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Abstract

Substorms are a rapid release of energy that is redistributed throughout the

magnetosphere-ionosphere system, resulting in many observable signals, such as

enhancements in the aurora, energetic particle injections, and ground magnetic field

perturbations. Numerous substorm identification techniques based on each of these

signals have been provided in the literature, but often with no cross-calibration.

Since the signals produced are not necessarily unique to substorms and may not be

sufficiently similar to be identified for each and every substorm, individual event

lists may misidentify events, hindering our understanding of the phenomenon.

To gauge the scale of this problem, we quantify the association between lists of

substorms derived from SuperMAG SML/SMU indices, midlatitude magnetometer

data, particle injections, and auroral enhancements. Overall, although some degree

of pairwise association is found between the lists, even lists generated by applying

conceptually similar identification techniques to ground magnetometer data achieve

an association with fewer than 50% event coincidence.

The poor event agreement between different ground magnetometer-based

methods is hypothesised to be due to the poor differentiation between magnetic

perturbations due to substorms and magnetospheric convection enhancements. Un-

like other substorm identification methods, the SOPHIE technique (Forsyth et al.,

2015) attempts to distinguish between negative SML bays produced by a substorm

or magnetospheric convection enhancement by examining the SMU index. Despite

this, we find evidence that up to 50% of the events originally identified as substorms

are misidentified and that the auroral indices alone are insufficient to distinguish be-

tween the phenomena.
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Finally, four event studies are presented. These show a classical substorm, a

“classical” magnetospheric convection enhancement, an atypical substorm - from

the location of the auroral onset and ground magnetic signature - and a magneto-

spheric convection enhancement occurring in a location that we would expect only

substorms to occur. Even when integrating further geomagnetic indices, there ap-

pears to be no differentiator apart from coupled changes in SMU and SML in identi-

fying the convection enhancements from substorms. Furthermore, there seems to be

no difference in the driving of the magnetosphere prior to substorms or convection

enhancements.



Impact Statement

The substorm is one of the most energetic phenomena in the Earth’s magnetosphere

and thus presents a space weather risk. Space weather poses a significant threat to

infrastructure that society relies on and was added to the UK National Risk Register

in 2012. This thesis investigated the quality of our current methods for identifying

substorm intervals. Our understanding of the phenomena depends on the quality of

the catalogues against which we verify our theories and models.

The research in this thesis presents a rigorous evaluation of the temporal as-

sociation between different catalogues of substorms from the various signatures it

is capable of producing. The techniques used to complete this are used in the ver-

ification of both terrestrial weather and space weather models, but have not seen

widespread use in solar terrestrial physics. The completed analysis showed that our

current methods of identifying substorms have a poor agreement with each other,

with the level of agreement even falling to that of random chance. This research has

been published in the Journal of Geophysical Research: Space Physics.

Another finding was that our best methods for identifying a single manifesta-

tion of the substorm showed critical flaws. We showed that >50% of the events

identified from the ground magnetic signature of the substorm were, in fact, related

to another phenomenon. The results of the analysis indicated that relying on this

single signature of the substorm for identification was not satisfactory for robust

identification of events, and further datasets are required for correct identification.

This research has also been published in Journal of Geophysical Research: Space

Physics.

The findings presented in this thesis have been disseminated within the wider
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scientific community through presentations at several national and international

meetings. This has been achieved in both science-focused meetings and workshops

supporting specific upcoming missions. This has increased awareness about issues

around substorm identification and current conclusions regarding the phenomenon.

Ultimately, this research will provide a foundation for the implementation and

evaluation of a community-driven quantitative description of the substorm, from

which we can further delve into the specifics of the phenomenon.
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Chapter 1

Introduction

1.1 Motivation

The subject of this thesis is the terrestrial magnetospheric substorm. The substorm is

a result of the coupling between the plasma and interplanetary magnetic field com-

ing from the Sun, and the Earth’s magnetic field and the plasma trapped within its

confines. In this chapter, the physics that governs the interactions between plasmas

and electromagnetic fields is introduced. Furthermore, an overview of the “geog-

raphy” of the Earth’s magnetosphere is briefly introduced with its various unique

plasma populations. Finally, the large-scale processes that govern the dynamics

of the magnetosphere and the coupling between regions and to the ionosphere are

described.

1.2 Plasma Physics

Plasmas have been coined the ‘fourth state of matter’ (Piel, 2010). One nonmath-

ematical description of plasma is that it is a gas consisting of electrons and ions

that demonstrate collective behaviour (simply, it acts as a fluid would), interacts

with electromagnetic fields, and has no net charge (Chen, 2013). This descrip-

tion is greatly simplified and ignores many of the unique properties of plasmas.

For example, the property of a plasma looking electrically neutral to the outside

in a steady state despite being composed of electrically charged particles is termed

quasi-neutrality and is discussed in full in the following section.
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1.2.1 Quasi-neutrality and collective behaviour of plasmas

For a plasma to appear quasineutral, the Coulomb potential of every charged particle

within it is shielded by the other charged particles in the plasma. The Coulomb

potential is defined as the electric potential experienced by a test charge due to a

single point charge in a vacuum, given by

φC =
q

4πε0r
(1.1)

where q is the charge, ε0 is the permittivity of free space and r is the distance to the

potential source. If a localised charge imbalance occurs in a plasma, the electrons

and ions in the immediate vicinity of the charge imbalance reconfigure. This results

in the test charge experiencing a Debye potential given by

φD =
q

4πε0r
exp
(
− r

λD

)
(1.2)

where λD is the Debye length, the distance at which the Coulomb potential is re-

duced by a factor of e due to the presence of shielding charged particles. The Debye

length is given by

λD =

√
ε0kbTe

nq2
e

(1.3)

where kB is the Boltzmann constant, Te is the electron temperature, qe is the elec-

tron charge and assuming a proton-electron plasma (n = ni = ne), n is the plasma

number density. The electron temperature and charge are used instead of the ion

values because electrons exhibit greater mobility. If the characteristic length scale

of plasmas is much larger than the Debye length, i.e. L ≫ λD, it is described as

quasi-neutral. Otherwise, there is not enough space for the shielding effect to occur,

and it is simply an ionised gas. This requirement is often called the first plasma

criterion.

The process described above is termed Debye shielding, and is an example of

the collective behaviour of a plasma. For a plasma to exhibit collective behaviour,

there must be a high enough number density of plasma particles within a Debye
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sphere (a sphere with radius equal to the Debye length) to shield a charge distur-

bance and return the plasma to quasi-neutrality. The number of particles in a Debye

sphere is given by

ND =
4π

3
nλ

3
D. (1.4)

The term nλ 3
D is called the plasma parameter, Λ, and the second plasma crite-

rion requires that Λ ≫ 1, such that there are enough particles for a plasma to display

collective behaviour.

When the quasi-neutrality of a plasma is disturbed, such as when a perturba-

tion field is applied, the electrons within it will move to correct the imbalance in the

charge density because they are more mobile (to first approximation). This involves

accelerating toward relatively static ions and oscillating around them due to the in-

ertia of the electrons. The frequency of electron oscillation is known as the electron

plasma frequency, and it characterises the fundamental mode of oscillation of the

plasma. This frequency is given by

ωpe =

√
neq2

e
meε0

(1.5)

where me is the mass of the electron.

Not all plasmas are fully ionised. An example of this is the Earth’s ionosphere.

In this scenario, we have a significant number of neutral particles, and if colli-

sions between charged particles and neutrals occur too often, the electrons will be

forced into equilibrium with the neutrals, and the medium will no longer behave as

a plasma, but simply like a neutral gas. For electrons to remain unaffected by col-

lisions with neutral particles, the collision frequency between electrons and neutral

particles must be much lower than the electron plasma frequency, ωpe ≫ νn. This

is the third criterion for an ionised medium to behave as a plasma.

Now that the concept of a plasma has been introduced, to understand the

dynamics of the magnetosphere, we must cover the interactions of plasmas with

electric and magnetic fields. In the following sections, two different treatments of

plasma physics are described to highlight various properties of magnetised plasmas.
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Concepts from these two different approaches are used throughout this thesis to de-

scribe and explain the dynamical processes of the magnetosphere and the substorm.

1.2.2 Single Particle Motion

Since the primary constituents of a plasma are electrically charged particles, single-

particle dynamics is the simplest method to describe a plasma. This involves con-

sidering each particle individually and solving its equation of motion. This method

only considers the effects of magnetic and electric fields on the motion of a particle,

disregarding interactions between particles.

The particle motions are governed by the Lorentz force, given by

F⃗L = q(E⃗ + v⃗× B⃗) (1.6)

where E⃗ and B⃗ are the electric and magnetic field vectors, respectively, and v⃗ is the

particle velocity vector, and Maxwell’s equations, given by

∇ · B⃗ = 0 (1.7)

∇ · E⃗ =
ρ

ε0
(1.8)

∇× B⃗ = µ0 j⃗+µ0ε0
∂ E⃗
∂ t

(1.9)

∇× E⃗ =−∂ B⃗
∂ t

(1.10)

with the space charge density ρ given by ρ = qe(ni − ne), µ0 the permeability of

free space and j⃗ the electric current density. In order, equations (1.7)-(1.10) are

termed Gauss’s law for magnetism, Gauss’s law, Ampère-Maxwell law, and Fara-

day’s law. Moreover, since µ0ε0 = c−2, the inverse square of the speed of light, the

second term on the right-hand side of the Ampère-Maxwell law will be negligible

in a plasma as long as the variations in the electric field occur over long periods.

In space plasmas, this is generally assumed if we do not consider propagation of

electromagnetic waves.

In the simplest scenario, considering a particle moving with velocity v⃗ in an
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environment with zero electric field (E⃗ = 0) and constant magnetic field B⃗, the

equation of motion for such a particle from equation (1.6) is

F = q(⃗v× B⃗) or

m
d⃗v
dt

= q(⃗v× B⃗)
(1.11)

where m is the particle mass. Taking the dot product of equation (1.11) with v⃗ gives

m
d⃗v
dt

· v⃗ = d
dt

(
mv2

2

)
= 0 (1.12)

which shows that the particle kinetic energy remains constant under a static mag-

netic field.

If a uniform magnetic field is directed along the z axis, B⃗ = Bêz, we obtain the

components

mv̇x = qBvy

mv̇y =−qBvx

mv̇z = 0

(1.13)

The velocity component parallel to the magnetic field, v∥ = vz, is constant.

Taking the second derivative of equation (1.13) , we obtain

v̈x =−ω
2
g vx

v̈y =−ω
2
g vy

(1.14)

where ωg is known as the gyrofrequency (additionally as the cyclotron or Larmor

frequency), and is defined as

ωg =
qB
m

(1.15)

The solutions to Equations (1.14) describe a circular motion of the particle

around the magnetic field, with the direction of rotation dependent on the sign of

the particle charge. The radius of orbit is termed the gyroradius, rg (also the Larmor
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radius), and it is given by

rg =
v⊥
ωg

(1.16)

where v⊥ =
√

v2
x + v2

y is the velocity of the particle perpendicular to the direction

of the magnetic field. Thus in the presence of a constant, uniform, magnetic field,

charged particles with no component of velocity parallel to the field move in circular

orbits in the plane perpendicular to the magnetic field with the size of the orbit

proportional to the particle velocity and inversely proportional to magnitude of the

magnetic field, with direction of orbit opposite for electrons and ions. The centre of

the particle’s orbit is known as the guiding centre.

