consistent with an open or closed field
line mechanism and hence to further investigate the multiple polar cap arc formation

mechanism issue discussed in Section 1.5.3.1.

Nine events were found to contain arcs in both hemispheres which were associated with
ion precipitation; these arcs are consistent with a closed field line formation mechanism.
Six more events were seen to have arcs in both hemispheres but only particle data for
an arc in one hemisphere as the arc in the other hemisphere did not cross the footprint
of the DMSP spacecraft. These arcs are potentially consistent with a closed field line
mechanism, but as some of our ‘both hemisphere’ events show, we cannot definitively
state that there would have been an ion signature if the spacecraft had crossed the arc

in the other hemisphere.

Six events were recorded with arcs associated with electron-only precipitation and hence
consistent with an open field line mechanism. One of these arcs occurred at the same
time (i.e. in the same auroral image) as a closed field line arc and two further events
occurred in the opposite hemisphere to a short lived arc associated with an ion signature
potentially on closed field lines. These observations suggests that two mechanisms, one
on open and the other on closed field lines, can occur simultaneously consistent with

Reidy et al. [2017] and that presented in Chapter 3.

An event containing so called ‘non-conjugate’ theta aurora, whereby an arc associated
with an ion signature (which is indicative of closed field lines), was seen in only one hemi-
sphere (which is not indicative of closed field lines) was discussed. These observations are

similar to those presented by Ostgaard et al. [2003, 2007], discussed in Section 1.5.3.3.
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Several suggestions are put forward to explain these observations, including that the
SSUSI images in the summer hemisphere are complicated by the effects of daylight.
Statistics presented over four months during 2015 are supportive of this interpretation.
Additionally it was found that more arcs were detected in the southern hemisphere than
the northern hemisphere over the four months surveyed in 2015. We suggest that this
trend could be due to the orbits of the DMSP spacecraft, which pass closer to the day-
side in the northern hemisphere and closer to the nightside in the southern hemisphere,

meaning more of the northern hemisphere images suffer the effects of dayglow.

Lastly the seasonal effect on the occurrence of polar cap aurora was explored using
survey results from March, June, September and December 2015. As discussed above,
more arcs were seen in the winter hemisphere of December and June and more polar
cap arcs were observed overall during the equinox months, March and September. This
observation is attributed to the effects of dayglow on the SSUSI data and hence we
conclude polar cap arcs occur at least 20% of the time which is approximately midway
between the previous observations from Valladares et al. [1994] and Kullen et al. [2002]

discussed in Section 1.5.3.2.

Key points:

e This chapter has built on the work presented in Chapter 3 by finding more events
consistent with different magnetic field toplogies, showing that the event in Chap-

ter 3 was not an isolated occurrence.

e We have developed a set of criteria, based on previous work (e.g. Craven et al.
[1991] and Newell et al. [2009]) which can be used to determine if an arc is occurring
on open or closed field lines based on their hemispheric nature and associated

particle precipitation.

e Cases which did not fit the aforementioned criteria were explored, including an
observation of a ‘non-conjugate theta’ aurora. This observation furthers the work
presented by Ostgaard et al. 2003, 2007] by showing the phenomenon in a different
data set. Possible explanations for this controversial observation are discussed,

although its exact nature still remains an open questions.

e Polar cap arcs events were found occur every day and are observed by the SSUSI

instruments at least 20% of the time.
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One of the events identified in this survey (Event 24) contained a polar cap arc occurring
over Svalbard. The fine-scale structure of this arc, as well as an arc from other event,

will be investigated in Chapter 5 using ground based instrumentation.



Chapter 5

Multi-scale observation of two
polar cap arcs occurring on

different magnetic field topologies

5.1 Introduction

This chapter will present two multi-scale observations of polar cap arcs that are consis-
tent with different magnetic field topologies; one of which was identified as part of the
survey in Chapter 4 (Event 23, Figure 4.2). This event was classified as ‘both observed
simultaneously’ meaning arcs consistent with different magnetic field lines were observed
at the same time, this chapter is concerned with the arc occurring above Svalbard that
was consistent with open field lines. A separate event is presented in this chapter that
was not part of the survey (which occurred on 4 February 2016). This event contained
arcs consistent with closed field lines occurring over Svalbard. SSUSI and SSJ/5 data
from DMSP F19 are used in this chapter which were not publicly available at the time

of the survey discussed in Chapter 4.

Following on from the previous two chapters, the fine-scale structure of polar cap arcs
from these two events are explored using the ASK instrument located on Svalbard. The
ASK instrument, discussed in Section 2.1.1, is world leading in the study of small scale
aurora with a 6° field of view (corresponding to 10 km x 10 km at 100 km altitude) and

capabilities of measuring up to 32 images per second. Different terminology surrounding
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small scale structure was introduced in Section 1.4.4.3. Previous studies using the ASK
instrument have predominately been of small scale aurora within the main auroral oval
(e.g. Dahlgren et al. [2010]) and hence the chapter will present the first ASK observations

of polar cap arcs consistent with different topologies.

This chapter will build on the ASK observations of a ‘failed’ transpolar arc presented in
Chapter 3, by investigating a more traditional transpolar arc consistent with closed field
lines and a separate polar cap arc consistent with formation on open field lines. These
two events will initially be discussed separately in Sections 5.2 and 5.3 respectively.
As in Chapter 3, the ASK data presented in these chapters will be compared to the
Southampton Ionospheric model (Section 2.1.1.1) to estimate the energy and energy flux
of the precipitation associated with these arcs using the same methods as described in
Sections 2.1.1.1 and 3.2.2.1. HiTIES data from the H-« panel (described in Section 2.4.1)
is presented for both events to investigate the presence of proton precipitation measured
from the ground. SuperDARN map potential plots (Section 2.3.2) are also presented for
the ‘open’ event to investigate the nature of the ionospheric flows in the polar cap, which
could have given rise to accelerated polar rain. The observations from each event are
compared to one another and then to spacecraft observations from the DMSP SSJ/5 in
Section 5.4. A conclusion is then given in Section 5.5 which describes how the small-scale
structure of polar cap arcs occurring on different magnetic field topologies is different

as expected).
p

5.2 Observations

5.2.1 Closed field line observation

Figure 5.1 gives a summary of the auroral and IMF conditions for a polar cap arc event
which occurred on 4 February 2016. Fig 5.1a and b demonstrate SSUSI observations
from the event of each hemisphere (south and north respectively) with the corresponding
DMSP particle data to the right; these images were chosen to give an overview of the
event (similar to those presented in Chapter 4). We have also used the same semi-
automated detection method to identify the poleward edge of the auroral oval as in
Chapter 4 and described in Appendix A, shown in black for electrons and grey for ions

as before. These observations show polar cap arcs occurring on the dawnside of the
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FI1GURE 5.1: Overview of the 4th February 2016 polar cap arc event. Summary SSUSI

and the corresponding SSJ/5 data for the southern hemisphere (a) and the northern

hemisphere (b). The top panel of (c) gives the IMF magnetic field Bz, B,, B, com-

ponents in black, blue and red respectively. The bottom panel of (c) give solar wind

speed (black) and density (blue). The times of all the northern hemisphere SSUSI
images where a polar cap arc was observed indicated by boxes.
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southern hemisphere and on the duskside of the northern hemisphere associated with
both ion and electron signatures (indicated by red lines). Using the same criteria as the
survey presented in Chapter 4, this event would have been classified as consistent with
formation on closed field lines. Furthermore, these arcs are occurring on opposite sides
of the polar cap in each hemisphere consistent with Craven et al. [1991] and Milan et al.
[2005]. This chapter will now only consider the northern hemisphere SSUSI observations

which show polar cap arcs over Svalbard during this event.

