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Abstract

Investigating the Relationship Between Open Magnetic Flux and the

Substorm Cycle

Peter D. Boakes

This thesis is concerned with the open magnetic flux content of the magnetosphere
during the substorm cycle.

We develop an automated technique of identifying the global location of the
open/closed magnetic field line boundary (OCB) from auroral images of the
ionospheric northern polar cap made by the IMAGE FUV detector, and hence of
estimating the open magnetic flux content of any one hemisphere (Fyc). Systematic
offsets are found between the location of the OCB as estimated from the auroral
images and from in-situ measurements of precipitating particles consistent with
previous studies. These offsets are used to provide a more accurate global
estimation of the location of the OCB.

This method is used to estimate the average Fy. content of the magnetosphere from
12,731 auroral images from December and January of 2000-2002, 173 of which
occur at the time of substorm onset. From these distributions we are able, for the
first time, to determine the probability of substorm onset as a function of Fp.. The
probability of substorm onset is found to be negligible below ~ 0.3 GWhb, increases
linearly until ~0.9 GWhb, and is undefined above this. These results are discussed in
terms of various models for substorm onset and place important constraints on any
future models.

We also find that substorms showing a clear particle injection signature, as seen at
geosynchronous orbit, occur, on average, at higher values of open magnetic flux
than those showing varied or no injection activity. In the final part of this thesis we
investigate these three distinct categories of substorms further by carrying out a
superposed epoch analysis of F,c, maximum nightside auroral brightness, solar wind
and IMF conditions, geomagnetic activity and auroral oval boundary motions. We
find that the level and form of solar wind driving appears to characterise the
injection signature seen.
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Chapter 1. Introduction

The subject of this thesis is the magnetospheric substorm. The substorm process results
from the coupling between the Earth’s magnetic field and the interplanetary magnetic
field originating in the Sun. The purpose of this chapter is to introduce the solar wind,
interplanetary magnetic field and the Earth’s magnetosphere-ionosphere system, and the

coupling between them.

1.1 The Solar Wind and IMF

In the early twentieth century it was postulated that a stream of electrons emitted from
the Sun could penetrate the Earth’s atmosphere (Birkeland, 1909), thus causing the
northern lights. It was later realised (Birkeland, 1916) that in order to remain neutral the
stream of particles must also contain an equal number of positively charged ions. It was
first thought that the solar wind consisted of bursts of these electrically neutral streams
of electrons and ions until Hoffmeister (1943) noted that the tail of a comet was not
strictly radial but lagged the radial direction by approximately 5 degrees.
Biermann (1951) postulated that the observations that comet tails always have a
component directed away from the Sun must be caused by a constant solar wind stream
emitted by the Sun in all directions, interacting with the comet tail and pushing it away.
Parker (1958) demonstrated, though simple gas dynamics, that the high temperature and
huge pressure difference between the solar corona and surrounding interstellar medium
allows the plasma to stream away from the Sun, overcoming the force of gravity. The
existence of the solar wind was soon confirmed by the first satellite observations made
by Gringauz et al. (1960).

Satellite observations have now confirmed that the solar wind mainly consists of equal
numbers of ions and electrons with the ion component made up of ~95% protons,
5% helium ions and trace amounts of heavier ions (Kivelson and Russell, 1995).
Parker (1958) also showed that the solar wind speed increases with radial distance from

the Sun, reaching supersonic speeds by the time it reaches Mercury’s orbit. Typical

solar wind properties at a distance of 1 AU from the Sun (1.5x10"" m, the distance

from the Sun to the Earth) are shown in Table 1.1. The solar wind flow is not isotropic



Typical Properties of the Solar Wind at near Earth Orbit

Proton Density 6.0 cm™
Electron Density 6.0 cm™
Flow Speed 470 km/s
Dynamic Pressure 2.5 nPa
Magnetic Field nT

Table 1.1: Typical properties of the solar wind and IMF at 1 AU (Prolss,
2004).



but consists of three components of differing speeds, ‘slow’ flows of typically
300-450 km s originating from active regions on the solar surface, “fast’ flows of
600-900 km s™ thought to originate from coronal holes, and finally very high speed

transient flows possibly related to coronal mass ejections (Kivelson and Russell, 1995).

Due to the high conductivity of the solar wind plasma, the Sun’s magnetic field is
‘frozen-in’ to the solar wind (Baumjohann and Treumann, 1997) and carried with it into
interplanetary space. This magnetic field is known as the interplanetary magnetic field
(IMF), varying in strength at the Earth from ~1 to greater than 40 nT. The Sun rotates
with an average periodicity of 27 days (slightly longer at the poles and slightly less at
the equator). This rotation causes the IMF to propagate outward from the surface of the
Sun in a spiral-like pattern known as the Parker spiral (see Figure 1.1a). During the low-
activity minimum of the 11 year solar cycle the radial component of the solar magnetic
field lines are directed into the southern hemisphere and out of the northern hemisphere.
In the next solar cycle this asymmetry reverses. By Ampére’s law, when there is a curl
in a magnetic field a current must flow (see Baumjohann and Treumann, 1997).
Ampeére’s law thus requires a current sheet to form in the out-flowing IMF at the
boundary between magnetic field lines of opposite polarity. This is illustrated in Figure
1.1b and is known as the heliospheric current sheet. The Sun’s magnetic field is not a
simple dipole field and contains many higher order terms. This complex nature results
in complex ‘ripples’ in the heliospheric current sheet which are often likened to the
folds in a ballerina’s skirt. As the Earth moves above and below the current sheet it will
experience periods when the IMF is directed away and towards the Earth, as well a

large range of IMF clock angles (see Figure 1.2).

1.2 The Magnetosphere

1.2.1 Magnetospheric Regions

The magnetosphere is the region of near-Earth space governed by the Earth’s magnetic
field. In the absence of any external influences, the Earth’s magnetic field can be
approximated to be dipolar, with its magnetic pole offset from the geographic pole by
approximately 11°. Chapman and Ferrarro (1930) used a simple application of the

frozen-in condition (Baumjohann and Treumann, 1997) to postulate that the Earth’s
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Figure 1.1a: Representation of the Parker spiral assuming a constant radial speed of
400 km s and radial solar magnetic field (from Kivelson and Russell, 1995). The
IMF is carried radially outwards from the Sun with the solar wind and forms a spiral
pattern due to the Suns rotation.
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Figure 1.1b: Schematic representations of the warp in the heliospheric current sheet
and how the Earth will experience different orientations of IMF as it moves through it
(adapted from Pross, 2004), where ug, is in the direction of radial solar wind flow and
B, and B, are the north-south and radial components of the IMF in the frame of
reference of the Earths magnetic axis.
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Figure 1.2: Definition of the IMF clock angle and GSM coordinate system.
Here we are looking from the Sun toward the Earth along the Sun-Earth line.
In the geocentric solar magnetic (GSM) coordinate system zero X, Y and Z is
located at the center of the Earth. The X component is directed along the Sun-
Earth line in and out of the plane of the page. Positive X is toward the Sun
with negative X behind the Earth. The Z component is perpendicular to X and
is in the plane of the Earth’s dipole. Hence IMF B, < 0 is oppositely directed
to the northward magnetic field of the Earth. The Y component is directed
along the dawn-dusk line, with positive Y in the direction of dusk. The IMF
clock angle (6.) is defined as the angle made by the IMF with geomagnetic
north in the GSM Y-Z plane.



magnetic field must create a cavity in the solar wind, whose outer boundary separates
plasma of terrestrial and solar origin. This cavity is called the magnetosphere. Figure
1.3 shows a schematic of the main regions of the magnetosphere, where the Sun is

located to the left of the figure.

The first feature to be encountered on the far left hand side of Figure 1.3 is the bow
shock, first postulated by Axford (1962) and Kellogg (1962). The information needed to
deflect the solar wind flow around the magnetosphere travels at a velocity less than the
solar wind flow speed. This results in the bow shock located at approximately 14 Re
from the center of the Earth where the supersonic solar wind flow brakes to subsonic

speeds.

As the solar wind plasma is slowed through the bow shock region it is also heated and
compressed such that a region of hot, compressed solar wind plasma forms between the
bow shock and magnetopause. This region of ‘shocked’ solar wind has a density and
magnetic field strength approximately four times that in the un-shocked solar wind and
is known as the magnetosheath. The plasma of the magnetosheath can gain direct entry
to the magnetosphere and ionosphere (section 1.3) through the cusp, mantle and dayside

entry layer regions (see below).

The boundary between the magnetosphere and solar wind is known as the
magnetopause, and was first postulated by Chapman and Ferraro (1931). Typically the
nose of the magnetopause is located at ~10 Rg, its exact location depending on the
balance between the ram pressure of the solar wind and magnetic pressure of the
dayside magnetosphere. There is a large gradient between the strength of the shocked
IMF and terrestrial magnetic field at the magnetopause and thus by Ampére’s law a
current must flow. On the dayside magnetopause this current flows in the dawn-dusk

direction and closes over the tail lobes and in the magnetotail (Prélss, 2004).

The cusp region exists at the neutral point between dayside magnetic field lines and the
nightside field lines of the lobes and is often defined as the region of direct entry of
solar wind plasma into the magnetosphere (Heikkila and Winningham, 1971).
Extending equatorward from the cusp is the dayside entry layer. Here the plasma

density is nearly as high as in the magnetosheath (Haerendel and Paschmann, 1975;
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Figure 1.3: Schematic of the regions of the magnetosphere (from Kelley, 1989).



Paschmann et al., 1976). At the equator, the entry layer extends around the
magnetosphere in the plane of the equator into a layer known as the low-latitude
boundary layer (LLBL, not shown in Figure 1.3). The LLBL (e.g. Eastman et al., 1976;
Fujimoto et al., 1998) consists of particles from a mixture of both magnetosheath and
magnetospheric origins. The high latitude extension of the cusp is termed the mantle
(Rosenbauer et al., 1975). Particles from these regions can gain direct entry to the
Earth’s upper atmosphere and thus play an important role in the creation of the dayside

auroral emission (see section 1.3.4).

While the dayside magnetosphere is compressed by the solar wind flow, the tail of the
magnetosphere is stretched several hundred Re downtail. The northern and southern
lobes of the tail are open. That is, they have one magnetic footprint connected to the
surface of the Earth and the other ultimately connected to the solar surface. The closed
magnetic field line region at the center of the tail is known as the plasma sheet, which
can be broken down into two regions. The boundary plasma sheet is a thin hot layer of
mostly field-aligned plasma which surrounds the thicker and denser central plasma
sheet (CPS). The large gradient between the oppositely directed field lines of the
northern and southern lobes requires a current by Ampére’s law. This results in a dawn-
dusk current flowing near the center of the plasma sheet, known as the cross-tail current

or neutral sheet.

Within the closed field line region of the plasma sheet, and extending round to the
dayside, lies the radiation belt region. The radiation belts consist of two separate regions
of hot, trapped particles, mirroring (see Figure 1.4 and section 1.2.2) between the
northern and southern poles as well as gradient and curvature drifting (see below and
Figure 1.4) around the Earth. Between ~1.1 and 3.3 Rg, in the equatorial plane, lies the
inner radiation belt region where the maximum flux of the most energetic protons
(~ 4-50 MeV) in the magnetosphere resides. The inner radiation belt region has a fairly
stable population which may vary due to geomagnetic storms and with the 11 year solar
cycle. The outer radiation belt lies at ~3-9 Rg, covering geosynchronous orbit (6.6 Rg),
and is much more dynamic than the inner belt. The outer belt is the region of maximum
flux for energetic electrons within the magnetosphere (Prolss, 2004). Typical electrons
energies are between 20-200 keV but can be as high as 10 MeV
(e.g. Krimigis et al., 1985). The outer radiation belt is thought to be highly modulated
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Figure 1.4: Motion of particles trapped on closed magnetic field lines (from
Prolss, 2004). Top: Magnetic mirroring. Particles travelling along magnetic field
lines into a converging magnetic field will feel a force perpendicular to the
magnetic field direction which has a component pointing away from direction of
increasing field. Hence the velocity of the particle in the direction of converging
field decreases until it is reversed such that the particle changes direction along
the field lines. The point at which the particles direction reverses is called the
mirror point. If the particles mirror point is within the upper atmosphere, the
particles may interact with atmospheric neutrals, the source of auroral emission
(Baumjohann and Treumann, 1997).

Bottom: Particle motion due to mirroring and gradient and curvature drift. When
there is a gradient in the magnetic field strength (the Earth’s magnetic field
strength decreases away from the Earth) such that the length scales of the
gradient is comparable to the gyro-radius of particles traversing the magnetic
field lines, as well mirroring between the hemispheres of the Earth, the particles
will also feel a force perpendicular to both the direction and gradient in magnetic
field. This is called the gradient drift. A related drift is the curvature drift which
occurs due to the curvature of field lines such that the magnetic field direction
changes along it (see Prolss, 2004). Both gradient and curvature drift are charge
dependent such that electrons drift eastwards and protons drift westwards around
the Earth (Prolss, 2004).



by the injection of energetic particles during substorms (see chapter 2) and storms (see
McPherron et al., 2008) and plays a major role in modulating the strength of the ring

current (see below).

As well as mirroring between the two hemispheres of the Earth, particles trapped on
closed magnetic field lines also feel a gradient and curvature drift (Baumjohann and
Trumann, 1997 and Figure 1.4) such that electrons drift eastward around the Earth and
ions drift westwards. The energetic particles of the outer radiation belts can complete an
entire orbit of the Earth in only a few minutes (e.g. Liemohn and Chan, 2007). The
relative motion of trapped ions and electrons creates a current flowing in the westwards
direction between ~ 2-7 Rg, overlapping the radiation belt region, known as the ring
current (see Figures 1.3 and 1.4). The strength of the ring current, as measured by
ground-based instrumentation (see section 3.6) is a good indicator of the level of
geomagnetic/storm activity of the magnetosphere (e.g. Frank, 1967).

Inside of and overlapping the radiation belt region lies the region known as the
plasmasphere. The plasmasphere lies Earthward of the inner edge of the plasma sheet.
This is a region of cold, dense plasma that has escaped from the ionosphere, and which
co-rotates with the Earth. The outer edge of the plasmasphere is known as the
plasmapause and has been shown to often lie between 3-5 Re (Kivelson and Russell,
1995).

1.2.2 Magnetic Reconnection and the Dungey Cycle

In the Chapman-Ferraro magnetosphere, the magnetosphere is considered to be
completely closed to the solar wind due to the frozen-in condition, which states that an
infinitely conducting plasma in a magnetic field is frozen-in to the magnetic field such
that plasmas travelling in two different magnetic field line regions cannot mix.
However, Dungey (1961) proposed that when the IMF is strongly southward, that is,
oppositely directed to the northward terrestrial field lines near the nose of the dayside
magnetosphere, a process known as magnetic reconnection can occur at the dayside
magnetopause, allowing the two different magnetic field and plasma regions to conjoin.
A schematic representation of the reconnection process is shown in Figure 1.5. When

two oppositely directed magnetic field lines come together they enter the region known
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Figure 1.5: Schematic representation of magnetic reconnection (adapted from
Kivelson and Russell, 1995). Oppositely directed magnetic field lines travel into the
diffusion region from above and below, join at the reconnection x-line where they
split into two separate field lines which subsequently travel away from the diffusion

region in the perpendicular direction.




as the diffusion region. Here, the characteristic length scale of the plasma becomes short
enough that diffusion becomes important such that the magnetic field can become
decoupled from the plasma. In the diffusion region the frozen-in approximation no
longer holds and reconnection occurs along what is known as a reconnection x-line, or
neutral line (where the total magnetic field strength is zero). Magnetic field lines flow
into the diffusion region, from the top and bottom of the figure, where they join at the
neutral line and split perpendicular to the neutral line such that two new field lines are
formed. The highly kinked nature of these new field lines imposes a large magnetic
tension upon them such that the field lines are accelerated away from the reconnection
site in the perpendicular direction (Kivelson and Russell, 1995). Plasma travelling along
the magnetic field lines of the two separate regions now finds itself on field lines which
are continuous across the two previously separate field line regions such that plasma of

the two different regimes can mix.

In the proposed model by Dungey (1961), reconnection can occur at both the dayside
magnetopause and within the magnetotail, completing what is known as the Dungey
cycle. The proposed model explained many of the observation features of the
magnetosphere, including the twin cell convection pattern (see below), the stretched tail
of the magnetotail (e.g. Wolfe et al., 1967), the erosion of dayside closed magnetic flux
during extended periods of southward IMF (e.g. Aubry et al., 1970; Holzer and Slavin,
1979) and the increased magnetospheric activity during southward IMF (e.g. Fairfield
and Cahill 1966; Fairfield, 1967). The Dungey cycle is represented schematically in
Figure 1.6a and summarised below.

When the IMF is oppositely directed to the northward terrestrial field lines at the sub-
solar point, the first closed terrestrial magnetic field line (having both footprints
connected to the surface of the Earth) at the dayside magnetopause is split in two by
reconnection (point a, Figure 1.6a), creating two new field lines each with one magnetic
footprint connected to either the northern or southern pole of the Earth, and the other
ultimately to the surface of the Sun (field line b, Figure 1.6a). These field lines are
called open magnetic field lines and contribute to the amount of open magnetic flux
threading the magnetosphere. These open magnetic field lines are quickly swept back
over the northern and southern poles by the solar wind flow (b-d), and form the long tail

of the magnetosphere known as the magnetotail. Dungey (1965) estimated that field



lines remain open for approximately 4 hours before they become close enough in the
tail to be reclosed through reconnection at what is known as the distant neutral line
(DNL), point e. Reconnection at the distant neutral line recloses open magnetic field
lines, forming both Earthward and tailward moving loops of closed magnetic flux which
have both footprints connected to the surface of the Earth and solar corona respectively.
Spacecraft observations of the plasma outflow from the DNL reconnection site place the
DNL at a distance of approximately 100-150 Rg downtail (e.g. Slavin et al., 1985).
Closed field lines ejected tailward continue to move away from the Earth while the
Earthward moving flux tubes convect around the Earth at low latitudes in both

dawnward and duskward directions (f-g) to replenish the flux opened on the dayside.

The open magnetospheric magnetic field lines map to the high latitude region over the
poles in a region known as the polar cap (see Figure 1.6b). Particles on open magnetic
field lines will mirror only once near one of the poles of the Earth before continuing
their long journey down their open magnetic field lines. Equatorward of the polar cap
lies the closed magnetic field region. Since the Earth’s magnetic field converges at the
poles, particles travelling along these field lines will mirror (change direction) as they
reach the poles (Prolss, 2004, see Figure 1.4), bouncing between the two hemispheres of
the Earth. When the mirror point is at a low enough altitude to penetrate the upper
atmosphere of the Earth they can interact with atmospheric particles, creating the bright
ring of auroral emission known as the auroral oval (Figure 1.3). The boundary between
open and closed magnetic field lines is known as the open/closed magnetic field line
boundary, or OCB. Figure 1.6b shows the motion of magnetic field lines across the
northern polar cap during the Dungey cycle, as viewed from above. The motion of the
field lines is shown by the dashed lines, the magnetic field is directed into the page and
the induced electric field (see Baumjohann and Treumann, 1997) direction is shown by
the arrows. In the upper layers of the Earth’s atmosphere/ionosphere (see below) plasma
is coupled to the magnetic field and moves with it. The pattern formed by the motion of
field lines and plasma is known as the ionospheric convection pattern (e.g. Cowley and
Lockwood, 1992).
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Figure 1.6a: Schematic of the Dungey cycle (from Milan et al., 2003).
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Figure 1.6b: Schematic of the Dungey cycle as seen from above the northern polar
cap (from Prolss, 2004). Dashed lines show the motion of magnetic field lines across
the polar cap, known as the ionospheric convection pattern. The magnetic field is
directed into the page and the arrows show the direction of the electric field in the
ionosphere.



1.2.3 The Expanding-Contracting Polar Cap

The polar cap in any one hemisphere is defined as the area threaded by open magnetic
flux. Magnetic reconnection at the dayside magnetopause adds open magnetic flux to
the magnetospheric system, thus acting to increase the size of the polar cap. Conversely,
tail reconnection closes open magnetic flux and works to decrease the size of the polar
cap. The rate of change in polar cap size can thus be expressed in terms of the day and

nightside reconnection rates as follows:

dA,,
)=dF,. /dt =g, -, (1.1)

B
(dt

where B is the magnetic field strength of the Earth (assumed to be constant everywhere
across the polar region, which is only an approximation), A, is the area of the polar cap,

Foc is the amount of open magnetic flux threading the polar cap, ¢, and ¢, are rates of

day and nightside reconnection respectively. This is a simple formulation of Faraday’s
law, magnetic flux inside a closed loop must be equal to the electric field integrated

around the loop, applied to the ionosphere where the closed loop is the OCB. ¢, and
¢, are voltages associated with the opening and closing of flux on the dayside and

nightside. The electric field is associated with convective flow in the ionosphere (Siscoe
and Huang, 1985; Lockwood and Cowley, 1992).

In the original definition of the Dungey cycle the dayside and nightside reconnection
rates were considered to be equal. However, many studies have since shown that the
polar cap size is highly variable (see section 2.4). This result is easily explained by a
Dungey cycle in which the dayside reconnection is not a steady process but responds to
changes in the orientation of the IMF. Indeed, it is known that the IMF is highly
variable and can switch between northward (no dayside reconnection) and southward
(dayside reconnection proceeds) orientations over time scales of a few minutes (e.g. see
Figures 3, 4 and 5 of Milan et al., 2009b). While the rate of dayside reconnection will
depend on the orientation and strength of the IMF, the rate of nightside reconnection
will be dependent on the conditions within the magnetotail, which are in turn controlled

by the level of dayside reconnection. However, it takes at least 30 minutes for



information on dayside reconnection to be transported to the tail (Cowley and
Lockwood, 1992). Nightside reconnection thus cannot respond to changes at the dayside
instantaneously and it is expected that day and nightside reconnection rates will rarely
be in balance. This leads to an expansion and contraction of the polar cap area as
discussed by Russell (1972), Siscoe and Huang (1985), Cowley and Lockwood (1992),
Lockwood and Cowley (1992), Taylor et al. (1996), Milan et al. (2003, 2006, 2007) and
Lockwood et al. (2005).

Figure 1.7 shows a schematic representation of the response of the polar cap and
ionospheric convection pattern to different rates of day and nightside reconnection,
assuming that the equilibrium position of the OCB is circular. Panel a shows the
response for a burst of dayside reconnection only. The solid part of the elongated circle
represents the location of the OCB at the start of a period of enhanced dayside
reconnection. The low-latitude reconnection site at the dayside magnetopause maps to
the dot-dashed line around 12 noon, known as the merging gap, co-located with the
OCB. As the dayside reconnection proceeds the merging gap portion of the OCB
quickly moves to lower latitudes to encompass the region of newly opened magnetic
flux around 12 noon. As the newly-opened field lines are subsequently dragged across
the polar cap (their motion shown by the arrowed lines), plasma flows are induced in
the ionosphere which redistribute the newly opened flux around the polar cap as the
polar cap tries to relax back to its circular configuration. This results in a poleward
motion of the merging gap portion of the OCB and an equatorward motion of the OCB
at all other MLTs. If the dayside reconnection were to be turned off (and there is no
nightside reconnection such that open flux is neither added nor removed from the polar
cap) the OCB would relax to the location shown by the dot-dashed circle and the flow

would die away as this happens.

Panel b represents the equivalent pattern for an entirely nightside burst of reconnection.
In this scenario nightside reconnection eats into the open flux of the polar cap near
midnight, resulting in the poleward motion of the nightside merging gap. The OCB at
other local times slowly moves to higher latitudes as the flux is redistributed throughout
the polar cap. The dot-dashed circle again represents the location of the OCB if

reconnection were to be subsequently turned off.



Figure 1.7: Schematic of the expanding and contracting nature of the polar
cap for a burst of dayside reconnection (panel a), a burst of nightside
reconnection (panel b) and balanced dayside and nightside reconnection
(panel c¢) (from Cowley and Lockwood, 1992). The dashed line shows the
location of the ionospheric merging gap and the solid circle represents the
location of the OCB at all other local times. The dashed-dot line represents
the final location of the OCB if reconnection where to be turned-off after a
period of dayside (panel a) or nightside (panel b) reconnection. The arrowed
lines show the ionospheric convection pattern.



In reality both day and nightside reconnection proceed in tandem. This scenario is
represented in panel ¢ of Figure 1.7 for completely balanced day and nightside
reconnection. Here the OCB remains at a fixed location as the convection of open
magnetic flux into the polar cap at the dayside equals the convection of open magnetic
flux out of the polar cap on the nightside. However, as discussed above, day and
nightside reconnection rates are rarely in balance resulting in an expansion or

contraction of the polar cap, depending on which process is dominant.

Under northward IMF magnetic reconnection can also occur in one or both
magnetospheric lobes under certain conditions. Dual lobe reconnection, reconnection
occurring between the IMF and open lobe field lines in both tail lobes simultaneously
such that the same IMF field line is reconnected in both hemispheres, can occur when
the IMF is strongly northward and the By component is close to zero such that the IMF
is oppositely directed to the terrestrial field in both lobes at high latitudes
(e.g. Dungey, 1963, Imber et al. 2006, 2007). This type of reconnection results in the
closure of open magnetic flux. When the IMF B, component is strongly northward but
the IMF By component is not close to zero the IMF can drape around the magnetosphere
such that reconnection occurs in one lobe only. This type of reconnection is called
single lobe reconnection (e.g. Dungey, 1963; Russell, 1972; Reiff, 1985;
Milan et al., 2000). Since reconnection occurs on already open magnetic field lines, no

new open flux is created. Instead the open flux within the polar cap is “stirred’.

1.3 The lonosphere and Auroral Precipitation

1.3.1 The lonosphere

Due to solar UV radiation, the upper part of the Earth’s atmosphere is partially ionized.
This region is known as the ionosphere. The ionosphere can be broken down into
several different regions illustrated in Figure 1.8. The lowermost region, between 50
and 90 km above the Earth’s surface, is known as the D region and is only present
during the day. The E region exists between ~90 and 130 km and is more highly ionized
than the D region. The uppermost region, the F region, extends from ~ 170 km to
~250 km and can be split into two separate region, F1 and F2 (Kivelson and Russell,

1995). The upper ionosphere is highly coupled to the magnetosphere and convects with
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1995).



the motion of magnetic fields (see below). The lower part of the ionosphere becomes
decoupled from the magnetic field due to collisions with atmospheric particles and

moves with the atmospheric winds, as well as co-rotating with the Earth.

1.3.2 lonospheric Currents

Several currents flow within the ionosphere and have importance for the work carried
out in this thesis. These currents are summarised below and for the northern polar cap in

Figure 1.9.

When particles are frozen-in to magnetic field lines it can be shown that in the presence
of an electric field the particles will move in the direction given by E x B, where E and

B are the electric and magnetic field vectors respectively (see Baumjohann and
Treumann, 1997). However, particles in the atmospheric will also be effected by
collisions with other atmospheric particles. The height at which collisions become
important depends on the ratio between the collisional frequency and the gyro-
frequency of the particles (the frequency at which the particles gyrate around the
magnetic field, see Baumjohann and Trumann, 1997). Since ions have a smaller gyro-
frequency than electrons, collisions become important for ions at higher altitudes (less
dense regions) than for electrons. Collisions start to significantly effect the motion of
ions at altitudes of ~150 km and at ~80 km for electrons. Thus between ~80 and 150 km

electrons remain ‘frozen’ to the magnetic field and continue to move with the ExB
drift (in the direction of the ionospheric convection pattern, Figure 1.6b) while ExB

motion of ions is slowed such that below ~125 km protons move mostly in the direction
of E (shown in Figure 1.6b). The relative motions of the electrons and protons generate
Hall currents, which flow in the opposite direction to the convection pattern, and
Pederson currents (flowing in the direction of the electric field). Hall currents are
illustrated by dashed lines in Figure 1.9a, and Pederson currents by the solid black lines.
As illustrated in Figure 1.9a, Pederson currents diverge on the dawnward side of the
auroral oval and converge on the duskward side. Field-aligned currents (FACs; or
Birkeland currents) (e.g. lijima and Potemra, 1978) form at the boundaries of the
auroral oval to close the Pederson current system. The average morphology of FACs in

the ionosphere is shown in Figure 1.9b. Region 1 FACs exist at the poleward edge of
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edge of the auroral oval and are oppositely directed to region 1
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the auroral oval and are directed out of the ionosphere in the duskward sector (18-22
magnetic local time) and into the ionosphere in the dawnward sector (02-06 magnetic
local time). Region 2 FACs are located at the equatorward edge of the auroral oval and
are oppositely directed to the region 1 currents. The average morphology extends round
to the dayside, however, it has been shown that the location at which the FACs switch
from down-going to up-going, and vice-versa, varies over a large MLT range depending
on the orientation of the IMF By component (Weimer, 2001). Region 1 currents are

closed on the magnetopause and region 2 currents in the ring current.

Precipitating particles cause significant ionisation in the auroral oval such that the
conductivity is much higher than in the polar cap. The Hall currents flowing in the
auroral oval are thus much stronger than those within the polar cap and are known as
the eastward and westward electrojets (Figure 1.9a) or the auroral electrojets. These
currents produce the largest ground magnetic disturbances of all the current systems

(Baumjohann and Treumann, 1997).

1.3.3 Auroral Generation

Several processes are involved in the generation of the aurora. For precipitating protons
the main mechanism is via charge exchange. The precipitating protons gain an electron
via collisions with atmospheric neutrals, becoming an excited H atom which
subsequently decays to its ground state emitting Lyman-alpha radiation (see section
3.1.2). The energetic H atom can undergo many subsequent collisions, gaining and
losing its electron many times. The auroral Lyman-alpha emission (~121.6 nm) can be
distinguished from other Lyman-alpha emission as it is Doppler shifted due to the

downward motion of the emitting H atoms.

The electron aurora is produced in a variety of ways by the interaction of the
precipitating electrons and atmospheric neutrals. This includes elastic collisions,
collisional ionisation (the removal of an electron from an atmospheric particle),
collisional dissociation (splitting of a molecule into ions via an electron collision) and
collisional excitation (where an incident electron collides with a neutral atom giving it

energy which is subsequently released via the emission of a photon) (Prolss, 2004).
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1.3.4 The Dayside Auroral Precipitation

There are several source regions of the precipitating particles which create the dayside
auroral emission. In-situ particle precipitation measurements from low-latitude
spacecraft have been used to characterise the precipitation from these different regions
(e.g. Newell et al. 1991a), which have been mapped to the ionosphere by Newell and
Meng (1992) and is illustrated in Figure 1.10a. The most equatorward precipitation
region is a region of high-energy (several keV electrons and tens of keV ions) plasma
thought to originate from the dayside extensions of the BPS and CPS (see above). BPS
precipitation differs from CPS precipitation in that fewer high-energy ions and more
low-energy electrons are present. The BPS precipitation also tends to have more spatial
and spectral structure than the CPS (Newell et al., 1991b). Poleward of this is a region
of precipitation thought to originate from the LLBL. This region is very difficult to
distinguish from cusp precipitation (see below), particularly in electrons, but in general
consists of a less dense but thermalized ion population. Poleward of the LLBL is the
cusp precipitation region characterised by very high fluxes of < 1 keV electrons and
<10 keV ions. As discussed previously, the cusp and LLBL regions are where the
shocked solar wind of the magnetosheath can gain direct entry to the magnetosphere,
and the precipitation from these regions is thus of magnetosheath origin. Further
poleward is a region of low energy (less than a few eV), low density precipitating ions
thought to originate from the mantle region. At very high latitudes a region of polar rain
precipitation may be present. This consists of a homogeneous population of very low
energy (less than a few hundred eV) electrons, travelling on open magnetic field lines
and thought to originate from the solar corona (Fairfield and Scudder et al., 1985). Polar
rain is intense poleward of the main dayside auroral oval, gradually declining in

intensity as it moves towards the nightside (Newell et al., 1996).

1.3.5 Nightside Auroral Precipitation

On the nightside the auroral precipitation can be classified into two distinct regions, the
diffuse auroral precipitation and the discrete auroral precipitation. The average locations
of the diffuse and discrete aurora are shown in Figure 1.10b. The equatorward part of
the auroral oval is made up of diffuse auroral emission. The diffuse auroral emission is

thought to be the result of the relatively steady precipitation of particles from the CPS
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(Newell et al., 1996). The equatorward edge of the diffuse aurora is thought to map to
the inner edge of the plasma sheet or ion isotropy boundary (Mende et al., 2003 and
references therein). The energy range of precipitating particles tends to fairly broad,

between a few hundred eV to a few tens of keV.