The angle between a particle’s total velocity vector, v∥+ v⊥, and the magnetic

field direction is referred to as the pitch angle, α , and is given by

α = arctan

(
v⊥
v∥

)
(1.17)

The motion of a particle with a pitch angle of 0◦ will be entirely along the magnetic

field (a field-aligned particle) while a particle with a pitch angle of 90◦ will move

only perpendicular to the magnetic field (a trapped particle). Particles with pitch

angles between 0◦ and 90◦ travel in a helical motion around their guiding centre.

If an electrostatic field is also present, then E⃗ ̸= 0. In most cases of geophysical

plasmas, the parallel component (to the magnetic field) of an electrostatic field, E∥,

is not sustained because it is cancelled out by the movement of electrons, which

are highly mobile along field lines. Considering a constant, uniform, electric field

component perpendicular to the magnetic field and directed along the x-axis, i.e.

E⃗⊥ = E êx. The perpendicular components from equation (1.6) are

v̇x = ωgvy +
q
m

Ex

v̇y =−ωgvx

(1.18)
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Taking the derivative of the equation (1.18), we obtain

v̈x =−ω
2
g vx

v̈y =−ω
2
g

(
vy +

Ex

B

) (1.19)

The electrostatic field’s perpendicular component to the magnetic field direc-

tion accelerates the charged particle in the direction perpendicular to the static elec-

tric and magnetic fields. This increases the particle’s velocity (and gyroradius) on

one side of the gyration and decreases its velocity on the other side. This is equiv-

alent to superposing a further velocity component onto the particle’s gyromotion in

the −y direction. As we have arbitrarily chosen the directions of the magnetic and

electric fields, the generalisation of this motion, the drift of the guiding centre, is

given by

v⃗E =
E⃗ × B⃗

B2 (1.20)

and is termed the ExB drift. It is independent of a particle’s charge and mass,

therefore electrons and ions move in the same direction and with the same velocity.

The superposition of drift velocities to the gyromotion of a particle can be

extended to any force, so that a more general form of guiding centre drift is obtained.

This general force drift is given by

v⃗F =
1
q

F⃗ × B⃗
B2 (1.21)

which implies that any force that does not depend on charge will impart a charge-

dependent drift velocity to the particles and, conversely, any charge-dependent force

will result in a charge-independent drift velocity. Examples of some relevant drifts

in the magnetosphere in addition to the E ×B drift and their “force” equations are

given in Table 1.112.

1µ =
mv2

⊥
2B = W⊥

B is the magnetic moment, i.e. the ratio between perpendicular particle energy and
magnetic field strength.

2Rc is the local radius of curvature.
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Name Force equation

Gradient drift F⃗∇ =−µ∇B⃗
Curvature drift F⃗R = mv2

∥
R⃗c
R2

c

Polarisation drift F⃗P =−mdE⃗
dt

Table 1.1: Single particle drifts in magnetosphere.

1.2.3 Magnetohydrodynamics

The theory of single-particle motion is useful in describing the dynamics of a few

particles exposed to electromagnetic fields. However, when a large number of par-

ticles need to be considered, it is not always appropriate. Unlike single-particle

dynamics, which evaluates the motions of individual particles, magnetohydrody-

namics (MHD) considers the bulk properties of the plasma, treating it as an electri-

cally conducting fluid. Plasmas that have scale sizes much larger than the Larmor

radius, rg, and variations on timescales much longer than the inverse of the gyrofre-

quency, ωg, are well described by the theory of MHD (Alfvén, 1942). MHD can

be used to describe either one fluid (single-fluid, MHD which is presented in this

section) or one fluid per particle species (multi-fluid MHD), though quasi-neutrality

is assumed in all cases.

Assuming there are no sources or sinks, then the plasma will follow the conti-

nuity equation given by
∂n
∂ t

+∇ · (n⃗v) = 0 (1.22)

with n being the plasma fluid number density and v⃗ the plasma fluid velocity. Equa-

tion (1.22) states that the number density, mass, and charge density are conserved

during the plasma’s motion in the absence of any interaction processes that can

create or annihilate particles (Baumjohann and Treumann, 1996).

The momentum equation for the single-fluid MHD plasma is given by

∂

∂ t
(nm⃗v)+∇ · (nm⃗v⃗v)+∇ ·P−ρE⃗ − j⃗× B⃗ = 0 (1.23)

where P is the total pressure tensor, ρ is the space charge density and m the plasma
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fluid mass.

The density and pressure of a plasma be related by an equation of state, which

if we assume that the pressure is isotropic, can be written in the form given by

p ∝ nγ (1.24)

where γ is the polytropic index, which can take values from 0, which represents

the isobaric case or constant pressure, to ∞, which represents the isometric case

or constant density. It is often assumed that a plasma behaves adiabatically, and

therefore we use γ = 5
3 .

Using Ampère’s law, (1.9) the j⃗× B⃗ term in equation (1.23) can be written as

j⃗× B⃗ =
1
µ0

(
∇× B⃗

)
× B⃗ =

1
µ0

(
B⃗ ·∇

)
B⃗−∇

(
B2

2µ0

)
(1.25)

which can be interpreted as the j⃗ × B⃗ term having two components of force. The

first term on the right side of equation (1.25) represents the magnetic tension force,

which opposes the bending of the field lines. The second term on the right-hand

side of equation (1.25) represents the force resulting from the gradient in magnetic

flux density. It is dimensionally a pressure, pB, and for the isotropic case it is given

by

pB =
B2

2µ0
(1.26)

The ratio of plasma pressure to magnetic pressure is termed the plasma beta, it

is given by

β =
p
pB

=
2µ0nkbT

B2 (1.27)

In a high beta plasma, β > 1, the plasma pressure dominates. Whereas in a low beta

plasma, β < 1, magnetic forces dominate.

For a single-fluid MHD plasma, the momentum conservation equation contains

the electric current density, j⃗, as a new variable. To be able to close the system of

equations, an additional expression is required for the evolution of j⃗, this is the
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Generalised Ohm’s law for a single-fluid MHD plasma given by

E⃗ + v⃗× B⃗ = η j⃗+
1

nqe
j⃗× B⃗− 1

nqe
∇ ·Pe +

me

nq2
e

∂ j⃗
∂ t

(1.28)

where η is the plasma resistivity, and Pe is the electron pressure tensor. In order, the

terms on the right-hand side of equation (1.28) are named the resistive or Hall term,

the Lorentz force term, the electron pressure term and the electron inertia term.

Moreover, further assumptions can be made to simplify the MHD equations

to the ideal MHD case. In an ideal MHD plasma, it assumed that the fluid has

infinite conductivity, η = 0, and therefore the first term on the right-hand side of

equation (1.28) disappears. At the length and timescales for which ideal MHD is

valid, i.e. large time and length scales, the electron pressure, electron inertia and

Lorentz force terms can also be neglected. These assumptions are generally valid

when considering plasmas in the solar wind and Earth’s magnetosphere. Applying

these assumptions to the Generalised Ohm’s law results in the simplified form

E⃗ + v⃗× B⃗ = 0 (1.29)

which is Ohm’s law in ideal MHD conditions.

If we consider a plasma with finite conductivity while retaining the other as-

sumptions from above, then the first term on the right-hand side of equation (1.28)

is retained. If we also replace the resistivity, η , with the conductivity of the plasma,

σ = 1/η , the Generalised Ohm’s law is then given by

j⃗ = σ

(
E⃗ + v⃗× B⃗

)
(1.30)

Taking the curl of equation (1.30) and substituting for j⃗ with Ampère’s law,

equation (1.9), and for E⃗ with Faraday’s law, equation (1.10), followed by applying

vector identities results in

∂ B⃗
∂ t

= ∇×
(⃗

v× B⃗
)
+

1
σ µ0

∇
2B⃗ (1.31)
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which is termed the MHD induction equation. The first term on the right-hand side

of equation (1.31) describes the changes of the magnetic field through convection

with the plasma, termed the convective term, while the second term describes the

effect of the diffusion of the magnetic field through the plasma, namely the diffusive

term. From equation (1.31), it is clear that in the limit of a perfectly conducting

plasma, σ = ∞, the field moves with the plasma as the diffusive term disappears. If

the conductivity of a plasma is finite, i.e. the plasma is collisional, then the magnetic

field will diffuse through the plasma to some extent. The extent to which the plasma

is convective or diffusive can be expressed as the magnetic Reynolds number, given

by

Rm =

∣∣∣∇×
(⃗

v× B⃗
)∣∣∣∣∣∣µ−1

0 σ−1∇2B⃗
∣∣∣ (1.32)

Using simple dimensional terms, where ∇ → 1/L, equation (1.32) can also be

written as

Rm = µ0σLV (1.33)

where L is the length scale over which the magnetic field varies and V is the con-

vective velocity of the plasma. When Rm ≫ 1, the plasma is well described by ideal

MHD, where convection dominates diffusion. This is also known as the frozen-in

flow approximation, where the plasma is frozen to the magnetic field (or similarly,

the magnetic field is frozen into the plasma), i.e. when the particles move, the mag-

netic field changes shape such that the particles remain frozen to the same field

line, and vice versa. This is also known as Alfvén’s theorem, named after Hannes

Alfvén. For the opposite case, Rm ≪ 1 diffusion dominates over convection, where

the magnetic field readily diffuses through the plasma and vice versa.
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1.2.4 Magnetic Reconnection

Figure 1.1: An illustration of a basic reconnection geometry. The blue and red lines are
magnetic field lines, the grey circles represent a thin current sheet directed out
of the page and the black arrows show the direction of the bending of the field
lines (adapted from Walsh (2009)).

The magnetic Reynolds number, Rm, provides an indicator of the accuracy

of the ideal MHD approximation for a given plasma (Baumjohann and Treumann,

1996). When it is large, i.e. Rm ≫ 1, and ideal MHD holds, magnetic field lines

from different sources and the particle populations frozen-in to them cannot mix.

However, when the magnetic Reynold’s number approaches unity, for example on

small length scales, such as in thin current sheets, the frozen-in flux theorem breaks

down allowing the plasma particles to diffuse across the magnetic field as both dif-

fusion and convection processes become important (Parker, 1957; Nakamura et al.,

2006; Hesse and Cassak, 2020).

When the magnetic fields diffuse through a plasma, they can merge and un-

dergo a topological change. This process is known as magnetic reconnection. Dur-

ing magnetic reconnection, the magnetic field lines ‘break’ and ‘reconnect’ (Parker,

1957; Paschmann, 2008). Figure 1.1 shows a magnetic topology with antiparallel

field lines frozen into the plasma, for which magnetic reconnection is most efficient.
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If the field lines on each side are stagnant and do not move, this configuration can

be stable over long periods, as illustrated in Figure 1.1a. However, when field lines

on both sides move toward the current sheet as a result of the flow of plasma, as

displayed in Figure 1.1b, the pairs of magnetic field lines will eventually reconnect,

i.e. change their topology such that two new, highly bent field lines are created,

illustrated in Figure 1.1c. An X-type configuration is shown in Figures 1.1b and

c, with the magnetic field being zero in the centre of the X, the magnetic neutral

point. The field lines that form the X and pass through the neutral point are called

the separatrix (Baumjohann and Treumann, 1996).

Magnetic tension will act to straighten these newly formed lines, which results

in them being expelled from the reconnection site, and thus allowing the next pair

of field lines to reconnect. This whole process transfers magnetic energy to particle

kinetic energy, as the particles frozen in to the newly formed bent field lines will

accelerate as these field lines straighten (Paschmann, 2008). The two plasma pop-

ulations which were associated with each separate magnetic field regime now co-

exist on the new magnetic field line and are essentially mixed (Paschmann, 2008).