Fig 5.1c shows the magnetic field components (top panel) and the speed and density of
the solar wind (bottom panel) during the event. The times of all the northern hemisphere
SSUSI images where a polar cap arc was identified during this event are indicated by
boxes in these bottom three panels. The first polar cap arc observations in the northern
hemisphere SSUSI images occurred around 15:45 UT. This is shortly after a clear change
in the solar wind conditions, around 15:30 UT, where the solar wind speed and density
increased and the IMF became strongly northward. During the event the IMF remained
predominately northward, with a few short southward turnings, and had negative B, and
positive B, components. A minimum event duration of 6 hours can be inferred from the
times of the SSUSI images plotted, where an arc was observed, between approximately
16:00-22:00 UT. Using the times of the SSUSI images before and after this interval

(where no arc could be discerned), an upper life time of 7 hours can be determined.

Figure 5.2 shows all the northern hemisphere SSUSI observations where a polar cap arc
was identified during this event (the times of which correspond to the boxes indicated
in Fig. 5.1c). Each of the images corresponds to a 20 minute window but the times
at the top of all the SSUSI images indicate when the DMSP spacecraft was poleward
of 70 degrees magnetic latitude (the spacecraft name, orbit number and hemisphere of
observation are also indicated at the top of each image). The location of Svalbard is
indicated in each SSUSI image by a green circle. An arc can be seen on the duskside
of the polar cap, near Svalbard, throughout this event. As discussed in Chapter 4
(Section 4.4), the SSUSI instruments on board the different DMSP spacecraft have
different sensitivities; here the polar cap arcs are generally clearest in the DMSP F17
and F19 images (e.g. Figs. 5.2a and b) and weakest in the DMSP F18 images (e.g.
Fig. 5.2c). Furthermore, the DMSP F16 images (Figs. 5.2e and i) are generally ‘noiser’
than the other SSUSI observations.
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F1GURE 5.2: Figure showing all the northern hemisphere SSUSI observations where a
polar cap arc was identified. The times of these are also indicated in Fig. 5.1c. Svalbard
is indicated by a green dot in each of these images. Continued overleaf.
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FicUure 5.3: a. A northern hemisphere SSUSI DMSP F18 image between 18:27-
18:37 UT. b. A northern hemisphere SSUSI DMSP F19 image between 19:05-19:15 UT.
c-j: Images from the Sony all sky camera between 18:40-19:52:30 UT in approximately
2 minute intervals. The yellow box in each image shows the approximate field of view
of the ASK instrument. An extra image at 18:48:08 UT is included to demonstrate the
time when the arc was in the ASK field of view. All sky images at 18:32:56 UT and
18:48:08 UT projected onto the SSUSI images in a and b respectively.
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The polar cap arc passes over Svalbard between the DMSP F18 observation at 18:27-
18:57 UT (Fig. 5.2f) and the DMSP F19 observation at 19:05-19:15 UT (Fig. 5.2g).
Before these images there is some ambiguity in whether Svalbard is under the polar cap
arc or in the polar cap itself. To explore the issue further the two aforementioned SSUSI
plots are re-produced in Figures 5.3a and b respectively. Figs. 5.3c-j show images from
the Sony all sky camera (described in Section 2.1.3) between 18:40-18:52 UT in approx-
imately 2 minute intervals. The yellow squares in each of the all sky images indicates
the approximate field of view of the ASK instrument (which is aligned with magnetic
zenith). In these images north is at the top and east is to the left. A bright, approxi-
mately north-south aligned arc can be seen passing from East to West (duskward) over
magnetic zenith during this interval. An additional image at 18:48:08 UT (Fig. 5.3g),
is included to show the exact time when the arc crossed magnetic zenith. This image
has been projected onto the SSUSI image in Fig. 5.3b to show that the two observations
are almost perfectly aligned (even though they are occurring at different times). An all

sky image at 18:32:56 UT has also been plotted on the SSUSI image in Fig. 5.3a to

demonstrate the arc has moved duskward over Svalbard.

FIGURE 5.4: Images from the ASK1 camera at one second resolution between 18:48:40-
18:48:59 UT. The orange box indicated 20x20 pixels surrounding magnetic zenith. In
each image North is approximately to the top and East to the left.

Figure 5.4 shows images from the ASK instrument between 18:48:42-18:49:00 UT, when

the arc passed over magnetic zenith. During this event, the ASK instrument was running
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FIGURE 5.5: Figure taken from Dahlgren et al. [2010] showing observations of ‘ruffs’ on

the edge of an auroral fold from the ASK instrument on 23rd November 2006 between

approximately 21:40.07-21:40.09 UT. These ‘ruffs’ are outlined by white lines in two of

the images and the motion is indicated by a yellow arrow. The horizontal yellow line
is indicated for later analysis in the paper.

at 20 frames per second. These images are from the ASK1 camera which has a filter that
is sensitive to a prompt emission caused by high energy precipitation (Section 2.1.1).
The orange boxes in these images indicate the 20 x 20 pixels surrounding magnetic
zenith which are used later for analysis. During this interval an auroral boundary-like
form can be seen to sweep across the ASK field of view from a North-East direction,
consistent with the direction of the arc seen in the all sky images (Fig. 5.3). Small
scale structures can be seen on the edge of this ‘boundary’ which may be considered
to be ruffs or even small-scale curls. An example of ‘ruffs’ observations from Dahlgren
et al. [2010] is given in Fig. 5.5 for comparison; these observations are taken by ASK
during the period it was located in Tromsg and hence likely to be observing aurora on
the closed field lines of the main auroral oval. These ‘ruffs’ are not exactly what we have
in Fig. 5.4 but small scale distortions of the edge of an auroral boundary can be seen in

both.

These observations are quite different from the ‘failed’ transpolar arc presented in Chap-

ter 3 (Fig. 3.6) which was more swirled and diffuse in nature (referred to by the
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Southampton group as ‘chocolate sauce’ aurora). If we consider both arcs to be formed
by the mechanism described in Milan et al. [2005] (Section 1.5.2.2), the differences in the
structure could be due to the arcs being in different stages of formation, i.e. the ‘failed’
transpolar arc had not protruded across the entire polar cap and therefore could be con-
sidered to be at the beginning of the formation mechanism, whereas the arc presented
here is more developed. However, as each observation only shows the auroral emissions
over a brief period, it is possible that these differences are due to the variable nature
of small scale structures, which can be seen in Fig. 5.4 to be changing on timescales of
less than 2 seconds. In both cases, the highly structured dynamic auroral observations
are consistent with previous ASK observations taken when ASK was situated in Tromsg
under the main auroral oval (for example, Lanchester et al. [2009], Dahlgren et al. [2010,

2011, 2016]) and are hence consistent with formation on closed field lines.

2016/02/04 18:48:41.950 UT

Pixel Number

Energy (keV)

o

18:48:42 18:48:48 18:48:54 18:49:00

Time (UT)

F1GURE 5.6: ASK data from a period when the polar cap arc passes through magnetic

zenith over Svalbard. The top panel shows a keogram of images from the ASK1 camera

in arbitrary units. The second panel shows the intensities measured by ASK1 and

ASK3 in black and blue respectively. The estimates of energies (black) and flux (blue)

are shown in the bottom panel. The error on the energy estimation is shown by grey
energy bars.
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Figure 5.6 shows the ASK observations during our period of interest in a more quanti-
tative way. The top panel shows a keogram of the ASK1 observations between 18:48:42-
18:49:04 UT. The colour scale is in arbitrary units. This keogram clearly shows the
repetitive structures on the boundary of the arc discussed above. The second panel of
Fig. 5.6 shows the intensities measured by the ASK1 (black) and ASK3 (blue) cameras
in the 20 x 20 pixels around magnetic zenith indicated by the boxes in Fig. 5.4 and the
white dashed lines in the above keogram. These intensities are similar in magnitude to
those found in the case for the ‘failed’ TPA (Fig. 3.6). Panel 3 shows the energy (black)
and energy flux (blue) estimated by comparing the ratio of the measured intensities from
ASK1 and 3 to the Southampton Ionospheric model (Section 2.1.1.1). The energies are
only estimated when the intensities are above a background level indicated by a hori-
zontal dashed lines in panel 2. The error on the energy is shown by grey error bars;
these errors are propagated from the initial counts measured by the ASK1 and ASK3
cameras. The errors on the intensities and flux are not shown because they are so small,
each with a percentage error less than 1%. The estimated energies are varying between
approximately 5 and 20 keV during this interval, with a mean value of 12.6 £+ 0.9 keV;
this is higher than the mean energy estimated for the ‘failed’ transpolar arc which was
found to be 5 keV. Around 18:49:00 UT, a brightening in the keogram (panel 1) and a
corresponding increase in the intensities (panel 2) can be observed. Panel 3 shows that at
this time the energy remained approximately constant but the energy flux has increased
and hence this indicates that this brightening was caused by an increase in the flux
rather than the energy of the precipitation. These estimates will be further investigated
in Section 5.4 but for now we note that, due to the high values of the estimated energy
and energy flux and the structure of the auroral forms seen in Fig. 5.4, this observation
appears to be consistent with formation on closed field lines and is hence referred to as

the ‘closed’ event for the remainder of this chapter.