While the diffuse aurora have a distinct lack of structure, the poleward region of
nightside precipitation consists of long east-west bands of luminosity with very small
north-south extensions (Kivelson and Russell, 1995). This discrete aurora is thought to
originate from particles accelerated down field-aligned currents from the BPS. This
precipitation is more energetic than the diffuse aurora, with energies typically in the
range 1-10 keV (Newell et al., 1996). At the poleward edge of the BPS precipitation is a
region of weak ions and electron precipitation known as the sub-visual drizzle region.
This precipitation tends to be more structured than polar rain and is of slightly higher
energy. While polar rain is defined as a region of low energy electron precipitation, the
sub-visual drizzle region also contains a higher flux low energy ion component. The
intensity of the sub-visual drizzle region decreases poleward of the nightside auroral
oval (Newell et al., 1996).

1.4 Summary

In this chapter we have introduced the solar wind and IMF and set out the regions of the
Earth’s magnetosphere and ionosphere. The coupling between these regions has been
introduced in terms of the Dungey cycle and the expanding-contracting nature of the

polar cap.

The subject of this thesis is the magnetospheric substorm. The substorm process is a
natural extension of the coupling processes in the solar wind-magnetosphere-ionosphere
system which has been discussed in this chapter. The substorm is introduced to the
reader in the following chapter. Firstly, a summary of the observational features of the
three distinct phases of the substorm is given, before a more detailed review of the
substorm research most relevant to the work in this thesis is carried out.
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Chapter 2. Review of Relevant Substorm Research

In the first part of this chapter the subject the magnetospheric substorm is introduced.
The three main phases of the substorm are introduced and their observational features
discussed. A brief overview of other substorm-like magnetospheric activity is given as

well as a summary of the two main onset models for substorm onset.

In the second part of this chapter a more detailed review of the previous work most
relevant to the work carried out in this thesis is given. Firstly, a review of the methods
used to identify the location of the open/closed magnetic field line boundary (OCB) in
the ionosphere is given in section 2.3. Studies of the open magnetic flux content of the
magnetosphere, solar wind and IMF conditions, auroral and geomagnetic activity and

auroral boundary motions during the substorm cycle are summarised in section 2.4.

2.1 Introduction to Substorms

Based on observations of auroral arcs from a set of ground-based all-sky cameras,
Akasofu (1964) was the first to produce a working model of auroral activity during
substorms. In this model he defined two distinct phases of the substorm, the substorm
expansion and recovery phases. Using a suite of ground-based magnetometers to show
how geomagnetic activity slowly increased prior to the explosive onset of the substorm
expansion phase (termed the substorm onset), McPherron (1970) introduced the concept
of the substorm growth phase. These three main phases of the substorm are summarised

below.

2.1.1 The Growth Phase

Figure 2.1 summarises some of the typical features seen during the growth phase of an
isolated substorm event. The growth phase is usually defined as a period of 30-60
minutes of southward orientated IMF (negative B.) prior to substorm onset (Lester and
Murdin, 2001). Under southward IMF reconnection occurs at the dayside sub-solar
point opening previously closed terrestrial magnetic field lines to the solar wind (see

section 1.2.2 and 1.2.3). The newly opened field lines are then swept back over the
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polar cap and into the magnetotail by the solar wind flow, leading to the accumulation
of open magnetic flux in the tail. As the polar cap size increases the auroral oval moves
to lower latitudes (see Figure 2.2, panels a-c). Convection of closed tail magnetic field
lines to the dayside is not fast enough to replenish the flux opened on the dayside,

leading to the erosion of the dayside magnetopause (Aubry et al., 1970).

The addition of open magnetic flux to the tail lobes increases the flaring angle of the
magnetotail such that the solar wind impinges upon the magnetopause at a less grazing
angle and thus the total force impinged upon the tail by the solar wind is increased
(e.g. Petrinec and Russell, 1996). This increased compressional force and increase in
lobe magnetic flux, increases the magnetic field pressure within the lobes and hence the
pressure exerted in turn on the plasma sheet. As a consequence, the plasma sheet thins
(e.g. Asano et al., 2004). As the plasma sheet thins, the inner edge of the plasma sheet
moves earthwards and the cross-tail current increases. The increase in tail lobe flux also

causes the lobe field to become less dipolar and more “tail-like’.

Enhanced convection of magnetic field lines in the ionosphere causes the enhancement
of the auroral electrojets (section 1.3.2), observed as a gradual increase in magnetic
activity in ground-based magnetometers (see below). The substorm growth phase is
thought to be a necessary condition of the substorm process in which energy is extracted
from the solar wind by dayside reconnection and stored in the magnetotail. This
increase in energy and pressure in the tail cannot continue indefinitely and must be

released. This release of energy is achieved during the substorm expansion phase.

2.1.2 The Expansion Phase and Onset Signatures

In the first model of the expansion phase (Akasofu, 1964) the substorm onset, and the
start of the expansion phase, is defined as the time at which the most equatorward
auroral arc observed by ground-based all-sky cameras shows a sudden and rapid
increase in intensity. The global dynamics of the auroral oval during a substorm event,
as viewed in the far ultraviolet (FUV), is shown in Figure 2.2 where local noon is to the
top of each panel and local midnight to the bottom. During the growth phase, panels a-c,
the auroral oval expands as more open magnetic flux is added to the polar cap; a

pseudo-breakup (a short lived substorm-like auroral brightening or failed substorm; see
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Figure 2.2: IMAGE WIC observations of the northern polar cap during an
isolated substorm on the 10" of January 2001. Local noon (12 MLT) is to the top
of each panel and local midnight (00 MLT) to the bottom. The bright emission
seen at the top of each panel is due to dayglow. During the substorm growth
phase, panels a-c, the auroral oval gradually moves to lower latitude, signifying
an increase in the open magnetic flux content of the polar cap. Substorm onset is
seen at 14:27:31, panel d. During the expansion phase of the substorm the
nightside auroral brightening expands in all directions and the polar cap shrinks
signifying a closure of open magnetic flux. During the recovery phase, panels h-i,
auroral activity returns to quiet time levels and the polar cap begins to increase in
size once more. A pseudo-breakup is seen at 14:05:01, panel b.



section 2.1.6) is seen in panel b. At substorm onset, panel d, a sudden brightening in the
nightside auroral oval is seen. The brightening expands in all directions, causing a
decrease in polar cap size, panels e-h, indicating a rapid closure of open magnetic flux

(see also section 1.2.3).

The rapid auroral brightening is the visible manifestation of the onset of the expansion
phase. Many phenomenological models have been proposed to explain the observational
features of the substorm expansion phase. Currently, the two leading models both agree
that the expansion phase begins with the onset of large-scale reconnection in the
magnetotail at a newly formed near-Earth neutral line (NENL) and disruption of the
near-Earth cross-tail current to form the substorm current wedge (SCW; see section
2.2.2 and Figure 2.3). Both models are discussed in more detail in section 2.2. As the
expansion phase progresses, tail reconnection closes large amounts of the previously
opened magnetic flux, decreasing the size of the polar cap and dipolarising the tail
magnetic field (see section 2.2.1 and Figure 2.4). Energetic electrons and protons are
accelerated down these newly closed magnetic field lines into the ionosphere, where
their interaction with atmospheric neutral atoms causes the bright auroral displays seen
(see section 1.3.3). Observational results place the initial reconnection site and auroral
brightening between 20:00 and 02:00 MLT and 55-75° MLAT (e.g. Kamide and
Winningham, 1977; Craven and Frank 1991; Gerard et al., 2004).

Other signatures of substorm onset include the injection of energetic particles into near-
Earth orbit and large scale geomagnetic field variations as observed by ground-based

magnetometers. These are discussed in more detail below.

The injection of energetic electrons and protons into geosynchronous orbit is one of the
most common signatures of substorm onset and have been shown to be associated with
almost all other substorm onset signatures (e.g. Arnoldy and Chan, 1969;
Belian et al., 1981; Yeoman et al.,1994; Abel et al., 2006). Enhancements of energetic
electrons and protons are observed at the time of substorm onset by particle analyzers
onboard spacecraft located near geosynchronous orbit (~6.6 Rg). Injections above
25 keV are particularly dramatic (e.g. Walker et al., 1976; Baker et al., 1978; Belian et
al., 1978), though injections are also seen at lower energies (e.g. DeForest and

Mcllwain, 1971; Parks et al., 1980). The injection region is usually found at pre-
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Figure 2.4: Schematic representation of magnetotail reconfiguration during the substorm
cycle (from Hones, 1984). Magnetic field lines are represented by black lines, plasma flows
by white arrows, the distant neutral line by N and the NENL by N'. The plasma sheet is
represented by the shaded region. The substorm growth phase is shown in panel 1. Substorm
expansion progresses through panels 2-9, with reconnection moving to open magnetic field
lines between panels 5 and 6. The recovery phase progresses through panels 9-10.



midnight MLTs (e.g. Lopez et al., 1990), near the MLT of the initial substorm auroral
brightening, and confined by the SCW (e.g. Vagina et al, 1995). An average delay of
1.8-2.5 minutes has been observed between injection and the initial onset of auroral
activity (Liou et al., 2001a). Various models and theories have been proposed to explain
the simultaneous enhancement of particles of all energies (e.g. Mcllwain, 1974;
Kivelson et al., 1980; Moore et al., 1981; Mauk and Meng, 1983; Birn et al., 1997,
Sergeev et al., 1998; Sarris et al., 2002; Sarris and Li, 2005; Liu et al., 2009) but the

mechanism is still not well understood. See also section 5.1.3.

As discussed in section 3.6 of this thesis, the AL and AU indices provide a measure of
the strength of the westward and eastward auroral electrojets. Figure 2.5 shows the
typical variation of the AL and AU indices through the three phases of an isolated
substorm event. During the growth phase of the substorm enhanced convection leads to
the enhancement of both the eastward and westward auroral electrojets and a slow
increase in the magnitude of AL and AU is seen (1-2, Figure 2.5). At onset (point 2) the
cross-tail current is diverted through the SCW (Figure 2.3) and is closed in the
ionosphere by the substorm electrojet. This westward travelling current expands as the
SCW expands, impinging on the poleward edge of the oppositely directed eastward
convection electrojet. The expansion of the substorm electrojet thus acts to increase the
magnitude of the AL index and decrease the magnitude of AU during the expansion
phase of the substorm (points 2-3, Figure 2.5). Eventually a peak is reached in the AL
index and the indices begin to return to quiet time levels as the substorm electrojet fades
during the recovery phase (point 3 onwards).

2.1.3 The Recovery Phase

The start of the recovery phase is marked by the halt of the poleward motion of the
auroral oval and, if dayside reconnection is ongoing, subsequent retreat to lower
latitudes (panels h-i, Figure 2.2). The auroral intensity fades during the recovery phase
and auroral dynamics return to quiet time levels. These ionospheric signatures of the
recovery phase are the result of the decline of reconnection in the magnetotail at the
NENL and the decay of the SCW.
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Figure 2.5: Typical features of the substorm process in the AL and AU geomagnetic
indices (from Kivelson and Russell, 1995). The AL and AU indices provide a
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in AL, and decreases the eastward current (AU). During recovery phase the substorm
electrojet decays and the indices return to background levels. Intensifications may be
caused by pseudo-breakups.




2.1.4 Sawtooth Events

Sawtooth events are essentially periodic substorms identified by the quasi-periodic
enhancement of energetic electron and proton fluxes at near-Earth orbit (Belian et al.,
1995; Henderson, 2004; Henderson et al., 2006). Figure 2.6 shows a typical sawtooth
period in both energetic electrons (panel a) and protons (panel b) as seen by particle
analyzers onboard the LANL spacecraft. Periodic dispersionless injections are seen in
both electrons and protons within the injection region. The wave-like pattern of proton
injections, similar to the teeth on a saw, gives these events their name. A typical event
consists of 3-8 individual teeth which occur quasi-periodically approximately every
2-4 hours. Typically they occur during geomagnetic storms when the solar wind driving
is strong and steady (e.g. Pulkkinen et al., 2007). They occur with moderate solar wind
density, velocity and dynamic pressure and with steady and strongly southward IMF
(e.g. DeJong et al., 2007; Huang et al., 2009b). The tail magnetic field variation during
a sawtooth event characteristically shows periodic stretching and relaxation at the
periodicity of the teeth (e.g. Pulkkinen et al, 2006). The continued injection of
energetic particles into near-Earth orbit leads to the enhancement of the ring current
(McPherron et al., 2008). Magnetic field variations suggest that substorm activity
during sawtooth events occurs over a larger spread in magnetic local time than for

isolated events (Clauer et al., 2006).

2.1.5 Steady Magnetospheric Convection

An SMC event is defined as an extended period of time (>90 minutes and as long as
10 hours) in which the aurora are active as compared to quiet time levels but with an
absence of substorm-like activity (e.g. Pytte et al., 1978; Sergeev 1977). SMC events
occur during periods of steady solar wind driving, moderate, steady and southward IMF
conditions, typically slow solar wind speeds (<400 km s™) and should have a fixed polar
cap area and steady location of particle precipitation boundaries (e.g. McPherron et al.,
2005, 2008; Sergeev et al., 1996; O’Brian et al,, 2002). SMCs have been associated
with a double auroral oval configuration in which the nightside auroral oval consists of
two bright regions separated by a dark band (e.g. Elphinstone et al., 1995; Pulkkinen et
al,, 1995). SMC events have very similar characteristics to the recovery phase of

substorms. A time period which displays the above characteristics is therefore defined
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Figure 2.6: Energetic electron (left hand) and proton (right hand) observations from seven of the LANL
spacecraft are shown for a typical sawtooth period on the 18" of April 2002 (from Henderson et al., 2006).
Vertical yellow and blue lines show the time at which the spacecraft are located at local noon and
midnight respectively.



as an SMC if the period lasts longer than the typical length of the substorm recovery
phase, approximately 90 minutes. SMC events often occur after the onset of an isolated
substorm event (e.g. McPherron et al, 2005), suggesting that substorms play an
important role in preconditioning the magnetosphere for SMC events. The steady size of
the polar cap during SMC events suggests that dayside and nightside reconnection rates
must be in balance. For more information on SMCs see McPherron et al. (2008) and

references therein.

2.1.6 Pseudo-Breakup

Akasofu (1964) noted that on occasion an auroral arc would intensify, as if marking the
start of substorm onset, but a global expansion of the intensification would not occur
with auroral activity fading back to quiet time levels after only a few minutes. These
events were termed pseudo-breakups. Pseudo-breakups show many of the signatures of
substorm onset, including an brightening of the most equatorward auroral arc, Pi2
pulsations (irregular magnetic fluctuations caused by the rapid depolarization of the tail
magnetic field, see Olson (1999) and Liou et al. (2000) and references therein),
enhancement of the westward auroral electrojet, formation of a SCW, field
depolarization and energetic particle injection to geosynchronous orbit (see McPherron
et al., 2008 and references therein). It is often hard to distinguish between small
substorms and pseudo-breakups. The defining feature of pseudo-breakup is the lack of
global expansion and very localised nature, weak onset signatures and short duration
(<10 minutes). Pseudo-breakups are often described as failed substorms in which
reconnection is initiated in the plasma sheet but either does not progress to the open
field lines in the lobes or halts for some other reason (McPherron et al., 2008). An
example of a pseudo-breakup, as seen by a global auroral imager, is seen in panel b of
Figure 2.2.

2.1.7 Poleward Boundary Intensifications

Poleward Boundary Intensifications (PBIs) are transient intensifications of the nightside
auroral oval which occur near the poleward edge of the auroral oval. PBIs have been
shown to occur with a periodicity of approximately 10 minutes under all geomagnetic

conditions (Lyons et al., 1998), but most often occur in the recovery phases of substorm
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events (Zesta et al., 2002). The brightening starts at the poleward edge of the auroral
oval and may or may not move equatorward and in local time. Zesta et al. (2002)
suggested that PBIs are caused by localised reconnection occurring at a distant neutral

line.

2.2 Onset Models

2.2.1 The Near-Earth Neutral Line Model

In the NENL model (McPherron et al, 1973; Baker et al, 1996) the substorm
expansion phase is initiated by the spontaneous start of reconnection in the near-Earth
plasma sheet. Figure 2.4 shows a detailed schematic of the evolution of the magnetotail
during the substorm process as described by the NENL model (Hones, 1984). During
the growth phase of the substorm (panel 1) more open magnetic flux is added to the
magnetotail through reconnection at the dayside magnetopause than is closed at the
distant neutral line in the tail, leading to the accumulation of open magnetic flux in the
tail. This leads to an increase in pressure in the magnetospheric lobes which must be
balanced by the plasma sheet and hence results in a thinning of the plasma sheet. The
plasma sheet cannot thin indefinitely and once the increase in plasma sheet pressure can
no longer be sustained reconnection is initiated at a new NENL within the closed
magnetic field line region of the plasma sheet (panel 2). As reconnection continues to
eat through the closed magnetic field lines of the plasma sheet, panels 3-4, plasma is fed
into the NENL in the vertical direction and ejected on newly formed closed magnetic
flux loops both earthward and tailward. Earthward moving field lines having both
footprints connected to the surface of the Earth and tailward moving field lines having
both footprints connected to the solar corona. Once reconnection reaches the last plasma
sheet field line, panel 5, the closed loops of plasma tailward of the neutral line are
pinched off from the earthward plasma sheet, forming a plasmoid of hot energetic
plasma wrapped in the open magnetic flux of the tail lobes (panel 6). The plasmoid is
subsequently dragged downtail by the magnetic tension of the field lines (see section
1.2.2), panels 6-8, leaving a thin plasma sheet in its wake, panel 9. Meanwhile,
reconnection at the NENL continues onto the open magnetic field lines of the lobes,

creating new closed magnetic flux tubes which will eventually convect back round to
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the dayside completing the Dungey cycle (panels 6-9). During the recovery phase of the
substorm the NENL retreats to its distant location and the reconnection rate decreases.

In the NENL model, both the injection of energetic particles into near-Earth orbit and
the disruption of the cross-tail current and formation of the SCW are caused by the
formation of the NENL. Observations made by spacecraft in the magnetotail of the
earthward and tailward plasma flows resulting from the NENL place the initial location
of the NENL between 20-30 R (e.g. Nagai et al., 1998). Other papers suggest that the

location is closer to 18 R (e.g. Slavin et al., 2005).

2.2.2 The Current Disruption Model

In the current disruption model of substorm onset, current disruption is not a
consequence of the formation of the NENL, but rather the cause. In the current
disruption onset model (Chao et al., 1977; Lui, 1991, 1996) the growth phase develops
as described in section 2.2.1, thinning the plasma sheet and resulting in an increase in
the cross-tail current. Eventually the plasma sheet reaches a thickness comparable to the
gyroradius of ions, causing ions to become demagnetised from the magnetic field and
non-adiabatic in nature. The interaction between the ions and adiabatic electrons
flowing in the opposite direction cause plasma instabilities in the near-Earth plasma
sheet at approximately 10 Rz. These instabilities prevent the cross-tail current from
flowing, forcing its redirection down new field-aligned currents forming the SCW
(Figure 2.3). These field aligned-currents are closed by a westward travelling current in
the ionosphere called the substorm electrojet. In the current disruption model particle
injection and depolarization of the near-Earth magnetic field is thought to be due to
these instabilities rather than reconnection at the NENL, as postulated in the NENL
model. The current disruption process and instabilities produce a rarefaction wave
which propagates downtail, causing the plasma sheet to thin behind it, eventually

initiating reconnection and the formation of the NENL further downtail.
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2.2.3 A Critical Threshold for Substorm Onset and Solar Wind Triggering

Although the tail instabilities described in the NENL and current disruption models are
able to explain the observational features of the substorm expansion phase, what
triggers these instabilities is still a matter of much debate. While most models agree that
the growth phase of the substorm is required to precondition the magnetosphere such
that onset can occur, scientists hold differing views as to whether an internal threshold
to the magnetosphere (e.g. in open magnetic flux) is a sufficient condition to initiate
substorm onset or whether a solar wind trigger is also required. Arguments for both

cases are given below.

Kamide et al. (1977) studied the dependence of substorm occurrence frequency on the
latitude of the equatorward boundary of the nightside auroral oval, which is at best
indirectly related to the open magnetic flux (e.g. Coumans et al., 2007). They showed
there to be a maximum oval latitude above which substorm onset never occurs and
corresponding minimum latitude above which the cumulative probability of onset is
100%, implying a minimum and maximum critical threshold in open magnetic flux for

substorm onset.

Recent statistical studies have lent support for the view that a critical threshold in open
magnetic flux as a necessary condition for substorm onset. Freeman and Morley (2004)
showed that the average occurrence frequency of substorm onset could be replicated
using a simple integrate-and-fire model of onset, assuming onset occurs once some
critical threshold has been reached in the magnetosphere. Nakai and Kamide (2004)
estimated the total pressure in the magnetotail lobes, showing that substorm onsets
occur above the upper quartile of the pressure distribution. Shukhtina ez al. (2005)
showed that the magnetic flux stored in the tail lobes at onset was on average ~1 GWb,
exceeding the typical values during quiet times and SMCs by 50%. Milan et al. (2007)
quantified the hemispheric open magnetic flux content of the magnetosphere from a
total period of 72 hours of observations of the northern polar cap. They found that the
open magnetic flux varied between 0.3 and 0.9 GWb, with the occurrence of nightside
reconnection events rapidly increasing above ~0.5 GWhb, suggesting that above 0.5

GWhb some critical threshold has been exceeded. A more extensive review of the open
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magnetic flux content of the magnetosphere through the substorm process is provided in
section 2.4.

These studies have suggested that a critical threshold in open magnetic flux exists as a
necessary condition for substorm onset. However, they also show that substorm onsets
can occur over a wide range of open flux values, suggesting that any critical threshold is
variable. Nakai and Kamide (2004) found that the magnetotail pressure was correlated
with the Dst index, and Shukhtina et al. (2005) showed that the total magnetic flux in
the tail at onset was strongly correlated with the dayside reconnection electric field
averaged over the one hour prior to onset. These results suggest that any critical
threshold is dependent on the dayside reconnection rate or level of solar wind driving,
(which in turn determines the Dst index (Burton et al., 1975)). Other studies have
reported the positive correlation between open magnetic flux at onset and the level of
solar wind driving, whilst Milan et al. (2008, 2009a,b) have shown that the level of
open magnetic flux in the magnetosphere remains elevated when the ring current is
enhanced, suggested that the ring current stabilises the magnetosphere to tail

reconnection, causing the threshold in open magnetic flux to increase.

While the studies above suggest that a critical threshold which is internal to the
magnetosphere must be exceeded for substorm onset, other studies have suggested that
a trigger in the solar wind is required. For example, the association between
interplanetary shocks or solar wind dynamic pressure changes and substorm events has
long been studied (e.g. Kawasaki et al., 1971; Burch, 1972; Zhou and Tsunitani, 2001).
However, recent statistical studies have shown that only a small percentage (~ 2%) of
substorms are associated with solar wind shocks or pressure changes (McPherron et al.,
1986). Other studies have found a much larger correlation between a northward turning
of the B, component of the IMF and substorm onset, some studies requiring a period
(~30 minutes) of southward IMF (growth phase) prior to substorm onset in addition to a
northward turning to classify a substorm as triggered. Caan et al. (1975) showed that the
onset of mid-latitude positive bays could be associated with northward turnings.
Hirshberg and Holzer (1975) noted that in a superposed epoch analysis carried out by
Foster et al. (1971) the B, component of the IMF reached a minimum at the onset time
of substorms, suggesting triggering. Caan et al. (1977) subsequently found that 60% of

a study of 18 substorms identified by auroral zone magnetometers could be associated
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with a northward turning of IMF B.. Rostoker (1983), Sergeev et al. (1986) and Samson
and Yeung (1986) also suggested an association between northward turnings and
substorm onset. McPherron et al. (1986) studied a six-month interval finding that
approximately 44% of all substorms occurring in this period could be associated with a
northward turning. Troshichev et al. (1986) suggested that the IMF B, component could
also trigger onset events (see also Bae ef al., 2001). Lyons et al. (1995) suggested that
most if not all substorms are triggered by changes in the solar wind and that previous
studies had either missed solar wind triggers due to the resolution of solar wind data or
the location of the IMF monitor, or that non-triggered substorms were not really
substorms. However, Henderson et al. (1996) then showed that, although 3 events
which had previously been classified as non-triggered events could be associated with a
solar wind trigger if better resolution data were used, 6 events clearly occurred during
very quiet solar wind conditions. Hsu and McPherron (2003) went on to show that the
location of the solar wind monitor does not significantly effect the statistics of triggered
and non-triggered events seen and Hsu and McPherron (2009) used high resolution
solar wind data to show that small-scale structures in the solar wind cannot account for
the 40% of non-triggered events found in the statistical study of Hsu and McPherron
(2003).

Lyons et al. (1997) studied 20 substorm events finding that 14 could be associated with
either a northward turning or B, trigger. They also estimated that the probability of a
chance association between triggers and substorms to be less than 10°. Hsu and
McPherron (2002) studied 145 substorms events and showed that the observed
association with northward turning could not be reproduced by a chance association.
Hsu and McPherron (2003) found, from a study of some 200 onset events, a ratio of
approximately 60:40 between triggered and non-triggered events. They also found that
the addition of IMF B, triggers to the study did not increase this ratio significantly.
Liou (2007) have also suggested that a decrease in solar wind dynamic pressure can be

associated with substorm onset.

Taking a different tack, Lee et al. (2007) considered why some changes in the solar
wind which have been shown to be associated with substorm onset do not always
trigger onset. They argue that a solar wind trigger will not trigger onset if either: (1) the

magnetosphere has not been sufficiently preconditioned by a significant growth phase,
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(2) the solar wind trigger is inherently not a substorm trigger or (3) there is a nullifying
effect in which two solar wind changes can cancel each other out. Lyons et al. (1995)
suggested that any change in the solar wind which causes a decrease in the convection
strength in the inner plasma sheet will initiate onset. Lee et al. (2007) suggested that the
solar wind changes not associated with onset in their study are consistent with this idea.
Non-triggering changes either acting to increase the convection, or two changes
occurring simultaneously, one acting to increase convection, the other to decrease
convection, thus cancelling each other out. Russell (2000) suggested a different
mechanism by which northward turnings of the IMF could trigger substorm onset. In his
model, reconnection on open magnetic field lines at a distant neutral line feeds
reconnection on closed magnetic field lines at a NENL. At a northward turning of the
IMF reconnection halts at the distant neutral line and stops feeding the NENL with
closed flux. Reconnection at the NENL thus moves onto low density open magnetic
field lines, where reconnection can occur much faster. When reconnection moves to

open magnetic field lines the substorm expansion phase begins.

The studies discussed above clearly show an association between solar wind changes
and substorms onset, but whether solar wind triggers are a real substorm phenomena is
still a matter of debate. A recent study by Wild ez al. (2009) found that, while less than
25% of a study 260 substorm events could be associated with a northward turning
trigger (which are only considered as a trigger if preceded by a period of southward
IMF, a substorm growth phase criterion), most events could be associated with the
growth phase criterion used in the definition of a northward turning. Most authors now
agree that a substorm growth phase, a common criterion for both triggered and non-
triggered events, is a necessary condition of substorms onset. Many examples of
substorms occurring independently of any changes in the solar wind suggest that an
entirely internal instability (such as in open magnetic flux) is a sufficient condition for

onset and that no solar wind trigger is required (see also Morley et al., 2007).
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2.3 ldentifying the Location of the Open/Closed Magnetic Field Line Boundary in

the lonosphere

As mentioned above, many studies have suggested that a critical threshold in the open
magnetic flux content of the magnetosphere exists as a necessary condition for substorm
onset. One of the main aims of this thesis is to investigate this claim by carrying out a
large statistical study of the open magnetic flux content of the magnetosphere at the

time of substorm onset.

Several studies developed empirical relations between the flaring angle of the
magnetosphere, tail radius and tail magnetic field strength to estimate the amount of
open magnetic flux in the tail lobes at substorm onset (e.g. Petrinec and Russell, 1996;
Shukhtina et al., 2004; Shukhtina ef al., 2005). However, these studies use observations
from a single spacecraft in the magnetotail and do not distinguish between flux of open
or closed origin. Currently, the most accurate method for estimating the open magnetic
flux content of any one hemisphere is by observing the location of the open/closed
magnetic field line boundary (OCB) at all magnetic local times (MLTs) and hence
determining the area of the polar cap (the area of the ionosphere threaded by open
magnetic field lines). Several ionospheric measurements and techniques have been
developed to provide a proxy for the location of the OCB, and these are summarised

below.

2.3.1 Particle Precipitation Measurements

In-situ particle precipitation measurements from low-latitude spacecraft (such as the
DMSP spacecraft; see section 3.2) provide the most direct and precise determination of
the boundaries between different plasma regimes, including the OCB. By identifying
different regions of precipitation from electron and ion spectra one can determine where
the precipitation transitions from precipitation on closed magnetic field lines to open.
On the dayside the best proxy for the OCB is found by searching for the transition
between BPS, CPS and LLBL precipitation (closed) to lower energy cusp, mantle and
polar rain precipitation (open) (Newell ez al. 1991a). On the nightside the best proxy for
the OCB is at the poleward edge of the sub-visual drizzle region (Newell et al., 1996).
These particle precipitation boundaries (PPBs) are thought to be the best proxy for the
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OCB but, due to the polar nature of low-altitude spacecraft orbits, can only be
determined at two magnetic local times in any one orbit (~100 minutes for the DMSP

spacecraft).

2.3.2 All-sky Cameras, Meridian Scanning Photometers, Coherent and Incoherent

Scatter Radar and Ground-based Magnetometers

Samson et al. (1992) suggested that the location of the OCB may be determined from
measurements of the 630 nm auroral emission as a function of latitude.
Blanchard et al. (1995) demonstrated that a sharp step in the 630 nm emission is seen at
the poleward edge of the auroral oval and that this transition between intense and weak
emission may be tracked over a relatively large latitudinal range and with high time
resolution using a chain of meridian scanning photometers (MSP). By quantitatively
locating the emission boundary they compared the poleward edge of the 630 nm aurora
with the latitude of the OCB as determined from DMSP PPBs for a total of 10 events.
Three of these events occurred during the expansion phase of substorms and showed
large differences between the two boundaries of up to 5°. For a further three events the
poleward edge of the aurora was located outside of the latitudinal range covered by the
photometers. For the remaining four events the DMSP and MSP boundaries coincided
with an rms error of £0.9° in latitude. Blanchard et al. (1997) expanded on this study
using a much larger data set and found that the two boundaries coincided with an

accuracy of £0.54°.

Until the 1970s the principal information on the structure and dynamics of the auroral
oval was inferred from analysis of millions of all-sky camera films (e.g. Feldstein and
Galperin, 1985; Sandholt er al, 1998). All-sky cameras use a special fisheye lens to
view the entire sky from horizon to horizon (180°) and can be used to view the optical
auroral emission. Bond and Akasofu (1979) showed that the poleward edge of the
optical emission as viewed by all-sky cameras was in excellent agreement with the

location of the poleward edge of emission as seen by satellite imagery.

Measurements of the Doppler spectral width of ionospheric backscatter, measured by
coherent scatter radar such as the Super Dual Auroral Radar Network (SuperDARN),

may be employed to produce an accurate proxy for the OCB. Baker et al. (1995)
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showed that enhanced spectral widths were associated with cusp precipitation on open
magnetic field lines and that equatorward of this the spectral width was reduced. This
implies that the transition between high spectral widths, typically found poleward of the
OCB, and low spectral widths, typically found within the auroral oval, may be a good
proxy for the position of the OCB. This boundary has been termed the Spectral Width
Boundary (SWB). Several studies suggested that the SWB and other radar backscatter
properties could be used as proxies for the OCB but that the relationship between the
two is not straightforward (e.g. Milan er al, 1999; Blanchard et al, 2001,
Chisham et al., 2001, 2002; Lester et al., 2001). Chisham and Freeman (2004) showed
that the SWB is a typical feature at all MLTs. However, Chisham and Freeman (2003)
demonstrated that accurately identifying this transition can be difficult due to the broad
distributions and significant overlap in the regions of high and low spectral width.
Chisham and Freeman (2004) developed a threshold method (see also Baker et al.,
1997) in which they search poleward along a radar beam until a threshold value in
spectral width is exceeded. Using this technique, Chisham er al. (2004, 2005a,b)
compared the latitude of the SWB from 5 years of SuperDARN data with the OCB as
estimated using DMSP PPBs. They found that at most MLTs the SWB gave a good
proxy for the OCB except in the 0200-0800 MLT sector, similar to the offsets found
between Polar UVI and DMSP OCB proxies by Carbary et al. (2003), discussed below.