Magnetic reconnection is important to this thesis, as it controls the flow of energy

and mass from the solar wind and interplanetary magnetic field to the Earth’s mag-

netosphere, as well as its transport within the magnetosphere.

1.3 Solar system plasmas
Plasma exists throughout the solar system in largely distinct regimes. However,

as noted above, processes such as reconnection (Dungey, 1961) and viscous in-

teractions (Axford, 1962) allow mass and energy to be transferred between these

regimes, leading to the phenomena that we study in this thesis.

1.3.1 The Solar Wind

The solar wind is the term given to the continuous radial outflow of plasma from

the Sun into interplanetary space. Parker (1958) postulated that because of the high

temperatures and significant pressure difference between the solar corona and the

surrounding interstellar medium, the plasma on the Sun’s surface should stream
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away from it, overcoming the force of gravity. Due to the high conductivity of the

outflowing plasma, the solar magnetic field is frozen-in to it and is therefore carried

out by the solar wind. The footpoints of this interplanetary magnetic field (IMF) are

considered to be fixed to the Sun’s photosphere and, therefore, rotate as the Sun’s

surface rotates (Fisk, 1996). The radial expansion of the solar wind in addition to

solar rotation results in the IMF approximating an Archimedean spiral structure in

interplanetary space, known as the Parker spiral (Parker, 1959).

The solar wind and IMF are highly variable, although the solar wind is often

classified as slow solar wind when it has a velocity of less than 500 km/s or fast solar

wind when it has a velocity in excess of 600 km/s (Neugebauer and Snyder, 1966;

Zirker, 1977; Feldman et al., 2005). The fast solar wind is thought to originate from

coronal holes, which are regions of open magnetic field lines, whereas the slow solar

wind is thought to originate near areas of closed coronal magnetic field. Typical

solar wind properties at the radial distance of the Earth (known as 1 Astronomical

Unit or AU ≈ 1.5×1011 m) are shown in Table 1.2.

Table 1.2: Typical values for the Solar Wind near Earth (values taken from Borovsky (2020)
average of OMNI2 measurements at L1 from 1995-2018).

Quantity Mean Value (unit)

Flow Speed 430 (km/s)
Number density 6.3 (cm−3)

Magnetic field magnitude 5.8 (nT)
Proton Temperature 8.2 (eV)

Electron Temperature 14.8 (eV)
Ion gyroradius 53 (km)
Alfvén speed 58 (km/s)
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1.3.2 The Earth’s Magnetosphere

Figure 1.2: Schematic of the Earth’s magnetosphere in the closed configuration, highlight-
ing some key regions (not to scale).

Magnetised bodies in the solar system, such as the Earth, have a magneto-

sphere in which the magnetic field of the body is the dominant force acting on the

plasma. Figure 1.2 shows a schematic along the noon-midnight meridian of the

Earth’s magnetosphere, with several key regions labelled. In the “closed magne-

tosphere” configuration displayed, as a first approximation reconnection does not

occur (e.g. during periods when the IMF directed northward, i.e. perfectly paral-

lel to the terrestrial magnetic field across the dayside magnetosphere) and the solar

wind plasma is unable to enter the magnetosphere because of the frozen-in condi-

tion. This static magnetosphere forms because of the pressure balance between the

solar wind particle pressure and the internal magnetic and particle pressure. In the

absence of external forces, the intrinsic field of the Earth is well represented by a

magnetic dipole with a field strength of ≈ 3.1×10−5 T at the surface equator. How-

ever, this approximation progressively breaks down away from the Earth due to the

forces exerted by the solar wind and the IMF, compressing it on the sunward side
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of the terminator (the dayside, left on Figure 1.2) and stretching it into a long tail,

the magnetotail, anti-sunward of the terminator (the nightside, right on Figure 1.2)

as a result of tangential drag from the solar wind in the closed model of the mag-

netosphere. The magnetosphere is filled with plasma, originating both from upper

atmospheric particles which are ionised and solar wind particles captured when re-

connection does occur and the frozen-in approximation breaks down, described in

Section 1.4.1.

1.3.2.1 The Bow Shock and Magnetosheath

The bow shock was first postulated by Axford (1962) and Kellogg (1962). As the

solar wind propagates towards the magnetosphere, it is travelling at super-Alfvénic

speeds. Therefore, when it encounters an impenetrable object, such as the Earth’s

magnetic field, due to Alfvén’s theorem it is forced to slow down and divert around

it. Due to its super-Alfvénic nature, it is not possible for any pressure waves to divert

its flow around the Earth, thus a fast magnetosonic shock front is formed upstream

of the magnetosphere (Slavin and Holzer, 1981). This is known as the bow shock

and is found at approximately 14 RE from Earth, where the super-Alfvénic solar

wind flow slows to sub-Alfvénic speeds (Montgomery et al., 1970; Fairfield, 1992).

The solar wind is deflected around the terrestrial field between the bow shock

and the magnetopause, with the solar wind downstream of the shock front slowed

down to sub-Alfvénic speeds. As a consequence of this slowing down at the shock

front, the solar wind kinetic energy is converted to magnetic and thermal energy,

resulting in the increase in magnetic field strength, plasma pressure and density

downstream of the shock. This region of hot, dense, and slowed solar-wind plasma

is called the magnetosheath (Formisano et al., 1973; Dessler and Fejer, 1963). The

plasma within the magnetosheath has a density and magnetic field strength up to

four times that in the unshocked solar wind (Phan et al., 1994).
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1.3.2.2 The Magnetopause

Within the magnetosheath region, the frozen-in approximation still holds, and thus

the solar wind-originating magnetosheath and terrestrial plasma populations do not

mix (Dessler and Fejer, 1963). This results in a discontinuity between the magnetic

fields frozen into these plasma populations. By Ampère’s law, thin current sheets

exist where there are gradients in the magnetic field. The current sheet at the bound-

ary between the magnetosheath and magnetosphere is known as the magnetopause,

or also as the Chapman-Ferraro current (Chapman and Ferraro, 1931). On the day-

side magnetopause, this current circulates duskward at low latitudes and dawnward

at higher latitudes. On the nightside magnetopause, it flows dawnward and is closed

duskward through the nightside plasma sheet. Under typical conditions, the position

on the Earth-Sun line of the magnetopause, or “stand-off distance”, at the subsolar

point is ≈ 10 RE (Fairfield, 1971). The magnetopause current sheet is where the

two distinct plasma populations are able to mix via magnetic reconnection in the

open model of the magnetosphere, discussed in Section 1.4.1.

1.3.2.3 The Inner Magnetosphere

The inner magnetosphere (within ≈ 10 RE) includes but is not limited to 3 distinct

plasma populations: the plasmasphere (Lemaire and Gringauz, 1998); the ring cur-

rent (Daglis et al., 1999); and the radiation belts (Van Allen et al., 1958; Li and

Hudson, 2019). The 3 populations are differentiated by their particle energies.

The plasmasphere is a toroidal region which co-rotates with Earth and extends

up to ≈ 4 RE that consists of dense, cold plasma (≈ 103 cm−3 and ≈ 1 eV, Lemaire

and Gringauz, 1998; Delzanno et al., 2021) of ionospheric origin. The outer bound-

ary of the plasmasphere, the plasmapause, is identified by a sharp particle number

density gradient, often dropping sharply to ≈ 1 cm−3 over ≈ 2500 km (Watanabe

et al., 2025).

The ring current is a westward directed current located between ≈ 4−9 RE as

a result of trapped particles with energies of 1 to 100s keV that gradient-curvature

drift in the equatorial plane dominated by the proton population, as the ring current

electrons have negligible energy density (Singer, 1957; Daglis et al., 1999). Trapped
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electrons drift towards east and the ions toward west, and thus there is a net flow of

charge and an electric current. The ring current consists of both ionospheric- and

plasma sheet-origin plasma. In particular, during periods of strong magnetospheric

convection and substorms particles from the plasma sheet are injected into the inner

magnetosphere some of which contribute to the ring current (Sandhu et al., 2018,

2019).

Also within the inner magnetosphere are the radiation belts (Van Allen et al.,

1958), which are separated into an inner radiation belt and an outer radiation belt

by the slot region located approximately at 2− 4 RE (Li and Hudson, 2019). The

radiation belt plasma population has a lower density (≈ 1 cm−3), compared to the

plasmaspheric plasma, but the radiation belt particles have much higher energies.

The inner radiation belt is relatively stable and primarily contains protons with en-

ergies of 10s to 100s MeV (Li and Hudson, 2019). The outer radiation belt is highly

dynamic in time, space, and intensity, containing mainly 10s keV to 10s MeV elec-

trons, with its outer boundary being highly variable but on average located at 8 RE

(Bloch et al., 2021). These dynamics result from the injections of electrons during

substorms which are then accelerated to high energies via wave-particle interactions

(e.g., Jaynes et al., 2015; Rasinskaite et al., 2025).

1.3.2.4 The Magnetotail

Whilst the dayside magnetosphere is compressed by the incoming solar wind and

the IMF, on the nightside the solar wind flow acts to stretch the terrestrial field via

viscous interactions into a long tail-like configuration. The magnetotail acts as a

reservoir of plasma and energy deposited to the magnetosphere from its interaction

with the solar wind. The diameter of the tail is around ≈ 50 RE , while its length

can exceed 1000 RE (Ness, 1965; Hones Jr. et al., 1986), and is commonly split into

three different regions: the plasma sheet (Bame et al., 1967), the tail lobes (Crooker,

1977), and the plasma sheet boundary layer (Eastman et al., 1984).

At the centre of the magnetotail is a region of hot, relatively dense plasma

(≈ 1 cm−3) with low magnetic field strength called the plasma sheet (Bame et al.,

1967; Baumjohann et al., 1989). The plasma sheet magnetically maps down to the



1.3. Solar system plasmas 40

nightside auroral oval in the ionosphere. Within the plasma sheet, is a region named

the neutral sheet located at the centre: a thin layer where the magnetic field strength

becomes near-zero as the field switches direction from sunward in the Northern

Hemisphere to anti-sunward in the Southern Hemisphere. The associated cross-tail

current, which flows from dawn to dusk, closes through the magnetopause current

on the flanks of the magnetotail (Lui, 1984). On either side of the plasma sheet are

the northern and southern magnetotail lobes (Crooker, 1977; Cowley, 1980). These

are regions of open magnetic field that map down to the northern and southern polar

caps and are characterised by a strong magnetic field and low plasma density. The

plasma sheet boundary layer is the transition region between the lower density tail

lobe and higher density plasma sheet plasma populations, and is characterised by

plasma densities and temperatures between those of the tail lobe and central plasma

sheet (Eastman et al., 1984) . As will be discussed in Section 1.4.1, in the open

model of the magnetosphere magnetic reconnection can occur in the neutral sheet

which acts to remove some of the stored energy and plasma in the magnetotail as

well as inject particles into the inner magnetosphere and along field lines into the

ionosphere.

1.3.2.5 The Ionosphere

The ionosphere is an upper region of the atmosphere where the particle population

transitions from the neutral atmosphere to the ionised plasma of the magnetosphere.

The base of the ionosphere is located at approximately 60 km and extends to more

than 1000 km in altitude (Hargreaves, 1992; Schunk and Nagy, 2009). The density

and temperature of the ionospheric plasma vary significantly with height. However,

the plasma temperature of the ionosphere is typically low and generally less than 1

eV, and the plasma density ranges from ≈ 103 −106 cm−3.