Figure 5.7 shows the spectra measured by the H-« panel of the HiTIES instrument, which
has been averaged between 18:48:48-18:36:10 UT during this event. The contributions
from OH, Ny, Nt and 02+ emissions (but not H-alpha) have been fitted in this spectra
using methods outlined in Chadney and Whiter [2018] and Price et al. [2019]. The
overall fit, excluding the H-« emission at 6563 A, is shown in red. These observations
will be discussed in more detail in Section 5.3 but for now we note the presence of a

peak at 6563 Aindicates H-o emission, and that the peak appears to be broader towards
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FIGURE 5.7: Spectra from the HITIES instrument between 6500-6610 A (where 1 A=
0.1 nm) for the ‘closed’ event.

shorter wavelengths (‘blue wing’), which is indicative of accelerated protons.

5.2.2 Open field line observation

Figure 5.8 (presented in the same format as Fig. 5.1) shows the auroral and IMF con-
ditions for a polar cap arc event occurring on 15th December 2015. This event was
included in the Reidy et al. [2018] survey (Chapter 4) and was classified as an event con-
taining arcs consistent with both open and closed field lines, consistent with Reidy et al.
[2017] (Chapter 3) who first showed that the different magnetic topologies could occur
simultaneously. This chapter is concerned with the arc occurring on the duskside of the
northern hemisphere over Svalbard (shown in Fig. 5.8a), indicated by orange lines. The
corresponding DMSP particle data show that this arc is associated with electron-only
precipitation, consistent with accelerated polar rain on open field lines [Newell et al.,
2009, Carlson and Cowley, 2005]. This event is hence termed the ‘open’ event. The arcs
associated with ion and electron signatures observed in both hemispheres (indicated by

red lines) are not further discussed in this thesis.

Fig. 5.8c shows the IMF conditions for this event. Throughout this interval, the IMF
was predominately northward with weakly positive B, and negative B, components.
Similar to Fig. 5.1, the times of northern hemisphere SSUSI images where the electron-

only polar cap arc was identified are indicated by boxes. These SSUSI images can be



Chapter 5. Multi-scale observation

143

a. F17_47016_N 18.49-19.00 UT
> - . ‘\ - ‘uu T 10°
”m‘\m‘\‘\‘ ‘\‘u.
5 100 ‘\‘II‘I\IH |t H [0 . 108
S f 1 ‘w g
R | \Ww it N
£ ‘uw | "f i T
g U W ™ 1 [ m\ 10°
O gy H\L dif At “u\ ‘ THK u|m i
' ‘ o ity ”l”l‘u 'u‘“ﬂ \ | “\‘\ i
10°
A A 107
b g ‘H\‘\ i ‘lmHH ‘\h'\‘\‘”\ : E
1001y 2 LA L AL Rl 1
2 AR o R TR 108
o= | ;\ | (LRt ARA " |1
o3 ‘ [0 1 Hu \
g2 1.0f e [ Pl g E
b et
018 11 | I' My (01| ! 3
- | s ] 10*
uT 18:50 18:52 18:54 18:56 18:58 Log Energy
MLAT 73.94 81.20 88.14 84.22 77.06 lux
MLT 17:08 16:54 14:58 06:03 05:38 (V)
(eV cm? s sr)
b’ F16_62737_S 19.51-20.03 UT
' 7 A T — - 10°
1 : :
5 10.0 ‘ l )‘; 108
g; IM\M . T il HW ‘\
2 (1 M ‘ I J 107
9 \ | Mv \’ 08 \'( W ‘
o H\‘!M\ \ \‘ ‘ |My \
g M' B | IS 10f
o M‘HIW‘“ ! 8 | ‘ i
I gl ! 1 10°
2 7
ﬂ ‘ ‘ ‘\ W N‘” W ‘I‘ il Hilh ‘ U 5‘“ H“rl :\“ 0
10.0 8 g E ‘ W ‘h “ M \‘\‘\‘H‘J Ui ‘xw‘”“ i ‘\“E‘\L
2 ] Il L i 100
gs \ m\‘ ‘u\ N \‘MH i | 4 i
§& ok, \* ‘m | gua
8 i I 0l il ‘g H‘ :‘\‘ 10°
0.1F "o TR
I X e : 10*
ur 19 9:06 19:08 19:10 19:12 19:14 Log Energy
MLAT 73.20 79.84 8559 84.82 7887 7241 lux
MLT 15:38 5:03 12:56 07:00 05:25 04:57 (V)
(eV cmZ s sr)
C. 10F 3
F 1 '\ -
Bx (nT) 5= /\/\’} WE
o ,\\/\f \A/E
By (nT)O ——————— m*’\c/\::\ — /\— — —
Bz (nThg | /v\ﬂ A
si8F : E
~ o, F i ) 0
T 540 ) - T Has8
£ _.E =R
< 520 - ﬁ\/\[ \ = 4.0 5
B - \_\/-\- 3 =
£l ) N
ss0k ] 3.0
17:00 17:30 18:00 18:30 19:00 19:30
Time (UT)

FIGURE 5.8: Similar to Fig. 5.1, the SSUSI and corresponding SSJ/5 data are shown
for the northern hemisphere (a) and southern hemisphere (b) during a polar cap arc

event.

(¢) the magnetic IMF components of the IMF are given in the top panel, the

solar wind speed and density in the bottom panel. Times of the SSUSI observations
are indicated by boxes.
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FIGURE 5.9: a-d: The auroral and corresponding particle measurements from each
DMSP satellite when the duskside arc was observed in time order.
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used to infer a minimum event duration of 35 minutes (between 18:40-19:15 UT), when
the arc was observed, and a maximum event duration of 3 hours from the images before
and after this time, when the arc was not observed. A more accurate event duration
cannot be obtained due to the limited SSUSI observations in the northern hemisphere
but either way we note that this ‘open’ event is shorter in duration than the ‘closed’

event presented in Section 5.2.1..

Fig. 5.9 presents the observations of the electron-only arc on the duskside of the northern
hemisphere from all four SSUSI and SSJ/5 instruments on board the different DMSP
spacecraft. The arc is clearest in the SSUSI DMSP F19 and F17 images (Fig. 5.9a and
b) and is hardest to distinguish in the SSUSI DMSP F18 images (Fig. 5.9¢), similar to
the observations for the ‘closed’ event. An electron-only signature (orange) is observed
by all four SSJ/5 instruments in association with the duskside arc. These observations
are consistent with those presented in previous chapters for polar cap arc formation on
open field lines, generated by accelerated polar rain [Reidy et al., 2017, Reidy et al.,
2018].