Incoherent scatter radar may also used to measure the transition between high density
ionospheric electrons found in the auroral oval and low densities poleward of the OCB
(e.g. Blanchard et al. 2001). See also Chisham et al. (2008, 2009).

The polar cap boundary can also be identified with the high-latitude boundary of region
1 field-aligned currents, which can be measured using ground based magnetometers
(lijima and Potemra, 1978; Mishin, 1990).

2.3.3 Satellite Images

All of the above methods suffer from limited spatial and temporal coverage of the OCB.

Currently, the best method of determining the global location of the OCB is from global

auroral images taken by satellites. However, many studies have shown that the
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poleward edge of the auroral emission as determined from imaging spacecraft does not
have a simple relationship with the location of the OCB.

The first efforts to find the poleward edge of the auroral oval from satellite images were
made by inspecting auroral images taken by simple scanning photometers onboard polar
orbiting low-latitude spacecraft (e.g. Lui and Anger, 1973; Lui et al., 1975; Holzworth
and Meng, 1975). However, this scanning variety of auroral imager has the drawback
that different points within the image are acquired at different times as the photometer
scans across the polar cap. The introduction of ultraviolet (UV) imaging cameras, which
take a snapshot of the whole auroral oval such that the whole auroral oval is imaged
simultaneously, solved this problem. FUV imagers (120-190 nm) are also able to
distinguish between high latitude dayglow and auroral oval emission as well as being
only minimally contaminated by daylight scattered by clouds and the ground
(Mende et al., 2000a).

The first quantitative identification of the poleward edge of the auroral oval from global
auroral images was made using observations from the Dynamics Explorer 1 spacecraft
(Craven and Frank, 1985, 1987; Frank and Craven, 1988). A technique was employed to
determine the edge of the auroral emission such that the poleward edge of the auroral
oval is assumed to be located where the auroral intensity drops below some threshold
value. Brittnacher et al. (1999) used a similar threshold method to determine the global
location of the OCB from global auroral observations made by the Polar Ultraviolet
Imager (UVI) (Torr et al., 1995). Kauristie et al. (1999) used 44 UV images, taken by
the Viking spacecraft, of the northern nightside auroral oval and a threshold method to
determine the poleward edge of the UV auroral oval. Comparing a small number of
these boundaries with DMSP PPB OCB estimates, they found that the poleward edge of
UV emission is often found more than 2° equatorward of the location of the equivalent
particle boundary, especially in the midnight and morning sector. Baker et al. (2000)
compared the poleward boundary of the UV aurora as seen by Polar UVI using both a
threshold method and ratio method (where the poleward edge of auroral emission is
assumed to be located where the auroral intensity drops by a fixed ratio from its peak
value at the local time of the boundary). They found that the ratio method had the best
correlation with DMSP PPBs and also revealed a systematic latitudinal offset between

the UVI and DMSP boundaries of ~ 1° in the evening sector (where most of the
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observations were made). Carbary et al. (2003) developed a new method of estimating
the location of the OCB using Polar UVI auroral images. They fit a Gaussian-like
function plus quadratic background term to intensity-latitude profiles across one hour
MLT sectors of the UVI auroral oval. The location of the OCB was then assumed to be
shifted poleward of the center of the Gaussian function by the full-width-at-half-
maximum (FWHM). Comparing over 23,000 UVI and DMSP PPB OCB estimates, they
found that the statistical distributions of offsets in each 1-hour MLT bin were Gaussian
in nature with a mean close to zero and Gaussian full-width of ~ 3-4 degrees. The mean
offsets derived from these distributions show systematic trends in MLT, with the largest
offset occurring in the predawn sector ionosphere, where the DMSP OCB is found
~3.5° more poleward of the equivalent UVI boundary. A second order harmonic
expansion was fit to the mean offsets in order to provide a ‘calibration’ or “‘correction’
to Polar UVI boundaries to provide a more accurate proxy for the OCB. Other studies
have suggested that a double Gaussian fit to intensity-latitude profiles provides a better
fit to the OCB (e.g. Mende et al., 2003; Gjerloev et al., 2008).

2.4 Summary of Previous Studies on the Polar Cap Flux, Solar Wind and IMF
conditions, Geomagnetic Activity and Motion of Auroral Boundaries during the

Substorm Cycle

In this thesis we investigate the open magnetic flux content of the magnetosphere, the
solar wind and IMF conditions, the auroral and geomagnetic activity, as well as motions
of the OCB and equatorward boundary of the auroral oval during the substorm cycle.
A detailed summary of the previous studies most relevant to the work in this thesis is

given below.

2.4.1 Variations in Open Magnetic Flux

By carrying out the largest statistical study of the open magnetic flux content of the
magnetosphere to date, in chapter 5 of this thesis we investigate the idea of a critical
threshold in open magnetic flux as a necessary condition for substorm onset.
As discussed above, currently, the most accurate method of estimating the hemispheric
open magnetic flux content of the magnetosphere is by identifying the global location of

the open/closed magnetic field line boundary (OCB) and hence determining the area of
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the polar cap. As discussed in section 2.3, several methods have been developed for
determining the latitude of the OCB. Once the OCB has been identified, the open
magnetic flux can then be easily estimated by integrating the Earth’s magnetic field (B)

through the area of the polar cap:

F,.= j Bds . (2.1)

pc

Several studies have investigated the size of the polar cap and F,. during substorms for

a limited number of events. These are summarised below.

Milan er al. (2003) used a combination of auroral images, radar observations and
particle precipitation boundaries to identify the global OCB in the northern hemisphere
and hence track changes in the polar cap area over two substorm cycles. They found
that the polar cap area expanded during the growth phase of both events before
decreasing in size immediately (within 10 minutes) after substorm
onset. The contraction of the polar cap area continued for up to 100 minutes after onset,
some time after auroral activity had faded. Milan ez al. (2004) used the method of Milan
et al. (2003) to track the global OCB and estimate F,,. in the northern hemisphere, using
equation 2.1, for an almost continuous 8 hour period. They estimated that between
2.5-12% (0.2-1.0 GWh) of the total magnetic flux in any one hemisphere (~8 GWDb) is
connected to the solar wind (i.e. is open) at any one time, with an average value of
8% (0.64 GWb). The extreme value of 0.2 GWb was found after a solar wind pressure
step which initiated a large substorm event and was followed by three hours of
continuous northward IMF (i.e. little addition of open flux at the dayside magnetopause
occurred). Milan et al. (2007) used a similar technique to quantify F,,. for a total period
of 73 hours containing 25 tail reconnection events. They found that F,. varied between
0.2 and 0.9 GWb with a mean value of 0.46 GWDb, indicating that between 2.5 and 11%
of hemispheric flux is open. The average F,. at the onset of reconnection events was
0.65 GWhb and the average £, at the end of the expansion phase was 0.45 GWb. The
amount of F,. closed in each event varied between 0.05 and 0.75 GWb with a mean
value of 0.3 GWhb (the discrepancy between the average F),. at the start and end of the
reconnection events and this value being due to the continued addition of £, by dayside

reconnection in the expansion phases). Milan ez al. (2008) quantified F,. from auroral
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images of the northern hemisphere taken by the FUV Wideband Imaging Camera
(WIC) (Mende et al., 2000b) onboard the Imager for Magnetopause-to-Aurora Global
Exploration (IMAGE) spacecraft (Burch, 2000) for a near-continuous period of 10 days
covering August and September 2005. The distribution of F),. varied between ~ 0.2 and
1 GWb with a mean value of 0.43 GWb.

Frey et al. (2004) produced a list of substorm onsets by identifying nightside auroral
brightenings and expansion in auroral images made by the IMAGE WIC FUV detector
for the entire lifetime of the IMAGE mission (March 2000 to December 2005) using the
following criteria:

(1) a clear local brightening of the auroral oval must be observed,

(2) the local brightening must expand to the poleward boundary of the auroral oval and
spread azimuthally in local time for at least 20 minutes,

(3) a substorm onset was only accepted as a separate substorm if at least 30 minutes had

passed since the previous onset.

The third criterion eliminated closely spaced onsets or multi-onsets and the second
criterion was employed to try to eliminate pseudo-breakups which did not develop into
a full substorm event. The center of the initial auroral intensification was identified by
eye and a computer program used to locate the brightest pixel near this location,

defining the latitude and MLT of the initial auroral brightening.

Using the Frey et al list of onsets Coumans et al. (2006) used auroral images from the
IMAGE FUV spectrographic imager S112 (Mende et al., 2000c) and a threshold method
to indentify the global OCB to carry out a superposed epoch analysis of the evolution of
F,. for 55 substorm events from the time period June 2000 to December 2002. They
chose only very isolated events (separated by at least two hours from the previous
substorm) and events which showed a significant equatorward motion of auroral
boundaries during the substorm growth phase. Of the 55 events, 9 were found to be
associated with a northward turning of IMF B., 13 were associated with other triggers in
the solar wind, and 33 events were non-triggered. The growth phases of all events in the
study were found to be very similar. F,. was found to increase from values of
~ 0.5-0.6 GWh at the start of the growth phase to values of 0.66 and 0.74 GWhb at onset
for IMF B, triggered events and non-triggered events respectively, an average increase
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of 33% during the 60 minutes prior to onset. DeJong et al. (2007) carried out a
superposed epoch analysis of the evolution of F),. for 29 individual sawtooth events, 31
isolated substorms, and 45 steady magnetospheric convection events. They showed that,
as expected, F,. during SMC events remains approximately constant with an average
F,. of 0.55 GWb. The growth and expansion phases of isolated and sawtooth events
showed very similar trends, though the variations in F,. for sawtooth events were found
to occur, on average, at values 150% greater in magnitude than for isolated events,
suggesting that sawtooth events are more likely to occur when F),. is enhanced. F),
varied between ~ 0.5 and 0.7 GWb for isolated events and ~ 0.8 and 1.0 GWb for
sawteeth. Both types of event were found to close ~ 24% of the onset F,. over the
60 minutes following onset. Huang er al. (2009b) carried out a superposed analysis of
F,. using auroral images from the IMAGE and Polar spacecraft for a total of 50
individual sawtooth events, 30 isolated substorms and 45 SMC events. Their results
showed that F,. varied between ~ 0.3 and 0.8 GWhb, that isolated onsets occurred at a
mean F,. of 0.68 GWb and that sawtooth events occur at a mean F,. of 1.0 GWb.
In both isolated and sawtooth events ~ 24-27% of onset F,. was closed during the
expansion phase. The result that sawtooth events occur at higher values of F),. is perhaps
not unexpected. Sawtooth events tend to occur during period of strong solar wind
driving (strongly southward IMF, see section 2.1.4), suggesting that they also occur
when the ring current is enhanced. Milan et al. (2009a,b) have suggested that the ring
current modulates the magnetotail such that substorms occur at higher values of F),.
when the ring current is enhanced (see below), thus explained the observations of
DelJong et al. (2007) and Huang et al. (2009b). The strong and steady solar wind driving
for sawtooth events also suggests that, although both sawtooth and isolated events close
similar amount of F,. during their expansion phases, during sawtooth periods F),. will
rise more quickly back to the values at which substorms occur, leading to the periodic

nature of these events.

2.4.2 Variations in the Solar Wind, IMF, Auroral Intensity and Geomagnetic Activity

During Substorms and Correlation with F)..

In chapter 5 of this thesis we find that not all substorms show the expected particle
injection signature of substorm onset, and we classify substorms into three distinct

categories based on their particle injection signatures. In chapter 6 we investigate these
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categories in more detail by carrying out the largest superposed epoch analysis to date
of the open magnetic flux, the solar wind and IMF conditions, and the geomagnetic
activity and auroral luminosity during the substorm cycle for our three distinct

categories of substorm.

Previous studies have shown that substorms can occur with a large range of solar wind
and IMF conditions. Substorms tend to occur after a prolonged period of southward
IMF, the substorm growth phase, although they have also been shown to occur during
strongly northward IMF (e.g. Kamide er al., 1977a). An anti-correlation between the
magnitude of the IMF B. component and F),. at onset has been observed. Other studies
have shown a positive correlation of F,. or polar cap area with auroral activity
(e.g. Feldstein and Starkov, 1967) and geomagnetic activity (e.g. Hardy et al., 1985,
1987). The most relevant studies to the work carried out in this thesis are discussed

below.

Zhou and Tsurutani (2001) carried out a statistical study in which substorms, pseudo-
breakups and quiescent intervals occurring after interplanetary shocks were associated
with strongly southward IMF, near zero IMF and strongly northward IMF respectively.
Kullen and Karlson (2004) studied 3 months of data containing 419 substorm events
and 330 pseudo-breakups. They found that large substorms most often occur when the
IMF is strongly negative, small substorms most often occur when B, is weakly positive
or zero, and pseudo-breakups most often occur for weakly positive B, and very weak
(below average) IMF magnitudes and solar wind density and flow speeds. They also
found that substorms occurring with continuous southward IMF in the expansion phase

showed no decrease in polar cap size after onset.

Figure 2.7 shows an example of F,., the maximum nightside auroral intensity, the AL
and AU geomagnetic indices, and the IMF B, variation around four tail reconnection
events from Milan et al. (2007), and illustrates how tail reconnection events can differ
in size and characteristics. The first reconnection event (1) occurs at a southward
turning of the IMF (panel d). Both the AL (panel c) and auroral brightness (panel b)
show only minimal signatures of onset and £, (panel a) shows only a slight decline,
suggesting that the continued addition of flux on the dayside during southward IMF is

balancing the flux closure in the tail to a large extent. The second event (2) shows much
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Figure 2.7: Open magnetic flux (thick grey line, panel a) estimated by
integrating the radial component of the Earths magnetic field through the area
enclosed by the OCB identified using global auroral imagery (see Milan et
al., 2003), maximum nightside auroral intensity (b), geomagnetic indices (c)
and IMF B lagged to the magnetopause (d) during 4 tail reconnection events
(vertical dashed lines) on the 5" of June 1998, from Milan et al. (2007). The
dashed and bold black lines represent Fp,. modelled from the dayside
reconnection rate only (i.e. Fo variation if there was no nightside
reconnection; dashed line) and Fp. modelled from measurements of the day
and nightside reconnection rates (bold line; see Milan et al., 2007).



larger signatures of onset. A rapid and large brightening of auroral emission is seen
(panel b) accompanied by large and typical AL and AU signatures of substorm onset.
The event appears to be associated with a northward turning of the IMF (panel d).
F,. (panel a) is seen to rapidly decrease after the onset. This decrease is temporally
halted when the IMF turns southward for a few minutes at ~ 12 UT. F),. then continues
to decrease while the IMF is strongly northward (i.e. no dayside reconnection) before
starting to increase again at ~ 14 UT in association with a new southward turning and
start of the growth phase of event 3. At the onset of event 3 both the magnitude of the
AL and AU indices and the auroral luminosity are increasing. The IMF remains steadily
southward but the rate of increase of F,. is slowed indicating that tail reconnection is
acting to close magnetic flux, slowing the increase in polar cap size. At the onset of
event 4 there is a rapid brightening in auroral emission and clear AL and AU signatures
of a substorm event. The IMF remains southward for approximately half an hour
following the onset in which time the rise in F),. is halted but a large decrease is not
seen. This indicates that even during a large substorm event (as suggested by AL and
AU indices and auroral emission, event 4) when the IMF remains steadily southward
(indicating that magnetosphere dynamics continue to be largely ‘driven’ by the solar
wind) the level of F,. can remain elevated (event 4) or even continue to increase if the
dayside reconnection rate is greater than that on the nightside (event 3; see equation
1.1).

Milan et al. (2008) studied £, and the solar wind and IMF conditions for 49 substorm
events from late summer 2005. The main findings of their study can be summarised as
follows: (1) The substorm frequency and amount of F,. closed for substorms both
increase for increased solar wind driving. (2) Despite the fact that the amount of F),.
closed during a substorm expansion phase increases for increased solar wind driving,
the size of the polar cap is increased for all stages of the substorm cycle when the solar
wind driving is enhanced and especially when the intensity of the ring current
(as measured by the SYM-H index) is elevated. The authors suggest that there are two
factors contributing to this result. Firstly, that there is a delay between the onset
(thought to start in the closed magnetic field line region of the plasma sheet) and
reconnection on open magnetic field lines in which time open magnetic flux continues
to be added to the polar cap. The amount of open flux added in this time will be greater

when the solar wind driving is enhanced and hence onset occurs at higher values of F,.
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for stronger solar wind driving. The second interpretation of this result is that the
magnetotail is more stable to reconnection when the dayside driving is strong and the

ring current is enhanced.

The second interpretation was reiterated by Milan er al (2009a) and
Milan et al. (2009b). Milan et al. (2009a) carried out two superposed epoch analyses of
magnetospheric dynamics around substorm onset using observations from both the WIC
and SI12 auroral imagers onboard the IMAGE spacecraft. The first study consisted of a
superposed epoch analysis of £,., AL and AU indices and the SYM-H index for the 10
day period from the study of Milan ez al. (2008). The 49 substorm events in this study
were sub-divided into four categories by the value of F,. at onset such that
approximately even numbers of events were found in each bin (~10 events in each bin
of <0.45 GWhb, 0.45-0.55, 0.55-0.65 and >0.65 GWhb). The second study used all
substorms identified in the list of Frey e al. (2004) from the two year period of May
2000 to April 2002. This contained some 2000 substorms which were sub-divided into
5 categories by onset latitude (provided in the list of Frey et al, 2004) as a proxy for
F,.. The results of both studies are consistent with the following: For increasing values
of F,. at onset or lower latitude onsets, (1) auroral brightness increases in all phases of
the substorm, (2) IMF B. is more negative and solar wind velocity, density and dynamic
pressure all increase, (3) the AL substorm bay is more pronounced and SYM-H is

enhanced.

Milan er al. (2009b) estimated the radius of the auroral oval from all auroral images
obtained by the IMAGE WIC and SI12 detectors between June 2000 and May 2002.
Their results indicate that the radius of the auroral oval (a proxy for F,.) increases for
increasing negative SYM-H. Consistent with previous results, they show that,
statistically, substorms occurring on expanded auroral ovals are more intense. The
authors interpret the increase in auroral oval radius for substorms occurring with
enhanced ring current intensity as a stabilisation of the magnetotail to the onset of
reconnection due to the magnetic perturbation caused by the ring current. Inside the ring
current region, an increase in ring current intensity will result in a negative perturbation
in the tail B, component, seen as a negative perturbation in the SYM-H index. Further
downtail, the increase in ring current results in a positive B, perturbation which acts to

maintain depolarization in the tail and hence prevents the thinning of the plasma sheet,
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stabilising the magnetotail and allowing F,,. to climb to higher levels before the plasma
sheet is thinned sufficiently enough for reconnection to initiate.

The results of Milan er al. (2008; 2009a,b) are consistent with both a maximum
threshold in F,. at which substorm onset is induced and a minimum threshold in F,. at
which reconnection ceases in the tail at the end of the expansion phase which are both
modulated by the strength of the ring current; this is represented schematically in Figure
2.8. Panel a represents the characteristic perturbation of the SYM-H index, a measure of
the north south perturbation of the Earths magnetic field strength at the equator, and
hence a measure of the strength of the ring current (see section 3.6), during a
geomagnetic storm. A geomagnetic storm is usually defined by a main phase in which a
rapid, lasting less than 12 hours, depression of the SYM-H index is seen followed by a
slow recovery lasting several days. During the main phase the IMF turns strongly
southward resulting in enhanced dayside reconnection and the rapid increase in the
strength of the ring current (particularly on the nightside and seen as a large southward
perturbation in the surface magnetic field strength at the equator of the Earth and a
depression in SYM-H). The main phase of storms are often proceeded by a pressure
step in the solar wind resulting in the enhancement of the dayside ring current and
northward perturbation in the Earths magnetic field at the equator (positive SYM-H
perturbation seen in Figure 2.8). Panel b shows the typical behaviour of the radius of the
auroral oval, which can be assumed to have a direct relation to the size of polar cap and
hence open magnetic flux, during the storm. Prior to the storm the oval radius increases
and decreases during substorm growth and expansion phases. In the main phase of the
storm the oval radius rapidly increases due to the increased dayside reconnection as the
IMF turns southward. Subsequently the oval radius gradually decreases as SYM-H
slowly declines. Throughout this recovery the oval continues to expand and contract
with the substorm cycle and the maximum and minimum oval radius slowly decreases
with decreasing SYM-H.

The superposed epoch results of Huang es al. (2009a) also showed that F,. at onset
increased for increased dayside merging electric field (a measure of the dayside
reconnection rate) and with the Dst index (a measure of the ring current), consistent
with the results of Milan er al. (2008, 2009a,b). Huang et al. (2009b) studied the total
pressure and lobe magnetic field strength during sawtooth events. They showed that
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Figure 2.8: Representation of how the strength of the ring current (as measured
by the SYM-H index) may modulate the level of open magnetic flux
(approximated by auroral oval radius) during substorms as postulated by Milan et
al. (2009b).



both lobe field and total pressure are increased at the onset of sawtooth events for
increasing magnitudes of solar wind driving, suggesting that sawtooth events occur
once some critical state in the magnetotail has been reached and that this state depends

on the solar wind parameters.

Several studies have shown there to be a good correlation between various solar wind-
magnetosphere coupling functions and F,. at onset (e.g. Shukhtina et al., 2005).
Blockx ez al. (2009) studied the correlation between F., the nightside auroral intensity
(integrated between 18-6 MLT) and the Akasofu energy input parameter for a total of
256 Frey onset events. The & parameter is an empirically determined fraction of the
solar wind Poynting flux through the dayside magnetopause (Perreault & Akasofu,
1978) and is thus a measure of the solar wind energy input into the magnetosphere due

to dayside reconnection, given by:

e=12Vy, B*sin*(0,12), (2.2)

where V5, is the solar wind flow speed, B is the strength of the IMF, 6. is the IMF clock
angle and /, is a length constant of ~7 Rg. They found a very low correlation between
the nightside auroral intensity averaged over the expansion phase and the value of F), at
onset (0.06), the amount of F,. accumulated in the growth phase (0.27) and the rate of
increase of F,. during the growth phase (0.26). Thus they conclude that F,. does not
control the amount of kinetic energy of auroral particles released during substorms.
They found a much better correlation between the nightside intensity and the ¢
parameter integrated over the growth phase of the substorms (0.9) than ¢ integrated over
the expansion phases (0.66). These results suggest that the loading-unloading process
(in which energy stored in the magnetosphere during the substorm growth is released
during the expansion phase) is statistically more dominant in controlling the energy
released in substorm onsets than the directly driven process (in which solar wind energy

is directly released in the ionosphere and ring current).
As discussed earlier, one indicator of the substorm strength are the AL and AU

geomagnetic indices. Weimer (1994) carried out a superposed epoch analysis of the AL

and AE indices of 55 substorm events, showing that the peak activity was reached
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between +25 and +34 minutes relative to onset, after which the indices decayed with a
time constant of 1.78-2.42 hours. The results also showed that the peak in intensity was
reached sooner for events with a larger magnitude at onset and that the following decay

was faster for larger magnitude events.

Mende et al. (2003) carried out a superposed study of the maximum auroral intensity of
WIC images across 1 hour MLT sectors of the auroral oval from 91 substorm events
selected from a period of ~ 1 year starting in June 2000. They found that the intensity at
the MLT of the initial onset rapidly increased around onset from approximately 800 to

4000 counts (see section 3.1.3), reaching a peak at +5 minutes.

2.4.3 Auroral Boundary Motions

As discussed above, the OCB is an important diagnostic tool for magnetospheric
physics. The location and motion of the equatorward boundary of the auroral oval also
provides important information on the state and dynamics of the magnetosphere and is
thought to map to the Earthward edge of the plasma sheet and/or ion isotropy boundary
(Mende et al, 2003 and references therein). Although the global expansion and
contraction of the auroral oval during substorms has been confirmed by several studies,
there are relatively few detailed studies of the local motion of the OCB and equatorward

boundary of the auroral oval during substorms.

In chapter 6 of this thesis we further investigate the three distinct categories of
substorms discussed earlier, by carrying out the largest superposed epoch analysis of the
motion of the OCB and equatorward boundary of the auroral oval in separate MLT
sectors during the substorm cycle, to date. A review of previous studies relevant to this

work is given below.

The classic substorm definition of Akasofu (1964) states that the aurora drift
equatorward in the growth phase of the substorm, before rapidly expanding poleward in
the expansion phase. The equatorward motion of the boundaries during the growth
phase is an indication that the magnetotail is becoming more stretched, while the
poleward expansion after onset is an indication that the field becomes more dipolar.

Observations of the global auroral oval from spacecraft have since confirmed that both
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the poleward and equatorward boundaries of the auroral oval drift to lower latitudes by
several degrees during the growth phase of substorms before recovering to higher
latitudes during the expansion phase (e.g. Craven and Frank, 1987,
Brittnacher ez al., 1999; Milan et al., 2003). These studies have also shown this average
behaviour to be highly variable. For example, the drift of the poleward boundary
towards lower latitudes during the growth phase is not concurrent at all MLTSs.
Brittnacher et al. (1999) showed that the poleward boundary moves faster than the

equatorward boundary in all stages of the substorm process.

To date, few and limited statistical studies of auroral boundary motions during
substorms have been carried out. Jayachandran et al. (2005) studied the equatorward
motion of the equatorward boundary of the proton aurora through 68 substorm growth
phases using the SuperDARN E-region backscatter boundary as a proxy for the
equatorward boundary of the auroral oval (Jayachandran et al., 2002). They classified
the equatorward motions into two categories; a global equatorward motion seen over
several hours of MLT (47 of 68 events) and a more localised motion seen over only a
few hours of MLT encompassing the onset MLT (21 events). Coumans et al. (2007)
studied the motion of the OCB and equatorward boundary of the proton auroral
emission, as observed by the S112 detector onboard the IMAGE spacecraft, for 55
substorm events. They showed that the equatorward motion of the boundaries tends to
increase for increasing negative values of B.. This result is not unexpected as previous
studies have shown that the polar cap size and rate of increase of F),. during the growth
phase of substorms is larger for events with stronger solar wind driving. They also
found a correlation of 0.54 between various solar wind-magnetosphere coupling
functions integrated over the growth phase of the substorm and the equatorward motion
of the OCB, suggesting that the dayside driving plays a role in determining the motion
of the boundaries. They found that the equatorward boundary mostly moved with a
global motion (either with a similar latitudinal change at all MLTs or with variable
degrees of movement at differing MLT sectors) and that the OCB most often moved
with a non-uniform equatorward global motion, that is a equatorward motion of the
OCB at all MLTs but of differing magnitudes, finding no correlation between the MLT
of the largest boundary motion and the MLT of onset. Gjerloev et al. (2007) used
observations from 116 substorm events to show that the average equatorward boundary

at the onset MLT continues to drift equatorward after onset for up to half an hour before
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turning poleward by only 0.5° over the next hour and a half. They also showed that the
poleward edge of the auroral substorm bulge expanded poleward by ~ 5° in the

expansion phase, before slowly recovering towards lower latitudes after ~ 1 hour.

The largest statistical study of boundary motions to date has been carried out by
Mende et al. (2003) using global auroral images from the WIC and SI12 detectors
onboard IMAGE (see section 3.1) and is shown in Figure 2.9. They studied the
boundary motions at the MLT of the initial auroral brightening and at both + 2 (green
and yellow lines Figure 2.9) and £ 4 MLT (blue and red lines Figure 2.9) from the onset
MLT. Their results showed that both poleward (top set of traces Figure 2.9) and
equatorward boundaries (bottom set of traces Figure 2.9) slowly drifted equatorward
during the growth phase by ~1-2° at all MLTs, the poleward boundary moving slightly
faster than the equatorward boundary. At onset the poleward boundary moved rapidly to
higher latitudes by between 2-5°, the response being greater and more rapid the closer to
the MLT of onset. The motion of the equatorward boundaries at onset is much less
pronounced, with the poleward response to onset not occurring until 5-30 minutes after
onset, the delay increasing the further from the MLT of onset. The relative motions of
the boundaries result in thinning of the auroral oval during the growth phase of the
substorm and subsequent thickening in the expansion phase. The results of this study

are discussed in more detail in section 6.2 of this thesis.

2.5 Summary

Since the first definition of the growth and expansion phases of the substorm (Akasofu,
1964), substorms have been the subject of a substantial amount of research for over 40
years. Yet they are still one of the fundamental magnetospheric processes yet to be fully
understood. In particular relation to this thesis, there still remains much controversy
over the trigger mechanism for substorm onset with some scientists arguing that a solar
wind trigger is a necessary requirement for substorm onset, whist others argue for a

critical threshold internal to the magnetosphere.

One of the main aims of this thesis is to investigate the idea of a fixed critical threshold
in the open magnetic flux content of the magnetosphere as a necessary and/or sufficient

condition for substorm onset. Firstly, in order to accurately estimate the open magnetic
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Figure 2.9: The latitude of the poleward (top set of traces) and equatorward
(bottom set of traces) boundaries of the WIC auroral oval from approximately 30
minutes prior to substorm onset to 120 minutes after, at the MLT of the initial
auroral onset (black line) and at -2 (yellow), +2 (green), -4 (red) and +4 (blue)
MLTs from this location, from a study of 91 substorms by Mende et al., 2003.



flux content of the magnetosphere, in chapter 4 of this thesis we develop an automated
method of identifying the global location of the open/closed magnetic field lines
boundary in the ionosphere from global auroral images taken by the IMAGE spacecraft.
Using this method, in chapter 5, we carry out the largest statistical study of the open
magnetic flux content of the magnetosphere, to date. The idea of a critical threshold in
open magnetic flux for substorm onset is investigated and discussed. We also find that
not all substorms show the expected particle injection signature of substorm onset. We
sub-categorise substorms into three distinct sub-categories by their particle injection
signatures and investigate the open magnetic flux, solar wind and IMF, geomagnetic
activity, auroral luminosity and auroral oval boundary motions for the three distinct
categories in chapter 6 of this thesis in the largest superposed epoch analysis of its type
to date. A suite of both ground-based and space-based instrumentation has been used in

the completion of this thesis. These instruments are discussed in the following chapter.
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Chapter 3. Instrumentation

A range of data from both space and ground-based instrumentation has been used in the
completion of this thesis. In this chapter the main features of these instruments are

summarised.

3.1 IMAGE FUV

The bulk of the work in this thesis is based on imagery of the auroral oval in the far
ultraviolet band of the electromagnetic spectrum by the Far Ultra-Violet (FUV)
instrument onboard the Imager for Magnetopause-to-Aurora Global Exploration
(IMAGE) spacecraft. The IMAGE spacecraft was launched on the 25™ March 2000 and
was operational between May 2000 and December 2005 when the spacecraft failed. The
spacecraft was launched into a highly elliptical polar orbit with an apogee of 7 Rg and
perigee a of 1000 km (Burch, 2000). Apogee was initially over the northern hemisphere
(see Figure 3.1), directly over the northern pole in 2001. Apogee precessed into the
southern hemisphere in 2003. In this thesis observations of the northern hemisphere
during the winter months of 2000-2002 are used. During this time the spacecraft spent
most of its time far from the Earth and thus mostly observed the aurora from or near
apogee with a temporal resolution of 2 minutes due to the spin period of the spacecraft.
Global auroral imaging was achieved through two FUV imagers, the Wideband Imaging
Camera (WIC) and Spectrographic Imager (SI).

3.1.1 The Wideband Imaging Camera

The Wideband Imaging Camera (WIC) (Mende et al., 2000b) was designed to observe
broad band ultraviolet auroral emission. A downward-pointing auroral imager in the
140-190 nm wavelength range will be minimally contaminated by daylight scattered
from clouds and the ground and the aurora can be observed in the presence of high
latitude dayglow (Mende et al., 2000a). Figure 3.2 shows the typical auroral emission
features in the ultraviolet. The WIC detector covers the region populated by weak
Lyman-Birge-Hopfield (LBH) lines (140-190 nm). This emission is primarily caused by

the excitation and subsequent decay of N, to the ground state via a forbidden transition.
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Figure 3.1: Orbit of the IMAGE spacecraft for the five months used in this thesis.