The ionosphere is formed primarily by the ionisation of neutral particles by

solar UV radiation (Hargreaves, 1992; Schunk and Nagy, 2009). The precipitation

of energetic particles of magnetospheric and solar origin also contributes, though

the rate of ionisation by these methods is more variable. Precipitating particles

impact with ions and neutrals, causing ionising collisions. The released electrons
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then undergo further ionising collisions until the electron energy is insufficient to

ionise particles. Instead, the further collisions cause electron excitation in neutrals

which, as they de-excite, emit electromagnetic radiation that is observable as the

aurora (Hargreaves, 1992; Schunk and Nagy, 2009).

The ionosphere has a significant population of neutral particles (Hargreaves,

1992; Schunk and Nagy, 2009). This results in a higher neutral collision rate that

decouples the ions from the magnetic field. Above about 250 km the plasma is

frozen in. Below this, ions collide with neutrals to produce an electrical current that

has components both parallel to the electric field (Pedersen current) and antiparallel

to the E⃗ × B⃗ motion (Hall current). The ionosphere is therefore not a fully ionised

plasma, and the ideal MHD framework cannot be applied to the ionospheric plasma.

Ion outflows from the ionosphere are a major source of magnetospheric plasma.

1.4 Solar Wind-Magnetospheric Coupling

1.4.1 The Dungey Cycle

Figure 1.3: Schematic of the magnetic field line reconfiguration during the Dungey cycle.
Reconnection on the dayside magnetopause opens up magnetic field lines to
solar wind magnetic field. They are then dragged anti-sunward into the mag-
netotail where they form the tail lobes. Another reconnection site at the distant
neutral line in the tail closes the open flux, allowing them to return to a more
dipolar configuration before convecting back round to the dayside to complete
the cycle (not to scale).
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The Dungey cycle (Dungey, 1961) describes the interaction between the

frozen-in magnetic field of the solar wind and the terrestrial magnetosphere during

southward directed IMF. It is also described as the open model of the magnetosphere

and illustrates a process in which mass and energy from the solar wind is transferred

to the magnetosphere. A schematic of the field configuration is shown in Figure 1.3.

At the heart of the Dungey cycle is the concept of magnetic reconnection, where the

frozen-in flux approximation breaks down at thin current sheets, allowing for the

reconnection of sheared magnetic fields and change in magnetic topology. During

southward IMF, the magnetic field of the solar wind reconnects with the closed ter-

restrial magnetic field on the dayside to create open magnetic field lines, with one

end at Earth and the other in interplanetary space. These newly reconnected, highly

kinked field lines will straighten through the magnetic tension force. Far away from

the reconnection site, the frozen-in condition still holds, so these open field lines

are frozen to the solar wind flow and are thus dragged anti-sunward towards the

nightside magnetosphere.

The addition of open magnetic flux into the lobes increases the magnetic

pressure, causing the magnetopause to flare outward and the cross-tail current to

strengthen and thin. This causes the terrestrial field, which is directed oppositely in

the tail region, to reconnect in the distant neutral line. Reconnection at this distant

neutral line results in a new closed field line, albeit one that is still stretched and

distorted, and another field line connected only to the IMF which travels with the

solar wind away from the Earth. The newly closed field lines are forced to relax

back to a dipole-like configuration by shrinking and convecting earthward from the

tail, resulting in earthward flows of plasma frozen-in to the field lines. The field

lines then propagate back to the dayside, where the cycle repeats. This cycle of

magnetospheric convection, described by the Dungey cycle, is the idealised case in

which it is assumed that the IMF is steady and purely southward directed but is the

framework from which more complex modes are derived (Partamies et al., 2009).
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1.4.2 Substorms

The description in Dungey (1961) is a simplified case, where the energy input and

release, the dayside and nightside reconnection rates, are steady and well-matched

(Cowley, 2000; Milan et al., 2007) . However, this is not often the case, as the IMF

conditions are highly variable. During southward-oriented IMF, magnetic flux can

build up in the magnetotail lobes if the dayside reconnection rate exceeds the night-

side (Cowley, 2000; Milan et al., 2007). This is likely because there is no instan-

taneous communication process between the reconnection regions on the dayside

and on the nightside (Axford, 1969). This accumulation and storage of flux in the

magnetotail lobes is termed the substorm growth phase (McPherron, 1970).

The term substorm was first published by Akasofu and Chapman (1961) in the

context of its auroral manifestation. The onset of the expansion phase of the auro-

ral substorm is described as a brightening of the equatormost auroral arc followed

by a poleward and westward and eastward expansion of the aurora. This was later

related to magnetic energy release and plasma energisation (e.g., Hones Jr., 1976).

Although the exact timing and role of various physical processes remain debated,

reconnection (Baker et al., 1996) and plasma instabilities (Lui, 1991) are key com-

ponents. Globally, stored magnetic energy can only be released via the closure of

the open magnetic field in the tail with reconnection at the Near-Earth Neutral Line

(NENL) around 20− 25 RE (Hones Jr., 1976) before it convects back towards the

dayside. During this phase, the rate of reconnection at the NENL generally exceeds

that at the dayside. Moreover, various localised phenomena occur throughout the

magnetosphere, which will be described in the following chapter (Akasofu, 1964;

Heppner, 1954; Lezniak et al., 1968; Angelopoulos et al., 1992; Smith et al., 2020).

The substorm recovery phase is often described as the relaxation of the magne-

tosphere to its initial quiescent state, with the rate of reconnection in the tail reduc-

ing to match the dayside. However, often significant magnetospheric and auroral

dynamics are still ongoing during this period (Opgenoorth et al., 1994; Pulkkinen

et al., 1994) and there is an indication that the flux continues to close (Mooney et al.,

2020).
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The substorm can be thought of as a magnetospheric loading-unloading pro-

cess consisting of three phases: growth (energy addition), expansion (energy re-

lease), and recovery (return to quiet state). Despite being a fundamental magne-

tospheric process, the substorm is still not fully understood. Indeed, fundamental

questions such as “What are the unique identifiers of substorms?” and “How do

substorms differ from other modes of SW-M-I coupling?” still persist. This thesis

tackles questions regarding the occurrence and identification of substorms in order

to advance our understanding of this phenomenon.



Chapter 2

Literature Review

2.1 Introduction to Substorms

The term substorm was first published in Akasofu and Chapman (1961), where it

was defined as a magnetic disturbance in the auroral zone caused by currents flow-

ing in the ionosphere characterised by fluctuations faster than those of a geomag-

netic storm. Akasofu (1964) defined the auroral substorm, providing much of the

framework we use to study substorm dynamics, describing its onset, as well as the

expansion and recovery phases of evolving auroral morphology that coincide with

the polar magnetic disturbance. The auroral and magnetic observations were joined

by Akasofu (1968) in a framework called the magnetospheric substorm, although

previous studies had noted a link between changes in auroral activity and magnetic

disturbances (Heppner, 1954), including Birkeland (1908) who referred to them as

‘polar elementary storms’. Subsequent studies have further developed the concept

of substorms to include the addition of magnetic energy and flux prior to onset,

known as the growth phase of the substorm (McPherron, 1970), and during the

expansion phase the injections of energetic particles into the inner magnetosphere

(Lezniak et al., 1968; Kamide and McIlwain, 1974), the rapid reconfiguration of the

nightside magnetic field to one that is more dipolar (Cummings and Coleman Jr.,

1968), and the formation and ejection of a plasmoid (Hones Jr., 1976; Hones Jr.

et al., 1986). These events coincide with the reduction of magnetic flux in the mag-

netotail lobes and the diversion of the tail current along magnetic field lines into
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the auroral ionosphere to form a field-aligned current system known as the sub-

storm current wedge (SCW) (McPherron et al., 1973; Kepko et al., 2015). The

field-aligned currents of the SCW cause a characteristic ground magnetic perturba-

tion at midlatitudes (McPherron et al., 1973; Clauer and McPherron, 1974b), and

the closure of the SCW in the westward auroral electrojet results in the Disturbance

Polar type 1 (DP1) ground magnetic deflection at higher latitudes (Heppner, 1954;

Akasofu et al., 1965; Forsyth et al., 2018; Murphy et al., 2022). The waiting time

between successive substorms is on average 3 hours (Borovsky et al., 1993; Free-

man and Morley, 2004; Forsyth et al., 2015). However, the distribution of waiting

times is highly skewed and varies depending on the signature of the substorm used

(McPherron and Chu, 2018; Borovsky and Yakymenko, 2017). In the following

subsections, the phases of the substorm are discussed in further detail and other

magnetospheric modes (Partamies et al., 2009; Huang et al., 2009; Pulkkinen et al.,

2010) that may be misidentified as substorms are introduced.

2.1.1 The Growth Phase

The first stage of the substorm is called the growth phase, first inferred from ob-

servation by McPherron (1970), and usually starts after a southward turning of the

interplanetary magnetic field (IMF). After the southward turning, the entire polar

ionosphere responds within 2 minutes (Ridley et al., 1997; Ruohoniemi and Green-

wald, 1998) or at the latest, after 15 minutes (Cowley and Lockwood, 1992). The

growth phase has been shown to last on the order of tens of minutes, usually within

the range of 20 - 160 minutes (Li et al., 2013; Iyemori, 1980; Kamide et al., 1996).

Li et al. (2013) showed that solar wind conditions controlled the length of the growth

phase, with a larger solar wind electric field correlated with shorter growth phases.

Furthermore, they found lower bounds for the solar wind electric field and flow

speeds of 0.6 mV/m and 280 km/s for substorm occurrence, as well as a weak cor-

relation between the intensity of a given substorm and the intensity of the solar wind

electric field during its growth phase.

Figure 2.1 shows some of the typical features observed throughout the magne-

tosphere during the growth phase of the substorm. Under southward IMF, recon-
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Figure 2.1: Schematic of the typical features of the substorm growth phase (from Kivelson
and Russell, 1995).

nection occurs at the dayside subsolar point, opening previously closed terrestrial

magnetic field lines to the solar wind. The newly opened field lines are swept back

over the polar cap and into the magnetotail by the solar wind flow, leading to the ac-

cumulation of open magnetic flux in the tail. Mishin and Karavaev (2017) estimated

that the maximum possible open flux in the magnetosphere is ≈ 1.2 GWb.

The 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 day-

side magnetopause, which moves inwards by 10–20% (Aubry et al., 1970; Holzer

and Slavin, 1978; Sibeck et al., 1991). The addition of open magnetic flux to the tail

lobes increases the magnetic field pressure within the lobes (Coroniti and Kennel,

1972a) which causes the magnetotail to flare outwards in order that the imping-

ing shocked solar wind exerts a greater pressure on the magnetopause to balance
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the higher lobe magnetic pressure within it (Petrinec and Russell, 1996; Shue et al.,

1997). The increase in tail lobe flux also causes the lobe field to become less dipolar

and more ‘tail-like’.

As a consequence of increased lobe pressure, the plasma sheet thins (Pytte

et al., 1978; Asano et al., 2004), causing the inner edge of the plasma sheet to move

earthward and the cross-tail current to increase (Pulkkinen et al., 1992). In the

aurora, this is observed as an equatorward motion of the auroral oval, in addition

to an increased polar cap area due to the increased open flux in the magnetosphere

(Cheng, 2004; Coumans et al., 2007). Additionally, Forsyth et al. (2014b), showed

that the plasma sheet pressure and temperature are higher during growth phases with

stronger solar wind driving, though the plasma sheet density remains approximately

constant. They also observed a weak correlation between plasma sheet temperature

during the substorm growth phase and the minimum SML index observed in the

subsequent substorm.