The SSUSI DMSP F19 observations between 18:40-18:51 UT are replotted in Fig-
ure 5.10a, with images from the Sony all sky camera in 2 minute intervals between
around 18:28-18:40 UT (Figs. 5.10b-i). This is the interval in which a roughly north-
south aligned arc passed through the ASK field of view, indicated by yellow boxes on
each of the all sky images (same as Fig. 5.3). Fig. 5.10f shows the time when an arc
was seen by ASK, around 18:35 UT. At first sight, the brightest arc appears to cross
ASK’s field of view between Figs. 5.10b and ¢, however, no clear structure could be dis-
tinguished in the ASK instrument at this time. This is potentially because the aurora
may have been diffuse in the small field of view of ASK during this interval. An all sky
image at 18:41:06 UT has been projected onto the SSUSI DMSP F19 image in Fig. 5.10a
as this image was closest to the time when the polar cap arc was observed by the SSUSI
instrument. This projection demonstrates that the approximately north-south arc pass-
ing through the field of view of ASK is aligned with the polar cap arc seen in the SSUSI

images.

Figure 5.11 shows stills from the ASK 3 camera between 18:35:20-18:35:48 UT; this is
during the period shown by Fig. 5.10f. This ASK3 camera has a filter which is sensitive to

prompt auroral emission that is caused by a mixture of low and high energy precipitation.



Chapter 5. Multi-scale observation 146

O F19.08774N  15/12/2015 _ 18.40-18.51 UT
" AT T ; K

18:32.38 151215
l.

18:35.23 18:36.32 151215 18:38.29 151215

FIGURE 5.10: a. A SSUSI image from DMSP F19 between 18:40-18:51 UT with an all
sky image at 18:41 UT projected onto the same MLT grid. b-i: images from the Sony
all sky camera between 18:28-18:40UT.

As for the ‘closed’ event, these images are produced at 20 frames per second. However
in this case, we have used mean images, which are averaged over 2 seconds, because this
arc is much lower in intensity compared to the ‘closed’ field line observation presented
in Fig. 5.4 and hence averaging was required to discern any structure in this event. As
well as being much fainter than the ‘closed’ event, the structure of the ‘open’ arc is
much less continuous. We can start to pick out some structure at the top of the arc

passing from the north-west direction (around 18:35:32 UT). It is possible that some of
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Ficure 5.11: Stills from the ASK3 camera between 18:35.20-18:35:48 UT when the
‘open’ field line arc passed through magnetic zenith.

the auroral structure during this interval has been lost due to the averaging, which is
comparable to the timescales of the structure seen in the closed event (i.e. less that 2
seconds). Although a more detailed description of this ‘open’ structure cannot be given
due to the weakness of the emission, it is clearly very different from the dynamic ‘closed’

event presented in Section 5.2 and the ‘failed’ transpolar arc from Chapter 3.

Figure. 5.12 (similar to Fig. 5.6) shows the ASK data in keogram format, along with
the intensities at magnetic zenith and, the energies and energy fluxes estimates from
these intensities; as before, the errors on the energy are shown by grey error bars. The
pixels averaged over magnetic zenith are shown by red dashed lines on the keogram. As
for the ‘closed’ case, the energies are only estimated above a background level which is
indicated by dashed lines in panel 2. However, as the intensities of the emissions are
significantly lower in this case, the intensities are above the background for a shorter
portion of the event. The arc can be seen to pass through magnetic zenith around
18:35.35 UT with a mean energy of approximately 3.4 + 0.1 keV. As is evident from
the ASK 3 stills in Fig. 5.11 and from panel 2 of Fig. 5.12, this event is of much lower
intensity than the ‘closed’ event (Fig. 5.6). A more detailed comparison of these two
different events will be given in the discussion section but for now we note that the lower
flux and intensities associated with this ‘open’ arc are consistent with the low plasma

density of the magnetotail lobes.

Figure 5.13, similar to Fig. 5.7, gives the HiTIES spectra measured by the H-a panel
during the ‘open’ event, averaged between 18:35:00 UT and 18:36:10 UT. As before, a fit
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FIGURE 5.12: ASK data from a period when the polar cap arc consistent with open
field lines passes through magnetic zenith over Svalbard. In the same format as Fig. 5.6

for the spectra (excluding H-) has been obtained using methods outlined in Chadney
and Whiter [2018] and Price et al. [2019]. Similarly to the ‘closed’ event, H-a emission is
present, at 6563 A, but here the emission is much narrower in its wavelength extent. A
more detailed comparison of the two HiTIES observations will be given in the discussion

section.

Figure 5.14 shows a series of SuperDARN map potential plots between 18:10-18:50 UT
overlaid on the SSUSI DMSP F19 image between 18:40-18:51 UT. Evidence of lobe
reconnection can be seen in all of the images with the merging gap (the footprint of
the reconnection site, identified by a region of sunward flow) slightly dawnward of noon,
around 80° magnetic latitude. On the dawnside more ionospheric scatter can be seen
near the (closed field line) dawnside polar cap arc, with anti-sunward flow seen between
the arc and the oval. Duskward of the dawnside arc, scatter is only observed at the
sunward tipof the arc, but here we see the flows are sunward and hence the arc is
aligned with the sunward flow channel into the merging gap. The clockwise motion of

this dawnside lobe convection cell is consistent with upward field aligned current and

Flux (mWm™?)
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FIGURE 5.13: Spectra from the HITIES instrument between 6500-6610 A for the ‘open’
event.

hence downward electron precipitation (e.g. Chiu et al. [1985]). However, in the Chiu
et al. [1985] model, they predict the arc to be located in the center of the flow cell
whereas around 18:40 UT (Fig. 5.14f), at the time of the SSUSI image, observations
show the tip of the arc to be aligned with the sunward flow. This is consistent with Fear
et al. [2015] who argued that a polar cap arc should be drawn towards the sunward flow

channel by the flows themselves.

On the duskside, there is not so much scatter around the ‘open’ polar cap arc of interest
to this study, particularly on the nightside. In Figs 5.14a, b, ¢, d and e the lobe
convection cell appears to be sunward of the ‘open’ arc. In Figs. 5.14f, g and h, the
sunward tip of the arc is approximately aligned with the duskward edge of the sunward
flow channel; this is again potentially consistent with Fear et al. [2015] but inconsistent
with a direct application of the arguments of Chiu et al. [1985], as the arc does not seem
to be centred on what we can see of the dusk convection cell; even if it were, the sense
of the rotation of the flow would suggest a downward current and hence upward-moving
electrons. In the absence of more extensive scatter coincident with the duskside open
arc, we cannot comment conclusively on the cause of this arc. However, we speculate
from our knowledge of the sunward extent of the flow pattern that if the duskside arc is
caused by a shear flow, this shear is more likely to arise from a gradient in the strength
of the sunward flow excited by lobe reconnection, rather than by the opposite flows on

either side of the convection cell as envisaged by Chiu et al. [1985].
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5.3 Discussion

In this chapter we have shown two different observations of polar cap arcs occurring
over Svalbard. The two events were consistent with formation on different magnetic
field line topologies, termed the ‘closed’ and ‘open’ events. The small scale structure of
these events was investigated using the Auroral Structure and Kinetic (ASK) instrument.
These observations were then combined with an ionospheric model to estimate the energy

and energy flux of the auroral precipitation.

The aurora observed by ASK for the ‘closed’” event (Figs. 5.4 and 5.6) was seen to be
much brighter than for the ‘open’ event (Figs. 5.11 and 5.12). The intensities observed
in ASK1 and hence the estimated flux (which depends on this parameter) were seen to
be approximately 60 times greater for the ‘closed’ event compared to the ‘open’ event.
These lower fluxes are consistent with the open field line theory as much less plasma is
expected on open field lines. The energies of the two events are comparable, with mean
values of 12.6 £+ 0.9 keV estimated for the ‘closed’ case and 3.4 + 0.1 keV estimated for
the ‘open’ case. Carlson and Cowley [2005] state that any mechanism which drives shear
flow across open field lines can accelerate polar rain and hence generate aurora on open
field lines in the polar cap. They also estimate, for three sub-visual polar cap arcs (which
refer to arcs lower than 1 kR, consistent with our ‘open’ observation), energies between
100-1000 eV which they state are consistent with Shinohara and Kokubun [1996] and
Hardy [1984]. Therefore our mean value for the energy of the ‘open’ event from the ASK
analysis is larger than previous reports. This will be further discussed below when we

compare the ASK analysis to the DMSP particle data observations.