FUV Auroral Spectrum
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Figure 3.2: Model of the ultraviolet auroral emissions and the geocorona (from
Mende et al. (2000a).



The excitation of N is principally caused by precipitating electrons but up to 20-25% of
nightside emission can be caused by precipitating protons (Dashkevich et al,. 1996). It
should also be noted that secondary electrons produced by the proton aurora have a

small contribution to this emission.

In order to provide global imagery of the auroral oval the imager must have a field of
view greater than 15° (the angle subtended by the Earth at 7 Rg). This is achieved with a
field of view of 17° x 17° (13300 x 13300 km). WIC has a nominal pixel field of
256 x 256. A nominal pixel at apogee corresponds to an ionospheric footprint of

52 x 52 kmand 1.2 x 1.2 km at perigee.

WIC used a Cassegrain Burch type camera (Burch, 1947) to image the aurora. A basic
schematic of the WIC detector is shown in Figure 3.3. Light enters from the left and is
reflected by a small primary mirror. The secondary mirror reflects the light towards a
microchannel plate (MCP). In order to filter out wavelengths below 140 nm, a BaF;
entrance window is placed in front of the MCP. Photons interact with a photocathode at
the front of the MCP, emit photoelectrons through the photoelectric effect which are
then accelerated down the channels of the MCP by an accelerating voltage of ~ +4000V
placed across the MCP. A Csl photocathode is used to minimize contamination from
wavelengths longer than 190 nm. An electron cascade is created as secondary
photoelectrons are produced by collisions with the walls of the MCP. To avoid
reflection of electrons back into the MCP, an aluminium coated phosphor is located at
the rear of the MCP where the photons emitted are directed along a fiberoptic system to
the charge-couple detector (CCD). The CCD outputs the information digitally in the

form of A-D converted counts, one 8-bit byte per pixel.

3.1.2 The Spectrographic Imager

At the shortest wavelengths in the FUV spectrum (see Figure 3.2) is the Lyman-alpha
emission consisting of two components, the cold Lyman-alpha (at 121.5667 nm),
caused by geocoronal emission, and the hot, Doppler-shifted emission (121.8 nm)
caused by protons precipitating into the upper atmosphere. When a proton enters the
upper atmosphere it may collide with the neutral atmospheric molecules (mostly N,, O,

and O) capturing an electron through charge exchange. It then becomes a fast down-
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going H atom with an excited electron, which, when the electron subsequently
spontaneously decays to a lower energy level, may emit hot Lyman-alpha emission. In
subsequent collisions the H atom may lose another electron, at which point the cycle
can repeat itself. The resultant Lyman-alpha emission is Doppler shifted away from the
detector. The spectrographic imager SI12 (Mende et al., 2000c) images this Doppler

shifted Lyman-alpha, the proton auroral emission.

The brightest emission feature in the aurora is the 130.4 nm OI emission line. However,
this is multiply-scattered in the atmosphere. The 135.6 nm line (caused by precipitating
electrons) is less scattered and it is this which the SI13 detector observes (Mende et al.,

2000c).

The requirement to observe the whole auroral oval, separate the Doppler-shifted
Lyman-alpha from the cold Lyman-alpha geocoronal emission and to separately image
the 135.6 nm OI emission line from the multiply scattered 130.4 nm line requires
special engineering solutions to achieve the highest possible photon collection and
efficiency. This is achieved using a novel Imaging Monochromator system, shown
schematically in Figure 3.4. Light enters through a slit grill and is reflected by the
collimator which produces parallel light from any point on the slit. The grating then
disperses the light by wavelength. The wavelength separated light is then directed
toward two exit slits, one located where the 135.6 nm line appears (this contains a wide
open slit for maximizing the light throughput) and the second where the Lyman-alpha
emission appears (this slit contains a grill to filter out the geocoronal Lyman-alpha at
121.56 nm that would otherwise dominate the signal). Two reflecting surfaces are
required to provide sufficient aberration correction without lengthening the instrument.
Finally, the split light is detected at two microchannel plate detectors. To achieve the
required global imaging, the field of view of the SI instrument is 15° x 15°, giving a

nominal resolution of 92 x 92 km per pixel at apogee (Mende et al., 2000c).
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3.1.3 Image Processing

The greatest challenge the FUV instruments face is the difficulty in taking high
resolution and high sensitivity images during the short period that the Earth is in the
field of the view of the FUV camera due to the spin of the spacecraft. The FUV camera
points radially outward from the spin axis of the spacecraft, which has a spin period of
two minutes. In each two minute rotation a point on the Earth will be in the field of
view of the WIC detector for ~ 10 seconds and the field of view of the SI camera for
~ 5 seconds. The WIC camera images the FUV aurora using a high-speed CCD, read
out at 30 frames per second. WIC takes approximately 300 separate video frames while
the Earth rotates in its field of view, at an exposure time of 33 ms. The distortion caused
by the spin of the spacecraft is minimal for this time. All images are then superimposed
on each other, offset to account for the spacecraft rotation, and electronic distortion
correction is applied. Thus one image is taken in each two minute spin period over an
integration period of 10 seconds. The SI detector works in a similar manner, but

processes individual photons rather than whole images.

Throughout this thesis corrected counts from the IMAGE data are used, where
corrections for flatfield, gain of the MCP, etc., have been applied so that one Rayleigh

of emission always produces the same number of counts wherever in the CCD or MCP.

3.2 DMSP

Estimations of the latitude of the OCB from measurements of the down-going
precipitating auroral particles on closed and open magnetic field lines taken by five of
the Defense Meteorological Satellite Program (DMSP) satellites (F11-15) have been
used in this thesis. Each satellite has a 101 minute, sun-synchronous near-polar orbit at
an altitude of 830 km. The location of the OCB has been estimated by identifying the
transition between precipitation originating from closed and open magnetic field lines
(these regions are described in more detail in section 1.3 of this thesis). The energy of
precipitating particles are measured by the Precipitating Electron and Ion Spectrometer

(SSJ/4) (Hardy et al., 1984).
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The SSJ/4 instrument consists of four electrostatic analyzers which record the electron
and ion fluxes in the range 30 eV to 30 keV. The analyzers are split into two pairs, one
measuring ions and the other electrons. In each pair one detector measures the low
energy fluxes while the other is the high energy detector. Each detector cycles through
10 logarithmically spaced energy channels, dwelling on each channel for 0.09 seconds

and completing a full energy spectrum in one second.

3.3 LANL Spacecraft

Energetic particle measurements made by the Synchronous Orbit Particle Analyzers
(SOPA) onboard the Los Alamos National Laboratory (LANL) spacecraft (Belian et al.,
1992) are used in this thesis to classify substorms into three categories based on their

energetic particle injection signatures.

The LANL spacecraft are a set of satellites located at geosynchronous orbit (6.6 Rg),
approximately evenly spaced in longitude around the Earth. At the time of writing over
10 satellites are currently in near-earth orbit with typically data from 3-4 satellites
received simultaneously. Each spacecraft has a spin axis aligned so that it points
towards the center of the Earth and has a spin period of ~ 10 seconds. The SOPA
instrument (Belian et al., 1992) consists of three, nearly identical, silicon solid-state-
detector telescopes accepting particles from three different angles relative to the
spacecraft spin axis (30°, 90° and 120°), each with a field of view of ~ 11°. Each
detector consists of a thin, 4 pm, 10 mm” front detector followed by a thick, 3000 pm,
25 mm?® back detector surrounded by aluminium and copper shielding to exclude side-
penetrating particles. Electron fluxes are measured in 10 energy channels from 50 keV
to above 1.6 MeV and proton fluxes are measured in 12 channels measuring particles of
50 keV to 50 MeV. Low energy electron (6 energy channels in the range 50-500 keV,
50-75, 75-105, 105-150, 150-225, 225-315 and 315-500 keV respectively) and proton
(5 energy channels from 50-400 keV, 50-75, 75-113, 113-170,170-250 and
250-400 keV respectively) summary plots are used in chapter 5 of this thesis and

examples plots are shown in Figures 5.2 to 5.4.
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3.4 Measurement of Magnetic Fields

Data from several different spacecraft and ground-based observatories are used in this
thesis to provide information on the strength and orientation of IMF and Earth’s
magnetic field. Similar measurement techniques are used in all magnetic field

instrumentation used in this thesis. These techniques are summarised below.

3.4.1 The Fluxgate Magnetometer

Magnetic fields may be measured in a variety of different ways but by far the most
common used today is the fluxgate magnetometer. A fluxgate magnetometer sensor is
essentially a transformer wound around a high-permeability core. Two identical primary
coils are wound in opposite directions around separate cores. An AC current of equal
strength is passed through each coil, oppositely directed in each. The current and
permeability of the cores are chosen so that the cores will reach saturation (any induced
magnetic field in the cores will no longer increase with increasing current) on every
one-half cycle. A secondary coil is wound around both cores such that a voltage will be
induced in the secondary coil if the magnetic field produced by the two primary coils is
different. In the presence of no external field the AC current will induce a magnetic
field of equal strength but opposite sign in the two cores. The net field across the two
cores will thus be zero and no output will be detected. However, in reality there is
always a background magnetic field which will induce a background magnetic field of
equal strength in the two cores. Depending on the direction of the current, the field
induced by the primary coil current will add to the magnetic field of one of the cores
and decrease the magnetic field in the other. This causes saturation to occur more
quickly in one core, introducing a changing non-zero net field which is measured as a
voltage induced in the secondary coil. Knowledge of the permeability of the cores,
strength of the AC current and output voltage allows the strength of the background
magnetic field parallel to the primary coil axis to be determined. In order to obtain a full
3-D picture of the magnetic field is it thus necessary to have three sensors aligned
orthogonally to each other. Such magnetometers are called triaxial fluxgate

magnetometers.
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3.4.2 Search Coil Magnetometers

Search coil magnetometers consist of a single coil which when placed in a changing
magnetic field, by Faraday’s law (see Prolss, 2004), will have an induced voltage
associated with it. As a voltage will only be induced in a changing magnetic field,
search coil magnetometers can only provide information on the variation of the field,

and not its strength.

3.5 Solar Wind Monitoring Spacecraft

In chapter 6 of this thesis we investigate the solar wind plasma and IMF conditions
around substorm onset. The one-minute resolution OMNI data set has been used (see
the OMNIweb page for full details of the data set and its creation; see also King and
Papitashvivi, 2005). The data set consists of one-minute resolution solar wind plasma
and IMF data mapped to the location of the Earth’s bow shock nose using the Weimer
minimum variance technique (see Weimer et al., 2003; Weimer, 2004; Weimer and
King, 2008). Data from three spacecraft were used in the production of the data used in

this thesis; the Advanced Composition Explorer (ACE), Wind and Geotail spacecraft.

3.5.1 ACE

The ACE spacecraft (Stone et al., 1998), launched on the 25™ of August 1997, orbits the
first Lagrangian point (L1) located at ~240 Rg sunward of the Earth. Spacecraft located
at the L1 point will remain in an approximately fixed location on the Earth-Sun line
allowing the constant monitoring of upstream solar wind data. Data from two of the
suite of instruments onboard ACE are used in this thesis. The ACE Magnetic Field
Experiment (MAG) (Smith et al., 1998) provides information on the strength and
orientation of the IMF. Twin triaxial fluxgate magnetometers controlled by a common
CPU are mounted on the end of two separate 4.19 m long booms emanating from the
center of the spacecraft. This minimises magnetic effects caused by the spacecraft. The
MAG instrument takes 6 magnetic field vector measurements every second. The Solar
Wind Electron Proton Alpha Monitor (SWEPAM) instrument (McComas et al., 1998)

provides electron and ion plasma data. Separate electrostatic analysers measure the ion
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fluxes in the range 0.26-36 keV and electrons from 1-1350 eV. A full 3-D energy

spectrum is produced every 64 seconds.

3.5.2 Wind

The Wind spacecraft (Franz et al., 2001) was launched in November 1994 to investigate
the solar wind and bow shock region. Since 2004, Wind has been in a small circular
orbit at the L1 point. Prior to this the orbit varied with a closest approach to Earth of
~ 4.5 Re and apogee of ~ 250 Re. The IMF is measured by the Magnetic Field
Investigation (MFI) instrument (Lepping et al., 1995). MFI uses the same boom-
mounted dual triaxial fluxgate magnetometer system as ACE. One detector is placed at
the end of a 12 m long boom, with the second half way down the boom. It is thought
that the field produced by the main body of the spacecraft at this distance is only
+ 0.1 nT. The solar wind plasma data are measured by the Solar Wind Experiment
(SWE) instrument (Ogilvie et al., 1995). Electron and proton distributions in the
energy/charge range 7 V to 24.8 kV are provided by the Vector Electron and Ion
Spectrometer (VEIS). Consisting of two sets of 3 small electrostatic analyzers, the ions
and electrons are measured sequentially by reversing the analyzer electric field and are
subsequently detected by channel electron multipliers. The plasma ‘key parameters’
(velocity, density, temperature) of solar wind ions are measured by a Faraday Cup (FC)
system. A FC system essentially consists of a metal cup which will have a current
induced across it when a stream of ions enters it. This current is then read and gives
information on the ion flux striking the detector. Two voltages are applied across the

device so that only ions which satisfy V1 < E/Q <V 2, where V1 and V2 are the applied

voltages and E and Q are the energy and charge of the incident ions, are passed to the
detector allowing a full energy spectrum to be taken. The Wind FC system has an

energy/charge range of 150 V to 8 kV.
3.5.3 Geotail
The Geotail spacecraft (Nishida et al., 1992) was launched on the 24™ of July 1994.

Launched into an eccentric orbit near the ecliptic plane (9 x 30 Rg since 1995) the

primary mission of the Geotail spacecraft was to investigate the structure and dynamics
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of the Earth’s deep tail. However, Geotail has several annual solar wind ‘seasons’ in
which apogee is near the dayside of the Earth and Geotail enters the near-Earth solar
wind. Magnetic field data are provided by the Magnetic Field Experiment (MFE),
consisting of two dual fluxgate magnetometers and one search coil magnetometer which
measure the magnetic field over 7 dynamic ranges from + 16 nT to + 65536 nT

(Kokubun et al., 1994).

Plasma data from the Comprehensive Plasma Instrument (CPI) was used for the data
used in this thesis. In particularly, the Solar Wind lon Analyzer measures cool solar

wind plasma over 64 passbands covering the range 145-6830 V (Frank et al., 1994).

3.6 Ground Based Magnetometers and Geomagnetic Indices

One minute resolution AL, AU and SYM-H indices are used in chapter 6 to investigate
the magnetic field signatures of substorm onset and the ring current. Data are provided

by the Kyoto World Data Center for geomagnetism.

The substorm indices, AU and AL, were defined by Davis and Sugiura (1966) and
provide a measure of the auroral electrojets relatively uncontaminated from effects of
the ring current (Kivelson and Russell, 1995). The indices are derived from a chain of
approximately 12 ground-based magnetometers, located in the polar regions (Figure 3.5
lists typical stations used and shows their location on the Earth). Traces of the H
component of the magnetic field measured at each station are made. The monthly mean
value from all stations is subtracted from each individual trace so that they are plotted
relative to a common baseline. The AL index is then defined at any one instant as the
largest negative excursion of any of the traces from the baseline, and the AU index is
defined as the maximum positive excursion. Negative excursions in the H component
occur under a westward travelling current and positive excursions occur under an
eastward travelling current, therefore the AU and AL indices provide a measure of the

strength of the eastward and westward electrojets respectively.

The SYM-H index measures the perturbation of the north south component of the
Earths magnetic field at the equator and is essentially the same as the hourly Dst index

but with one-minute resolution (Wanliss et al., 2006). At the equator the ring current
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TABLE 1 - List of AE(12) Stations.

‘ IAGA | Geographic Coord. Geomagnetic Coord.
Observatory | Code Lat.(°*N) Long (°E) Lat.(°N) Long.(°E)
Abisko ABK 68.36 18.82 66.04 115.08
Dixon Island DIK 73.55 80.57 63.02 161.57
Cape Chelyuskin CcCcs T77.72 104 28 66.26 176.46
Tixie Bay TIK 71.58 129.00 60.44 19141
Cape Wellen CWE 66.17 190.17 61.79 237.10
Barrow BRW 71.30 203.25 68.54 24115
College CMO 64 87 21217 64.63 256.52
Yellowknife YKC 6240 24560 69.00 202 80
Fort Churchill FCC 5880 265.90 68.70 322.77
Poste-de-la-Baleine PBQ 5527 28222 66.58 34736
Narsarsuag - 9 _ 219 =
i E— NAQ 61.20 31416 71.21 36.79
Leirvogur LRV 6418 338.30 70.22 71.04
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Figure 3.5: Typical polar geomagnetic observatories used in
determining the AL and AU substorm indices (from Auroral
Electrojet (AE) Indices for January — December 1992 (provisional),

WDC for Geomagnetism, Kyoto).




causes the largest perturbations in the magnetic field and thus the SYM-H index is a
measure of the strength of the ring current. The SYM-H index is essentially determined
in the same way as the AL and AU indices using a set of approximately 12
magnetometer stations distributed over the Earth in non-polar regions. Figure 3.6 shows
properties of typical stations used in the calculation of SYM-H and their location. The
calculation of a baseline value becomes more complicated for SYM-H as the secular
and diurnal magnetic field fluctuations can be as large as fluctuations caused by large
geomagnetic storms. For a full explanation of this procedure see Kivelson and Russell

(1995).
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TABLE 1.

STATION NAME | ABB | G.G. | G.G. | GM.| GM. | INVARIANT | ROTATION
CODE | LAT. | LONG. | LAT. | LONG. LAT. ANGLE

San Juan SJG 184 | 203.9 | 20.1 5.2 325 -8.9
Fredericksburg FRD 38.2 282.6 49.1 352.2 50.4 0.4
Boulder BOU | 40.1 | 254.8 | 48.7 | 319.0 49.1 2.9
Tucson TUC | 323 | 2492 | 404 | 314.6 39.7 2.7
Honoluln HON | 21.3 | 202.0 | 21.5 | 268.6 20.2 0.5
Memambetsu MMB | 43.9 144.2 34.6 | 210.2 34.9 -16.1
Urumgi WMQ | 43.8 87.7 33.7 | 162.0 36.5 7.66
Alibag ABG | 186 72.9 9.9 145.8 — 6.8
Martin de Vivies AMS | -37.8 | 776 | -46.9 | 142.8 48.6 -32.4
Hermanus HER | -344 19.2 | -33.7 | 827 43.6 -10.1

| Chambon-la-Foret | CLF | 48.0 2.3 50.1 85.7 45.7 13.6
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Figure 3.6: Typical geomagnetic observatories used in determining the
SYM-H index (from Mid-latitude Geomagnetic Indices “ASY” and
“SYM” (Provisional) No. 19 (2008), Data Analysis Center for
Geomagnetism and Space Magnetism Graduate School of Science Kyoto




Chapter 4. Estimating the Latitude of the Open/Closed

Magnetic Field Line Boundary in the lonosphere

The location of the open/closed magnetic field line boundary (OCB) is an important
diagnostic tool for magnetospheric physics. Observations of its motion and location are
widely used in theories of solar wind-magnetospheric-ionospheric coupling and
dynamics. For example, it may be used to determine global and local day and nightside
reconnection rates (e.g. Milan er al., 2003; Hubert et al., 2006) as well as provide
estimates of the open magnetic flux content of the magnetosphere
(e.g. Milan et al, 2004, 2008), one of the main aims of this thesis. The accurate

determination of its location is therefore of prime importance.

Many different ionospheric measurements have been used over the years to provide a
proxy for the location of the OCB. A summary of these techniques is given in section
2.3 of this thesis. Particle precipitation boundaries (PPBs) measured by low-altitude
spacecraft (such as the Defence Meteorological Satellite Program (DMSP) spacecraft)
provide the most direct and precise determination of boundaries between different
plasma regions, including the OCB. However, these spacecraft only cross the OCB in
two magnetic local time (MLT) sectors in each hemisphere in any one orbit
(~100 minutes for the DMSP satellites) and therefore cannot be used to determine the
global location of the OCB.

Currently, the best method for estimating the global location of the OCB in any one
hemisphere is from global auroral imagery provided by orbiting spacecraft (e.g. Carbary
et al., 2003; Milan et al, 2003, 2004, 2008; Hubert et al., 2006). However, recent
studies have shown that systematic offsets of up to a few degrees exist between the
location of the OCB as estimated from satellite imagery and as estimated from PPBs
(e.g. Kauristie et al., 1999; Baker et al., 2000; Carbary et al., 2003). Carbary et al.
(2003) studied the statistical discrepancy between the DMSP OCB proxies and an OCB
proxy derived from auroral images taken in the Lyman-Birge-Hopfield “long” (LBHL)
band (164-178 nm) by the Ultra-Violet Imager (UVI) on the Polar spacecraft. They
showed that the largest discrepancy occurs in the predawn sector ionosphere, with the
DMSP proxy found up to ~ 3.5° poleward of the UVI proxies at 0500 MLT. A very
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similar discrepancy was found in the predawn sector ionosphere by
Chisham et al. (2005a,b), comparing the DMSP OCB proxy with an OCB proxy
provided by the Super Dual Auroral Radar Network (SuperDARN) Spectral Width
Boundary (SWB). Wild er al. (2004) presented a case study in which the latitudes of
both the SWB OCB proxy and the OCB estimated using the Wideband Imaging Camera
(WIC) (140-160 nm) onboard the Imager for Magnetopause-to-Aurora Global
Exploration (IMAGE) spacecraft were placed several degrees equatorward of the OCB
PPB proxies determined from Cluster, DMSP and FAST spacecraft measurements
obtained simultaneously in the predawn sector. However they showed that the OCB
determined from the Spectrographic Imager SI113 (~133-138 nm) on board IMAGE was
closely co-located with the OCB PPB proxies. They concluded that in the dawn sector
ionosphere the SWB and the poleward boundary of auroral emissions measured by WIC
were unreliable proxies for the OCB in this case, with the poleward boundary of SI113
emissions providing a more accurate proxy. Other studies have used the poleward
boundary of SI112 auroral emission (~119-124 nm) in preference to WIC or SI13 OCB
proxies due to the reduced level of dayglow, making boundary estimation possible even
in summer months (Hubert ez al., 2006). However, these studies did not consider if S112
gave the most reliable estimation of the OCB location. Using IMAGE FUV data,
Mende et al. (2003) also noted that the proton aurora was found to be displaced
equatorward of the electron aurora for dusk local times and poleward for dawn local

times during all phases of substorms.

The aim of this chapter is to investigate the accuracy of using IMAGE FUV
observations of the global auroral oval to determine the location of the OCB. Based on
the work of Carbary et al. (2003) with Polar UVI auroral images, we firstly develop an
automated method of identifying the OCB from IMAGE FUV images. A statistical
comparison of the OCB as estimated from the three different FUV detectors onboard
IMAGE is then performed. To assess the accuracy of the FUV OCB estimation method
we then compare the FUV OCB proxies with OCB proxies determined from direct
measurement of precipitating particles made by the DMSP satellites. Combining the
results of these two studies, we find systematic offsets between the FUV and DMSP
OCB proxies which can be used to “correct” FUV OCB proxies to give a more accurate

estimation of the location of the OCB in any one MLT sector.
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4.1 A Method for Identifying the Location of the Open/Closed Magnetic Field Line
Boundary in the lonosphere from IMAGE FUV Auroral Images

4.1.1 Instrumentation and Data Set

Auroral imagery of the northern polar cap made by the three FUV detectors onboard the
IMAGE spacecraft are used in this study. The Wideband Imaging Camera (WIC) and
spectrographic imagers, SI12 and SI13, are described in detail in chapter 3. WIC views
the aurora in the 140-180 nm wavelength range, auroral emissions in this bandwidth are
largely from electron transitions. The Spectrographic Imager SI12 observes the proton
aurora with a pass band of 5 nm centered on 121.82 nm and the spectrographic imager
SI13 observes the ‘excited electron aurora’ with a pass band of 5 nm centered on the
135.6 nm. WIC offers the best spatial resolution of approximately 50 km at apogee,
compared to approximately 100 km offered by both spectrographic imagers.

The IMAGE spacecraft was operational from May 2000 to December 2005, when the
spacecraft failed. In this study we use northern hemisphere data from December 2000
and the January and December months of 2001 and 2002 (see Figure 3.1). After this
date the camera pointing became less reliable such that the position of the auroral oval
may be offset from its true position by up to 1° of latitude. This resulted from the
development of a complicated wobble in the spin axis of the spacecraft (the IMAGE
spacecraft had four long (250 m) antennas positioned 90° apart protruding from the
main body of the spacecraft and kept stable by the centripetal force of the 2 minute spin
period. At times these antennas had a tendency to snap, causing the weight distribution
of the spacecraft to become uneven and resulting in a hard to characterise wobble in the
spin axis). We only use images from December and January as dayglow is much less
prominent in these months; whilst in other months dayglow often swamps the dayside
auroral oval, particularly in the WIC data, making the estimation of the dayside OCB

latitude impossible.

4.1.2 Methodology

The method used by Carbary et al. (2003) to identify the location of the OCB from

Polar UVI (Torr et al., 1995) global auroral imagery forms the basis of the method we
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develop to identify the OCB from IMAGE FUV auroral imagery. Although this method
was developed using data from the Polar spacecraft, Lam ez al. (2006) have shown that

the same method can be successfully applied to other auroral imagers.

The first step is to create intensity-latitude profiles of the IMAGE FUV auroral oval by
averaging intensities (corrected counts are used throughout this thesis, see section 3.1.3)
in bins of one degree of magnetic latitude and one hour of MLT. Examples of intensity-
latitude profiles are shown in Figure 4.1 (a-c), where the binned data are represented by
diamonds. AACGM coordinates (Baker and Wing, 1989) are used throughout this
thesis. The solid curves in Figure 4.1 (a-c) represent a fit to the binned data using a non-

linear least-square fit (using the IDL Gaussfit routine) to the following function:

1( A-

T(A) = 4, exp{—a( 4

2
] ]+A3 + A A+ AN (4.1)

2

where A is the magnetic latitude and 4,-4s are coefficients of the fit. The Gaussian part
of equation 4.1 is assumed to represent the auroral oval and the quadratic background is
assumed to include extraneous airglow, off-axis radiance, or unwanted non-oval aurora.
A fit is assumed to be successful if the following criteria are satisfied:
1. The intensity of the Gaussian peak, 4, exceeds 5 counts.
2. The magnetic latitude of the peak of the Gaussian, 4;, is between 50° and 85°
magnetic latitude.

3. The Gaussian full-width-at-half-maximum (FWHM) (A1 =24,+v2In2 , where

A, is the width of the Gaussian) exceeds 1°.

4. The ratio of the background at the center of the Gaussian
(B=A,+A,.A + A;.A° ) to the peak of the Gaussian, 4, does not exceed 0.2.

5. The Gaussian width spans less than 30% of the latitude bins which have non-

zero intensity, A4 <0.3(4,., — Amin) -

The latitude of the OCB, A, (shown by the vertical lines in Figure 4.1 (a-c) and

overplotted on the auroral images (Figure 4.1 (d-f)) by diamonds), is assumed to be

displaced poleward of the centre of the Gaussian by the Gaussian FWHM such that
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Figure 4.1: (a-c) Intensity-latitude profiles (left-hand column) across a 1 hour MLT
sector (1800-1900 MLT) and (d-f) images of the auroral oval (right-hand column),
with magnetic local noon at the top of the figure, for 20:40:09 on 26 December
2000. Rows correspond to data from three different IMAGE FUV detectors, S112
(top), SI13 (middle) and WIC (bottom). Average intensities in bins of one degree
magnetic latitude are shown by diamonds and the Gaussian plus quadratic
background fits to these points are shown by the solid curves. The position of the
OCB proxies are marked by the vertical solid lines and overplotted on the auroral
images by red diamonds.



Aoey = Ay + AL 4.2)

By visually inspecting the data, it can be seen that on occasion the FUV OCB
estimation method produces a latitude profile meeting the given criteria above but
which results in an apparently inaccurate boundary estimation (displaced several
degrees in latitude from the location estimated by eye). Two particular reasons have
been identified as contributing to this error and these have been correct for in the

following manner:

(1) The auroral oval can often display a double oval configuration
(Elphinstone et al., 1995), particular on the nightside, where the auroral oval consists of
two bright bands or partial ovals of emission separated by a dark band. This causes the
intensity-latitude profiles to have a multiple peaked nature with two or more Gaussian
like components. Normally the Gaussian fitting procedure will fit to the most
equatorward peak and include the more poleward peaks in the quadratic background
part of the fit. To find the most accurate location of the OCB these poleward peaks must
be included in the Gaussian part of the fit. This is acheived by searching for the most
poleward peak meeting the criteria 1-5 as follows. The intensity-latitude profile must
decrease in intensity over at least two degrees of magnetic latitude in the poleward
direction from the latitude of the last peak found, followed by an increase over at least
two degrees of latitude. Once a new maximum in intensity is found the intensity must
decrease again over at least two degrees of magnetic latitude. The Gaussian fitting
procedure is then applied to the most poleward peak identified below 85° magnetic
latitude by including only latitudes more poleward of the minimum between the most
poleward peak and the previous peak in the fitting routine. This will also effectively
remove dayglow from intensity-latitude profiles when a clear drop in intensity exists

between the poleward edge of dayglow and the equatorward edge of the auroral oval.

(2) Dayglow often extends close to or onto the auroral oval, often completely swamping
it in the summer months. The noise associated with the dayglow can be larger than the
auroral signature itself. In most cases the criteria 1-5 reject any identification of the
OCB. However occasionally this is not the case and the Gaussian function is fit to the
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dayglow emission rather than the auroral oval emission, placing the OCB estimate at the
poleward edge of the dayglow, as seen at 1100-1200 MLT in Figure 4.1 (f). Extra
criteria are used to try to eliminate these cases as follows. On the dayside
(0600-1800 MLT) an OCB proxy is rejected if it has been placed over five degrees
poleward or equatorward of the proxy found in the previous MLT sector. If the previous
MLT sector has not produced a proxy the nearest MLT within 4 MLT sectors that has
produced a proxy is used. If there are no previous estimations of the OCB within four
MLTs of the tested MLT sector the MLT sector tested is rejected.

If an OCB proxy has not been identified at this point, in a bid to remove dayglow, the
lower limit of latitudes included in the fitting procedure is increased in steps of one
degree until an estimation of the OCB can be found (by reapplying all the above FUV
OCB estimation method) up to a maximum latitude lower limit of 80°. A similar
correction as above is applied on the nightside, 0000-0600 MLT and 1800-2400 MLT,
if the OCB is located over 8° poleward or equatorward of adjacent MLTs. The larger
value on the nightside is used as we find, from visual inspection, that the latitude of the
OCB can genuinely change by between 5-8 degrees, particularly around the auroral
bulge where at substorm onset the latitude of the OCB is rapidly changing.

These extra criteria remove many erroneous OCB estimations. However, not all bad
estimations are caught, as seen in Figure 4.1 (f) 1100-1200 MLT, where the OCB proxy
is placed equatorward of the poleward edge of the WIC auroral emission but is just
within the five degree condition. These criteria will also not catch poorly estimated
OCB proxies if several poorly estimated proxies have been made in several adjacent
MLT bins.

4.2 Statistical Comparison of IMAGE FUV OCB proxies

In this section we compare the estimate of the OCB latitude from the three different
FUV detectors, WIC, SI12 and SI13. The FUV OCB estimation method described
above is applied to every FUV auroral image obtained by the IMAGE spacecraft from
the months of December 2000 and December and January 2001-2002. Comparing FUV
OCB proxies from different detectors at the same UT and MLT gives a total of 499273
comparisons between WIC and SI12 OCB proxies, 543505 comparisons between WIC
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and S113 OCB proxies and 408753 comparisons between S112 and S113 OCB proxies,
with over 4000 comparisons at each hour of MLT.

Let us define the latitude of WIC, S112 and S113 OCB proxies as Awc, Asi2 and Agys
respectively. Figure 4.2 shows distributions of the latitude differences between matched
WIC and SI12 OCB proxies (Awic- Asi2) for four 1-hour MLT bins. Positive values of
latitude difference are defined such that the WIC OCB proxy is at higher latitudes than
the SI12 OCB proxy. Crosses in Figure 4.2 represent the number of occurrences of
latitude differences between WIC and SI12 OCB proxies in bins of 0.2° magnetic
latitude. In order to reduce small statistical uncertainty smoothing has been applied to
the distributions three times using boxcar averaging over five points. Large boundary
differences can be seen in the tails of these distributions. Visual inspection of these
points shows that they occur when a poor boundary estimation has been made, and has
not been caught by the criteria discussed above, in one or both of the FUV cameras. We
characterise the latitude difference between the FUV OCB proxies by the mode of the
distribution (shown by the red vertical lines in Figure 4.2), since this is insensitive to the

presence of these outliers. Black vertical lines represent the mean of the distributions.