The expansion of the polar cap creates equatorward and sunward flow (Cowley

and Lockwood, 1992) that enhance electrical currents in the auroral oval, known as

electrojets. This is observed as a gradual increase in magnetic activity in ground-

based magnetometers (Troshichev et al., 1974; Kokubun and Iijima, 1975; Nishida

and Kamide, 1983; Kamide et al., 1996). In particular, magnetic perturbations of

the two-cell Disturbance Polar type 2 (DP2) current pattern (Nishida and Kokubun,

1971) are observed in which both the eastward and westward electrojets are en-

hanced.

The substorm growth phase is a necessary condition of the substorm process, in

which ≈ 1015 J of energy is extracted from the solar wind by dayside reconnection

and stored in the magnetotail (Tanskanen et al., 2002). This increase in energy and

pressure in the tail cannot continue indefinitely and must be released. The energy

release is achieved during the substorm expansion phase.
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2.1.2 The Expansion Phase and Onset Signatures

The beginning of the substorm expansion phase is called substorm onset, and its oc-

currence has traditionally been defined as a sudden brightening in one of the equa-

torward arcs in the nightside auroral oval (Akasofu, 1964). The expansion phase

represents the rapid release of the energy stored in the magnetotail lobes, stored

during the growth phase. During the expansion phase, there is the reconfiguration

of the whole nightside magnetosphere, resulting in the observables described be-

low. Other magnetospheric and ionospheric observables to those described in the

following sections are present at substorm onset and during the expansion phase,

such as the excitation of Pi2 pulsations (Saito et al., 1976; Sakurai and Saito, 1976;

Yeoman et al., 1994; Smith et al., 2020) and the formation and release of a plasmoid

in the magnetotail (Hones Jr., 1984; Rostoker, 1999).

2.1.2.1 The Auroral Substorm

Methods using the aurora as a proxy for substorms still rely on the Akasofu (1964)

definition of the onset of the expansion phase as a sudden brightening of the equa-

torward edge of a quiet auroral arc, followed by a rapid poleward and azimuthal

expansion of this arc over the course of approximately 30 minutes, before auroral

intensity subsides over the course of approximately 2 hours. The original schematic

of the auroral substorm evolution is shown in Figure 2.2, where the darkness of the

line indicates the intensity of the aurora. Using variations of this definition, many

authors have visually identified substorm onsets from successive auroral images,

whether for individual case studies or statistical analyses (Liou et al., 2001; Frey

et al., 2004; Nishimura et al., 2010; Gabrielse et al., 2021). This relies on the ob-

server’s judgment, introducing a degree of subjectivity and lack of reproducibility

to the lists created. A variety of instruments have also been used including space-

craft imagers such as the Imager for Magnetopause-to-Aurora Global Exploration

(IMAGE) Far Ultraviolet Imager (FUV) instrument suite (which is further discussed

in Section 3.2) and the ground-based Time History of Events and Macroscale In-

teractions during Substorms (THEMIS) All-Sky Imager (ASI) array (Mende et al.,

2008). For example, Nishimura et al. (2010) used the THEMIS ASI array, in which
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Figure 2.2: Schematic of the evolution of the auroral substorm from onset to its expansion
poleward and azimuthally over the course of ≈ 30 minutes, before the “recov-
ery” of auroral intensity to the background level and the poleward edge’s retreat
to lower latitudes ≈ 2 hours after onset (from Akasofu, 1964)

each imager takes an image every 3 seconds with a spatial resolution of 1 km per

pixel over an all-sky field of view. Using ground-based all-sky imagers means that

the aurora can only be observed in the absence of clouds, in addition to the limi-
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tation that the array only covers a limited portion of the auroral oval. Space-based

imagers were also widely used in the era of the IMAGE and Polar spacecraft. These

were not bound by the cloud restriction or geographical constraint of only observing

a specific portion of the sky, like a single ASI is. In fact, both spacecraft had the ca-

pability of observing a whole auroral oval, but were limited in terms of their obser-

vation window due to their orbit and lifetime. For example, Frey et al. (2004) used

the space-based IMAGE FUV instrument suite, (Mende et al., 2000b) which can

view the entire northern auroral oval at a spatial resolution of up to 50 km per pixel

every 2 minutes. However, its viewing period was limited due to orbital constraints

at ≈ 8 hours of observations for every ≈ 14 hour spacecraft orbit, with “good” ob-

servations of the northern auroral oval only available for the first 2.5 years of the

mission. Since the end of the Polar mission in 2008, there has not been a global

auroral imager. However, the long wait for this beneficial view of the aurora will

soon be ended with the imminent launch of the ESA Solar wind Magnetosphere

Ionosphere Link Explorer (SMILE) spacecraft.

2.1.2.2 The Substorm Current Wedge

Figure 2.3: Schematic of the Substorm Current Wedge (from McPherron et al., 1973)

Coincident with the sudden brightening of the aurora, there is the formation of

a large-scale current system known as the Substorm Current Wedge (SCW) in the
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inner magnetotail. The cross-tail current that was intensified in the growth phase

is disrupted and diverted via a pair of field-aligned currents into the ionosphere

(McPherron et al., 1973; Kepko et al., 2015), as shown in Figure 2.3. Gjerloev

et al. (2007) showed that the most probable width of the SCW by the end of the

expansion phase is ≈ 6 hours of MLT (90◦). The circuit typically contains ≈ 300

kA total current, with up to ≈ 1 MA for large substorms (Sergeev et al., 1996c;

Gjerloev et al., 2007; Newell and Gjerloev, 2011; Chu et al., 2014, 2015).

The closure of the SCW in the ionosphere is observed as an enhancement of

the westward auroral electrojet centred around local midnight (Heppner, 1954; Aka-

sofu et al., 1965; Weimer, 1994). The strength of the enhancement depends on the

background conductivity of the ionosphere and is strongest in the dark winter iono-

sphere (Newell et al., 1996; Wang et al., 2005; El-Alaoui et al., 2023) due to the

formation of a Cowling current channel (Cowling, 1932; Boström, 1964; Amm and

Fujii, 2008).

Figure 2.4: Schematic of the midlatitude perturbations observed on the ground due to the
substorm current wedge (from McPherron et al., 1973)

The formation of the SCW also produces a distinctive pattern of changes in the

midlatitude magnetic field, shown in Figure 2.4 (McPherron et al., 1973; Caan et al.,

1975; Chu et al., 2015). Assuming a simple wedge structure, everywhere within the

wedge, and additionally some distance on either side, the north component of the
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magnetic field is positive and symmetric about the central meridian of the wedge.

The east component of the magnetic field perturbation is antisymmetric about the

central meridian. In the Northern Hemisphere the east component is positive west of

the central meridian and negative east of the central meridian, with extremes at the

locations of the upward and downward field-aligned currents (Clauer and McPher-

ron, 1974a). In the Southern Hemisphere, the northern component is also positive,

but the signs of the magnetic perturbations in the east component are reversed.

The structure of the substorm current wedge continues to be a much debated

topic within substorm research. Specifically, whether the wedge is a singular large-

scale current loop (McPherron et al., 1973; Sergeev et al., 2011), a double-wedge

system (Gjerloev and Hoffman, 2014), or a series of “wedgelets” (Zhang et al.,

2011; Liu et al., 2013, 2015). However, Forsyth et al. (2014a) showed using in

situ measurements that the structure of the SCW during the expansion phase was

inconsistent with the model that the SCW is formed by a series of wedgelets that

become a coherent structure. Furthermore, Walker et al. (2024) showed that, when

using a grid spacing of 100 km in their inversion technique, there were no clear

signs that the substorm current wedge was composed of wedgelets.

2.1.2.3 Particle Injections

Figure 2.5: Example timeseries from one of the Los Alamos National Laboratory (LANL)
geosynchronous satellites from 02 March 1983. Three substorms are observed
as three sharp increases in the particle flux at all energies with ∆t indicating the
time between successive onsets (from Borovsky et al., 1993)
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Another signature used for the identification of substorms is the Earthward

injection of energetic electrons and protons observed in geosynchronous orbit (Lez-

niak et al., 1968), which previous studies have temporally associated with the auro-

ral and ground magnetic signatures of substorms (Arnoldy and Chan, 1969; Kamide

and McIlwain, 1974; Yeoman et al., 1994; Weygand et al., 2008). Injections are

most visible in particle energies in the 10s of keV (e.g. Baker et al., 1978; Belian

et al., 1978). However, impulsive increases in particle fluxes during substorms are

also observed at lower energies (DeForest and McIlwain, 1971; Parks et al., 1980).

Figure 2.5 shows an example time interval from one of the LANL probes in which

three substorm onsets are observed, exhibited by rapid increases in particle flux at

all energies before a gradual decrease to background levels. It should be noted that

for a substorm, there is usually the requirement that the injection is dispersionless

(i.e. particle fluxes peaking simultaneously rather than sequentially with decreasing

particle energy) as this indicates observation within the injection region (usually 1

- 2 MLT from 24 MLT) (Reeves et al., 2003; Henderson, 2022). However, stud-

ies have also included dispersed injections when there are no spacecraft available

within the injection region, with the dispersion being used to map back to poten-

tial injection locations (Yeoman et al., 1994; Reeves et al., 1996; Mauk and Meng,

1983). Borovsky et al. (1993) visually identified substorm onsets as the sudden in-

crease in energetic particle flux after a “drop-out” that is associated with the growth

phase observed by at least two geosynchronous satellites located nearest to mag-

netic midnight. The Borovsky et al. (1993) set of observations was one of the first

substantial catalogues of substorm events created that allowed for the study of the

statistical effects of the substorm and any obvious drivers of its onset. Various mod-

els and theories have been proposed to explain the simultaneous enhancement of

particles of all energies (e.g., McIlwain, 1974; Moore et al., 1981; Mauk and Meng,

1983; Birn et al., 1997; Li et al., 1998; Sergeev et al., 2005; Gabrielse et al., 2012),

but the mechanism and its causal relationship with the other substorm signatures are

still not well understood.
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2.1.2.4 Substorm onset models

There are two major phenomenological models for substorm onset - the Near-Earth

Neutral Line model (NENL) and the Current Disruption model (CD) - which differ

with respect to the nature and location of the substorm onset mechanism and the

causal order of events.

The NENL model of substorms was first developed by Hones Jr. (1976), who

suggested that magnetic reconnection in the magnetotail was the triggering process

for the onset of the substorm. Hones Jr. et al. (1986) postulated that the reconnection

site initially forms in the near-Earth plasma sheet at roughly 20− 30 RE , causing

the tailward release of a plasmoid and a brightening and poleward expansion of the

aurora at the ionospheric footpoint of the reconnection site. However, this initial

formulation of the NENL model was inconsistent with the fact that the substorm

onset arc rarely mapped beyond 10−15 RE .

Figure 2.6: Schematic of Current Disruption model of the substorm (from Lui, 2004).

To explain this discrepancy, an alternative substorm model was proposed called

the Current Disruption (CD) model (Lui, 1996). In the CD model framework, shown

in Figure 2.6, the expansion onset is believed to start with a sudden reduction of the

cross-tail current and formation of the SCW due to one of several possible plasma

instabilities at the earthward edge of the plasma sheet (Roux et al., 1991; Lui et al.,

1991; Cheng and Lui, 1998; Voronkov et al., 2003; Cheng, 2004). The current

disruption and dipolarisation of the tail field launches a rarefaction wave down the

tail as a result of the depletion of plasma in the CD region. This rarefaction wave

acts to thin the midtail plasma sheet, triggering reconnection at the NENL.



2.1. Introduction to Substorms 56

Figure 2.7: Schematic of the adjusted NENL model (from Lui, 2004).