The structure of the arcs as they pass through ASK’s small (6°) field of view during
intervals from each event appeared to be quite different; the aurora in the ‘closed’ event
(Fig. 5.4) was highly dynamic with lots of structure (especially on the edges of the arc),
similar to structure observed within the main auroral oval (e.g. Dahlgren et al. [2010]).
However, in the ‘open’ case it was hard to distinguish any clear features; this is may be
due to the flux being so low that we had to use the averaged images and therefore any

time-dependent features would be difficult to resolve.

Figures 5.15a and b show one minute of data from the SSJ /5 instrument when the DMSP

spacecraft intersected the polar cap arcs for the ‘closed’ and ‘open’ events respectively;
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FIGURE 5.15: The summed energy flux (top panel) and corresponding electron spec-

trograms (bottom panel) for the ‘closed’ (a) and ‘open’ (b) events over one minute as

the DMSP F19 and F17 spacecraft intersected the arcs respectively. The red and or-

ange lines show the approximate energy flux and energy estimated using ground based
techniques.

the top panel gives the integrated energy flux and the bottom panel shows the elec-
tron spectrogram. The red and orange lines plotted in the top and bottom panels of
Fig. 5.15a and Fig. 5.15b give the mean energy flux and the mean energy estimated from
the ASK instrument (Figs. 5.6 and 5.12) for the ‘closed’ and ‘open’ events respectively.
It can be seen in the top panel of Fig. 5.15a, for the ‘closed’ event, that the mean energy
flux estimated by ASK (20.1 mW m~2) agrees well with the energy flux recorded by
the DMSP spacecraft, despite the two values being determined at different times and
locations in the polar cap (DMSP F19 is crossing the arc around 19:24 UT and the ASK
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measurements are approximately at 18:49 UT; the DMSP spacecraft are orbiting closer
to the dayside than Svalbard during this interval). In the top panel of Fig. 5.15b, for
the ‘open’ event, it can be see than the energy flux measured by the DMSP spacecraft is
approximately a factor of 10 greater than the mean energy flux estimated from the ASK
analysis (0.3 mW m~2). As discussed above these measurements are occurring at differ-
ent times and hence there will be some discrepancies in the values; the DMSP satellite
is passing over the arc at approximately 18:53:30 UT whereas the ASK observations are
from 18:35:30 UT. However, the difference in energies can also be understood in terms
of the spatial separation between the two observation points. The DMSP pass occurs
on the dayside of the polar cap whereas Svalbard is located on the nightside during this
interval; therefore a physical reason for the discrepancy in the observations could be due
the noon-midnight gradient in the polar rain flux. This was first explicitly shown by
Newell et al. [2009] and is due to the the kink in the open field lines as they cross the
polar cap and enter the magnetotail. As discussed in Section 1.4.5, for particles to enter
the ionosphere via these open field lines they have to have thermal speeds greater than
the bulk plasma velocity, which is approximately the kink speed of the magnetic field
lines. Fewer particles are able to enter the ionosphere as the field lines travel further
downtail, which leads to a drop off in the polar rain flux across the polar cap. This gra-
dient is consistent with our observations and could therefore explain the discrepancies

between the DMSP and ASK observations for the ‘open’ event.

The energies plotted in the bottom panels of Figs. 5.6 and 5.12 represent the character-
istic energy of the precipitation from a Gaussian distribution. The SSJ/5 spectrograms
show the energy distributed over a log scale. It can be seen that the estimated energy for
the ‘open field line’ event (Fig. 5.15b), despite being larger than previous estimates for
polar rain arcs as discussed above, agrees well with the DMSP particle data. In the case
of the ‘closed field line’ event (Fig. 5.15a) the energy estimate from the ground-based
techniques is slightly larger than measurements from DMSP. This could be explained by
considering the closed field line formation mechanism described in Milan et al. [2005]. As
previously discussed, this mechanism is based on open field lines undergoing nightside
reconnection during northward IMF and getting ‘stuck’ in the magnetotail. The DMSP
observations are further sunward when considering the ionospheric footprint of the field
line than the ASK observations (shown in Fig. 5.1), and hence we may expect the elec-

trons to be on field lines which are more contracted than their counterpart footprints
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FIGURE 5.16: Residuals from the HITIES fit for the ‘closed’ (black) and ‘open’ (red)
events.

closer to noon and hence have undergone more acceleration than electrons on field lines
further sunwards. Hence this interpretation is consistent with our observations of higher

energies estimated by ASK than DMSP for the ‘closed’ case.

Figure 5.16 shows the residual fit from the H-« panel of the HITIES instrument, between
6550-6570 A, from the data presented in Fig 5.7 and 5.13 for the ‘closed’ (black) and
‘open’ (red) events respectively. Here we have removed the non-H-a emissions to the
best of our ability (using methods from Chadney and Whiter [2018] and Price et al.
[2019]), and so what remains is our estimate for H-a. The H-a emission (at 656.3 nm)
can be seen in both cases but the emission peak is clearly much wider in the closed case.
Furthermore in the closed case, there is more broadening towards shorter wavelength,
this indicative of a Doppler shifted blue wing generated by precipitating protons (e.g.
Eather [1967]). The emission peak in the ‘open’ case does not exhibit this blue wing
and hence we suggest that this emission is caused by dayglow (e.g. Weller et al. [1971]).
These observations are consistent with the DMSP observations and hence show that the
difference in the auroral precipitation used to identify the topology of the field lines on

which the polar cap arcs are formed, can be verified using ground-based instrumentation.

SuperDARN map potential plots were shown in context with SSUSI observations during
the ‘open’ event (Fig. 5.14); evidence of lobe reconnection was seen throughout the event.
These data were initially investigated to try to find evidence of shear flows which could

be accelerating polar rain and hence generating this arc. However, the ionospheric flows
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associated with the lobe reconnection cell on the duskside were anti-clockwise which is
not consistent with upward field aligned current or precipitating electrons [Chiu et al.,
1985]. Furthermore, we note that scatter confirming the presence of this convection cell
was only present sunward of the ‘open’ arc, and hence we have insufficient information
on the presence or absence of shear flows at the location of the arc. We speculate that,
if a shear flow does exist, rather than it being generated by opposing flow shears, as
envisaged by Chiu et al. [1985], it is more likely to be excited by the gradient in the
strength on the sunward flow generated by the lobe reconnection, due to the location of
the sunward flow. We also noted that the sunward tips of both of the arcs observed in
this event (the ‘open’ arc on the duskside discussed in this paper and the arc consistent
with closed field lines on the dawnside), were aligned with the sunward flow channels
generated with lobe reconnection, in agreement with Fear et al. [2015], as opposed to

being centered between the opposing flow channels as suggested by Chiu et al. [1985].

5.3.1 Instrument contribution

In this study we have used data from multiple instruments that have different scale sizes,

temporal resolution and taken the measurements from different locations.

As we have seen throughout this thesis, there is a big difference between the sensitivity of
ground-based and space-craft auroral images. The polar cap arcs observed by the SSUSI
instruments during both events presented here appear fairly similar in nature, whereas
the ground-based observations from the Sony all sky camera and the ASK instrument
are vastly different. The caveat to the ASK observations, as discussed above, is that
the lack of structure observed for the ‘open’ event may be due to averaging of the weak

emissions recorded.