Figure 4.3 shows the variation of the modal FUV OCB proxy latitude differences with
MLT, for Aysc-Asiiz (blue), Awic-Ass (black) and As3-As;> (orange). To put the variation
in context we also provide some information on the width of the distributions and the
error on the mode. The width of the latitude difference distributions (Figure 4.2) is
estimated by moving out from the mode (red line Figure 4.2) in steps of one 0.2 degree
bin in both positive and negative directions to find the latitude range within which 68%

of the points lie (which would be equal to the standard deviation for a Gaussian). We
estimate the error on the mode by dividing the width by VN , where N is the number of
points in each bin of MLT (equivalent to the standard error on the mean for a Gaussian).

The estimated widths are approximately 2° and the estimated errors on the mode are
<0.01°.

The modal latitude differences between WIC and S113 OCB proxies (black curve

Figure 4.3) are relatively small, <0.8°. This is not unexpected as both view auroral
emission excited by electron emission. Larger latitude differences are found between
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the proton aurora OCB proxies (SI12) and the S113 or WIC OCB proxies (electrons
aurora). Modal latitudinal differences between WIC and S112 OCB proxies and between
SI13 and SI12 OCB proxies (blue and orange curves respectively) are small in the
0700-1700 MLT range. In the predawn sector SI12 boundaries are found to be located
poleward of both WIC and SI113 by between 1°-2°. Conversely SI12 boundaries are also
found to be located at greater than 1 degree equatorward of both WIC and SI13 in the
1800-2300 MLT range. We discuss these offsets further in section 4.5.

4.3 Comparison with DMSP Auroral Boundaries

Global auroral imagery is currently the only method via which the entire auroral oval of
one hemisphere can be viewed simultaneously by a single instrument and is hence
currently the best method of accurately estimating the global location of the OCB.
However, as discussed above, recent studies have shown that systematic offsets of up to
a few degrees exist between the latitude of the OCB as estimated from global auroral
imagery in the FUV wavelength range and the latitude of the OCB as estimated from
PPBs (thought to be the most direct and precise measurement of the OCB). In this
section we compare the latitude of the OCB as estimated by our IMAGE FUV method
and the latitude of the OCB as estimated from PPBs from the DMSP spacecratft.

Sotirelis and Newell (2000) used automated techniques to identify the location of
different auroral boundaries (including the OCB) from the energy flux of down-going
polar precipitating particles as seen by particle analyzers onboard the DMSP satellites.
The location of the OCB was determined using the definition of different ionospheric
precipitation regions described by Newell ef al. (1991a) and Newell et al. (1996),
discussed in section 1.3 and summarised in Figure 1.10 of this thesis. On the nightside,
the OCB is given by the b6 boundary of Newell er al. (1996), which marks the
transition from the poleward edge of the sub-visual drizzle region to particle fluxes
below detectable levels or the first encounter with polar rain (see Figure 1.10). On the
dayside the OCB is given by the doc (dayside open/closed) boundary, located where
there is an unambiguous transition between precipitation characteristic of open and
closed field lines. The central plasma sheet, boundary plasma sheet and low latitude
boundary layer (LLBL) are considered to be closed, and cusp, mantle, open LLBL,

polar rain and void (a lack of precipitating particles) are considered to be open. If any of

61



these transitions are not clear, because of ambiguities in the region, then an OCB proxy
is not identified (Chisham ez al., 2005b). Data from five DMSP spacecraft (F11-15) for
the years 2000-2001 were used in this study. For a full description of the DMSP

satellites and their SSJ/4 particle analyzers see section 3.2 of this thesis.

DMSP OCB proxies are compared to the closest (in both UT and MLT) FUV OCB
proxy within +0.5 hours of MLT and + 10 minutes of UT, producing over 1700
comparisons for each FUV detector. However, due to the orbit of the DMSP spacecraft,
no DMSP boundaries are available in the northern hemisphere between 2200 and 0500
MLT.

The latitude differences are binned into bins of 0.5°. To reduce the statistical uncertainty
and produce a smooth distribution with one clear peak the distributions have been
smoothed three times using a boxcar average over five points. Figure 4.4 shows
example distributions of latitude differences between DMSP and WIC OCB proxies for
four 1-hour MLT bins, where Apysp is the latitude of the DMSP OCB proxy. The
smoothed latitude differences are shown by the crosses and vertical lines show the mean
(black) and modes (red) of the distributions. The distributions are skewed to the right
such that there is a higher probability of finding a DMSP OCB proxy at a significantly
higher latitude than the equivalent FUV proxy than there is of finding an FUV OCB
proxy at a higher latitude. We find three possible factors which may contribute to these

large differences:

1. The method of FUV OCB proxy estimation. When a poor FUV OCB proxy
estimation is made (and is not caught by the criteria discussed in section 4.1.2) it is
nearly always placed equatorward of the poleward edge of the auroral oval emission and
is therefore more equatorward of the equivalent DMSP boundary than should be the

case.

2. The use of finite MLT and UT windows in the comparison procedure. The fine scale
structure of the OCB may change by small amounts over these window sizes. Reducing
the size of the windows reduces the width of the distributions but also reduces the

number of comparisons available.
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3. Failure of the DMSP OCB estimation procedure. The DMSP OCB estimation is made

using an automatic algorithm which will occasionally fail.

The mean of the distributions, shown by the black vertical lines, is shifted towards this
tail. We therefore use the mode of the distributions, shown by the red vertical lines, to
characterise the centre of the distribution.

Figure 4.5 (a-c) shows the variation with MLT of the modal latitude differences
between the FUV and DMSP OCB proxies. The horizontal lines at the center of the
estimated error bars represent the mode of the latitude differences in bins of 1 hr MLT.
Thin error bars represent the estimated width and the thick error bars represent the
estimated error on the mode as explained in section 4.2. Due to the relatively low
number of DMSP-FUV OCB proxy comparisons the estimated widths are fairly large
(3°-4°), exceeding the size of the offsets themselves, although the estimated error on the

mode is smaller (<1°).

Following the method set out by Carbary et al. (2003), a continuous function is fitted to
the data which extrapolates into MLTs where no DMSP boundaries are available.
A weighted second-order harmonic fit is applied to the modal latitude differences using

a least squares fit,

L(p)=C, +C,cosp+ D, sing+C, cos2¢+ D, sin2¢ (4.3)

where ¢ is the angle associated with the MLT (= MLT x15°), and C and D are

coefficients of the fit. Weights are n/max(n) where »n is the number of boundary
comparisons in each one hour MLT bin. The harmonic coefficients determined by
Carbary et al. (2003) were used as initial starting values for the fitting routine and are
listed with the final coefficients in Table 4.1 along with the number of OCB proxies
compared for each detector (V). Figure 4.5 (d) shows the resultant fits and the fit of
Carbary et al. (2003) for the case of DMSP and Polar UVI OCB proxies (dashed blue
line).
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line) in Figure (d).



Table 4.1: Coefficients of the weighted second-order fit to modal latitude differences
between DMSP OCB proxies and Polar UVI proxies (from Carbary et al., 2003) and
IMAGE FUV OCB proxies. N is the number of OCB proxies compared in each

comparison.
Carbaryetal. WIC SlI12 SI13
(2003)
Co 0.80 -0.12 0.39 0.57
Ci 1.11 1.13 1.27 0.99
D, 1.48 1.08 -0.17 0.80
C -0.79 -0.12 -0.46 -0.07
D, 0.38 1.06 -0.03 1.02
N 11244 2462 1704 1838




Latitude differences between DMSP and WIC or SI13 OCB proxies display systematic
deviations grossly consistent with the previous DMSP-UVI study (Carbary et al., 2003),
with the largest deviations occurring in the predawn sector. Between 0700 and
2300 MLT the fits to latitude differences typically differ by less than a degree. In
contrast the average latitude difference between DMSP and SI12 is larger in the evening
sector (1600-2400 MLT) and smaller in the morning sector (0-7 MLT), by up to 2°.

4.4 Boundary Optimization

In order to test the validity of our IMAGE FUV OCB approximation method, we wish
to compare the latitude of the OCB as estimated by our method with the true location of
the OCB. Above, we find systematic offsets between the FUV and DMSP OCB proxies
consistent with previous studies (e.g. Carbary et al., 2003). Assuming the DMSP OCB
proxy to be the best estimate of the OCB, we believe that these offsets give a good
approximation to the offset between FUV OCB proxies and the true location of the
OCB and may be used to provide a ‘correction’ to FUV OCB proxies to provide a more
accurate global estimation of the OCB. However, at individual MLTs there are
inconsistencies between the DMSP-FUV comparisons and the inter-FUV comparisons.
That is, if both results were completely consistent, then the curves of Figure 4.5 should

be consistent with the curves of Figure 4.3, such that the curve of (4,,,, — 451,) Minus
the curve of (4,,, —4,,c) from Figure 4.5 should lie exactly on top of the curve of
(Ayse — Agnp) OF Figure 4.3. However, this is not seen with small discrepancies found at

several MLTs. Given the considerably larger number of comparisons used in the inter-
FUV comparisons it is desirable to use these results to enhance our best estimate of the
systematic offsets of the FUV OCB proxies from the (unknown) true location of the
OCB. We do this by considering characteristic latitudinal offsets of the WIC, S112, SI13
and DMSP proxies, which we designate as W, P, E, and D respectively.

Relating the characteristic latitudinal offsets 7, P, E, and D at each MLT to the values

shown in Figures 4.3 and 4.5 produces the following set of equations;
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W=P=(Ay.—Agp)+a=x +a (4.4)

W—E=(Aye—Agis) +b=x, +b (4.5)
P—FE= </1$112 - /15113> +c=x3+c (4.6)
D=W =(Apysp — Aye) +d =x, +d (4.7)
D—P:</10MSP —/IS,12>+e:x5 +e (4.8)
D—E=(Apysp = Az )+ [ =%+ f (4.9)

where a, b, ¢, d, e, and f'are unknown measurement errors and <> indicate an ensemble
property, for which the mode has been used. Comparing the curves in Figure 4.3 shows
that the unknown errors, a, b, and ¢ are insignificant (that is, for the blue, black and
orange curves in Figure 4.3 respectively, (4,,c — Ag12) — (Auie — Ag1z) = Ag1s — Agnz) )
and so these were set to zero (however, if a, b, and ¢ are considered to be non-zero, a
full treatment leads to the same result). The optimally estimated characteristic

latitudinal offsets were calculated by minimizing the sum squared error,

G=d*+e” + f° by setting dG/dD =0, assuming W, P and E are known. This gives,

D=W+P+E+x,+x,+x4)/3 (4.10)

Rearranging equation 4.10 and substituting for equations 4.4-4.6 gives:

W—-D=(x,+x,—x,—Xx;—xg)/3 (4.11)
P-D=(—x,+x;—x,—x;—x5)/3 (4.12)
E-D=(-x,—x3—x, —x; —xg)/3 (4.13)

Figure 4.6 presents these optimised FUV offsets relative to the DMSP proxy (equations
4.11-4.13). The reference DMSP OCB proxy is shown by the orange circle and the
characteristic latitudinal offsets for the WIC (blue), SI13 (red) and SI12 (green) proxies
are shown relative to the DMSP proxy. Latitude difference is shown by the radial
coordinates. These optimised boundary offsets can be applied to the FUV OCB

boundaries to give a more accurate global location of the OCB.
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Figure 4.6: Optimally estimated latitude differences between WIC (dark blue), SI13
(red) and S112 (green) OCB proxies relative to the latitude of the DMSP OCB proxy
(orange). Latitude differences between DMSP and Polar UVI OCB proxies from
Carbary et al. (2003) are shown by black rectangles and the black dashed line shows
the extrapolated fit to all MLTs. Radial coordinates represent latitude difference
relative to the DMSP OCB proxy in degrees.



4.5 Discussion

In this chapter the latitude of the OCB as estimated from auroral images from the WIC,
SI12 and SI13 FUV detectors onboard the IMAGE satellite and from particle
precipitation measurements from the DMSP spacecraft have been compared.

Figures 4.3 and 4.6 show that at most MLTs the average modal difference in the latitude
between the WIC, S112 and SI13 OCB proxies is statistically small (<1°), although in
any one MLT bin differences may be larger. Larger average discrepancies are seen in
the evening and predawn sectors. In the evening (1800-2300 MLT) sector SI112 OCB
proxies can be located between 1-2 degrees equatorward of WIC and S113 OCB proxies
and 1-2 degrees poleward of WIC and S113 OCB proxies in the predawn (0300-0600
MLT) sector. These offsets may be explained by the morphology of the magnetospheric
current systems, discussed below.

In the dawn sector ionosphere region-1 Field Aligned Currents (FACs) are directed
downward into the ionosphere and vice-versa in the evening sector (see Figure 1.9b).
Equatorward of region-1 currents are region-2 FACs directed oppositely to region-1
FACs (lijima and Potemra, 1978; see Figure 1.9b). Upward FACs are associated with
down-going electrons and are therefore associated with the WIC and SI13 electron
auroral emission (although these also have a small contribution from secondary
electrons produced by the proton aurora). The dominant charge carrier associated with
downward FACs is less clear but if they are assumed to be associated with down-going
protons (Cran-McGreehin and Wright, 2005) then we may expect downward FACs to
be associated with the S112 auroral emission. We would therefore expect to see WIC
and SI13 auroral emission poleward of SI12 emission in the evening sector and
equatorward in the dawn sector, as seen in this study. It is also interesting to note that
the offsets between FUV proxies are small on the dayside and do not follow the
morphology of the FACs. However, it is known that the location at which region-1 and
region-2 currents switch from upwards to downwards varies over a large MLT range in
this sector depending on the orientation of the IMF By component (Weimer, 2001).
Over large time scales the average of the IMF By component is close to zero and

therefore the boundary offsets seen are also close to zero in this MLT sector.
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Figures 4.5 and 4.6 show that in the predawn sector the SI12 OCB proxy is in better
agreement with DMSP OCB proxy than either the WIC or SI13 OCB proxies, but is still
located over 1° equatorward of the DMSP proxy, which is thought to be the best proxy
for the OCB. Previous studies (Wild et al., 2004) have suggested that WIC may be an
unreliable proxy for the OCB in the predawn sector whilst others (Hubert ez al., 2006)
have used S112 in preference to SI13 or WIC when determining the global OCB due to
the reduced dayglow in S112 rather than the accuracy of the detector in determining the
location of the OCB. The work in this chapter confirms that SI12 may be a better
estimation for the OCB in the predawn sector. However, Figures 4.5 and 4.6 show that
at all later magnetic local times the WIC and SI13 OCB proxies are either in better
agreement with DMSP proxies or as good as the SI112 proxy. The most accurate global
determination of the OCB may therefore be obtained by using the individual FUV
detector which has the best correlation with the DMSP OCB proxy in any one MLT
sector. For example SI12 in the 0100-0700 MLT range, WIC at 0700-0800, SI113 at
0800-1600 MLT, SI12 at 1600-1700 MLT, SI13 at 1700-2200 and WIC at 2200-0100
MLT. For single instrument studies WIC may produce the best proxies for the global
OCB due to its good global correlation with the DMSP OCB proxy and its better spatial
resolution. It should also be noted that the FUV OCB proxies are found poleward of the
equivalent DMSP proxy at dayside MLTs. Near noon there is frequently more particle
flux on open field lines (cusp, mantle, etc, see section 1.3.4 and Figure 1.10a) than
closed, particularly in SI12 which is likely seeing cusp protons. Cusp precipitation, in
particular, is of a much higher energy than that of polar rain and can cause bright
auroral emission well above the FUV background level. The resolution of the WIC
detector is such that a sharp transition is not seen between cusp and the main auroral
oval precipitation. Instead this boundary is ‘smoothed’ in the WIC intensity-latitude
profiles such that cusp precipitation may be included in the Gaussian part of the fitting
routine described in section 4.1, increasing the Gaussian half width and thus shifting the
OCB proxy to higher latitudes. DMSP is able to see the direct transition between the
cusp and main oval precipitation. Counting the cusp precipitation as occurring on open
field lines, this places the DMSP OCB proxy at a lower latitude than that equivalent
WIC OCB proxy. Conversely, on the nightside and particularly in the dawn-sector
ionosphere a region of low-energy precipitation thought to be on closed magnetic field
lines is often found poleward of the main auroral oval (see section 1.3), its intensity

decreasing poleward and towards the dayside. This low energy precipitation is not much
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stronger than polar rain on open field lines, and produces only weak auroral emission.
This weak auroral emission is therefore included in the background part of the Gaussian
fitting procedure described above such that sub-visual precipitation is considered open.
The higher spatial resolution of the DMSP particle analysers are able to directly
determine the sharp transition between polar rain and the sub-visual drizzle region,
resulting in the DMSP OCB proxy being placed at a higher latitude than the equivalent
FUV proxy on the nightside.

Figures 4.5 and 4.6 confirm that systematic differences exist between estimations of the
OCB from DMSP particle precipitation measurements and FUV auroral imagers,
similar to the differences seen between DMSP and radar derived OCB proxies as
presented by Chisham er al. (2007). These systematic differences may be used to
‘correct’ auroral boundaries to give a more accurate determination of the OCB.
Unfortunately due to the low number of comparisons available at each hour of MLT
between the DMSP and FUV OCB proxies and the lack of data available in the predawn
sector (where the extrapolated offsets are largest) the uncertainties involved in this
correction are not insignificant. To produce the most reliable distributions the modes of
the OCB proxy latitude differences have been used and smoothing has been applied.
However, using the mean of the latitude differences, or applying different degrees of
smoothing, can change the fits to the DMSP-FUV OCB proxy differences in the
predawn sector (where the fit is interpolated) by up to a degree. Therefore, we can only
reliably trust the DMSP correction where DMSP data are available (0600-2100 MLT).
However, as a best guess of the location of the OCB, we believe that applying this
correction will statistically give a more accurate result than using the uncorrected FUV

OCB proxies.

4.6 Summary

In this chapter we have developed a method of identifying the location of the
open/closed magnetic field line boundary from IMAGE FUYV auroral images and have
assessed its validity.

By comparing over 400000 OCB proxies estimated from the IMAGE WIC, SI13 and

SI12 FUV detectors and from auroral images obtained in December 2000 and
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December and January 2001-2002, it has been shown that systematic differences exist
between the latitude of the OCB as estimated by the three detectors. Statistically the
OCB proxy differences are small (<1°) except in the predawn sector where the SI12
OCB proxy is found, on average, to be located up to 2° poleward of the WIC and SI13
OCB proxies and in the evening sector where the SI12 OCB proxy can be located up to
2° equatorward of SI113 and WIC OCB proxies.

Correlating FUV OCB proxies with the DMSP OCB proxy confirms that the SI12 OCB
proxy is found poleward of the WIC and SI13 OCB proxies in the predawn sector, in
better agreement with the DMSP OCB proxy. The WIC and S113 OCB proxies are
found to be in better agreement with the DMSP OCB proxy at all other MLTSs.
Systematic offsets are found between the DMSP and FUV OCB proxies which may be
used to ‘correct’” FUV OCB proxies to give a more accurate estimation of the true
location of the OCB. In the following chapter we develop this method to produce an
automated method of identifying the global location of the OCB from IMAGE FUV
auroral images, allowing us to accurately determine the area of the ionospheric polar

cap and hence estimate the open magnetic flux content of the magnetosphere.
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Chapter 5. A Statistical Study of the Open Magnetic Flux
Content of the Magnetosphere at the time of Substorm

Onset

In the previous chapter we developed an automated method of identifying the location
of the open/closed magnetic field line boundary (OCB) in the ionosphere at any one
MLT from global auroral images taken by the IMAGE spacecraft. In this chapter we
further develop this method to produce a semi-automated technique of accurately
identifying the global location of the OCB, allowing us to determine the size of the
polar cap and hence estimate the open magnetic flux content of the magnetosphere. This
method is then applied to over 12,000 auroral images of the northern polar cap to
produce the distribution of the average open magnetic flux content of the
magnetosphere, which we hereon name the parent distribution, the largest such study to
date. From this parent distribution we select the distribution of open magnetic flux at the
time of substorm onset using the Frey list of substorm onset times (see section 2.4.1).
We compare the average open magnetic flux content of the magnetosphere to that at the
time of substorm onset and discuss in terms of various triggering mechanisms for

substorm onset.

We also find that not all substorms in this study show the expected particle injection
signature of substorm onset. Splitting substorms into three categories based on their
particle injection signatures we find that those substorms which show a clear particle
injection signature occur, on average, at higher values of open magnetic flux than those

showing no activity.

5.1 Methodology

5.1.1 Estimating the Open Magnetic Flux Content of the Magnetosphere

We estimate the hemispheric open magnetic flux content of the magnetosphere (F,.) by
determining the global location of the OCB from global auroral images taken by the

IMAGE spacecraft. Since the OCB marks the delineation between magnetic field lines
of open and closed topology, the dark region poleward of the OCB, known as the polar
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cap, is threaded by open magnetic flux. Thus by simply summing the radial component
of the Earth’s magnetic field through the area of the polar cap gives us an estimate of
Fpe.

In the previous chapter we developed an automated method of identifying the OCB in
any one MLT sector using global auroral imagery taken by the three FUV detectors
onboard the IMAGE spacecraft. Comparing the latitude of the OCB as estimated by
FUV auroral images and as estimated from direct measurements of down-going
precipitating particles as measured by the DMSP satellite, thought to provide the best
proxy for the OCB, showed that systematic offsets exist between the two methods. OCB
estimates from the spectrographic imager SI12 were found to be in better agreement
with DMSP OCB proxies in the dawnward ionosphere, but OCB estimates from the
Wideband Imaging Camera (WIC) and S113 detector gave at least as good a proxy for
the OCB, if not better, at other MLTs. WIC provides a better spatial resolution (~50 km
at apogee) than either spectrographic imager (~100 km at apogee) and it is data from
WIC which we use in this study. The same data set as used in the previous chapter is
utilised. That is, we use all auroral images taken by WIC of the northern hemispheric
polar cap for the months of December 2000 and December and January 2001-2002.
After this date the WIC data became less reliable (as explained in chapter 4). During the
summer months dayglow obscures much of the dayside auroral oval making the
determination of the dayside OCB difficult if not imposable from FUV auroral images.
Thus we use images from winter months only. During this period the IMAGE
spacecraft can image the northern polar cap with a temporal resolution of 2 minutes due
to the spin period of the spacecraft and for approximately 10 hours of its’ ~14 hour orbit

(see Figure 3.1). Thus our primary data set consists of some 77,000 images.

The method to identify the OCB at individual MLTs is described in detail in section 4.1
of this thesis and briefly summarised below. Each auroral image is divided into 24
latitudinal profiles, each 1 hour of MLT wide. The latitudinal variation of the
longitudinally-averaged intensity within each profile is fitted by a Gaussian plus
quadratic function. Here, the Gaussian is expected to fit to the latitudinal profile of the
auroral oval, whereas the quadratic fits to any background luminosity, including
dayglow. The fit is accepted if the criteria given in section 4.1.2 of this thesis are met.

The auroral oval intensity-latitude profiles often display a double Gaussian-like feature
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with more than one peak in intensity. Thus extra criteria are employed to search for the
most poleward peak in auroral intensity. The OCB is then assumed to be placed
poleward of the center of the most poleward Gaussian fit meeting the fitting criteria by
the Gaussian full-width-at-half-maximum. We then “correct’ these boundary estimations
by applying the systematic offsets found between DMSP particle precipitation
boundaries and the IMAGE WIC boundary estimations as shown by the blue curve in
Figure 4.5.

Figure 5.1 shows three examples of auroral images from WIC with differing values of
Fyc. The positions of the OCB estimated in each hour of MLT are shown by diamonds.
Visual inspection shows that this method gives a good estimate of the expected OCB
latitude at most MLTs. However this is not always the case, as seen, for instance, at
04-05 MLT in Figure 5.1b. Here the OCB estimation has been placed at a higher
latitude than its position as suggested by eye. Also, the fitting procedure can fail at
several MLTs, as seen between 10-15 MLT in Figure 5.1c, resulting in no boundary
identifications. Linear interpolation is used to provide an estimate of the OCB in such
cases. However, if the boundary estimation fails in more than six MLT sectors we reject
the image (approximately 5/6 of the available auroral images are rejected in this way).
In order to smooth out the poor estimations and increase the statistical reliability of the
OCB estimates we apply a truncated six-point Fourier Transform, equivalent to a least
squares fit of a sixth order Fourier series (Hamming, 1989), to the boundary estimations
to give the final global estimation of the OCB, shown by the thick dashed line in Figure
5.1a-c. This returns 48 separate estimations of the OCB latitude around the auroral oval,
separated by a half hour of MLT.

To calculate £, for each image, we numerically integrate the radial component of an

assumed dipolar magnetic field along 48 latitudinal meridians, each a half hour of MLT

in width, in steps of 0.5° of latitude from the magnetic pole to the OCB latitude. That is:

F, = [Bds=[B,ds, (5.1)
pe pe

where B, is the radial component of the Earths magnetic field, which at the height of the

aurora, » (which we take to be 150 km), is given by
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Figure 5.1: Auroral images from the IMAGE WIC FUV detector for three
different values of open magnetic flux, (a) 13" January 2002 08:54:41 UT,
F,. =0.36 GWb, (b) 26™ December 2001 02:02:07 UT, F,. =0.57 GWb,

(c) 23" December 2000 04:49:49 UT, F, =0.97 GWhb. Diamonds

represent the OCB estimates at 1 MLT intervals with the thick dashed line
showing the final global OCB estimate. Local noon is located at the top of
the plots with dotted lines representing lines of constant MLT at 1 MLT
intervals. Concentric dotted circles represent lines of constant magnetic
latitude at 10° intervals centered on 90°. The dark region at the top of the
plots is the result of dayglow swamping the auroral imager.



B, =2B, cos(@)[R—EJ : (5.2)

where B,, is the equatorial field strength at the surface of the Earth (31,000 nT), Rz is
the radius of the Earth (6370 km) and @ is the colatitude (as measured from the pole).
Approximating each small 0.5° by 0.5 hr MLT element to be rectangular, the area of

each element is given by

A=dhxdw= (ZERE(EDX(ZERE Siﬂ(@)(iD, (5.3)
360 48

where dh and dw are the height and width of the elements. Running from the pole to the
observed latitude of the OCB at the appropriate MLT in steps of 0.5° colatitude and

around 48 MLT sectors, we sum the product A4 x B, for each element such that the total

polar cap flux is given by

N
F, = ZAn xB,,, (5.4)

n=1
where N is the number of elements.

It is difficult to estimate the uncertainty in the flux calculation, but, as an extreme
example, if we assumed the latitude of the OCB at all MLTs to be systematically under
or over estimated by 1° then this would lead to an increase or decrease of open magnetic
flux of about + 10% (Milan et al., 2003). If we assumed that the latitudinal differences
between the WIC OCB proxies and the DMSP OCB proxies, as presented in Figure 4.5,
represented the errors on the OCB estimation then for a circular polar cap with a
constant latitude of 70° at all MLTs, corresponding to an F,. of ~ 0.88 GWhb, this would
induce an error of ~4% on the F),. estimation. For a circular OCB with constant latitude
of 75°, corresponding to an F,. of ~ 0.51 GWhb, the error is ~ 6%. Both of these are

lower than the 10% suggested by a systematic over or under estimation of 1°.
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5.1.2 Selection of Parent and Substorm Distributions

Applying the above method to all WIC auroral images from December 2000 and
December and January of 2001 and 2002 returns an estimate of F,. from 12731 auroral
images, the occurrence distribution of which we shall hereafter call the parent

distribution.

Using the list of substorm onsets compiled by Frey et al. (2004), we find the subset of
F,. occurring at the time of substorm onset, the occurrence distribution of which we
hereafter call the substorm distribution. Frey et al. identified onsets from auroral images
taken by the IMAGE FUV detectors using the following criteria using the criteria listed
in section 2.4.1.

We are unable to determine F,. for many of the images at onset due to a failure to
determine the latitude of the OCB in a sufficient number of MLT bins. Thus to increase
the size of the substorm distribution, we take the average of F,. from all available
values within 4 minutes of every onset time such that a value of £, at the onset time is
not required. Of the 451 substorms in the Frey onset list for the months of this study, we
are able to determine F),. for 173 substorm onsets. Note that these averaged estimates
include those times when an F,. estimate has been made at the onset time. Comparing
the values of F),. using this averaging method and obtained at the onset time only we
find that the averaging process adds an additional uncertainty on estimates of F),. of
~0.03 GWhb and adds an additional 48 events to the substorm distribution.

5.1.3 LANL Substorm Classification

Another signature of substorm onset is the enhancement of energetic particle fluxes at
geosynchronous orbit (see section 2.1.2). A typical example of an isolated substorm
injection signature, as seen by particle analysers onboard three of the LANL spacecraft
(see section 3.3) is shown in Figure 5.2. Panel a shows electron fluxes and panel b
proton fluxes. The time of substorm onset is marked by the vertical white line and the

times the spacecraft are located at midnight and noon MLTSs are shown by the vertical
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blue and yellow lines respectively. The MLT of the spacecraft at the time of substorm
onset is marked on each panel. At the onset MLT (22 MLT in Figure 5.2), prior to
substorm onset a drop-out in energetic particle fluxes is seen. It is thought that this is
caused by the thinning of the plasma sheet during the growth phase, causing the
spacecraft to move out of the plasma sheet region (e.g. Moldwin et al., 1996). At onset,
a dispersionless injection of energetic particles is seen in all energy channels, raising the
flux levels well above nominal values. The injection signature becomes dispersed as the
particle subsequently gradient and curvature drift around the Earth (see Figure 1.4).
Electrons drift eastward and protons drift westwards around the Earth such that the
dispersed signature is seen at the LANL spacecraft located at 10 MLT in Figure 5.2
prior to the spacecraft located at 16 MLT for electrons, and vice-versa for protons. We
classify substorms into three distinct categories depending on their particle injection

signatures:

1. ‘Classical’ substorm injection signature.
2. Unclear activity.

3. No activity.

Substorms falling in category 1 will normally have a clear dispersionless enhancement
in the midnight sector, followed by dispersed enhancements seen in other satellites
(typically two or more) at other local times (Belian et al., 1978; Baker et al., 1979).
Events when no satellite data are available in the midnight sector but a dispersed
signature is seen by at least three other satellites, consistent with gradient-curvature drift
from a dispersionless enhancement at midnight, are also included in this category.
Figure 5.2 is an example of such an event. Category 2 covers all other energetic particle
fluctuations not falling within category 1, an example of a category 2 onset is shown in
Figure 5.3. Category 3 events show no fluctuations in any of the LANL spacecraft. To
be included in this category data must be available in the midnight sector. An example
of a category 3 event is shown in Figure 5.4. Both electron and proton data are used in

the classification process.
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Figure 5.2: Example of a typical category 1 event (a “classical’ substorm injection signature) in energetic electrons (a)
and protons (b). Data from three LANL spacecraft, located at geosynchronous orbit are shown, from top to bottom,
LANL-01A, 1994-084 and 1989-046. Vertical white lines show the time of substorm onset: 08:50:03 on January 21
2001. Vertical yellow and blue lines show the time at which the spacecraft are located at local noon and midnight
respectively. The approximate MLT of each spacecraft at the time of onset is shown in each panel. Electrons are
measured in 6 energy channels in the range 50-500 keV (from top to bottom of each channel (red to blue) 50-75, 75-
105, 105-150, 150-225, 225-315 and 315-500 keV). Protons are measured in 5 energy channels from 50-400 keV (50-
75, 75-113, 113-170,170-250 and 250-400 keV). This event is described in more detail in section 2.1.2 of this thesis.
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Figure 5.3: Example of a category 2 event (unclear injection activity) in energetic electrons (a) and protons (b). Data
from six LANL spacecraft, located at geosynchronous orbit are shown, from top to bottom, LANL-01A, LANL-02A,
LANL-97A, 1994-084, 1991-080 and 1990-095. Vertical white lines show the time of substorm onset: 13:47:14 on
December 07" 2002. Vertical yellow and blue lines show the time at which the spacecraft are located at local noon and
midnight respectively. The approximate MLT of each spacecraft at the time of onset is shown in each panel. Electrons
are measured in 6 energy channels in the range 50-500 keV (from top to bottom of each channel (red to blue) 50-75,
75-105, 105-150, 150-225, 225-315 and 315-500 keV). Protons are measured in 5 energy channels from 50-400 keV
(50-75, 75-113, 113-170,170-250 and 250-400 keV). At the onset time a large dropout in fluxes is seen near the onset
MLT (~00 MLT). A substorm like injection is not seen until after 14 UT.
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Figure 5.4: Examples of three category 3 events (no injection activity) in energetic electrons (a) and protons (b). Data
from four LANL spacecraft, located at geosynchronous orbit are shown, from top to bottom, LANL-01A, 1994-084,
1991-080 and 1990-095. Vertical white lines show the times of substorm onset: 01:07:18, 11:59:52 and 20:05:42 UT
on January 05" 2002. Vertical yellow and blue lines show the time at which the spacecraft are located at local noon
and midnight respectively. The approximate MLT of each spacecraft at the time of onset is shown in each panel.
Electrons are measured in 6 energy channels in the range 50-500 keV (from top to bottom of each channel (red to blue)
50-75, 75-105, 105-150, 150-225, 225-315 and 315-500 keV). Protons are measured in 5 energy channels from 50-400
keV (50-75, 75-113, 113-170,170-250 and 250-400 keV).