The discrepancy between the substorm onset arc and the NENL locations also

led to a modification of the NENL model by Baker et al. (1996) as shown in Fig-

ure 2.7. They proposed that NENL reconnection caused earthward and tailward

propagating flows within the plasma sheet, known as Bursty Bulk Flows (BBFs)

(Angelopoulos et al., 1992), which carried magnetic flux. The increasing magnetic

field strength and plasma pressure as the BBF’s travel earthward act to slow down

or break the flows, and the flux they carry builds up in the Current Disruption region

(8−10 RE). This has the effect of disturbing the cross-tail current and creating the

substorm current wedge.

Therefore, the Near-Earth Neutral Line and Current Disruption Models dis-

agree on the causal sequence of events that constitute a substorm. However, whether

a current disruption in the near-Earth region of the plasma sheet triggers reconnec-

tion or vice versa, both models agree that a plasma instability causes a disturbance

of the cross-tail current in the plasma sheet, causing it to divert and form the sub-

storm current wedge.

2.1.3 The Recovery Phase

The recovery phase of the substorm was also defined in the seminal study by Aka-

sofu (1964). The beginning of the recovery phase in the aurora is identified as the

end of the poleward motion of the auroral oval. If dayside reconnection is still on-

going, the poleward edge of the auroral oval retreats to lower latitudes, as displayed

in the Figure 2.2 panels E and F. Auroral intensity decreases during the substorm

recovery phase (Frank and Craven, 1988), although complex displays are still vis-

ible (Opgenoorth et al., 1994; Forsyth et al., 2020a). There is also a decrease in
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magnitude in the magnetic perturbations observed on the ground as the magneto-

sphere returns to its quiet-time configuration, with the decline of reconnection in

the magnetotail at the Near-Earth neutral line and the decay of the SCW (Pulkkinen

et al., 1994). The substorm recovery phase has a typical duration of 30 - 40 minutes

(Forsyth et al., 2015; Chu et al., 2015), but in certain cases it can last longer.

2.1.4 Substorm-like activity

2.1.4.1 Steady Magnetospheric Convection

Periods of steady magnetospheric convection (SMCs) are extended periods of time

(at least 90 minutes, longer than a typical substorm recovery phase, and have been

observed to last up to 10 hours) when the magnetosphere is driven by southward

IMF, but typically none of the features of the substorm are observed. The aurora

is active compared to quiet time levels, but there is no substorm-like activity, i.e.

sudden brightening of an equatorward arc (Pytte et al., 1978; Sergeev et al., 1996a;

O’Brien et al., 2002; McPherron et al., 2005; Walach and Milan, 2015). SMC events

are characterised by the appearance of a double auroral oval, where the diffuse equa-

torward boundary is split from the poleward boundary by a dark region (Elphinstone

et al., 1995; Pulkkinen et al., 1995). However, during these intervals there are no

sudden intensifications of the westward electrojet near midnight, no midlatitude

positive bays, and no dipolarisations at synchronous orbit (McPherron et al., 2008).

During SMC periods, the nightside and dayside reconnection rates are steady and

roughly equal, and as such they are also known as “balanced reconnection intervals”

or BRIs (DeJong et al., 2009).

There are many similarities in the features observed during SMCs and the re-

covery phases of a substorm (Sergeev et al., 1996a). Therefore, for an event identi-

fied to qualify as an SMC, it must have a duration longer than 90 minutes of a typical

substorm recovery phase. It is thought that SMC intervals transition directly from

substorms or at least substorm onset and expansion phases. Sergeev et al. (1996a)

suggested that the magnetic field configuration required for steady magnetospheric

convection to occur could only arise after the unloading of tail flux in a substorm

expansion. Moreover, DeJong et al. (2009) found that only one of 51 BRI cases
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identified did not occur after a substorm. This was further supported by Kissinger

et al. (2012), where they found that 92% of their 2924 SMC events between Jan-

uary 1997 and May 2011 occurred after a well-defined substorm onset identified

from the AL index. In contrast to these results, Walach and Milan (2015), argued

that a significant portion of SMC events, using criteria similar to those in the above

studies, are part of a prolonged version of substorms due to continued driving on

the dayside during expansion phases.

2.1.4.2 Pseudobreakups

The term pseudobreakup was originally introduced by Akasofu (1964) to describe

events in which an auroral arc initially brightened similar to a substorm onset, but

then the auroral intensity decreased a few minutes later without any major expan-

sion. These events are identified during quiet times and during substorm growth

phases, with growth phase pseudobreakups often occurring at more poleward arcs

than substorm breakups (Pulkkinen et al., 1998). In addition to the term pseudo-

breakup, Ohtani et al. (1993), introduced the term pseudosubstorm to refer to mag-

netospheric changes related to the phenomena, as well as the auroral manifestation.

In this thesis, the term pseudobreakup is used; however, the terms have been used

interchangeably in the literature.

Nakamura et al. (1994) studied these events further, showing that pseudo-

breakups show many of the signatures of substorm onset, including the formation of

a SCW, magnetic field dipolarisation, and energetic particle injections. This is in ad-

dition to pseudobreakups that show brightening of the most equatorward auroral arc,

enhancement of the westward auroral electrojet, and ejection of a plasmoid (Aikio

et al., 1999). It is often difficult to distinguish between small substorms and pseudo-

breakups, with Rostoker (1998) suggesting that all auroral breakup activations are

controlled by the same physics, regardless of size, and that substorm expansions are

built up of a series of small-scale current systems, one of which could show up as a

pseudo-breakup. The defining feature of the pseudobreakup is the lack of poleward

and azimuthal expansion of the aurora and its short lifetime. The mechanism pre-

venting a pseudobreakup developing into a substorm is still under debate, whether
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it is a lack of stored energy in the tail (Nakamura et al., 1994; Ohtani et al., 1993),

or too low ionospheric conductivity to close the substorm current wedge (Koskinen

et al., 1993).

2.1.4.3 Global Sawtooth Oscillations

Global sawtooth oscillations or sawtooth events are identified by the quasi-periodic

enhancement of energetic electron and proton fluxes at geosynchronous orbit (Be-

lian et al., 1995; Huang, 2002; Huang et al., 2003; Reeves et al., 2003; Henderson,

2004). Similar to substorm-related particle injections, they are observed as sudden

increases in particle fluxes (i.e. a dispersionless injection) of both electrons and

protons at geosynchronous orbit, before a steady decrease to background levels. A

key differentiator is that these impulsive increases in particle flux typically occur in

trains of 3 - 8, with the wave-like pattern, similar to the teeth of a saw, giving them

their namesake. Each “tooth” in a sawtooth event occurs quasi-periodically, with a

typical recurrence period of 2 - 4 hours. However, compared to substorm-related in-

jections, sawtooth events have the added criterion that the dispersionless injections

have to be observed by two spacecraft, one on the dayside (near noon local time)

and one on the nightside (near local midnight) (Cai and Clauer, 2009; Henderson

et al., 2006b).

Sawtooth events typically occur during geomagnetic storm intervals, particu-

larly when solar wind driving is strong and steady (Cai et al., 2011). Moreover,

the solar wind driving conditions prior to and during sawtooth events are typically

stronger than those during typical substorm intervals (Partamies et al., 2009). Typ-

ically, the phenomena associated with a single tooth are similar to those of a single

isolated substorm, with the exception of a double auroral oval as observed during

SMC events (Henderson et al., 2006b). Henderson (2004), showed that a previously

well-studied substorm interval was actually a sawtooth event if modern definitions

were applied, raising the question of whether there was a physical distinction be-

tween the two modes.
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2.2 Ionospheric Current Systems
As one of the primary topics of this thesis is the ground magnetic signature of the

substorm, it is important to introduce the morphology and dynamics of the electrical

current systems of the terrestrial magnetosphere and ionosphere. It is the variations

in these current systems that are observed by ground magnetometers via Ampere’s

law. In this Section, a quick introduction to various current systems in the magne-

tosphere is presented, before a focus on the equivalent ionospheric current systems,

namely the Disturbance Polar (DP) systems (Nishida, 1968b).

Figure 2.8: Schematic of Magnetospheric Currents (original figure from Baumjohann and
Treumann (1996), taken from Baumjohann et al. (2010)

Figure 2.8 displays a schematic that highlights the regions of the magneto-

sphere in which the currents that we are about to discuss flow. On the dayside,

Chapman and Ferraro (1931) were the first to suggest that the Earth’s magneto-

sphere carves out a cavity in the solar wind that neither solar wind plasma nor its

magnetic field can penetrate. The thin boundary that separates the magnetosphere

from the solar wind is a current sheet, known as the magnetopause, with its existence

confirmed by Explorer 10 and 12 measurements in the early 1960s (e.g., Cahill and

Amazeen, 1963). This current is directed from dawn to dusk across the equatorial
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magnetopause, and dusk to dawn across the high-latitude magnetopause tailward of

the magnetospheric cusps. Changes in solar wind dynamic pressure affect the size

of the magnetosphere and the strength of the magnetopause currents.

In the nightside magnetosphere, in situ observations by the IMP-1 satellite

revealed that the nightside geomagnetic field was dragged out far behind Earth in

the anti-sunward direction, with a thin current sheet flowing where the magnetic

field changes direction in the equatorial plane (Ness, 1965; Speiser and Ness, 1967;

Bame et al., 1967). This magnetotail (or also often named neutral sheet) current

is directed from dawn to dusk in the equatorial plane and is closed through two

different loops, one above and below on the tail magnetopause, both flowing dusk

to dawn.

The magnetospheric ring current is a result of the gradient and curvature drift

motion of warm (∼keV) trapped charged particles in the inhomogeneous terrestrial

magnetic field, which gyrate and bounce along magnetic field lines and drift around

the Earth on the order of a few hours. The westward drift of ions and eastward

drift of electrons results in net charge transport and the corresponding westward

ring current flowing around the Earth. Substorms are an important phenomenon in

creating the ring current, with Sandhu et al. (2018) evaluating that approximately

9% of the energy released by the substorm is transferred onto the ring current.

There also exist currents that flow along magnetic field lines, named Birkeland

or field-aligned currents, whose existence was first proposed by Birkeland (1908)

to explain the variations of the magnetic field measured on the ground in the po-

lar regions. These currents, which are mainly carried by electrons, connect the

magnetospheric currents with ionospheric currents. Their large-scale morphology

was first deduced using observations from the TRIAD satellite (Iijima and Potemra,

1976a,b), of which a schematic is shown in Figure 2.9. The current system forms

two concentric rings above the auroral ionosphere: the poleward (Region 1) currents

and the equatorward (Region 2) currents. The Region 1 currents connect the iono-

sphere to the currents in the magnetopause and the magnetotail, while the Region 2

currents connect to the partial ring current in the inner magnetosphere (Iijima and
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Figure 2.9: Schematic of the Region 1 and Region 2 Birkeland and their closure in the
ionosphere and magnetosphere (from Coxon et al., 2014a).

Potemra, 1978; Cowley, 2000). The Region 1 and 2 currents are closed through the

ionosphere by horizontal Pedersen currents and so their current strength depends on

the conductance of the ionosphere that depends on solar illumination, which varies

daily, seasonally and with the solar cycle, and on particle precipitation into the iono-

sphere from space. Coxon et al. (2014a) showed that at current magnitudes greater

than ≈ 1.5 MA the Region 1 currents tend to be stronger than the Region 2 currents,

peaking at a ratio of ≈ 1.15 at ≈ 4 MA. Moreover, the work of Coxon et al. (2014b)

showed that while the magnitude of both Region 1 and Region 2 increases after the

onset of the substorm, the diverted current of the SCW preferentially flows through

the more poleward Region 1 currents.