Similar to Chapter 3, the multi-spectral ASK data is used to estimate the energy and
energy flux of the precipitation during both events. As in Chapter 3, there was no ESR
data available during these events with which to independently compare these estimates.
We have therefore compared them to measurements from the SSJ/5 instrument on board
the DMSP spacecraft. As stated above, these observations are coming from different
positions in space (the DMSP spacecraft are crossing the polar cap further to the day-
side, between 18-06 MLT, whereas ASK is situated on the nightside, around 21-22 MLT)
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and at different times. The temporal resolution is also very different between the in-
strumentation with ASK measurements every 0.05 s, as opposed to to every minute
from the SSJ/5 instrument. Despite these differences, as shown above, the ground-
based and space-craft instrumentation show good agreement and any discrepancies can
be explained by considering the nature of the magnetic field lines associated with each

measurement.

SuperDARN data has been presented to investigate the possible source of shear flow
in generating the ‘open’ event. Despite the lack of scatter around the polar cap arc
itself, we suggest based on scatter that was recorded near the dayside tip of the arc,
that there may be a gradient in the ionospheric flow which could provide the required
downward current to generate the arc. However, contrary to the nightside polar cap
flows presented in Chapter 3, the SuperDARN data originated from multiple radars with
overlapping fields of view. Therefore, although the derived flow patterns are constrained
by an empirical model, we have confidence that they reproduce the major aspects of the

large-scale flow

HiTIES data was used to determine the presence (or lack) of proton precipitation from
the ground. This analysis relies on the fitting of the H-alpha panel as described in
Chadney and Whiter [2018] and Price et al. [2019] and is it possible that there are
emissions missing from this fitting which then might contribute to the residuals presented
in Fig. 5.16. However, from this figure a clear difference in the emissions between the
two events can be seen, whereby a signature for proton precipitation is present in the

data for the ‘closed’ event which is not seen in the ‘open’ event.

5.4 Conclusion

Two events containing polar cap arcs occurring over Svalbard have been investigated
using both ground based and spacecraft instrumentation. Using the same criteria as
discussed in Chapter 4, one event contains an arc occurring over Svalbard which is con-
sistent with closed field lines (i.e. arcs associated with ion and electron precipitation
were seen in both hemispheres); the other event contains an arc occurring over Svalbard

which is consistent with formation on open field lines (i.e. the arc was associated with
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electron-only precipitation). These arcs were analysed using ground based instrumen-
tation including an all sky imager and a high resolution multi-spectral imager (ASK).
The all sky images showed arcs passing through the field of view of ASK that were
approximately aligned with the polar cap arcs seen by the UV imager on board DMSP
(SSUSI).

The observations from ASK were combined with the Southampton Ionospheric model to
gain estimates for the energy and the energy flux of the precipitation. These estimates
were then compared with DMSP particle measurements. For the ‘closed’ event the ASK
estimate of the energy flux (20.1 mW m~2) agreed well with the DMSP measurements,
although the energy estimate (12.6 + 0.9 keV) was slightly higher. We explain this
potential discrepancy by considering the formation of the plasma sheet such that field
lines which are more contracted accelerate particles to higher energies. During this
event, the DMSP observations are further sunward when considering the ionospheric
footprint of the field lines than the field lines over Svalbard and hence we may expect
higher energy precipitation above Svalbard. For the ‘open’ case, the energy estimates
from ASK (mean value of 3.4 + 0.1 keV) agreed well with the DMSP measurements but
the energy flux estimate (0.3 mW m~2) was less than that from DMSP by a factor of
10. We suggest that, assuming the source region of these arcs to be accelerated polar
rain, the noon-midnight gradient of polar rain could explain these observations, such
that higher fluxes would be expected further sunward (which is consistent with what we
see). Furthermore, we have shown by comparing observations of the H-a emission for
both events, that during the ‘open’ event the lack of ion precipitation can be measured

from the ground.

These observations further the work presented in Chapters 3 and 4 by investigating
polar cap arcs consistent with different magnetic topologies using ground-based obser-
vations. We found the fine-scale structure associated with these topologies to be very
different, with the ‘closed’ event containing much more dynamic and structured aurora
compared with the ‘open’ event. The differences in the fine-scale structure were con-
sistent with expectations from the different topologies and could be linked to different
formation mechanisms (for example, the tail reconnection mechanism suggested by Mi-
lan et al. [2005] and accelerated polar rain [Carlson and Cowley, 2005]) by comparing

with spacecraft observations.
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Key points:

e This chapter expands the knowledge of polar cap arcs by presenting the first ob-
servations of polar cap arcs on very small spatial scales (of the order of meters)

and temporal resolution (millisecond) using the ASK instrument.

e The structure associated with arcs generated by different formation mechanisms
is found to be very different and fits with expectations for the different magnetic
field topologies, i.e. polar cap arcs on closed field lines are associated with dy-
namic structured aurora whereas arcs formed on open field lines were found to be

associated with much lower fluxes and less structure.

e The criteria for identifying polar cap arcs occurring on different magnetic field
topologies are tested using ground-based spectrograph data from the HiTIES in-
strument. During the event containing arcs consistent with closed field lines, a
signature of proton precipitation was observed which was not present in the data

during the ‘open’ event.

e The formation mechanisms of polar cap arcs occurring on open field line arcs have
been investigated using measurements of the ionospheric flows associated with
lobe reconnection using SuperDARN. A gradient in these flows is suggested to be
a possible source of the shear flow which could result in downward current and

acceleration of polar rain.



Chapter 6

Conclusion and further work

6.1 Conclusion

This thesis has investigated the formation of discrete aurora at high latitudes, inside the
polar cap region. These arcs are known to be correlated with northward IMF and are
generally sun-aligned in nature. As outlined in Section 1.5, there is some controversy in
the formation mechanism of polar cap arcs, with some observations suggesting these arcs
occur on open magnetic field lines, whilst others suggest that they form on closed field
lines. It has been argued that more than one formation mechanism is needed to explain
all the contrasting observations (e.g. Newell et al. [2009], discussed in Section 1.5.3.1).
This idea has been investigated in this thesis using a multitude of ground-based and

spacecraft instrumentation, which were introduced in Chapter 2.

In Chapter 3, we presented the first observations of polar cap arcs consistent with differ-
ent topologies occurring at the same time. An event containing different auroral features
on opposite sides of the northern hemisphere polar cap was identified using UV images
from a low altitude spacecraft (SSUSI). An auroral protrusion to approximately 80°
magnetic latitude was seen on the duskside of the northern hemisphere, occurring over
Svalbard. A similar feature around the same magnetic local time was also seen in the
southern hemisphere. The northern hemisphere feature was investigated using multiple
ground-based instrumentation on Svalbard (including the ASK instrument and the ESR)
and was found to be consistent with closed field lines. Furthermore, using SuperDARN

data, this feature (termed a ‘failed’ transpolar arc, as it did not cross the entire polar
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cap), was found to be associated with ionospheric flows consistent with nightside recon-
nection. It was hence suggested that this arc was formed by the mechanisms described
by Milan et al. [2005] and that it ‘failed’ due to a southward turning of the IMF. On
the dawnside of the northern hemisphere during this event, an arc with no clear counter
part in the southern hemisphere was observed. This arc intersected the footprint of the
DMSP spacecraft and the in-situ particle measurements showed it to be consistent with
accelerated polar rain, formed on open field lines. This argument was strengthen by the
IMF conditions which were favourable for polar rain on the dawnside of the northern

hemisphere (polar rain preferences were discussed in section 1.4.5).

In Chapter 4, we continued to investigate polar cap arcs using data from low altitude
DMSP spacecraft. We surveyed one month of data (December 2015) and found further
examples of ‘open’ and ‘closed’ arcs, as well as some arcs that were not clearly consis-
tent with either topology, including an example of a non-conjugate theta aurora. The
in-situ particle measurements from the SSJ/5 instrument and the hemispheric nature
determined from the SSUSI images were used to identify the topology of the arcs. Arcs
associated with ion and electron precipitation, which were seen in both hemispheres, are
considered to be consistent with formation on closed field lines. Arcs associated with
electron-only signatures are consistent with formation on open field lines. Furthermore,
we also looked into polar cap arc occurrence, finding that they were present in the SSUSI
images at least 20% of the time. This value is between the 10% occurrence rate found
using high altitude UV images [Kullen et al., 2002] and the 40% occurrence rate found
using ground-based instrumentation [Valladares et al., 1994], suggesting that the SSUSI

instruments are somewhat of an intermediary between the two.