5.2 Results

5.2.1 The Open Magnetic Flux at the Time of Substorm Onset

The parent probability distribution of open magnetic flux p(F,.) is shown by the unfilled
s),

is shown by the shaded histogram in Figure 5.5a. The open magnetic flux of the parent

histograms in Figures 5.5a-e. The substorm probability distribution, p(F,) = p(F,

distribution is seen to vary between ~0.2 and 0.9 GWb with a mean value of

F . =0.52 GWh. The open magnetic flux at substorm onset varies between 0.3 and

0.9 GWb with a mean value of FS= 0.58 GWhb. Applying the Kolmogorov-Smirnov

(K-S) statistical test (Press et al, 2007) to the two distributions verifies that the
probability of rejecting the null hypothesis that the two distributions are the same is
greater than 0.999.

The shaded histograms in Figures 5.5b-e show the distributions of open magnetic flux
for category 1, 2, 3 and category 1&2 substorms respectively, determined from the
LANL spacecraft as defined above. We combine categories 1 and 2 so as to include all
possible onset signatures. Of the 173 substorm onsets in the total substorm distribution,
135 have available LANL spacecraft data. Of these, 61 (45%) fall within category 1,
39 (29%) fall in category 2 and 35 (26%) fall in category 3. Substorms occurring in
categories 1 and 2 tend to occur at higher values of F,. than those occurring in category
3, with all three categories being significantly different from one another, and from the

parent distribution, according to the K-S test. The mean values of £, for the different

substorm categories are as follows; F,=0.66 GWhb, F2=059 GWh,

Fis2 =0.63 GWb and F, =0.48 GWh.

5.2.2 Probability of Substorm Onset as a Function of Open Magnetic Flux

From Bayes’ theorem (see Press, 2007), the probability p(S|ch) of substorm onset

occurring in an image at a given value of open magnetic flux can be derived from the

probability distributions shown in Figures 5.5a-e according to
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Figure 5.5a-e: Fractional occurrence, left axis, of parent distribution of open
magnetic flux (unfilled histogram in all panels) and for (a) all substorms, (b)
category 1, (c) category 2, (d) category 3 and (e) category 1&2 (shaded
histograms). The right hand axis shows the number in each bin for the relevant
substorm distribution. (f-i) Probability of substorm onset as a function of open
magnetic flux for, (f) all substorms (unfilled histogram repeated in all panels),
(g) category 1, (h) category 2, (i) category 3 and (j) category 1&2 substorms
(shaded histograms). Error bars are calculated from /N errors. Note that of
the 173 substorms in the distribution of 5a and 5f we are able to sub-categorise
135 into categories 1, 2 and 3. Consequently the sum of the shaded probability
distribution in figures 5g-i does not equal the unshaded probability distribution
in figure 5f.
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where n denotes occurrence frequency and p(s), p(Fs), and p(F,.) are the probability of a
substorm occurring independently, the probability that the magnetosphere will be at a
given value of open magnetic flux given there is a substorm, and the probability that the

magnetosphere will be at that value of open magnetic regardless of there being a

substorm or not. Figure 5.5f shows the function p(S|ch) derived from the parent and

all-substorm frequency distributions shown in Figure 5.5a and is repeated in panels g to
J by the unshaded histograms. Similarly, the shaded histograms in Figures 5.5g-j show

p(s|ch) for the substorm categories shown in Figures 2b-e. In all cases we have used

bins of 0.05 GWb and combined bins in which there are less than 5 events occurring.
For all substorms, and for category 1&2, the probability of substorm onset is negligible
for fluxes below ~0.3 GWhb, increases almost linearly until F,. ~0.9 GWb, and is
undefined above 0.9 GWhb, as fluxes are not observed in this study with values that

exceed this. These results are discussed below.
5.3 Discussion & Conclusions
5.3.1 Are All Frey Substorm Events Substorms?

In this study we use substorm onset times derived by Frey et al. (2004) from nightside
auroral brightenings in IMAGE FUV observations. It is well known that other
magnetospheric phenomena, such as pseudo-breakups (see section 2.1.6), can cause
auroral brightenings similar to those seen at the time of substorm onset and it is not
unlikely that a number of these may have been erroneously included in Frey’s substorm
list. Therefore, as a secondary indicator of substorm onset we looked for energetic
particle injections measured by the LANL spacecraft, subdividing the substorm
distribution into three categories based on these signatures. We found that a significant
number of substorms fall into each of the three categories, and showed that the mean of

F,. decreases as the injection signature becomes less obvious (see Figures 5.5b-d).
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One interpretation of this result is that the probability of energetic particles reaching, or
being generated at, geosynchronous orbit following substorm onset decreases for
smaller values of F,. Indeed it has been shown that substorms occurring with
contracted polar caps (corresponding to smaller open magnetic fluxes) are statistically
less energetic than substorms occurring with larger auroral ovals (e.g. Akasofu, 1975;
Milan et al., 2008).

An alternative view of these results is that category 1 events are almost certainly
substorms, with category 2 including both substorm events as well as other phenomena
which cause auroral brightenings such as pseudo-breakups or solar wind pressure
enhancements (which have been shown to be associated with auroral brightenings and
energetic particle enhancements at geosynchronous orbit). Events falling into category 3
may not be substorms or may be pseudo-breakups or very weak substorms. We further
investigate the properties of these three distinct categories in the following chapter.

5.3.2 What do the Distributions Tell Us About Substorm Onset?

We have shown that the occurrence distribution of F,. in the magnetosphere varies
between 0.2 and 0.9 GWhb, with a mean of 0.52 GWhb, in good agreement with the
values found by previous studies (e.9. Milan et al., 2004, 2007, 2008). The occurrence
distribution of F),. at substorm onset also varies between values consistent with previous
studies (Coumans et al., 2007; Delong et al., 2007; Milan et al., 2007, Huang et
al.,2009b) and occurs with a significantly higher mean (0.59 GWhb) than the parent
distribution. No substorm onsets are seen to occur below a minimum of 0.3 GWb,
showing that the magnetosphere must be preloaded with open magnetic flux as a
requirement for substorm onset. If category 1 is considered to be the true substorm
distribution then a minimum threshold of 0.4 GWb must be reached before substorm

onset is induced, more strongly supporting this view.

Freeman and Morley (2004) developed a theoretical model in which the occurrence
distribution of substorm onsets, and the distribution of substorm magnitudes
(Morley et al., 2007), could be reproduced if substorm onset only depended on a fixed
critical threshold in the open magnetic flux. If this were so then we would expect the

probability distribution of F,. at substorm onset to be a delta function centered on the
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threshold value and a sharp cut-off in the parent distribution of F,. at this value.
However, Figures 5.5a-j do not show this. For all substorm categories, onset can occur
over a range of open magnetic fluxes (confirming results found by other smaller
statistical studies) with the parent distribution extending over this entire range. Here we
must also consider whether the distributions can be consistent with a fixed threshold
within measurement errors. Using the extreme example of an uncertainty in the open
magnetic flux of ~10%, this gives a maximum error in open magnetic flux of

~ 0.1 GWb, much smaller than the spread seen in our distributions.

Whilst most studies agree that the preloading of the magnetosphere is required for
substorm onset, others suggest that a further condition must also exist, such as a solar
wind trigger (e.g. a northward turning of the IMF B,) (Lyons et al., 1997; Hsu and
McPherron, 2002; Hsu and McPherron, 2003). Other studies showing clear examples of
substorm onsets occurring during very steady solar wind conditions (e.g. Hsu and
McPherron, 2003; Henderson et al., 2006) suggest that an entirely internal threshold
(such as in open magnetic flux), whose value may be modulated by other factors such as
the strength of the ring current (e.g Milan et al., 2009a,b), is the only requirement of
substorm onset (see also section 2.2.3).

If we assume that a solar wind trigger is required to trigger onset once some minimal
open magnetic flux threshold has been reached, that triggers occur uniformly randomly
with time, and that the open magnetic flux increases linearly (B, <0) until a trigger
occurs, then we would expect the probability of substorm onset as a function of open
magnetic flux to show a step function from zero probability of onset below the minimal
flux threshold and a decreasing (geometric) distribution above this. This is not seen in
our distribution. In fact we may expect the probability to decrease even faster than this
because Hsu and McPherron (2002) showed that triggers are not uniformly distributed,
such that the longer it has been since the last southward turning of the IMF B., the
longer the time expected until a northward turning. Thus a simple model of flux
accumulation followed by the triggering of substorm onset by the solar wind, where the
triggers are either independent or distributed as found by Hsu and McPherron (2002),

cannot explain the results presented in this thesis.
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Milan et al. (2009a,b) suggested that the ring current may stabilise the magnetotail to
reconnection such that when the ring current is enhanced substorms occur at higher
values of open magnetic flux (see Figure 2.8). Our results are not inconsistent with a
variable open magnetic flux threshold for substorm onset, whose value depends on the

strength of the ring current or some other magnetospheric property.

In this study we have concentrated on the relationship of substorm onset to the amount
of open magnetic flux in the magnetosphere. However, it may be that there exists
another quantity for which a fixed threshold is a necessary and sufficient condition for
substorm onset (e.g. the Kappa parameter (Buchner and Zelenyi, 1987)) and that the
relationship between this and open flux is multi-valued. That is, various configurations
of open magnetic flux could exist for a given critical value of this quantity. What
magnetospheric property this quantity may be is still a matter of speculation and

enquiry.

5.4 Summary

In this chapter we have carried out the largest statistical study of the open magnetic flux
content of the magnetosphere to date, and compared the average open magnetic flux
content of the magnetosphere with that at the time of substorm onset. The results show
that, on average, substorms occur at the upper end of the average open magnetic flux
distribution, showing how the magnetosphere must be preloaded with open magnetic

flux prior to substorm onset.

The large numbers of open magnetic flux estimates allow us, for the first time, to
determine the probability of substorm onset as a function of open magnetic flux. The
results show that substorms can occur over a large range of open magnetic flux values
and that a fixed critical threshold in open magnetic flux does not exist. The results are
also not consistent with a model in which a solar wind trigger is required to trigger
onset once some minimal threshold in open magnetic flux has been reached. The results
are, however, consistent with a model in which a variable threshold in open magnetic
flux exists as a requirement of substorm onset. The distributions shown in Figure 5.5

place important constraints on any future similar models of substorm onset.
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Searching for the energetic particle injection signatures of substorm onset in
geosynchronous satellite data, we have found that not all substorms identified in the list
of Frey et al. (2004) show the characteristic injection signature of substorms. Dividing
substorms into three categories based on their particle injection signatures, we find that
substorms showing the ‘classical’ particle injection signature expected at substorm
onset occur, on average, at higher values of open magnetic flux than those showing
varied particle enhancement signatures. Events showing no energetic particle
enhancements occur at even lower values of open magnetic flux. In the following
chapter we investigate these three distinct particle injection categories of substorms in
more detail by carrying out a superposed epoch analysis of the open magnetic flux, solar
wind and IMF conditions, geomagnetic activity, auroral luminosity and auroral oval

boundary motions during each type of event.
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Chapter 6. A Superposed Epoch Analysis of Substorm

Dynamics

In the previous chapter we demonstrated that substorms showing a ‘classic’ substorm
particle injection signature at geosynchronous orbit (category 1) occur, on average, at
higher values of open magnetic flux than those showing varied activity (category 2) or
no particle injection activity (category 3). In the first half of this chapter we investigate
this finding in more detail by carrying out a superposed epoch analysis of the open
magnetic flux, solar wind and IMF conditions, auroral luminosity and geomagnetic
activity around the time of substorm onset for the three distinct particle injection
categories. In the second half of this chapter we carry out a superposed epoch analysis
of the latitude of the OCB, the latitude of the equatorward boundary of the auroral oval
and the derived width of the auroral oval for all substorms and for the three distinct

particle injection substorm categories.

6.1 Open Magnetic Flux, Auroral Intensity, IMF and Solar Wind Conditions and

Geomagnetic Indices

6.1.1 Methodology

In the previous chapter we calculated F,. from over 12,000 auroral images from the
December and January months of 2000-2002. We now use these estimates of F,. and
the Frey list of substorms to perform a superposed epoch analysis of F),., the maximum
nightside auroral intensity and the solar wind conditions and geomagnetic activity

within = 5 hours from the time of substorm onset.

Firstly, we categorise all Frey substorm onsets from December and January 2000-2002
using the LANL classification system as described in the previous chapter. That is, we
split the onsets in to three categories based on particle injection signatures at
geosynchronous orbit as seen by the LANL spacecraft:

Category 1: Substorms showing a classic substorm particle injection signature.

Category 2: Those substorms exhibiting energetic particle fluctuations which do not fall
within category 1 (unclear activity).
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Category 3: Substorms which show no energetic particle fluctuations at any MLTSs.

The availability of LANL data and the location of the LANL spacecraft limits our
ability to classify the substorms in this way (as described in the previous chapter). Of
the 451 onsets in the Frey database from December and January 2000-2002 we are able
to classify a total of 306 onsets into the three LANL categories. We find that relatively
even numbers of onsets lie in each of the three categories, 114 in category 1, 100 in
category 2 and 92 in category 3. To produce a time-series of F,. relative to the onset
time, the following procedure is used: for each LANL category and for each Frey onset
within the category we find all values of F,. from the parent distribution which fall
within £+ 5 hours of the onset time. The data are then binned in bins of 13 minutes such
that at the onset time values are binned from 6 minutes prior to onset to 6 minutes
proceeding onset. The mean of all values in each 13 minute bin and across all
substorms within the relevant category is then taken. A similar procedure is carried out
on the maximum nightside auroral intensity, solar wind magnetic field and plasma

properties and the geomagnetic indices AL, AU and SYM-H.

The maximum nightside auroral intensity is taken to be the maximum count rate found
between 18-06 MLT and 50-90° magnetic latitude from each IMAGE WIC FUV
auroral image. Any counts found above a value of 4000 are considered to be due to
anomalies in the data, that is we set a maximum limit of 4000 counts. Solar wind data
are provided by the OMNI Definitive, 1 AU 1 minute IMF and Plasma database
courtesy of CDAWeb. Plasma and magnetic field data from the ACE, WIND and
Geotail spacecraft were used to produce averaged 1 minute resolution plasma and IMF
datasets shifted to the Earth’s bow shock nose using a minimal variance technique
(see Weimer et al., 2003). All solar wind data used in this thesis are in GSM coordinates
(see Figure 1.2). One minute resolution AL, AU and SYM-H indices were provided
courtesy of the World Data Center for Geomagnetism, Kyoto University, from a chain

of high latitude magnetometers.

The Akasofu epsilon parameter is an empirically determined fraction of the solar wind
Poynting flux through the dayside magnetopause (Perreault & Akasofu, 1978) and is
thus a measure of the solar wind energy input into the magnetosphere due to dayside

reconnection. Here we define the epsilon parameter as:
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e=V_B%sin*(0.12), (6.1)

where B is the total IMF strength (B = \/(Bf +B? +BZ)), Vy is the x component of the

solar wind flow speed and €. is the IMF clock angle (see Figure 1.2). This has the same
functional form as equations derived for the dayside reconnection rate
(e.g. Milan et al, 2007; Milan et al, 2008) and thus its magnitude also gives an
indication of the level of dayside reconnection. Here we have left out the length

constant, /y, so that & has units of power per unit area.

Figure 6.1 shows the superposed epoch traces for the three LANL categories. Category
1 events are shown by the green trace, category 2 by the red and category 3 by the blue.
Also overplotted in each panel is a null line (grey) representing the average conditions
and variations for the whole period of study not keyed to substorm onset. This is
calculated by combining the onset times from all three categories, adding one IMAGE
orbit period (14.2 hrs) to each onset time and carrying out the same superposed epoch
methodology to find £, and the solar wind and magnetic indices within +5 hrs of this
shifted time. Shifting the onset times by one IMAGE orbit means that no biases will be
introduced by the viewing angle of the WIC detector as this will remain consistent
between the LANL categories and null line. Progressing through each panel, a-n, in turn
we have the superposed traces for (a) £, (b) the maximum nightside auroral intensity
(D), (c) the IMF B, component in nT, (d) the transverse component of the IMF

(B, =/(B] +B)), (e) IMF B, (f) the absolute value of B,, (g) IMF B,, (h) the absolute

value of B,, (i) the solar wind proton number density (Ns.), (j) the solar wind flow
pressure (P), (k) the x component of the solar wind flow speed (7,), (I) the SYM-H
index, (m) the Akasofu parameter (¢) given by equation 6.1, and finally (n) the AU and
AL indices.

To give us a better understanding of the significance of any fluctuations in the
superposed traces we also plot the LANL categories separately in Figures 6.2-6.4, along
with a null line (grey line) representing the average conditions. Each null line is
calculated in the same manner as for Figure 6.1 using only the onset times relevant to
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Figure 6.1: Superposed epoch analysis of (a) open magnetic flux, (b) maximum
nightside auroral intensity, (c) IMF B., (d) transverse component of the IMF

B, =/(B} +B?), (e) IMF B,, (f) the absolute value of IMF B,, (g) IMF B,, (h)

the absolute value of IMF B,, (i) solar wind proton number density, (j) the solar
wind flow pressure, (k) the x component of the solar wind flow speed, (I) the
SYM-H index (m) the Akasofu ¢ parameter and (n) the AU and AL geomagnetic
indices keyed to the time of substorm onset for the three distinct particle injection
categories of substorms. Green represents category 1 (classical substorm injection
signature substorms, 100 events), red represents category 2 (all substorms
showing energetic particle enhancements not falling within category 1, 114
events) and blue represents category 3 (substorms occurring with no energetic
particle enhancements, 92 events). The grey lines represent the average
conditions of each parameter for the period of study. The bold vertical line
represents the time of substorm onset and dashed vertical lines show hours from

onset time.
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Figure 6.2: Superposed epoch analysis of 100 category 1 events (‘classic’
substorm particle injection signatures), green line. The grey shaded regions
represent the standard error on the mean and the grey line represents the average
conditions for the period of study. Panel (a) open magnetic flux, (b) maximum
nightside auroral intensity, (c) IMF B., (d) transverse component of the IMF
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t
the absolute value of IMF B, (i) solar wind proton number density, (j) the solar
wind flow pressure, (k) the x component of the solar wind flow speed, (l) the
SYM-H index (m) the Akasofu ¢ parameter and (n) the AU and AL geomagnetic
indices. The bold vertical line represents the time of substorm onset and dashed
vertical lines show hours from onset time.
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Figure 6.3: Superposed epoch analysis of 114 category 2 events (unclear particle
injection activity), red line. The grey shaded regions represent the standard error
on the mean and the grey line represents the average conditions for the period of
study. Panel (a) open magnetic flux, (b) maximum nightside auroral intensity, (c)

IMF B., (d) transverse component of the IMF B, = /(B> + BY) , () IMF B,, (f)

the absolute value of IMF B,, (g) IMF B,, (h) the absolute value of IMF B,, (i)
solar wind proton number density, (j) the solar wind flow pressure, (k) the x
component of the solar wind flow speed, (I) the SYM-H index (m) the Akasofu &
parameter and (n) the AU and AL geomagnetic indices. The bold vertical line
represents the time of substorm onset and dashed vertical lines show hours from

onset time.
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Figure 6.4: Superposed epoch analysis of 92 category 3 events (no substorm
injection signature), blue line. The grey shaded regions represent the standard
error on the mean and the grey line represents the average conditions for the
period of study. Panel (a) open magnetic flux, (b) maximum nightside auroral

intensity, (c) IMF B., (d) transverse component of the IMF B, = 1/(By2 +B?), (e)

IMF By, (f) the absolute value of IMF B,, (9) IMF B,, (h) the absolute value of
IMF B,, (i) solar wind proton number density, (j) the solar wind flow pressure,
(k) the x component of the solar wind flow speed, (I) the SYM-H index (m) the
Akasofu ¢ parameter and (n) the AU and AL geomagnetic indices. The bold
vertical line represents the time of substorm onset and dashed vertical lines show
hours from onset time.



each category. To give some indication of the statistical significance of the superposed
results, we also plot the standard error on the mean for all parameters, shown by the
grey shaded region. Repeating all plots using the medians in the binning process does

not effect any of the curves significantly.

6.1.2 Observations and Discussion

6.1.2.1 Overview of Category 1 and 2 Events

Initial inspection of Figure 6.1 shows that the fluctuations seen in category 1 and 2
events occur with relatively similar magnitudes and show similar trends in many of the
parameters whilst category 3 events tend to occur with much weaker fluctuations. We
therefore firstly summarise the variations and trends seen in category 1 and 2 events,
taking each parameter in turn, before discussing the very different category 3 events in

the next section.

Panel a: Open Magnetic Flux

In the previous chapter we showed that category 1 events occur, on average, at higher
values of F,. than either category 2 or category 3 events. This is confirmed in the
superposed plot, green line Figure 6.1a and 6.2a, with F),. reaching its highest value for
the whole £ 5 hours at the onset time (from hereafter referred to as ¢ = 0) with a value of
~ 0.64 GWhb. F),. remains relatively unchanged between ~ -3.5 hrs and ~ -60 minutes,
fluctuating between ~ 0.52 and 0.54 GWb. At ~ -60 minutes F,. begins to rise sharply
away from the null line from a value of ~ 0.53 GWb to 0.64 GWb at ¢ = 0, an increase
of 21%. Following onset F,. rapidly falls, decreasing to a value of 0.51 GWhb at
+78 minutes, a drop of ~ 20%. F,. then continues to fluctuate between ~ 0.48 and
0.54 GWhb for the remainder of the period.

The variation of F),. for category 2 events is shown by the red trace of Figures 6.1a and
6.3a. Although F,. starts to increase at ~ -2 hours, we take the beginning of the growth
phase to be were a sharp increase is seen in the F,. accumulation rate at —-91 minutes.
This growth phase is approximately 30 minutes longer than the growth phase seen for

category 1 events and increases £, from a value of ~ 0.50 GWhb to a value of 0.61 GWb
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at ¢+ = 0, an increase of 22%. The expansion phase is much less pronounced but more
prolonged than for category 1. Lasting for approximately 90 minutes and reducing F.
by ~ 0.045 GWhb. That is, F,,. decreases by only ~ 7% in the expansion phase. Following
the end of the expansion phase £, continues to fluctuate between 0.55 and 0.6 GWb for
the remainder of the period, comfortably above the null line flux, which has a mean of
0.51 GWhb, and F),. prior to substorm onset. The fluctuations are comparable in size to

the fluctuations seen in the null lines and we thus consider them to be insignificant.

The values of F,,. for both category 1 and 2 events are consistent with the values found
by previous studies (e.g. Coumans et al., 2007; DeJong et al., 2007; Milan et al., 2007;
Huang et al., 2009). Previous studies (e.g. DeJong et al., 2007; Huang et al., 2009) have
found a reduction of between 24-30% of the total open magnetic flux stored in the
system during the expansion phase of isolated and sawtooth substorm events. Category
1 events show a similar reduction in the total F,. content of the system (20%), whilst
category 2 events do not (7%). Panel m of Figure 6.1 shows the superposed Akasofu &
parameter (equation 6.1), a measure of the dayside driving, for the three categories.
Category 1 ¢ decreases rapidly around the onset time, suggesting that the addition of
energy to the magnetosphere through dayside reconnection, and the addition of open
magnetic flux to the system, slows dramatically. Coupled with the large flux closure due
to substorm onset on the nightside, this results in a large reduction of the total flux of
the system for this category. For category 2, ¢ (red trace) remains elevated after onset as
compared to category 1 events (green trace), suggesting that dayside reconnection and
the addition of open magnetic flux to the system continues at a steady rate throughout
the substorm expansion phase for category 2 events, balancing the ongoing closure of
flux on the nightside (see also 7 below). This results in only a moderate reduction of the

total flux of the system for this category.

Panel b: Auroral Intensity

The green trace in panel b Figures 6.1 and 6.2 shows the superposed maximum
nightside auroral intensity (/), in counts, for category 1 events. Between -5 hrs and
-13 minutes the intensity fluctuations are small and of a similar size to the random
fluctuations seen in the null lines. At -13 minutes the intensity sharply increases, at a

rate of ~ 52 counts/min, from a value of ~1890 to a peak of ~ 3051 counts at
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+13 minutes. Following the peak 7 falls at a rate of 11 counts/min until ~ +2 hours,
where after it fluctuates around the null line at a fairly constant intensity for the

remainder of the period.

The intensity of category 2 events (red trace Figure 6.1b and 6.3b) fluctuates at similar
values to that of the category 1 intensity and the null lines from -5 hrs to -13 minutes. At
-13 minutes the intensity rapidly rises at a rate of ~ 32 counts/min. As with category 1
events, the peak in intensity is reached at +13 minutes with a value of 2800 counts.
Thereafter, similarly to F,. (Figure 6.1a), the intensity shows a slow decline lasting for
~ 30 minutes longer than the decline of / for category 1 events. Also similarly to £, for
the remainder of the period 7 remains elevated as compared to the category 1 intensity
and the null lines. The values found in this study are somewhat lower in intensity than
those found by Mende er al. (2003) at the MLT of the initial onset. The higher
background levels in our study suggest that the brightest part of the auroral oval is not
necessarily at the onset MLT prior to substorm onset. The more extreme peak values of
the Mende study may be explained by the increased intensity of the aurora in summer

months, not used in this study.

Blockx et al. (2009) found a very good correlation between the maximum nightside
auroral intensity during the substorm process and the ¢ parameter, a measure of the
dayside reconnection rate. They found that the maximum nightside auroral intensity
integrated over the expansion phase is better correlated with the & parameter integrated
over the growth phase (r=0.9) than ¢ integrated over the expansion phase (r=0.6),
suggesting that the loading-unloading process (in which energy is first stored in the
magnetosphere during the growth phase and subsequently released during substorm
expansion) plays a bigger role in the substorm onset than the directly driven process
(where solar wind energy is directly dissipated into the ionosphere and ring current).
Milan et al. (2006) carried out a multi-instrument study of a substorm interval occurring
during a period of continued southward IMF and hence inferred continuous dayside
driving. They found that following the second substorm event of their study £,
remained elevated for the remainder of the substorm interval and that the maximum
auroral intensity averaged between 20:00 and 04:00 MLT, after showing a rapid
brightening around the onset time, slowly declined over the next 2.5 hours.

Measurements of the magnetic field in the magnetotail made by the Cluster
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(Escoubet et al., 1997, 2001) and Double Star (Liu e al., 2005) spacecraft suggested
that the tail dynamics during the substorm is strongly driven by the on-going dayside
creation of open magnetic flux. We suggest that category 2 events are similar to the
event of this study in that they are highly influenced by the continued dayside solar
wind-magnetosphere driving, and that there is a larger contribution in their driving from
the directly driven process whilst category 1 events depend more heavily on the

loading-unloading process.

Panels c-k and m: IMF and Solar Wind Conditions

The green trace in panels c-h of Figure 6.1 and 6.2 show the superposed IMF data for
category 1 events. B, fluctuates between ~ -0.3 and -0.9 nT from -5 hrs to -130 minutes.
This is followed by a rapid and large increase to more negative values, -3.2 nT being
reached at -26 minutes. The decrease of B, slightly increases at -78 minutes from
~ 0.017 nT/min between -130 and -78 minutes to 0.033 nT/min between -78 and
-26 minutes. Over the next 40 minutes B, turns sharply towards less negative values, a
value of -0.8 nT reached at ~ +1 hr. For the remainder of the 5 hr study the B,
component slowly progresses towards less negative values but is always more negative
than the null lines. The & parameter (panels m) closely anti-correlates with the variation
of the B, component of the IMF. Between -5 hrs and -130 minutes ¢ varies between
approximately 5.5 and 8.6 W/m, before rapidly increasing in conjunction with the large
negative excursion of B.. ¢ reaches its maximum value of ~ 11.2 W/m at -26 minutes,
the same time as B, reaches its most negative value. Subsequently ¢ drops rapidly until
+91 minutes following the rapid return of B, to less negative values. Thereafter ¢ slowly
declines as B. slowly moves towards less negative values for the remainder of the
period. The close anti correlation between the IMF B, and ¢ variations suggests that B,
plays the dominant role in the driving of dayside reconnection for category 1 events.

The category 1 B,, B, and absolute values of B, and B, (panels d, g, h and f) show no
deviation from the typical non-substorm IMF behaviour as represented by the null lines.
The category 1 B, component (panels €) is mildly positive and fluctuates with a slightly

higher mean, g =0.3 nT, than its null line, 4 =0.1 nT. The size of the fluctuations

seen in the category 1 B, trace are of a similar size to the fluctuations seen in the

88



category 1 null line (grey line Figure 6.2e), suggesting that these fluctuations are not
significant.

Both the category 1 solar wind proton density (Figure 6.1i and 6.2i) and pressure

(panels j) have a slightly higher mean than their average values as represented by the

null lines, the mean values being Ny, ~7.0 cm® Ny~ ~60 cm?
ch = 2.6 nPa, ch,ml, ~ 2.3 nPa. The category 1 solar wind velocity, V., (panels k) is

also slightly higher than its equivalent null line, I7Cm1z—451 km s?

X,

v ~ 444 km s,

XcarLnull

The category 2 IMF data are shown by the red lines of Figures 6.1c-h and 6.3c-h.
Between -5 and -3.5 hrs the B, component of the field varies around values similar to
the category 1 events and the null line before moving to slightly positive values between
~ -3 and ~ -2 hours. The negative magnitude of B, then starts to increase at the same
time as the excursion seen in the category 1 events, with the rate of change rapidly
increasing at -78 minutes to a rate of ~ 0.02 nT/min. The most negative value of ~ -2 nT
is reached at -13 minutes, approximately ten minutes later than for category 1 events.
The recovery towards less negative magnitudes occurs much less rapidly than for
category 1 events over the subsequent 3 hours, thereafter B, slowly progresses towards

less negative values and the null line for the remainder of the period.

The category 2 transverse component of the field (B,) is elevated from the null line and
category 1 events by ~ 1 nT, the K-S statistical test returns a probability of 0.98 that the
distribution of B, for category 2 events is significantly different to that of category 1
events and the null line. The K-S test returns a probability of 0.2 that the category 1 B,
distribution is significantly different to its null line, suggesting that category 1 events
occur during average solar wind B, conditions. The category 2 B, component fluctuates
at similar values to the category 1 events, whilst the absolute value suggests that the
category 2 events occur with elevated magnitudes of IMF B,. Figure 6.5 shows the
distributions of B, and the absolute value of B, averaged over the half hour prior to onset
for the three LANL categories. Several large magnitude B, events (> +10 nT) are seen

in the category 2 distribution. Removing these events from the superposed study
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reduces the size of the ABS(B,) shift to higher magnitudes, but it remains elevated as
compared to category 1 and 3 events showing that this offset is statistically significant.
The B, component, Figure 6.1 and 6.3 panel g, fluctuates at more negative values than
the null line or category 1 events and has an elevated magnitude as shown by the

absolute value, panel h.