The Disturbance Polar (DP) current systems (Nishida, 1968b) are specified

from equivalent ionospheric currents, i.e. the ionospheric current confined within a

spherical surface at around 100 km altitude that would create the magnetic pertur-

bation observed on the ground, i.e. the equivalent current direction is evaluated by

rotating the surface magnetic perturbation by 90◦ clockwise. They do not have a
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Figure 2.10: Schematic of the primary equivalent current systems in the polar ionosphere
of the Northern Hemisphere (adapted from Milan et al. (2017).

unique relationship to the distribution of the true Hall, Pedersen, and field-aligned

currents that flow in the magnetosphere-ionosphere system. There must be a degree

of care when interpreting these equivalent currents, since conductance gradients

and the contribution of distant currents also affect the resulting pattern (Milan et al.,

2017). To a first approximation, ground magnetic perturbations are due to Hall

currents only because, for a uniformly conductive ionosphere with field-aligned cur-

rents perpendicular to the ground, the magnetic perturbations from field-aligned cur-

rents and their corresponding Pedersen currents exactly cancel (Fukushima, 1969).

Figure 2.10 shows a schematic of the polar ionosphere of the Northern Hemi-

sphere, with plasma and current flows highlighted. The Pedersen currents (shown in

green) act to close upward and downward field-aligned currents, the Region 1 (blue)

and Region 2 (red) currents, while Hall currents (orange) flow in the direction op-

posite to the flow streamlines of the ionospheric convection pattern (black). The

“convection” of charged particles in the ionosphere is the result of the solar wind

electric field imposed on open field lines, causing the ionospheric particles to drift

with velocity E⃗× B⃗/B2 over the polar cap. This motion can also be thought of as the
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motion of plasma frozen to the magnetic field as it circulates with the Dungey cy-

cle of magnetospheric convection under steady southward IMF conditions (Dungey,

1963). As discussed earlier, magnetic perturbations on the ground are to a first ap-

proximation due to Hall currents only (Fukushima, 1969, 1994), which are directed

in the −E⃗ × B⃗ direction.

The Hall currents related to ionospheric convection are strongest in the auroral

zones because of the enhanced conductivity in this region compared to the polar

cap, and are directed eastward in the dusk sector and westward in the dawn sec-

tor. These currents are also known as eastward and westward auroral electrojets.

The magnetic perturbations associated with the auroral electrojets, as well as those

over the polar cap, have been termed the Disturbance Polar 2 (DP2) pattern, which

was first identified by Obayashi (1967) and Nishida (1968b) who described their

morphology and relationship with variations in the solar wind and the IMF. Nishida

(1968a) showed that fluctuations in the DP2 pattern are highly correlated with the

southward component of the IMF (Bz) with a short (approximately 10 minute) time

lag. Shore et al. (2018) used data-driven methods to evaluate the spatial modes that

contribute the most to ground magnetic variations to show that the mode represent-

ing the DP2 pattern was the dominant source of variance in any given month, for any

season throughout a complete solar cycle. They also showed that the “DP2 mode”

consistently had the highest correlation with the IMF Bz at a delay of 30 minutes of

the modes evaluated by their method, although this level of correlation varied from

∼ 0.3−∼ 0.8.

Since plasma from the magnetotail flows both dawnward and duskward around

the Earth in the Dungey cycle, then one might expect the auroral electrojet magni-

tudes to be similar, this is not often the case. Substorm-related electron precip-

itation can result in elevated dawn MLT conductance (e.g Wallis and Budzinski,

1981; Stepanov et al., 2021). This results in a stronger westward DP2 electrojet and

dawn-dusk asymmetry to the DP2 pattern, which is observed statistically (Shore

et al., 2018). The case of a symmetric auroral electrojet pair approximates the sum-

mertime scenario, where the morning and afternoon MLT sectors are mostly and



2.2. Ionospheric Current Systems 65

similarly illuminated by the Sun and thus have similar levels of conductance in the

auroral zone.

The Disturbance Polar 1 (DP1) pattern is the set of magnetic perturbations re-

lated to the closure of the field-aligned currents of the substorm current wedge (see

Section 2.1.2.2). During the expansion phase of the substorm a pair of upward and

downward FACs typically to the west and east of the midnight meridian are closed

by the substorm electrojet across the nightside auroral ionosphere. It is indicated in

Figure 2.10 as a Pedersen current, although the substorm electrojet may be amplified

by a secondary Hall current flowing parallel to the Pedersen current that is caused by

the generation of a Cowling current channel (Cowling, 1932; Boström, 1964; Coro-

niti and Kennel, 1972b) due to substorm-related electron precipitation. Therefore,

the magnitude of the substorm (or DP1) electrojet is modulated by the conductiv-

ity difference between the current channel and the background ionosphere (Amm

and Fujii, 2008), introducing a seasonality to the magnitude of substorm-related

magnetic perturbations. As discussed in Section 2.1.2.2, although it is possible to

show that on average, the SCW has this simple single upward and downward FAC

structure closed by a westward ionospheric current (Clausen et al., 2013), substorm

FACs can be highly azimuthally structured on a case by case basis (Forsyth et al.,

2014a), with the true nature of the wedge still an active topic of research. For

example, Forsyth et al. (2018) showed evidence for a two-loop structure for the

SCW, using the AMPERE FAC dataset, thus avoiding attempting to account for the

Cowling conductance channel created in the ionosphere. Shore et al. (2018) also

resolved a spatial mode that represents the DP1 current system with a strong west-

ward current over the midnight sector at auroral latitudes. In contrast to the DP2

mode, this DP1 mode was not resolved for every month of the solar cycle analysis,

showing a seasonal trend of being resolved less often during summer and when it

was resolved, being the third or fourth dominant mode to contribute to monthly ge-

omagnetic variance. Moreover, Shore et al. (2019) showed that this spatial mode

was largely uncorrelated with the IMF, with only 17% of the DP1 mode variance

explainable by the IMF. This is due to the DP1 pattern’s relationship with the sub-
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storm, which has a nonlinear and time-integrated relationship with variations in the

IMF (Freeman and Morley, 2009; Morley and Freeman, 2007).

In the schematic picture of ionospheric electrodynamics, DP1 and DP2 are

discussed as appearing separately and due to distinctly different reasons. That is,

DP1 is related to the loading-unloading phenomenon, the substorm, and DP2 cor-

responds to periods of steady southward IMF, when the magnetosphere is directly

driven and there is increased magnetospheric convection. In reality, the pattern of

magnetic perturbations on the ground is, in fact, a superposition of the DP1 and DP2

current patterns, along with those discussed further below, and the dominance of

which is constantly varying. This was first discussed in Kamide (1982), where they

noted that the location of the contributing station to AL was often at 03 MLT, how-

ever, during the substorm expansion phases the location of the contributing station

would change to pre-midnight MLTs (22-23), before shifting again towards dawn

MLTs during the substorm recovery phases. They suggested that the substorm-

associated westward electrojet consists of two components, which have different

characteristic times. One is mainly produced by Hall conductivity enhancements

that dominate in the midnight sector, and the other by southward electric fields in

the morning sector (Kamide, 1982). Clauer and Kamide (1985) expanded on the

concept, showing that both DP1 and DP2 current patterns are enhanced over the

course of the substorm. They showed that the DP2 pattern is elevated and domi-

nant during the growth phase of the substorm, while DP1 is dominant during the

expansion phase. Additionally, after the decay of the DP1 system, a strong DP2

system continues to exist during what they call “the enhanced convection phase of

the substorm”.

Kamide et al. (1996) expanded on this further, proposing the “two-component

auroral electrojet model”. With this model, they show that substorm time varia-

tions of current patterns in the polar region consist of two basic components, the

signatures of which are shown in Figure 2.11. The two components result from

the relative strength of electric fields and conductivities in the intensification of

the auroral electrojet and are identified as the signatures for directly driven and
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Figure 2.11: Sketch of the variations in the AU and AL indices due to the two components
of the electrojet. (from Kamide and Kokubun, 1996).

the loading-unloading components in solar wind-magnetosphere interactions. They

also discuss that not every geomagnetically disturbed interval indicates the pres-

ence of a substorm expansion phase (Kamide and Kokubun, 1996). In Figure 2.11,

component A is the result of the rapid release of energy of the substorm expansion

phase, which causes only deviations of AL and occurs at faster timescales com-

pared to component B. Component B is related to the steadier increase in both the

AU and AL indices when magnetospheric convection is increased. Kamide et al.

(1996) highlight that the time series of these auroral indices is therefore a superpo-

sition of these components. It should be noted that Shore et al. (2017) found that

their resolved DP2 and DP1 modes were both intensified at auroral substorm onset,

showing that this two-component decomposition still does not provide a complete

view of the polar ionospheric electrodynamics.

Beyond the DP1 and DP2 equivalent current systems that correspond to the

magnetosphere’s response to the substorm and convection, other equivalent cur-

rent systems have been proposed in the literature. An example is the DPY pattern

(Friis-Christensen and Wilhjelm, 1975) which is associated with the east-west com-

ponent of the IMF (By). The DPY system consists of a single vortex, which is
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approximately centred on the geomagnetic pole and whose polarity and strength are

controlled by the IMF By. This vortex controls the relative strength of the two vor-

tices of the DP2 pattern when added to its symmetric component (Friis-Christensen

et al., 1985). It is strongest in the region of the ionospheric footprints of the day-

side cusp, where ionospheric currents close the Region 0 (R0) FACs. Like the DPY

current system, the polarity of the R0 currents depends on the IMF By (Svalgaard,

1973; Feldstein, 1976; Wilhjelm et al., 1978). There is also the NBZ pattern in the

polar cap associated with periods of strong northward directed IMF Bz (Maezawa,

1976; Iijima et al., 1984). The NBZ pattern manifests as twin reversed lobe con-

vection cells on the dayside polar cap, related to sunward convection that occurs in

the middle of the polar cap during northward IMF Bz, as a result of high-latitude

reconnection between the IMF and the lobe magnetic field (Maezawa, 1976). It can

be envisioned as part of a four-cell pattern along with two conventional convection

cells farther equatorward (Burch et al., 1985).
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2.3 Summary of solar wind and ionospheric influ-

ences on substorms

Figure 2.12: Histogram of onset location (MLT) of 2437 auroral substorms (from Frey
et al., 2004).

Frey et al. (2004) observed that 80% (between the 10th and 90th percentiles)

of auroral substorm onsets they identified using IMAGE observations between May

2000 and December 2002 occurred in a ≈ 3.2 hour MLT window centred on ≈ 23.00

MLT, shown in Figure 2.12. A similar result was found by Liou (2010) using Polar

UVI, who showed that a Gaussian fit to the 2003 substorms they identified had a

mean location of 22.60 MLT with a standard deviation of 1.10. The fact that sub-

storm onset auroras predominantly take place at pre-midnight MLTs is somewhat

expected, as the upward current at the duskward edge of the SCW is supported by

downward-streaming electrons. However, beyond these statistical means, the loca-

tion of substorm onset is largely unpredictable, particularly in the other signatures

of substorms.