The different formation mechanisms of polar cap arcs were further investigated in Chap-
ter 5 using ground-based observations at high temporal and spatial resolution. We found
polar cap arcs that are consistent with formation on closed field lines are highly dynamic
and have complex structure (similar to the aurora seen on within the main auroral oval)
whilst a polar cap arc consistent with open field lines was significantly lower in intensity

and far less structure could be discerned.

Overall, we have contributed to the study of polar cap arcs by explicitly showing polar
cap arcs consistent with different topologies exist, and that these mechanisms can occur

simultaneously. This is something which has not previously been possible using the same
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data set. Furthermore, we have presented the first small scale observations of polar cap
arcs using the Auroral Structure and Kinetics instrument located on Svalbard. These
observations offer a new perspective in polar cap arc study with observations with spatial

scales of meters and temporal scales of 0.05 seconds.

6.2 Further work

There are several possible avenues to continue this work, for example there are still
many open questions surrounding the ‘non-conjugate’ theta aurora and the arcs which
form on open field lines. By finding more examples of these types of phenomena, plus
further examples of closed field lines structures, we can start to build up a better idea
of the configuration of the Earth’s magnetosphere during northward IMF (which could
eventually be fed into large scale MHD models). One avenue which could be explored,
is to develop machine learning algorithms to automatically detect polar cap events in
SSUSI images; this idea will be discussed in Section 6.2.1. Another area where more work
could be done, as is evident from Appendix A, is to develop a more automatic method
to identify the poleward boundary of the auroral oval during northward IMF; this will
be discussed in Section 6.2.2. Lastly, there is more to do with the ASK instrument, in
particular using its abilities to estimate the small scale electric fields associated with

polar cap arcs, this will be outlined in Section 6.2.3.

6.2.1 Using machine learning to identify polar cap arcs

This thesis found polar cap arcs occur almost every day and are hence a regular feature
of the polar cap rather than a rare phenomenon. These arcs are key to understanding
the configuration of the magnetosphere during northward IMF (which occurs approx-
imately half the time). As previously discussed, the SSUSI instruments on board the
DMSP spacecraft have many strengths which are advantageous in polar cap arc studies.
We have shown in this thesis that they are capable of imaging the fine-scale structure
of polar cap arcs, which has perhaps been missed by the high latitude UV imagers (e.g.
Section 4.4). The SSUSI images also offer more global coverage of the auroral oval than
ground based imagers and they do not have clouds to contend with. Furthermore, the

SSUSI instruments are on board DMSP spacecraft which have a relatively short orbital
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period of around 90 minutes, plus there are multiple SSUSI instruments on board differ-
ent DMSP spacecraft, providing an excellent opportunity for inter-hemispheric study;
this is something which has previously been difficult to do. Additionally, the DMSP
spacecraft provide in-situ particle measurements, through the SSJ/5 instruments, which
have been shown to be invaluable in determining the characteristics of the particle pre-

cipitation.

Over approximately the last 15 years, the four SSUSI instruments have produced over
300,000 low-altitude UV images of the auroral region, which are waiting to be exploited.
Assuming the occurrence rate found in Chapter 4 to be representative of all years, one
could expect to find tens of thousands of images containing polar cap arcs. Therefore,
given more time, a machine learning algorithm could be developed to automatically find
these polar cap arcs in the SSUSI images. A reasonable starting point to this process
would be adapting the ‘off the shelf” method outlined in Clausen and Nickisch [2018], who
used these algorithms to identify aurora in ground based images. The survey presented
in Chapter 4, where approximately 1000 images containing polar cap arcs were visually
identified out of approximately 10 000 SSUSI images, would provide a perfect training
set. Once an automated detection method has been optimized, a large data base of polar
cap arc events can be produced which will unlock the potential for multiple different
case studies (which can be combined with a multitude of ground based and spacecraft

instrumentation, such as ASK) and more statistical studies.

6.2.2 Developing automated auroral boundary detection during north-

ward IMF conditions

As previously discussed, Newell et al. [1996a] developed an automated system for iden-
tifying the different regions of the auroral oval using particle data from the SSJ/4 spec-
trometers on board DMSP spacecraft; however these classifications do not work well
during northward IMF. In Appendix A, an initial technique for using SSJ/5 data to
find the poleward boundary of the auroral oval during northward IMF, based on similar
methods as Newell et al. [1996a] and Milan et al. [2003], was outlined. However, the
algorithm used in this method is only semi-automatic; it is constrained by the amount

of variation in northward IMF auroral features and requires user intervention to be
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effective. Therefore, improvements of this method are necessary and would provide in-
teresting future work. It is important to be able to classify the poleward edge of the
auroral oval as this leads to an estimate of the size of the polar cap and hence how much
open flux is in the system. Tracking the amount of flux is one way of keeping track of the
energy and flows which govern the configuration of the Earths magnetosphere during all

periods of IMF.

Using SSUSI images in conjunction with the DMSP SSJ/5 particle data would be an
excellent way to improve the identification of the poleward boundary of the auroral
oval. Auroral boundary identification using a combination of near-simultaneous and
near-continuous observations from UV images and particle data is something which is

yet to be exploited.

6.2.3 Investigating electric fields surrounding different types of polar

cap arcs using ASK

Another future work area that would be interesting would be to use the ASK instrument
to quantify the electric field structures associated with the polar cap arcs formed on
different magnetic field topologies. One of the things the ASK instrument was designed
for was to trace plasma flows, which in turn can be used to estimate the electric field
strength and direction to very good spacial and temporal resolution [Dahlgren et al.,
2016]. The filter on the ASK2 camera is sensitive to emission from the O*(2P) ion at
732.0 nm. This ion has a metastable life time of up to 5 seconds and hence the by
tracking the after glow, an estimate of the flow velocity can be obtained. The emissions
from ASK1 and ASK3 can be used to separate the motion of the source from the plasma
motion. In the F-region, where O (2P) dominates, the neutral collision frequency is
considered negligible and hence the bulk plasma velocity can be determined by the
E x B drift. Therefore, by determining the plasma velocity, an estimate of the electric
field can be made. Dahlgren et al. [2009] presented a study where they optically traced
the motion after glow using the auroral brightness from the ASK cameras. From this,
and using the International Geomagnetic reference field model to obtain a value for the
magnetic field, they were able to estimate the electric fields associated with 4 different

events. Another method, outlined by Tuttle et al. [2014], uses modelled images of the



Chapter 6. Conclusion 164

O™ to extract the flow velocity by finding the velocity which minimizes the difference

between the modelled and observed images.

Once a list of polar cap arc events have been identified as detailed above, finding suitable
events for such a study will be easy, not to mention exploring the events already outlined

in this thesis.



Appendix A

Identification of the poleward

boundary of the auroral oval

This appendix, which was published as supplementary material to Reidy et al. [2018],
presents the method used to identify the poleward boundary of the auroral oval used in
chapter 4. All figures presented here show the DMSP SSJ/5 particle data corresponding
to the data given for each event in the paper and are all of the same format. For each
event we plot four panels (numbered 1-4 from top to bottom). The electron and ion
spectrograms are given as before (panels 1 and 3 respectively) with the summed fluxes of
the electrons and ions given underneath (panels 2 and 4 respectively). The flux summed
above 3 keV, used to define the poleward boundary of the auroral oval, is shown in black.
The flux summed above 1 keV, used to identify the particle signatures of the polar cap

arcs, is shown in blue.