Category 2 events also occur with elevated solar wind proton density (red line Figure

6.1i and 6.3i), ]VSWCH,Z ~8.7 cm® N ~7.1 cm?, and solar wind pressure (Figure

6.1j and 6.3j), P.,, ~3.2 nPa, P, , ~ 2.6 nPa, as compared to category 1 events and
the null lines, whilst the solar wind speed (V. panels k) is slightly lower than for

category 1 events, V, ~-437kms*and 7, ~-437kms™.

As for category 1 events, category 2 events show a close anti-correlation between IMF
B. and ¢ (red trace Figures 6.1c and m), with B, and ¢ remaining elevated in magnitude

throughout the expansion phase. However, the ¢ parameter is a function of the solar

wind flow speed, ,, the total IMF strength, B = (B + B + B)"'?, and the IMF clock

angle. Both V; and B. are stronger for category 1 events, whilst B, and B, are elevated
for category 2. While the driving for category 1 events appears to be largely governed
by the B, component of the field, the elevated driving for category 2 events appears to

originate from the elevated magnitudes of the B, component of the field.
Panels [-n: Magnetic Indices

The category 1 superposed SYM-H, AU and AL indices are shown by the green lines in
Figures 6.1 and 6.2 panels | and n respectively. The SYM-H index gradually increases
in negative magnitude from ~ -18 nT at -5 hours to ~-19.6 nT at ~ -1 hrs. From ~ -1 hrs
to 7=0 SYM-H increases more quickly to a minimum of -22 nT at 7=0. Immediately
following 7=0 SYM-H begins to recover, recovering to ~ -19 nT at +91 minutes. For
the entire period of study category 1 SYM-H has a greater magnitude than the null lines.
The category 2 SYM-H index occurs at slightly reduced levels compared to category 1
and steadily increases between -14 and -20 nT over the 10 hrs of study. This is

consistent with the continued enhancement of the ring current throughout the expansion
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phase of these events due to the continued dayside reconnection. The enhancement of
the SYM-H index (a measure of the ring current) for substorm events with larger values
of F,. is consistent with results of previous superposed studies (Milan et al., 2008,
2009a, b; Huang et al., 2009).

Category 1 AL and AU indices show the expected bays associated with the onset of
substorms. As for SYM-H, both AL and AU values are enhanced as compared to the
null lines. The peak in AL and AU magnetic bays for category 2 events is slightly
smaller than that seen for category 1 events. The magnetic bays suggest the onset of
substorms, but as with F),., the intensity and the IMF B., the recovery occurs more

gradually over ~ 3 hours.

The peak in category 1 AL and AU activity is reached at +26 minutes, consistent with
the findings of Weimer er al (1994). Category 2 activity reaches a peak at
~ +52 minutes, somewhat later than the times suggested by the Weimer study.
However, the magnitudes of the AL and AU indices are on average much smaller than
those seen in the Weimer study and are consistent with the result that the greater the

magnitude of the substorm bay the quicker the peak in activity is reached.
Substorm periodicity

Initial inspection of the category 1 superposed F,. suggests that F,. may reach a
significant peak at both ~ £5 hours, suggesting a possible substorm periodicity of
5 hours for these events. A second peak in the superposed F,,. trace of category 2 events
is seen at ~ -3 hours, with F,. rising and falling by ~0.09 GWb between -5 and
~ -2.1 hours. Small secondary peaks are also seen following onset, although these are of
a similar size to the fluctuations seen in the null line. Borovsky et al. (1993) studied the
average time interval between substorms (Af) for every pair of consecutive substorms
identified from energetic particle enhancements at geosynchronous orbit by the LANL
spacecraft from the 1% of October 1982 to the 29" of September 1983. 1001 values of At
were used. They found an average waiting time between substorms occurring cyclically
(e.g. sawtooth events) of ~ 2.75 hours and a Ar of ~ 5 hours for substorms occurring
randomly (outside of cyclic periods). This leads to the question of whether category 1

events are isolated random substorm events occurring with a mean periodicity of
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~ 5 hours, similar to the mean time found between ‘random’ substorms by Borovsky et
al. (1993), and whether category 2 events are periodic substorms occurring with the
average substorm periodicity of ~ 2.75 hours. To investigate this further we searched
through the Frey database of onsets for all substorms occurring within the +5 hour
period of the superposed study. We find that there is little difference between the
number of substorms occurring within this time period for category 1 and 2 events. In
fact only 50% of the substorms in either category 1 or 2 have another substorm within
+5 hours or -5 hours. For category 3 events (see below) this number is reduced to
~ 36%, which may be expected due to the lower general activity seen for category 3
events. This also suggests that category 3 events are not largely made up of pseudo-
breakups or very weak substorms occurring in the growth or expansion phases of larger
events. We conclude that there is no difference in the substorm periodicity for category
1 and 2 events. We may also draw the conclusion that sawtooth events (approximately 3
hourly substorm events defined by the nature of their particle injection signatures) do
not determine the properties of either category 1 or 2 events. The secondary peak in the
category 2 superposed plot is due to a small number of very large onsets occurring at

this time.

Substorm Triggering

The large northward turning of the IMF B, component (green trace Figure 6.1a and
6.2a) in the half hour preceding substorm onset for category 1 events may lead some
observers to suggest that these events could be triggered by a northward turning of the
IMF. With only a small rise in B, seen for category 2 events, conversely observers may
also suggest that most category 2 events are non-triggered events. Morley and Freeman
(2007) developed an automated technique to identify northward triggers using the
quantitative rules defined by Lyons et al. (1997) (see Morley and Freeman (2007) for
the list of criteria used in identifying a northward turning). We used this automated
technique to identify northward turnings occurring within the 50 minutes prior to the
onset time, finding that 72% of category 1, 54% of category 2 events and 41% of
category 3 events are associated with a northward turning. For a time window of
30 minutes prior to onset 57% of category 1, 40% of category 2 events and 33% of
category 3 events are associated with a northward turning. For a time window of

15 minutes before onset (as used by Lyons et al. (1997) in their definition of a
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northward trigger) 44% of category 1, 29% of category 2 and 17% of category 3 events
are associated with a northward turning. It is clear that category 1 events do not have
exclusivity on northward triggering events and it is more likely that the increased
number of ‘triggered’ events in this category and the large northward turning seen in the
superposed trace is a consequence of the form of the growth phase and the dayside
driving for these events rather than a real association between northward turning
triggered events and energetic particle injections. Moreover, Coumans et al. (2007)
suggested that northward triggered events occur at lower values of F,. than non-
triggered events such that if category 1 events were triggered by the solar wind they
would occur at lower values of F,. than category 2, which is the opposite of what is

seen in the present study.

6.1.2.2 Summary and Discussion of Category 3 Events

In the previous chapter we showed that category 3 events occur, on average, at lower
values of F,. than either category 1 or 2 events. This is confirmed in the superposed
study, blue trace Figure 6.1a and 6.4a, with an F),. at onset of 0.49 GWhb. This value is
below the null line value of £, at onset and the mean value of the category 3 null line
flux (grey trace Figure 6.4), 0.51 GWhb. This value is also somewhat lower than the
average value of the onset F,. found in previous studies (e.g. Coumans et al., 2007;
Delong et al., 2007; Milan ez al., 2007; Huang et al., 2009). F),. rises from a value of
~ 0.43 GWhb at -169 minutes to a peak of ~0.51 GWb reached at +39 minutes.
Approximately 0.05 GWb of flux is then closed over the next 50 minutes. For the
majority of the 10 hour period F,. is located below the average F,. represented by the
null lines, which is the opposite to what is expected for substorms. The maximum
nightside auroral intensity of category 3 events, blue trace Figures 6.1b and 6.4b, is also
located below the average intensity of the null line for the entirety of the 10 hours
except for a short period of ~ 1 hour starting around the onset time. This is evidently the
auroral brightening identified by Frey et al. (2004) as the start of substorm onset. The
IMF B, component, blue Figures 6.1c and 6.4c, is also found at smaller magnitudes than
the average B, for the majority of the £5 hours. There is no large southward turning of
B. which would normally lead to a substorm growth phase. The Category 3 B;, blue
trace Figures 6.1d and 6.4d, and the absolute B,, Figures 6.1f and 6.4f, components of

the field are also found at smaller magnitudes than the null lines.
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The B, component, blue trace Figure 6.1e and 6.4e, is shifted towards negative values,
fluctuating between -1.6 and -0.8 nT for the entire period. To investigate this apparent
shift further, we plot the distributions of B, averaged over the half hour before onset for
the three LANL categories in panels a,c and e of Figure 6.5. It is quite clear from the
figure that both category 1 and 2 distributions are fairly symmetric around 0 nT, as one
would expect in the average solar wind, with means of ~ 0.67 and 0.18 nT respectively.
However, the category 3 distribution is skewed towards negative values of B, with a
mean of -1.34 nT. Figure 6.6 shows the distributions of B, for each of the five months
used in this study. The distributions for December 2000, December 2002 and January
2001 are fairly symmetric around O nT, with slightly positive means. December 2001
has a slightly negative shift while January 2002 exhibits a large peak at ~ -5 nT, shifting
the mean towards a larger negative value. Category 1 events are fairly evenly spread
throughout these months. 54% of category 2 events occur in the negatively shifted
months of December 2001 and January 2002, with 26% (30 events) falling within the
largely negative January 2002. In comparison, 59% of category 3 events are found in
these months with 38% (35 events) falling within January 2002. Removing all January
2002 onsets from the superposed study has no significant effect on the trends and
variations seen in any of the panels of Figures 6.1-6.4 for any of the three categories,
with the negative magnitude of category 3 events reduced to a mean value -0.52 nT
from -1.19 nT previously. We also note that the mean of the category 3 null line
(-0.77 nT) is much more negative than the mean of either category 1 (0.07 nT) or
category 2 (-0.05 nT). That is, the negative shift in B, for category 3 substorms is due to
a bias in IMF orientation during parts of our study interval and not a characteristic of

substorm events showing no particle injection signatures.

Previous studies have shown that substorm onsets most often occur in the pre midnight
sector of the auroral oval in the northern hemisphere but that the onset location shifts
towards dawn for events occurring during periods of more negative IMF B,
(e.g. Gerard et al., 2004; Liou et al, 2001b). To investigate whether our results are
consistent with this result, we plot the distribution of onset MLTs (the MLT of the
auroral brightening identified by Frey et al. (2004) by visual inspection of IMAGE FUV
auroral images) for the three categories in Figure 6.7. Both category 1 and 2

distributions (green and red respectively) are very similar, both having a mean of
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Figure 6.6: Distributions of IMF B, for the 5 months used in this study.
Distributions are produced from all 1 minute resolution values (provided by the
OMNI Definitive, 1 AU 1 minute IMF and Plasma database, courtesy of CDAWeb)
from each day of the relevant month.
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~ 23.1 MLT, consistent with the average onset location found in previous studies.
Applying the K-S statistical test to the two distributions returns a probability of 0.98
that the two distributions are the same. Category 3 events are shifted towards more
positive MLTs, although this is not largely reflected in the mean, with a mean of
23.5 MLT. The K-S test returns a probability that category 3 events are the same as
category 1 or 2 of less than 0.06. This result is consistent with the shifting of onset
MLTs toward dawn for substorms occurring with more negative IMF B,. However, it
also suggests that category 3 events are not the same as category 1 and 2. That is, they

may be a different type of process.

The category 3 B, component, blue Figures 6.1g and 6.4g, is found at slightly more
positive values than the null line, as would be expected to accompany the negative B,
shift due to anti correlation between B, and B, in the Parker spiral. The category 3 solar
wind proton density, pressure and flow speed are all significantly reduced compared to

category 1 and 2 events and the average null lines.

The category 3 SYM-H, AL and AU indices (blue Figures 6.1n and 6.4n) are much
reduced compared to category 1 and 2 events, suggesting that category 3 events occur
during quiet geomagnetic conditions. The AL and AU indices both show slight
deviations at the onset time suggesting that very small geomagnetic disturbances are

occurring.

Previous studies have shown that very weak substorms and pseudo-breakups occur with
very weak IMF B., solar wind proton density and pressure (e.g. Kullen and Karlsson,
2004) and show very weak magnetic activity (see McPherron et al., 2008 and references
therein). The results of this study suggest that category 3 may contain both very weak
substorms as well as other events which may cause nightside auroral brightenings such
as pseudo-breakups (however, as discussed above, they are not dominated by pseudo-

breakups occurring during the growth phase of substorms).

6.2 Auroral Boundaries

The OCB in the ionosphere marks the transition from magnetic field lines with an open

topology to a closed topology and hence represents the mapped location of the dayside
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and nightside reconnection sites. Tracking changes in the latitude of the OCB thus gives
important insights into the reconnection process. The equatorward boundary of the
electron auroral oval has been shown to be co-located with inner edge of the plasma
sheet (e.g. Eather and Mende, 1972). Tracking latitudinal changes in the equatorward
boundary of the auroral oval is therefore an important diagnostic tool for the state of the
magnetosphere.

In the classic definition of a substorm (see section 2.1 of this thesis) the aurora drift
equatorward in the growth phase of the substorm before rapidly expanding poleward
during the expansion phase. Ground and space-based auroral imagery have confirmed
this general motion of the aurora during substorms, but have also shown that this
average behaviour is highly variable and dynamic. For example, the aurora may remain
at a relatively constant latitude when open magnetic flux continues to be added to the
polar cap during the expansion phase. Other studies have shown that the motion of the
poleward and equatorward boundary of the auroral oval is not concurrent at all MLTs
(e.g. Jayachandran et al., 2005; Coumans et al., 2007). To date few and limited
statistical studies of the poleward and equatorward motion of auroral boundaries during
substorms have been carried out. By far the most extensive of these was carried out by
Mende et al. (2003); this study is summarised below and in Figures 6.8 and 6.9.

Using both WIC and S112 observations of the auroral oval Mende et al. (2003) carried
out a superposed epoch analysis of the poleward (top set of traces Figure 6.8) and
equatorward (bottom set of traces Figure 6.8) auroral boundary motions at the onset
MLT (RMLT = 0; black line Figure 6.8) and at £2 (2 RMLT; yellow and green lines
Figure 6.8) and £4 MLT (x4 RMLT; red and blue lines Figure 6.8) from the onset MLT.
Here we have introduced the notation RMLT to denote the MLT at which the boundary
motion takes place relative to the MLT of the initial auroral brightening, determined
from the location of the initial auroral brightening in the IMAGE data. Their data set
consisted of 112 substorm onsets from the time period 23 June 2000 to 14 May 2001.
Their results show that prior to substorm onset the poleward boundary moves slowly
equatorward by ~1-2° in all MLT sectors. At onset (=0) the poleward boundary moves
rapidly to higher latitudes. At RMLT=0 (black line top set of traces Figure 6.8) the
response of the poleward boundary to onset is rapid and large, the poleward motion

appearing to start ~4-5 minutes before onset, and moving rapidly poleward by ~ 4-5°
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MLTs from this location, from a study of 91 substorms by Mende et al., 2003.
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until ~ 10-15 minutes after the onset. The boundary then drifts poleward by ~ 1° over
the next hour. At both +2 RMLT the poleward motion begins immediately at z=0. The
poleward motion is less rapid for both MLT sectors, with an expansion of ~ 5° over
~ 30 minutes seen at +2 RMLT (green line top set of traces Figure 6.8) and a more
sluggish motion of 3-4° over ~ 50 minutes for -2 RMLT (yellow line top set of traces).
The response to onset at +4 RMLT (blue line top set of traces Figure 6.8) is slow but
there is still a poleward motion of up to 4° over the first hour from onset. At -4 RMLT
(red line top set of traces Figure 6.8) the response seen is minimal, with a poleward
motion of ~ 2° over the first hour and a delay of ~5-10 minutes seen between =0 and
the start of the poleward motion.

The equatorward boundary’s response to onset was found to be much less pronounced
than the poleward boundary and to show a very similar motion at all MLTs. As
expected, the equatorward boundary was found to slowly drift to lower latitudes in the
growth phase, this equatorward motion continuing for several minutes after onset, a
delay of ~5 minutes at RMLT=0 (black line bottom set of traces Figure 6.8), 10-15
minutes at £2 RMLT and 20-30 minutes at 4 RMLT. The equatorward boundary is
found at slightly higher latitudes (up to ~ 3-4°) at premidnight MLTs (-4 and -2 RMLT;
red and yellow lines respectively bottom set of traces Figure 6.8) than in the dawnward
sector (+4 and +2 MLT; blue and green lines respectively bottom set of traces Figure
6.8). The authors suggest that this may be explained by the symmetry of the auroral
oval. If the auroral oval is located at its lowest latitude at midnight (00 MLT), and as
most onsets occur between 22-23 MLT, the lowest boundaries should be found at
~ +2 MLT, with +4 MLT boundaries at approximately the same latitude as the onset
MLT. Boundaries at both -2 and -4 MLTs will be found at higher latitudes, as is seen in
their study.

The response of the auroral oval width to these boundary motions is shown in Figure
6.9. In response to the motions of the poleward and equatorward boundaries, a slight
narrowing of the auroral oval width during the growth phase is seen in most MLT
sectors. In the first 5-10 minutes following onset a rapid thickening of ~5° is seen at
RMLT=0 followed by a further thickening of ~1° over the next 30 minutes. At
+2 RMLT a rapid thickening of ~3.5° is seen in the first 10 minutes after onset, followed

by a thickening of ~2° over the next half hour. At -2 RMLT the response is less
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pronounced, with a rapid thickening of ~2° seen in the first 5-10 minutes followed by a
further thickening of ~1° in the next half hour. The response at £4 RMLT is much more
gradual with a total widening of ~4° over the 50 minutes proceeding onset for +4 RMLT
and a smaller widening of ~2° over 30 minutes for -4 RMLT. Following the oval
widening, the oval then remains at approximately the same width for the remainder of
their time window (up to 120 minutes after onset) for all MLT sectors.

In summary, this study has shown that both the OCB and equatorward boundary of the
auroral oval near the MLT of substorm onset slowly drift equatorward during the
growth phase before rapidly expanding poleward after substorm onset but that these
motions are variable depending upon the specific MLT from onset. In general, the
boundary motions after substorm onset are reduced and slower to respond the further
from the onset MLT. The motion of the OCB is much more pronounced than that the
equatorward boundary.

In this study we firstly carry out the largest superposed epoch analysis to date of the
motion through the substorm process of the OCB, equatorward auroral boundary and
auroral oval width as seen by the WIC detector from all substorms identified in the
December and January months of 2000-2002 by Frey et al. (2004), a total of 451 events.
We then divide the study into the three distinct LANL particle injection categories,

giving us new insights into these different types of events including their global extent.

6.2.1 Methodology

Using the technique described in chapter 4 of this thesis, we have identified the location
of the OCB at 24 separate MLT sectors around the auroral oval from over 12000 auroral
images taken by the IMAGE WIC detector in the months of December 2000 and
December and January of 2001-2002. The location of the equatorward boundary (4z,) of
the auroral oval has similarly been determined. The equatorward boundary is assumed
to be displaced by one FWHM equatorward of the center of the Gaussian fit to the
intensity-latitude profiles across 1 hour MLT sectors of the auroral oval from 50-90°

magnetic latitude. That is:
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Ay = A, — AL, (6.2)

where A4; is the latitude of the peak of the Gaussian and 44 is the Gaussian FWHM. We
do not search for the most poleward Gaussian fit, as described in chapter 4 for the OCB.
The fit is made over the entire 50-90° latitude range and if the first fit does not meet the
criteria 1-5 of section 4.1.2 of this thesis then we do not make a boundary estimation.
By visual inspection of the auroral images, we determine that this method gives a good
estimation of latitude of the WIC equatorward boundary on the nightside auroral oval
(18-06 MLT). We are unable to estimate the location of the equatorward boundary on
the dayside due to dayglow causing errors in the fitting procedure (as described in
section 4.2.2 of this thesis). It is important to note that a DMSP correction is not applied
to the equatorward boundaries. For a comparison of the latitude of the auroral image
equatorward boundary and DMSP equatorward boundary see Carbary et al. (2003). A
similar study is beyond the scope of this work. The superposed epoch analysis of the
boundaries is carried out in the same manner as for F,. and solar wind described above,
with boundaries averaged in bins of 13 minutes. The width of the auroral oval is also
determined from the individual OCB and equatorward boundary proxies and binned in

13 minute bins.

6.2.2 Superposed Study of All Substorms

Figure 6.10 shows the superposed epoch OCB, equatorward boundary and oval width
within 5 hours from 7=0 determined from all December 2000 and December and
January 2001-2002 Frey listed substorms (a total of 451 events). The black trace
represents the boundaries at RMLT=0, green +2 RMLT, orange -2 RMLT, blue
+4 RMLT and red -4 RMLT. There is a minimum number of 702 boundary estimates in
any one of the 13 minute time bins. The standard deviations vary between 2.5 and 3.5°
for the OCB, 2.4-4.5° for the equatorward boundary and 3.1-4.8° for the oval width.
The standard errors on the means vary from 0.06-0.12 for the OCB, 0.05-0.14 for the
equatorward boundary and 0.07 to 0.18 for the oval width.

As expected the OCB gradually moves to lower latitudes during the growth phase of the

substorm (lasting for approximately 100 minutes), the motion being very similar in all

99



Mognetic Lotitude (DEG)

Ovol Width (DEG)

78

T
_—

o
P2

OCB

76

74

72

70

68

66

64

(b}

TR

-
N

III|III|III|II

III|III|III|III

-300 -200 -100 0 100 200 300
Minutes Relative to Onset

Figure 6.10: Superposed epoch analysis of auroral oval boundary motions keyed
to substorm onset time for all substorms identified by Frey et al. (2004) for the
months of December 2000 and December and January 2001-2002, a total of 451
events. Panel a shows the motion of the OCB and equatorward boundary of
auroral oval (top and bottom set of traces respectively) and panel b the derived
auroral oval width. Black lines represent the motions in the 1 hour MLT sector of
the initial auroral brightening identified by Frey et al. (2004). Green, blue, orange
and red traces represent the motions in MLT sectors at +2, +4, -2 and -4 MLTSs
from the onset MLT. The bold vertical line represents the onset time and dashed
vertical lines represent hours of UT from onset.



MLT sectors. At RMLT=0 the OCB immediately responds to the onset, rapidly moving
poleward by approximately 3° in the first 30 minutes. The response at +2 RMLT is also
immediate, +2 RMLT showing an expansion of ~3.5° over the first 50 minutes and
-2 RMLT showing a motion of ~3° over the first 90 minutes. There is a slight delay of
up to 10 minutes between the onset and the response of the poleward movement at
+4 RMLT, presumably due to the time it takes for the reconnection to move to later and
earlier MLTs from RMLT=0. The poleward motion in these MLT sectors is smaller and
more gradual, with the poleward movement continuing for up to +2 hours compared to
the general halt of the poleward movement at +1 hour at other MLT sectors. A poleward
motion of ~2° is seen in both MLT sectors over approximately the first 100-130 minutes

after onset.

The motion of the equatorward boundary is much less pronounced than for the OCB. As
expected, the equatorward boundary slowly drifts to lower latitudes during the growth
phase. The response of the poleward motion at -2 RMLT is immediate, while a delay of
a few minutes is seen at RMLT=0 and -4 RMLT. This delay increases towards the
dawnward sector, with a 30 minute delay at +2 RMLT and an hour delay at +4 RMLT.
After the poleward motion the duskward equatorward boundary (-2 and -4 RMLT) is
located at slightly higher latitudes then its pre-onset values. At +2 and +4 RMLT the
equatorward motion in the growth phase is larger and more prolonged, continuing for
up to an hour after onset. The subsequent poleward motion is reduced compared to other

MLTs, leaving the boundary ~ 1° equatorward of its pre-onset values.

The motions of the OCB and equatorward boundary are reflected in the oval width,
shown in Figure 6.10b. At RMLT=0, +2 and +4 RMLTs a very similar thinning of the
oval in the growth phase is followed by a rapid thickening in the expansion phase. A
delay in the widening of the oval is seen at +4 RMLT due to the delay in the poleward
motion of the OCB in this MLT sector. At -2 and -4 RMLTs the widening after onset is
much reduced due to the larger poleward motion of the equatorward boundary in the
expansion phase. The boundary and oval width variations are grossly similar to the
study of Mende et al. (2003) but reduced in size and response time. This may be due to

the possible inclusion of non-substorm events in our study (i.e. category 3).

100



Similar to the result of Mende ef al. (2003), we find that the equatorward boundary is
located at higher latitudes duskward of the onset MLT (-2 and -4 RMLTs, orange and
red traces) and at lower latitudes more dawnward of onset (+2 and +4 RMLTs, green
and blue traces). As suggested by Mende et al. this may be explained by the symmetry
of the auroral oval. The average onset MLT of all the onsets in this study is 23.26 MLT.
This suggests that, on average the equatorward boundary of the WIC auroral oval for
December 2000 and December and January 2001-2002 is at its lowest latitude at ~01-02
MLT (+2 RMLT), followed by 03-04 MLT (+4 RMLT), 23-00 MLT (RMLT=0), 21-22
MLT (-2 RMLT) and finally 19-20 MLT (-4 RMLT). In the study of Mende et al. (2003)
the OCB is also located at higher latitudes in the duskward MLT sectors. However, this
situation is almost reversed for the location of the OCB in this study, with the OCB
found at its lowest latitude at -2 RMLT (orange), followed by RMLT=0 (black),
-4 RMLT (red), +2 RMLT (green) and finally +4 RMLT (blue). This is also reflected in
the oval widths. In the dawnward sector (green and blue traces), prior to substorm onset,
the auroral oval is up to 4-5° thicker than at duskward MLTs (orange and red traces).
Due to the motions of the equatorward boundary and OCB during the expansion phase,
this situation is exaggerated following onset. Post-onset the auroral oval becomes
thinner in the duskward sector and thicker at dawnward MLTs, with the post-onset
dawnward oval being up to 6-7° thicker than in the duskward sector. Visual inspection

of the WIC auroral ovals confirms this result.

We attribute this result to the low energy precipitation region often seen to cover several
degrees of latitude poleward of the main auroral oval at dawnward MLTSs. This is the
so-called sub-visual drizzle region, which extends away from the main oval
precipitation in the post-midnight sector towards the dayside. Mende et al. (2003)
estimated the high latitude boundary of WIC auroral emission by fitting a double
Gaussian like function to intensity-latitude profiles across 1 hour MLT sectors of the
auroral oval. They then assume the upper boundary is located at the most poleward
point at which the fitted Gaussian is above 50% of the pre-onset averaged maximum
auroral intensity (averaged from 30-12 minutes before onset). In chapter 4 of this thesis
we have shown that the DMSP particle precipitation estimations of the OCB are found
several degrees poleward of the equivalent IMAGE WIC OCB boundary in the
dawnward sector of the auroral oval. Directly observing the precipitating particles by

DMSP allows the transition between the low energy sub-visual drizzle region on closed

101



magnetic field lines and the low-energy polar rain on open magnetic field lines to be
directly determined. Fitting a Gaussian function to the intensity-latitude profiles is much
weaker at defining this transition, often smoothing the sub-visual drizzle region into the
background part of the fit. The DMSP OCB is therefore found poleward of the WIC
OCB in the dawnward sector, where the sub-visual drizzle region is prominent, and we
have applied a correction to our WIC OCB estimations to account for this. A similar
correction has not been applied in the study of Mende et al. (2003), and, as they state,
they are studying the poleward edge of poleward auroral emission rather than the true
location of the OCB.

This DMSP correction is likely to be the biggest factor affecting the offsets seen, but we
must also consider whether a smaller effect may be induced by the viewing angle of the
IMAGE spacecraft. Figure 3.1 shows the orbit of the IMAGE spacecraft for the five
months of this study. Over the first four months the average viewing angle of the
spacecraft is located directly over the northern polar cap, with apogee slightly duskward
in December 2000 and January 2001 and slightly dawnward in December 2001 and
January 2002. Only in December 2002 is the apogee significantly shifted towards the
dawnward side. This may cause a slight elongating of the dawn side auroral oval to
higher latitudes (as seen by the imager), placing the dawnward OCB at higher latitudes,
and an elongating of the duskward oval to lower latitudes, placing the duskward
equatorward boundary at a lower latitude. However, we would expect this effect to be
minimal and only significant in the final month of the study. Removing the boundary
estimations of December 2002 from the superposed study does not significantly change

the offsets seen.

6.2.3 Superposed Boundary Movements of LANL Categories

Figure 6.11 shows the superposed epoch boundary and oval width movement for the
three LANL categories, green category 1, red category 2 and blue category 3, at
RMLT=0 and +2 and 4 RMLT. There is a minimum of 108 boundary estimates in any
of the 13 minute time bins. The standard deviations vary between 2.2-4.2° for the OCB,
1.8-5.9° for the equatorward boundary and 2.6-5.2° for the oval width. The standard
deviations vary between 0.09-0.36° for the OCB, 0.08-0.39° for the equatorward
boundary and 0.13-0.49° for the oval width. Figure 6.12 shows the superposed latitude
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Figure 6.11: Superposed epoch analysis of the motion of OCB, equatorward
boundary of the auroral oval and auroral oval width keyed to substorm onset
time for category 1 (green), category 2 (red) and category 3 (blue) substorm
events at the MLT sector of the initial auroral brightening (Onset MLT) and at
+2 and £4 MLTs from the onset MLT. The bold vertical line represents the time
of onset and dashed grey vertical lines represent hours from onset.
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Figure 6.12: Superposed epoch analysis of the motion of the OCB for the entire
auroral oval. OCB estimates have been averaged over 3 hours of MLT. Category
1 events are shown by green, category 2 by red and category 3 by blue. The
vertical solid line at 0 minutes shows the time of onset and the dashed vertical
lines show hours from onset.



variation of the OCB averaged over 3 MLT sectors around the entire auroral oval.
Standard deviations are of the order 2-4° and standard errors 0.1-0.3°. A similar plot is
not possible for the equatorward boundary due to the lack of accurate estimates of the
equatorward boundary on the dayside due to low-latitude dayglow swamping the

equatorward edge of the auroral oval.

6.2.3.1 Motion of the OCB

The OCB motion for category 1 and 2 events is very similar and follows the general
trends seen for all substorms at all MLT sectors. Category 3 events (blue) show smaller
OCB motions in all MLT sectors. The equatorward motion and subsequent poleward
expansion of the OCB is seen at all MLT sectors for category 1 events shown in Figure
6.12, showing these events to be truly global in nature. The poleward and equatorward
boundary motions varying between ~ 1-4°, with the largest boundary motions closer to

midnight.

Category 2 events (red) show the expected equatorward and poleward motions on the
nightside (18-06 MLT, Figure 6.12). A poleward expansion is also evident in the 06 to
09 MLT sector after an ~ 1 hour delay from onset. In the 15-18 MLT sector the OCB
drifts equatorward during the growth phase, remains at an almost constant latitude
between the onset time and +2 hours, before moving poleward by less than 1°. In both
the 09-12 and 12-15 MLT sectors the OCB continues to move to lower latitudes for
~ 2 hours after onset, indicating that open magnetic flux is still being added on the
dayside. This is not seen for category 1 events (green) and is consistent with the
increased dayside driving suggested by the elevated levels of the ¢ parameter for

category 2 events (Figure 6.1m, see section 6.1.2.1).

Category 3 events show a clear equatorward and poleward motion around onset
between 15-00 MLT. The movement is much less clear at 00-15 MLT, with the
fluctuations around onset of a similar magnitude to those of the rest of the period of
study, suggesting that these are not significant. These results suggest that category 3
events are highly localised reconnection events which do not become a global

phenomenon.
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Many previous studies have shown that the initial onset region is located within the
closed magnetic field line region of the auroral oval, some distance from the OCB (e.g.
Geérard et al., 2004). We therefore might expect to see a short delay between the
poleward motion of the OCB and substorm onset due to the time it takes for the
reconnection to eat through closed magnetic flux before proceeding onto open magnetic
field lines. However, and as reported in previous studies (Mende et al., 2003), this is not
seen in the superposed boundary plots. The OCB is seen to respond immediately to
substorm onset at midnight MLTs with a short delay only evident at 3-18 MLT in
Figure 6.12 and + 4 RMLT in Figure 6.11. This short delay is presumably due to the
time it takes for the reconnection to travel to earlier and later MLTs from the onset
MLT. One explanation of this lack of delay at midnight could be due to the timing of
substorm onset in our study. Due to the temporal resolution of the IMAGE spacecraft
we can only determine the time of the initial brightening to within 2 minutes. However,
as pointed out by Voronkov et al. (2003), the initial auroral brightening (as may be seen
by ground-based all-sky cameras) is often below the threshold of UV detectors such that
there may be a time delay of up to ~5 minutes between the true onset time and the first
auroral brightening seen by UV auroral imagers. Reducing the bin size of the
superposed study does not effect the trends seen, but does significantly increase the size
of the standard deviations and standard errors.

6.2.3.2 Motion of Equatorward Boundary

The motion of the category 1 equatorward boundary (green Figure 6.11, middle row)
very closely follows the motions seen for all substorms. That is, a smaller poleward
motion and longer delay between onset and the poleward turning of the boundary for
further dawnward MLTs (+2 and +4 RMLT). Category 1 events show the largest
boundary movements of the three categories. Category 2 events show the same general
trends as for all substorms and category 1 events, but with, in general, smaller poleward
movements after onset. Category 2 events also show a slightly longer delay between the
onset time and poleward turning of the equatorward boundary at +2 and +4 RMLTs as
compared to category 1 events. As expected, the category 3 equatorward boundary is
found at higher latitudes than category 1 or 2 due to the contracted auroral ovals for this
category. The equatorward boundary of category 3 events does not follow the typical

boundary movements expected around substorm onset. At -4 and -2 RMLT the category
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3 equatorward boundary continually moves towards higher latitudes from
approximately 7=0 until the end of the period of study. At +4 and +2 RMLT this

motion is generally reversed.

6.2.3.3 Oval Width Variation

The oval width of category 1 and 2 events also follow each other closely at all MLTs
and show the general trends of all substorms. The category 3 oval width is more
complicated due to the less typical motions of the OCB and equatorward boundaries. At
the onset MLT the oval width variation is similar to that of category 1 and 2, showing
the expected thinning and thickening motion typical of a substorm. Due to the poleward
motion of the equatorward boundary at -4 and -2 RMLT, the oval width generally
decreases for the whole period of study in the duskward sector. At +2 and +4 RMLT the
oval width remains relatively constant. The boundary motions suggest that category 3

events are much smaller, much more localised events than either category 1 or 2.

6.3 Discussion

In order to have confidence in any conclusions drawn from this study it is important to
discuss the statistical significance of the trends and variations seen in the superposed
plots. To give an indication of the error on the mean for each LANL category, we plot
the standard error on the mean (the standard deviation divided by the root of the total
number of events in each 13 minute bin, grey shaded region) on the superposed plots of
Figures 6.2-6.4 along with the null lines for each category (representing the average
variations of the parameters for the period of study, grey line). Further, we find a small
number of events in each category which occur during relatively enhanced solar wind
conditions from the average behaviour seen in each category. Removing these events
from the superposed analysis does not effect the average trends seen in any of the
categories and we conclude that the variations and trends seen in Figures 6.1-6.4 are

true representations of the differing LANL categories.

The standard deviations of the superposed boundary plots in Figures 6.8, 6.9 and 6.10
vary from ~2-4° for the OCB, 2-6° for the equatorward boundary and ~3-5° for the oval
width. The standard error on the mean varies between 0.06-0.36° for the OCB,
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0.05-0.39° for the equatorward boundary and 0.07-0.49 for the oval width, less than the

deviations in boundary movements which we consider to be significant.

Here let us bring together the main findings of the superposed F,., solar wind and IMF,
geomagnetic activity, maximum nightside auroral intensity and auroral boundary

motions and discuss their implications for the three LANL categories.

The category 1 superposed F),., solar wind and IMF conditions and geomagnetic activity
are shown by the green traces of Figures 6.1-6.2. Category 1 events are the largest and
most energetic of the three LANL categories. They occur with the highest F,. at onset
(panel a Figures 6.1 and 6.2) and show the largest peaks in auroral intensity (panels b)
and magnetic indices (panels | and n). They show the most obvious growth and
expansion phases in F,. and geomagnetic indices. They close the most £, during the
expansion phase, ~20% consistent with the amount of F),. closed in previous substorm
studies (e.g. Caan et al., 1978; McPherron and Hsu, 2002; Huang et al., 2009). They
show the sharpest increase and subsequent decrease in auroral intensity and AL and AU
indices. They occur in periods of enhanced geomagnetic activity (AL, AU and SYM-H)
but average IMF and solar wind conditions (pressure, proton density and IMF B,, By, B,
panels e, g and d respectively). The dayside reconnection is strongly controlled by the
IMF B, component (panel c), which shows a significant southward turning and
subsequent northward recovery typical of a “classical’ substorm onset growth phase
(McPherron et al., 1973). The superposed boundary study (green traces Figures 6.9-
6.10) shows that the category 1 events are truly global in nature, with the typical
boundary movements expected around substorm onset seen at all MLTs. In conclusion,
category 1 events show all the expected signatures of a ‘classic’ substorm event. It
seems likely that category 1 events are large, energetic substorms occurring due to a
large southward turning of the IMF B, component during otherwise average IMF and

solar wind conditions.

The superposed category 2 F,., solar wind, IMF and geomagnetic activity is shown by
the red traces of Figures 6.1 and 6.3. Category 2 events occur at slightly lower values of
F,. than category 1 events, with a more gradual increase in . during the growth phase,
which lasts for approximately 30 minutes longer than for category 1 events. After onset

the decrease in F,. (panels a), auroral intensity (panels b) and geomagnetic indices
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(panels I and n) is also more gradual, with the recovery lasting for up to 2 hours after the
onset. F,.remains elevated after onset due to the continued dayside driving (¢ panels m)
continuing to add open magnetic flux to the polar cap balancing the flux closed by
nightside reconnection. The continued dayside driving appears to be more driven by the
elevated IMF B, component (panels e) for these events. Category 2 events also occur
with elevated solar wind pressure and proton density (panels i and j). As with category 1
events, category 2 events show the expected OCB, equatorward boundary and oval
width motions (red traces Figures 6.9 and 6.10) around onset typical of substorm onsets.
These boundary motions are reduced in size compared to category 1 events, perhaps
suggesting that these events are smaller or less energetic than category 1. However, the
reduced size of boundary motions can also be explained by the continued driving of

these events by the solar wind and continued addition of F),. during the expansion phase.

The category 3 F,., solar wind, IMF and geomagnetic activity is shown by the blue
traces of Figures 6.1 and 6.4. Category 3 events do not show the typical growth and
expansion phases in F,. (panels a), with F,. continuing to rise after the onset time
despite the very low dayside driving (¢, panels m), suggesting that nightside
reconnection does not progress to open magnetic field lines. There is no large
southward turning of the IMF B, component (panels c) expected in the growth phase of
a classical substorm onset. A slight increase and subsequent slow decline is seen in the
maximum nightside auroral intensity. This is evidently the auroral brightening
indentified by Frey er al., (2004) as substorm onset. Small-scale magnetic bays are also
seen in the AL (<100 nT) and AU (<50 nT) indices, but these are below the average
activity as represented by the null lines (grey lines Figures 6.1-6.4). Pseudo-breakups
are known to be associated with small geomagnetic bays of less than 100 nT
(Koskinen et al., 1993), suggesting that pseudo-breakups may be included in this
category. As well as occurring during quiet geomagnetic conditions (AL, AU and SYM-
H Figures 6.1 and 6.4 | and n), they also occur during periods of weak solar wind flow
(pressure, proton density, B, B, and V, Figure 6.1 and 6.4) also typical of very weak
substorms or pseudo-breakups (e.g. Zhou and Tsurutani 2001; Kullen and Karlson
2004). The average IMF B, component (panels e) is shifted toward negative values,

though this appears to be at least partly due to a bias in a portion of our solar wind data.
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The category 3 OCB (blue Figure 6.11 and 6.10) shows the expected equatorward
motion in the growth phase and poleward recovery during the expansion phase.
However, this motion is much reduced in latitudinal extent compared to category 1 and
2 events and is only evident close to the onset MLT. This suggest that category 3 events
are relatively small, localised events. The motions of the equatorward boundary is
atypical of classically defined substorm onsets.

The Frey onset list may include a number of events which are not true substorm events
(see chapter 5), and this list may include a number of weaker events which may cause
substorm-like auroral brightenings such as pseudo-breakups or Poleward Boundary
Intensifications (PBIs). The reduced activity in all parameters of this study for category
3 events and lack of typical substorm onset signatures suggests that these events may
not all be substorms. The superposed boundary movements suggest that some of these
events may be very small, localised low energy reconnection events, while the small
geomagnetic bays suggest that they may be pseudo-breakup events or failed substorms.
Another phenomenon which may cause nightside auroral brightenings are Poleward
Boundary Intensifications (see McPherron et al., 2008 and references therein). PBIs are
nightside auroral intensifications which occur on the poleward edge of the auroral oval,
which may or may not subsequently move equatorward with time and have been
observed to occur during SMC events as well as often occurring during the expansion
phase of substorms. One way of distinguishing PBI events from true substorms might
be to look at the “onset latitude’ relative to the locations of the OCB and equatorward
boundary of the auroral oval.

We have estimated the latitude of both the OCB and equatorward boundary of the
auroral oval for all substorms used in this study, allowing us to investigate the location
of the onset relative to these boundaries. Figure 6.13a shows the fractional occurrence
distribution of the difference between the latitude of the OCB averaged over 6 minutes
prior to substorm onset at the onset MLT, and the initial onset arc (provided in the
substorm list of Frey ez al., 2004). Both category 1 (green) and category 2 (red) show a
larger fraction of events occurring within 2° of the OCB than do category 3. If PBI
events are present in the Frey substorm list, then these are not exclusively found within
category 3. Only 9 category 3 events occur within 2° of the OCB. Gérard et al. (2004)
found the location of the onset latitude relative to the OCB for 78 substorm onsets from

108



November 2000 to January 2001, overlapping our dataset. They found that the latitude
difference varied between 0 and ~ 15° with the majority of the events below 5° (see
their Figure 4a). Our results are consistent with these findings. Gérard et al. (2004) also
noted that the average latitude difference between the onset location and the
equatorward boundary is most often between 2-6°, which is also consistent with our
results. However, Gérard et al. (2004) do not present the latitude differences as a
fraction of the auroral oval width or discuss the location of the onset within the auroral

oval.

Figure 6.13b shows the fractional occurrence distribution of the OCB-onset latitude
difference as a fraction of the oval width. Rather surprisingly the onset location is on
average closer to the OCB than the equatorward boundary of the auroral oval for all
three LANL categories, all with approximately the same mean of 0.4 and with a skew
towards the onset latitude being closer to the OCB. A DMSP correction has been
applied to the OCB in this study so we should consider whether this effects the offsets
seen. The onset MLTs of the substorms in this study vary from ~ 17.5-3.5 MLT.
Between 23 and 3.5 MLT the DMSP correction (Figure 4.5) shifts the OCB poleward
by between 1-2°. Between 17 and 23 MLT the OCB is shifted equatorward by ~1°. We
expect half of the OCBs will be shifted poleward by the DMSP correction and half
equatorward by approximately the same amount. Therefore we do not expect the DMSP
correction to effect the overall mean of the OCB-onset latitude distribution. We also
consider whether the Gaussian fitting routine results in the offsets seen. At onset there is
rapid brightening of the auroral oval at the latitude of the initial onset arc. The peak
intensity at this latitude will be much greater than the intensity at other latitudes within
the auroral oval. Although we use the most poleward fitted Gaussian to find the OCB
and the most equatorward to find the low latitude boundary, at substorm onset the rapid
brightening may cause only one Gaussian fit to be made to the data with the peak
located at the latitude of the onset brightening. Thus the onset latitude would be found
half way between the OCB and equatorward boundaries (both located a FWHM
poleward and equatorward of the Gaussian peak respectively). However, if this were the
case the rapid increase in the peak of the Gaussian intensity would cause a rapid
thinning of the Gaussian width of the fitted Gaussians and thus a rapid movement of the
OCB towards lower latitudes and a rapid movement of the equatorward boundary

towards higher latitudes would be seen. However, this is not seen in the superposed
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Figure 6.13 : Fractional occurrence distributions of (a) the latitude difference
between the OCB at the MLT of the initial auroral brightening and the onset
latitude of the initial auroral brightening; (b) the latitude difference between
the OCB and onset latitude as a fraction of auroral oval width. Category 1
events are shown by green, category 2 by red and category 3 by blue.



boundary movements. Moreover, we have averaged the OCB location over the
6 minutes prior to substorm onset to negate any effect this may have.

Previous studies have suggested that the initial onset arc is located several degrees
equatorward of the OCB, closer to the equatorward edge of the auroral oval than
poleward edge (e.g. Murphree ez al., 1993; Lyons et al., 2002). However our results are
consistent with the findings of Gérard et al. (2004) in which for the majority of cases
the onset location is less than 5° from the OCB. Murphree et al. (1993) used Viking UV
auroral images to identify the location of the onset within the auroral oval. They found
that the onset was located in the poleward part of the diffuse aurora. Sotirelis and
Newell (2000) have shown that approximately half of the auroral oval is made up of
discrete auroral precipitation and half by diffuse emission. Initial plots of the total
electron flux-latitude profile across the auroral oval as measured by the SOPA
instrument onboard the LANL spacecraft suggest that our estimation of the OCB from
WIC is located at the poleward edge of the discrete electron precipitation and that the
estimation of the equatorward edge of the WIC auroral oval is roughly located at the
equatorward edge of the diffuse electron precipitation. If the onset is indeed located at
the poleward edge of the diffuse precipitation (approximately half way between our
OCB and equatorward boundary) then this may explain the offsets seen. Unfortunately,
there are no coincident crossing of the auroral oval at the MLT of onset for any of the

substorms in our study to investigate this further.

Caution should also be taken for, as pointed out by Voronkov et al. (2003), the initial
onset arc as seen by ground-based observations has a thickness of only tens of
kilometres, similar to the size of the smallest structure which can be resolved by WIC
(Mende et al. 2000b). The initial onset arc brightens for several minutes before
expanding poleward and may only have a slightly enhanced intensity compared to pre-
existing growth phase arcs (e.g. Lyons et al. (2002) and references therein). Thus the
resolution of space-based imagery may not be able to resolve the initial onset arc until it
has brightened significantly. Onset arcs can exhibit a large range of intensities
(e.g. Voronkov et al., 2000) and coupled with the 2 minute resolution of the WIC
auroral images, it is unclear at what stage the onset arc becomes resolvable in the WIC

auroral image. Thus the arc may have travelled several degrees poleward by the time it
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Is seen using visual inspection of auroral images. A more extensive study of the onset

location within the auroral oval is beyond the scope of this present work.

Three distinctly different categories of particle injection events have been indentified,
each with their own distinct characteristics. Here let us discuss what these
characteristics may tell us about the injection process for these different events.

Category 1 events are defined by their ‘classic’ substorm particle injection signatures
and show all the expected signatures of large classically defined substorm onsets. That
is, they have a typical growth phase in which large amounts of open magnetic flux is
added to polar cap. This should result in a thinning of the plasma sheet. LANL
spacecraft near midnight observe a dropout in particle fluxes which we interpret as the
spacecraft moving out of the thinning plasma sheet and the expansion of the cold dense
plasmasphere to geosynchronous orbit due to tail field line stretching (e.g. Moldwin et
al., 1996). At onset the formation of the NENL or current disruption creates an
Earthward travelling injection boundary behind which particles of all energies are
injected simultaneously (e.g. Birn et al., 1997). A spacecraft located near midnight, in
the injection region, observes a dispersionless enhancement of both energetic electrons
and protons. Electrons subsequently drift eastward and protons westward due to
gradient and curvature drift and are detected as a dispersed energy signature by
spacecraft located at later and earlier MLTs. Dispersion increases in the eastward
direction for electrons and in the westward direction for protons. The evolution of
particle injection in such a manner is defined as a ‘typical’ or ‘classic’ substorm

injection signature.

Category 2 events cover all events which show energetic particle enhancements at
geosynchronous orbit, as seen by LANL, not showing the expected evolution of a
substorm injection event described above. LANL data shows that these events often
occur during periods of very active and complicated energetic particle fluctuations. This
includes events where the signature is being confused with the signature of other
processes, for example drift echoes from previous substorms, enhancements related to
solar wind pressure pulses (Lee et al, 2005) or large flux dropouts as the spacecraft
leave the plasma sheet. Category 2 events may be substorms associated with or

triggered by these other events, or may in fact be these non-substorm events themselves.
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However, the solar wind and IMF data (see Figures 6.1 and 6.3) suggest that category 2
events are highly driven by the solar wind and IMF B, component, suggesting that the
continued driving of the magnetosphere during the expansion phase of these events has
a direct impact on energetic particle injection into geosynchronous orbit. It seems likely
that the more active energetic particle fluctuations seen around the time of onset for
category 2 events is a result of this continued driving and that the injection signature of

these events is masked or complicated due to this increase in activity.

Category 3 events show no enhancement of energetic particles at any MLTSs, i.e. they
lack substorm injections. Figure 6.14 shows the distribution of the magnetic latitude of
the initial auroral brightening indentified by Frey et al. (2004). One may argue that
category 3 events occur at higher latitudes than either category 1 and 2 events (although
there is significant overlap) and that therefore their reconnection sites map to further
down tail. Miyashita et al. (2004) used observations of the tail magnetic field variations
during substorms to show that the initial reconnection site of intense substorms
(e.g. category 1) tend to be located closer to the Earth than weaker events (e.g. category
3). Nagai et al. (2005) also showed that substorms occurring with stronger or more
efficient solar wind energy input (i.e. category 1/2) have their onset location closer to
the Earth than those with weaker driving (i.e. category 3). If the reconnection region for
category 3 events did indeed map to far down the magnetotail then we may expect that
any subsequent particle injection associated with these events may not be energetic
enough to reach geosynchronous orbit. However, a tail magnetic field line fixed at a
constant latitude will become more stretched as more open magnetic flux is added to the
tail lobes and its L-shell value (a value describing the distance from the centre of the
Earth to the location at which a field line crosses the equatorial plane of the Earth)
increases (as represented in Figure 6.15). The tail is thus expected to be less stretched
for category 3 events compared to the higher flux at onset events of category 1 and 2.
Although the initial onset of category 3 events appears to occur at higher latitudes in the
ionosphere than either category 1 or 2, the reconnection site (which occurs in the plasma
sheet in the equatorial plane of the Earth and is thus located at a distance from the Earth
given by the L-shell value) may in fact map to smaller L-shells, and closer to the Earth,
than either category 1 or 2 events. We also note that the ring current as measured by the
SYM-H index is very low for category 3 events and therefore we would not expect

injections to be impeded from reaching geosynchronous orbit. Investigating the
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Figure 6.15: Schematic of how the magnetotail becomes more stretched and
less dipolar when more open magnetic flux is added to the system. The solid
lines represent the magnetosphere in its loaded state, that is, with large open
magnetic flux content, and dashed lines show how field lines fixed at a
constant latitude would become more dipolar, and move closer to the Earth in
the equatorial plane (shown by the dashed horizontal line), when the open
magnetic flux content decreases.



magnetotail field line stretching and tail field variations during these events may allow
us to determine the onset location with some degree of accuracy and provide important
insights into the tail dynamics and injection processes for the three distinct categories.

Such a study is beyond the scope of this thesis.

6.4 Summary and Conclusions

6.4.1 Auroral Boundary Motions

We have carried out the largest superposed study to date of the WIC OCB, equatorward
auroral oval boundary and oval width motions around the time of substorm onset from
451 Frey substorm events from the December and January months of 2000-2001. The
offsets and variations seen are grossly consistent with the study of the poleward edge of
WIC auroral emission by Mende et al. (2003), giving us confidence in the validity of
our method. However, converse to the results of Mende e al/ (2003) we find that the
OCB is located at higher latitudes dawnward of the onset MLT. We attribute this result
to the DMSP correction applied in our study and used to give a better determination of
the true OCB location, shifting the OCB poleward by up to 2° in the dawnward sector
and by equatorward by up to 1° in the duskward sector. We summarise the results of our
study as follows:

(1) Both OCB and equatorward boundaries drift equatorward in the growth phase of the
substorm, the motions being very similar in all MLT sectors.

(2) The OCB shows a rapid poleward expansion at the time of substorm onset, the
motion being very similar at the onset MLT and + 2 RMLT. The response at -2 RMLT is
also immediate, but the poleward motion is less rapid. There is a delay of ~10 minutes
between onset and the poleward response at £ 4 RMLT and the extent of the motion is
reduced.

(3) The equatorward boundary moves to higher latitudes immediately after onset at
-2 RMLT. The equatorward motion continues for a few minutes after onset at the onset
MLT and -4 RMLT before a rapid poleward motion is seen. This delay increases to ~ 30
and ~ 60 minutes for +2 and +4 RMLT respectively.

(4) The latitude difference between the OCB and equatorward edge of the auroral oval
(oval width) is larger dawnward of the onset MLT (+2 and +4 MLT).
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(5) The OCB-equatorward boundary latitude difference increases after onset at

dawnward MLTs and decreases at duskward MLTSs.

6.4.2 Study of LANL Categories

Using all substorm onsets from the months of December and January 2000-2002
identified by Frey et al. (2004), in chapter 5 of this thesis we identified three differing
categories of substorms defined by their particle injection signatures as seen by the
LANL spacecraft. We showed that substorms showing a ‘classic’ particle injection
signature of substorm onset (category 1) occur on average at higher values of open
magnetic flux than those showing varied (category 2) or no activity (category 3). In this
chapter we have investigated these LANL categories in more detail by carrying out a
superposed epoch analysis of F),., solar wind and IMF conditions, geomagnetic activity
and motions of the OCB and equatorward boundary of the auroral oval.

We summarise our current understanding of the three LANL categories below:

(1) Category 1 events show all the expected signatures of large energetic substorm
events occurring due to a large southward turning of the IMF B, component during
otherwise average solar wind and geomagnetic activity.

(2) The variations and trends of all category 2 parameters are consistent with substorms
occurring during continuous solar wind driving, i.e. these events are highly driven by
the solar wind and they occur during periods of stronger solar wind flow. The IMF B,
component appears to play a large role in the dayside driving for these events.

(3) Category 3 events do not show the expected signatures of true global substorm
events. It is likely that this category consists of very weak substorm events, pseudo-
breakups or other events which may cause nightside auroral brightenings.

(4) These results have important implications for those wishing to use the Frey onset list
for future substorm studies. Splitting substorm studies by these LANL categories may
provide important insights into different types of substorm events and energetic particle
injections. For example, our results suggest that the level of solar wind driving and
continued energy input during substorms has a direct impact on the evolution and
signature of substorm injections. Substorms showing the classical substorm injection
signature may be more controlled by the loading-unloading scheme, whilst more varied

energetic particle fluctuations may be an indication of a more directly driven event.
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Chapter 7. Summary and Future Work

7.1 Summary

In this thesis we have investigated the relationship between the open magnetic flux
content of the magnetosphere and substorm onsets. In chapter 4 we developed an
automated method of identifying the global location of the open/closed magnetic field
line boundary (OCB) in the ionosphere from global auroral images of the northern polar
cap taken in the far ultraviolet (FUV) by the IMAGE spacecraft. Comparing the latitude
of the OCB as approximated by the three different FUV detectors onboard IMAGE, the
Wideband Imaging Camera (WIC; 140-190 nm) and spectrographic imagers SI12
(~121.82 nm) and SI13 (~ 135.6 nm), we found that the modal latitude differences are
small (<1°) except in the evening and predawn sectors. In the evening sector SI12 OCB
proxies are found between 1-2° poleward of WIC and S113 OCB proxies and vice-versa

in the dawnward magnetic local time (MLT) sectors (see Figure 4.6).

In-situ measurements of precipitating particles from low-latitude spacecraft, such as the
DMSP spacecraft, currently provide the most direct and precise determination of the
location of the OCB at any one MLT but are, however, unable to produce a global
proxy due to their limited spatial coverage. In chapter 4 we also compared the FUV
OCB proxies with the OCB as estimated by DMSP measurements. We found systematic
offsets (see Figure 4.5) between the two OCB estimation methods consistent with
previous studies which used more limited data sets or auroral imagery from different
spacecraft and for only one wavelength (e.g. Carbary et al., 2003 and references
therein). Previous studies have suggested that the WIC detector may be an unreliable
proxy for the OCB in the predawn sector (e.g. Wild et al., 2004) and we indeed find that
the SI112 OCB proxies give a closer match to the DMSP OCB proxies in the dawnward
MLT sector. However, we also show that at other MLTs the WIC and SI113 OCB
proxies give a good as, if not better, correlation with DMSP OCBs. Hence, the best
method for identifying the global OCB from the IMAGE FUV detectors may be to use
the FUV detector which produces the closest statistical match to DMSP OCB proxies at

each individual MLT. For studies using a single instrument, WIC images may provide
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the best global proxy for the OCB due to its higher spatial resolution (~50 km at
apogee) compared to either of the spectrographic imagers (~100 km at apogee).

Assuming that the DMSP OCB proxies give the best estimation of the true location of
the OCB, the systematic offsets found between the FUV and DMSP OCB proxies can
be used to ‘correct’ the FUV OCB proxies to give a more accurate global proxy for the
OCB. Since the OCB delineates the open magnetic field lines of the polar cap and more
equatorward closed magnetic field lines, once the global location of the OCB has been
determined it is a simple matter to estimate the open magnetic flux content of the
hemisphere (Fy) by summing the radial component of the Earth’s magnetic field
through the area of the polar cap. In chapter 5 of this thesis, we developed the method of
chapter 4 to estimate the global location of the OCB and open magnetic flux in such a
manner. Applying this method to all WIC auroral images of the northern polar cap from
the December and January months of 2000 to 2002 returned the distribution of the
average open magnetic flux content of the northern polar cap (Fyc) from 12,731 separate
auroral images. From this parent distribution we extracted the distribution of Fy at the
time of substorm onset using the Frey list of substorm onsets (Frey et al., 2004). The
parent distribution varied between ~ 0.2 and ~ 0.9 GWb with a mean flux value of
~ 0.52 GWb (Figure 5.5, unshaded histogram panels a-e). The substorm distribution
(173 events) varied between ~ 0.3 and 0.9 GWb, with a mean of ~ 0.58 GWb (Figure
5.5, shaded histogram panel a). From these large datasets, we were able, for the first
time, to determine the probability of substorm onset as a function of open magnetic flux
(Figure 5.5f). The probability of substorm onset is negligible below ~ 0.3 GWhb,
increases almost linearly until an Fy. of ~ 0.9 GWhb, and is undefined above this as

fluxes above this value are not observed in this study.

We also found that not all substorms within the substorm distribution showed the
expected signature of energetic particle injection for substorm onsets. Splitting the
substorm distribution into three categories based on their injection signatures as seen at
geosynchronous orbit by the LANL spacecraft we found that, on average, substorms
showing a clear and classic injection signature of substorm onset (category 1) occur at
higher values of open magnetic flux than those showing varied (category 2, all energetic
enhancements not following the expected substorm evolution) or no (category 3)

injection activity (Figure 5.5. panels b-e and g-j).
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The results of this study show that the substorm distribution occurs at the upper end of
the parent distribution, as not unexpected due to the growth phase requirement of
substorm onset, and that no substorms occur below ~ 0.3 GWb, suggesting a minimal
threshold in open magnetic flux required for substorm onset. The distributions also
show that there is no fixed critical threshold in open magnetic flux as a necessary
condition for substorm onset, as suggested by some models (e.g. Freeman and Morley,
2004). Other models for substorm onset suggest that a change in the solar wind is
required to trigger substorm onset (e.g. Lyons et al., 1995; Hsu and McPherron, 2002).
Our distributions are not consistent with a model in which once some minimal critical
threshold in open magnetic flux has been reached a solar wind trigger must be waited
for. However, they may be consistent with a threshold in open magnetic flux whose
value depends on other magnetospheric or ionospheric conditions (e.g. the strength of
the ring current, see Milan et al., 2009a,b).

In chapter 6 we investigated the three distinct particle injection categories of substorm
events further by carrying out a superposed epoch analysis of Fy, solar wind and IMF
conditions, maximum nightside auroral intensity, geomagnetic activity and motions of
the OCB and equatorward auroral boundary during these events (Figures 6.1-6.4, 6.9
and 6.10). Category 1 events clearly show the expected signatures of large energetic
substorms in all parameters. The growth phase of these events is characterised by a
large southward turning of the IMF and subsequent recovery. They occur in otherwise
average IMF and solar wind conditions. These events appear to be largely driven by the
B, component of the IMF. While the loading-unloading scheme seems to dominate the
category 1 events, the directly driven process would appear to be more important for
category 2 events. The IMF B,, though not reaching the magnitudes of category 1
events, remains negative throughout the expansion phase suggesting that dayside
reconnection is ongoing throughout. The IMF By component would also appear to play a
larger role in the driving of these events. They also occur under stronger solar wind
flow in general. Finally, category 3 events do not show the expected signatures of
substorms, occur with very weak solar wind conditions and IMF driving, and appear to
be highly localised tail reconnection events. We conclude that category 3 events are
either very weak substorms or pseudo-breakups. This relationship between the level of

solar wind driving and particle injection signatures is a new and unexpected result.
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These categories provide an important sub-categorisation of the Frey onset list and
future investigation of these categories may provide more important insights into the

substorm process.

In summary, this thesis has produced several important results which have increased our
understanding of magnetospheric substorms and which have important implications for,

and place important constraints on, future models of substorm onset.

7.2 Future Work

In chapter 4 of this thesis we developed an automated method of identifying the location
of the OCB in the ionosphere from global auroral images taken by the three FUV
detectors onboard the IMAGE spacecraft. In chapters 5 and 6 we used this method to
estimate the open magnetic flux content of the magnetosphere from auroral images of
the northern polar cap for the December and January months of 2000-2002. In this study
we chose to use only winter months due to the much reduced levels of dayglow and
general reduction in background noise during the winter. A natural extension of the
work carried out in this thesis would be to extend the datasets to other seasons.
However, the automated method of OCB identification was developed using auroral
images from winter months. We found that applying the automated method, as is, to
other months returned many more erroneous boundary estimations passing the fitting
criteria than during December and January. We attribute this result to the much
increased levels of dayglow and background noise during summer. A condition of the
boundary fitting routine is that the background noise must be below a particular ratio of
the maximum image intensity. This condition often fails in the summer, also resulting in
much fewer boundary estimations. This condition also means that boundaries are only
estimated for particularly bright auroral ovals in the summer, when they are much more
intense then the background FUV emission, thus biasing any results returned. It is clear
that there are several issues when applying the automated method to summer months
and that the method needs significant, but not unachievable, modification to produce
accurate and unbiased results for summer. This would allow the comparison of the
average Fp. content of the magnetosphere and Fy. for substorms, as well as LANL

particle injection events, for different seasons.
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In this thesis we have investigated the open magnetic flux and auroral dynamics of the
northern polar cap. During 2003 the apogee of the IMAGE spacecraft moved from the
northern to southern hemispheres, with auroral imagery mostly coming from the
southern pole after 2003. Another natural extension of the work carried out in this thesis
would be the investigation of the southern open magnetic flux and auroral dynamics
during substorms. However, at the time of the work carried out in this thesis it was
known that there where several issues with the quality of the data from the southern
hemisphere. Namely, a complicated wobble developed along the spin axis of the
IMAGE spacecraft which was hard to characterise such that the error in the camera
pointing direction was increased. It is believed that this wobble may cause the auroral
oval to be apparently displaced by up to 1° from its true location. This would
significantly change the values of Fy returned from these images. The pointing for
these months has since been improved and the extension of this work to the southern

hemisphere may be possible.

To date, very few conjugate studies of the northern and southern auroral ovals have
been possible due to the very limited number of conjugate observations made by
imaging spacecraft. However, the few studies which have been carried out have shown
that there can be significant differences in the aurora and onset location of substorms in
the two hemispheres (e.g. @stgaard et al., 2006). The IMAGE spacecraft is, in general,
only able to image the aurora of one hemisphere at any one time and thus conjugate
studies are not possible. The proposed KuaFu mission (Tu et al., 2007) will consist of
two auroral imagers on separate spacecraft, allowing the simultaneous observation of
both southern and northern FUV auroral ovals. Application of the methods described in
this thesis to auroral images from KuaFu, or similar future missions, would allow the
open magnetic flux evolution and auroral dynamics during substorms to be compared

between hemispheres.

In chapters 5 and 6 of this thesis we have defined three distinct categories of substorms
depending on their particle injection signatures. The apparent relation between substorm
injection signatures and the level and type of solar wind driving is a new and
unexpected result. Further investigation of these categories (for example investigating
the tail magnetic field morphology during these events) may provide important insights

into the substorm and particle injection processes.
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