A.1 Identification of poleward edge of auroral oval

The poleward edge of the auroral oval is conceptually defined to be where the precipi-
tating particles drop by a factor of 4 over a short distance [Newell et al., 1996a]. Milan
et al. [2003] a similar method stating that they search for a significant drop in the en-
ergy flux of high energy (>keV) particles. We have used a similar method during this
study to identify the poleward boundary in a semi-automatic way. The energy fluxes

of both the ions and electrons are summed above 3 keV to evaluate the high energy
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component of the precipitation (black line on panels 2 and 4 of all figures). The dashed
lines mark the maximum flux on each side of the auroral oval (black for electrons, grey
for ions), which is a point within the auroral oval. For some events this could not be
done automatically as the polar cap arc was brighter than the auroral oval and hence
an additional criterion was used to limit the search to fluxes below a certain magnetic
latitude, i.e. equatorward of the polar cap arc signature. The poleward edges of the oval

are then found to be where this summed flux drops by a significant level.

For most of the events a drop of a factor of 1.5 was required, but this value was adapted
in some cases based on comparison with the SSUSI images and hence this method is
only semi-automatic. 14 out of the 21 events required a different level for the significant
drop, detailed in Table Al. No obvious dependence on the spacecraft, hemisphere or
side of the polar cap can be discerned to explain these amendments but in all cases a
significant drop in the high energy flux is found with reasonable correspondence to the
SSUSI images. The poleward edges of the auroral oval identified by this method are

indicated by black solid lines for electrons and grey solid lines for ions on all the figures.

A.2 Identification of ion/electron signatures of polar cap

arcs

The high energy electron and ion signatures of the polar cap arcs discussed in the paper
were identified using the energy flux summed above 1keV, shown by the blue lines in
panels 2 and 4 of the figures. Ion signatures were identified by clear peaks in both the
electrons and ions above a certain threshold and hence, although we refer to arcs with an
ion signature we technically mean an ion and electron signature. We require an electron
and an ion signature to avoid classifying cusp precipitation as polar cap arcs, which
may contain lower energy precipitating ions. In some cases this requirement results in
a thinner ion signature detection than may be apparent from the summed ion fluxes in
panel 4 as the ion and electron fluxes are not always exactly co-located. For example in
the northern hemisphere of Event 3 (Figure A.1), around 23:37 UT, the ion and electron
signatures only overlap for a short period making the detected ion signature appear
thinner than the width of the ion flux above the threshold. Despite this requirement, in

most cases, the ion and electron signatures are well aligned with the polar cap arcs in
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the SSUSI images. The electron-only signatures were similarly defined to be where the
electron flux went above a certain threshold but in this case we required the summed
ion flux to be below a certain threshold. Furthermore, both the ion (and electron) and
the electron-only signatures were only searched for within the polar cap region defined
by the poleward boundary of the ions using the method described above. To account
for some error in the estimation of this boundary, plasma signatures detected had to be

at least 1° in magnetic latitude away from these boundaries.

Thresholds of 1x10° eV (eV ¢cm? s sr)~! for ions and 1x107 eV (eV c¢m? s sr)~! for elec-
trons were used in most cases. In five of the events, detailed in Table S1, these thresholds
were adapted based on comparison with the SSUSI images, the particle spectrograms
and the summed particle fluxes. In all five of these events the ion threshold was lowered
to 5 x10° eV (eV cm? s sr)~! and in two of the events the electron boundary was lowered
to either 1x10% eV (eV ecm? s sr)~! or 5x10° eV (eV cm? s sr)~!. These lower thresholds
could not be applied to all other events without identifying noisy features that did not
correspond to polar cap arcs. In the supplementary figures presented below, a red line is
used to indicate the threshold of both the electrons and ions in panels 2 and 4, between

the two grey lines which identify the poleward edge of the auroral oval ion precipitation.
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TABLE A.1: Summary of the changes made to the default thresholds detailed in sections

A.1 and A.2. This table indicates the values of the drop in electron and ion fluxes used

to identify the poleward boundary of the auroral oval, the threshold used to identify the

ion and electron signatures in the DMSP SSJ/5 particle data for each event discussed

in the paper and the magnetic latitude threshold used in some cases to identify the
auroral oval when the polar cap arc was brighter than the oval

Event number

Amendments

4

A drop of 1.3 in the ion flux is used to define the poleward edge of the
dawnside oval in the southern hemisphere and the duskside oval in the
northern hemisphere.

An ion threshold of 5x10° eV (eV cm? s sr)~! is used. A drop of 1.3 in
the electron flux is used to define the poleward edge of the auroral oval
on both sides of the polar cap in the southern hemisphere.

11

A drop of 2.5 in the electron flux and a drop of 1.2 in the ion flux is
used to define the poleward edge of the auroral oval in the northern
hemisphere on the dusk and dawn respectively.

12

A drop of 1.4 in the ions is used to define the poleward boundary on the
dawnside of the northern hemisphere.

14

An ion threshold of 5x10° eV (eV cm? s sr)~! is used. A drop of 1.4
in the ions is used to define poleward boundary on the duskside of the
northern hemisphere.

15

A drop of 1.4 in the ion flux is used to define the poleward boundary on
the duskside of the northern and southern hemisphere.

23

A drop of 1.3 in the electron flux is used to define the poleward boundary
on the dawnside of the northern hemisphere.

24

A drop of 1.4 in the electron flux was used to define the poleward bound-
ary of the duskside in the northern and southern hemispheres. An ion
drop of 1.3 was used for the dawnside of the southern hemisphere.

26

An ion threshold of 5 x10° eV (eV cm? s sr)~! was used. A drop of 1.4
and 1.3 in the ion flux was used to define the poleward boundary on the
dawn and duskside of the southern hemisphere respectively.

30

A drop of 1.3 and 1.2 in the electron flux was used to define the poleward
boundary on the dawnside of the southern and northern hemispheres
respectively.

31

A drop of 1.2 in the ions was used to define the poleward boundary on
the duskside of the southern hemisphere.

35

An ion threshold of 5 x10° eV (eV ¢cm? s sr)~! and an electron threshold
of 1x10% eV (eV cm? s sr)~! was used. A drop of 2.5 in the electron
flux was used to define the poleward boundary on the dawnside of the
southern hemisphere.

38

A drop of 1.1 and 1.3 in the ion flux was used to define the poleward
boundary on the duskside of the northern and southern hemispheres
respectively.

40

An ion threshold of 5 x10° eV (eV cm? s sr)~! an electron threshold of
5 x10% eV (eV cm? s st)~! was used.

43

A drop of 1.3 and 1.4 in the ion flux was used to define the poleward edge
on the duskside of the northern and southern hemispheres respectively.
A further drop of 1.4 in the electron flux was used to define the poleward
edge on the dawnside of the northern hemisphere.
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FIGURE A.1: DMSP SSJ/5 particle data for events containing a polar cap arc associ-
ated with ion precipitation in both hemisphere (corresponding to Figure 4.2). Dotted
lines give the approx position of the auroral oval (highest flux on each side of polar cap),
solid lines is estimated poleward boundary of the auroral oval, both lines are black for
electrons grey for ions. Ion signatures are indicated in red, electron-only signatures in
orange. Continued Overleaf.
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FIGURE A.2: DMSP SSJ/5 particle data for the northern hemisphere pass of Event
43. The F18 data is shown again for completeness (corresponding to Figure 4.3)
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FIGURE A.3: DMSP SSJ/5 particle data corresponding to events identified as having
an electron-only arc in both hemispheres (corresponding to Figure 4.6).
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FIGURE A.4: DMSP SSJ/5 data for polar arcs with different plasma signatures in each
hemisphere (corresponding to Figure 4.8).
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FIGURE A.5: DMSP SSJ/5 data for the polar cap arcs in one hemisphere, where no
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intersect the arc (corresponding to Figure 4.10). Continued overleaf.
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FIGURE A.6: DMSP SSJ/5 particle data for an event with a polar cap arc occurring
in one hemisphere, associated with an electron-only plasma signature (corresponding

to Figure 4.12).
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