The distribution of Frey et al. (2004) and Liou (2010) differs from the findings

of Yeoman et al. (1994). In their study using 10 days of data from LANL satellites

and the UK Sub-Auroral Magnetometer Network (SAMNET) midlatitude magne-
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tometer network, they found that substorm-related Pi2 pulsations occurred at a wide

range of local times, from 15.00 MLT to 10.00 MLT, although this was still centred

in the midnight sector. Furthermore, they found that substorm-related particle in-

jections, although still centred at midnight, were observed at all local times. They

also showed a systematic difference between proton and electron injections, where

the proton distribution was shifted slightly before pre-midnight and, conversely, for

the electrons, a slight shift towards post-midnight. They explained this difference as

the effect of the gradient-curvature drifts of the different injected particle species.

The effect of the IMF on the location of substorm onset is a well-studied topic,

especially by correlation studies, though some of the physical mechanisms behind

these effects still remain ambiguous. In terms of the location of onset in magnetic

latitude (MLat), Liou et al. (2001) showed using 648 “well-defined” auroral sub-

storms from Polar UVI that the onset latitudes were correlated with IMF Bz, i.e. for

more strongly southward IMF, the MLat of onset decreases, while being anticor-

related with IMF Bx, i.e. the onset MLat decreased for increasing Bx. The effect

of IMF Bx is thought to be due to the anti-sunward shift of the auroral oval in the

Northern Hemisphere for Bx > 0 and the sunward shift when Bx < 0, which has also

been observed in convective flows over the polar cap (Cowley et al., 1991; Meng,

1980). This acts to decrease the MLat of onset, as the auroral oval near the midnight

sector has shifted equatorward.

Liou et al. (2001) noted that the relationship between onset MLat and the IMF

Bz, was stronger than that with the IMF Bx. Furthermore, Gérard et al. (2004) using

78 substorms in the 2000-2001 winter solstice showed that for larger IMF magni-

tudes, the MLat of onset decreased. They also showed that the latitudes of substorm

onsets were located at a variable distance from the poleward auroral boundary but

occur at a relatively constant displacement from the equatorward boundary, regard-

less of auroral excitation species. Moreover, an anti-correlation between the 1-hour

averaged solar wind dynamic pressure and the onset MLat was observed. Both ef-

fects are likely the result of a more strongly driven magnetosphere, which contains

more open flux, resulting in the auroral oval moving equatorward (Milan et al.,
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2009).

Figure 2.13: A) Substorm MLT locations for 60◦ bins of IMF clock angle in the North-
ern Hemisphere. Substorms identified from IMAGE (Polar) data are shown in
black (red). B) Average substorm MLT locations for 18° bins of IMF clock an-
gle for substorms identified from Polar data in the Northern Hemisphere. The
number in the bottom left is the number of events and R the Spearman corre-
lation coefficient between the data and a fitted sine function (from Østgaard
et al., 2011).

Various studies have shown that the location of the onset of the substorm in

MLT has a stronger relationship with the IMF By than with the other components

of the IMF (Østgaard et al., 2004, 2005; Wang et al., 2007; Liou and Newell, 2010;

Østgaard et al., 2011). In particular, Østgaard et al. (2011) used the substorm onset

lists curated by Frey et al. (2004) and Liou (2010) to show that the substorm onset

MLT and a sine function fit to the IMF clock angle are well correlated, as shown

in Figure 2.13. They also showed that the average onset MLT showed a greater

dependence on the clock angle than the value of By itself, with a saturation in the

westward shift of onset MLT in the Northern Hemisphere for positive By values > 4

nT also observed. The effect of IMF By can be explained by considering how mag-

netic flux is added dawn-dusk asymmetrically to the magnetotail for negative and

positive values and assuming that this non-uniform penetration of IMF By extends

into the closed magnetosphere, which in turn can lead to changes in the observed

projection of the substorm onset on the ionosphere (Tenfjord et al., 2015; Khurana

et al., 1996). An asymmetry can also be observed between hemispheres under dif-
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ferent clock angles, with the Northern Hemisphere onset westward of the Southern

Hemisphere onset for clock angles < 180◦ and eastward for clock angles > 180◦

Østgaard et al. (2005); Liou and Newell (2010); Østgaard et al. (2011).

In addition to IMF By, the Earth’s dipole tilt also displays an effect on the

azimuthal location of substorm onset. A positive dipole tilt angle will lead to an

added positive By component on closed field-lines in the magnetotail at dusk, and

an added negative By component at dawn (as shown in Figure 3 of Liou and Newell

(2010)), due to the warping of the tail associated with non-zero dipole tilt (Tsy-

ganenko, 1998). This results in phenomena in the dusk magnetotail projecting to

earlier MLTs in the ionosphere in the Northern Hemisphere. The results of Liou and

Newell (2010) and Østgaard et al. (2011) are consistent with this hypothesis, under

the assumption that the location of substorm onset in the magnetotail is predomi-

nantly shifted duskward. We see some evidence of this with the observed distribu-

tion of tail reconnection signatures showing a duskward shift (Angelopoulos et al.,

1994; Walsh et al., 2014).

Recently, Elhawary et al. (2022) using substorm onsets by Frey et al. (2004)

and Liou (2010) showed that there is also an ionospheric influence on the azimuthal

location of substorm onset. In their study, they showed that the magnitude of

ground magnetic perturbations is generally higher during the 20 minutes preceding

duskward substorm onsets than during the 20 minutes preceding dawnward sub-

storm onsets. They suggested that this effect on the substorm onset location is due

to a higher ionospheric conductance related to the elevated levels of geomagnetic

activity, leading to a duskward shift in magnetospheric substorm onset.

2.4 Summary

The magnetospheric substorm has been the subject of a significant amount of re-

search for over 60 years since the first definition of its expansion and recovery phase

(Akasofu, 1964). However, despite being a fundamental magnetospheric process, it

is still not fully understood. In particular to this thesis, it remains unclear what the

“true” signature (or signatures) of the substorm is (are), with many authors declar-
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ing their own set of conditions on what constitutes a substorm without a community

consensus. Moreover, the external (solar wind) and internal (magnetospheric and

ionospheric) influences on its signatures are also ambiguous.

The primary aim of this thesis is to understand the various signatures of the

substorm and their relationship to each other, as well as to detach the false identifi-

cation of other phenomena capable of producing them. In order to do so, in Chap-

ter 4 we evaluate the temporal relationship between different substorm lists that

have been provided for community use. Following this, in Chapter 5, we attempt

to understand and decompose the substorm contribution to high-latitude magnetic

perturbations from another phenomena capable of doing so. Finally, in Chapter 6,

we discuss a set of four events selected using the framework presented in Chapter

5.



Chapter 3

Instrumentation, Datasets and

Methods

3.1 Ground-based Magnetometers and Geomagnetic

Indices
Ground-based magnetometers have been one of the most widely used types of in-

strument for inferring the state of the magnetosphere by measuring geomagnetic

disturbances. These instruments on the ground measure deflections in the mag-

netic field caused by currents flowing in the ionosphere and magnetosphere by Am-

pere’s law, similar to the magnetic deviations created by a current flowing in a wire.

Ground magnetometers have three major strengths that support their widespread

usage in studying the Magnetosphere-Ionosphere system, as they provide (1) near

global coverage, via the use of individual magnetometers within networks discussed

further below, (2) near-continuous uninterrupted monitoring of the system, and (3)

multiple decades of observations.

The measurements from individual magnetometers can be integrated into a

wider network to evaluate large-scale phenomena ongoing in the Magnetosphere-

Ionosphere system. To increase the practicality of these multiple measurements,

various geomagnetic indices have been developed that combine these data sources

into a single time series rather than interpreting a large number of magnetograms.

In addition, the SuperMAG initiative (Gjerloev, 2012) integrates data from multiple
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networks, acting as a super-network of sorts, applying their own data cleaning and

preprocessing methods to single station data. In this thesis, we make use of the Au-

roral Upper (AU), Auroral Lower (AL), Midlatitude Positive Bay (MPB) and Polar

Cap (PC) indices, which are discussed below and used in the following chapters, but

other commonly used geomagnetic indices in the literature include the planetary K

index (Kp) and ring-current indices (Dst and Sym-H).

3.1.1 Coordinate systems

Before outlining the geomagnetic indices used in this thesis, it is important to dis-

cuss the coordinate systems used in the recording of data and computation of the

indices. Variations in the magnetic field are typically recorded in either a cartesian

geographic coordinate system (X, Y, Z) a dipole coordinate system (H, D, Z) or a

compass-type coordinate system (confusingly also H, D, Z). In the geographic and

dipole coordinate systems, X and H are the surface horizontal component directed

toward north, Y and D horizontal eastward and Z downward. Where they differ

is that for the geographic system the X direction is aligned with a great circle that

passes through the point of observation and the north geographic pole, whereas in

the dipole system the H direction is aligned with a great circle that passes through

the point of observation and the north geomagnetic pole. In the H, D, Z compass-

type system, H is the horizontal field strength, D is the declination angle in degrees

(angle with geographic north, positive eastward), and Z is the vertical component.

It should be noted that the dipole coordinate system is time-varying in the refer-

ence frame of Earth, due to the position of the dipole pole changing slowly as the

main magnetic field of Earth varies, while the other two systems are fixed. For Su-

perMAG, all data, which are collected in various coordinate systems by different

organisations and agencies, are rotated onto a time-varying local magnetic coordi-

nate system, before the calculation of any indices. Here, their self-labelled NEZ

coordinate system is defined as N toward local magnetic north, Z directed vertically

downward toward the centre of the Earth, and E directed in the Z×N direction, to-

ward local magnetic east. For each station, the local NEZ coordinates are evaluated

using a 17-day running window on its magnetic measurements (Gjerloev, 2012)
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3.1.2 The Auroral Indices AU and AL, SuperMAG and and Su-

perMAG derived substorm lists

The Auroral Electrojet (AE) indices Auroral Upper (AU) and Auroral Lower (AL)

indices were proposed by Davis and Sugiura (1966) and endorsed by IAGA to pro-

vide a measure of the strength of the auroral electrojet currents, which is minimally

contaminated by the strength of the ring current (Rostoker, 1972). The auroral elec-

trojet currents flow in the ionosphere above the polar region, and variations in their

strength are observed as deviations in the southward (westward electrojet) or north-

ward (eastward electrojet) component of the Earth’s magnetic field in the North-

ern Hemisphere. The original AU and AL indices are derived from approximately

12 magnetic observatories at high latitude, specifically between 60.44◦ magnetic

latitude (MLat) and 71.21◦, approximately equally spaced in magnetic local time

(MLT). To evaluate the indices, the H component of the magnetic field at each sta-

tion is produced, then the monthly mean from all stations is subtracted from the

corresponding dataset such that they are placed onto a common baseline. The max-

imum and minimum envelopes of the combined dataset defined as the AU and AL

indices, respectively. Therefore, the AU and AL indices measure the maximum

and minimum magnetic deviation at aurora latitudes at any specific time. Note that

another commonly used index in the study of space physics and also endorsed by

IAGA, the AE index, is derived from AU and AL. It is simply the difference be-

tween the AU and AL indices, i.e. AE = AU−AL. However, in this thesis the AE

index is not used.

SuperMAG is the result of a worldwide collaboration of organisations that have

operated and maintained nearly 600 magnetometers to date. In the time period

analysed in this thesis (1997 - 2019), there are between ∼ 80 and ∼ 160 stations

at auroral latitudes. The yearly variation in stations is shown in Figure 3.1, with

snapshots of the network that data is taken from on 12th September 1997 and 12th

September 2019 shown in Figure 3.2. It should be noted that although the general

trend is a greater number of stations, during the interval certain stations may have

been switched off. For example, the lowest latitude station on the east coast of
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Figure 3.1: The number of stations contributing to SuperMAG’s derivation of auroral in-
dices. The yearly maximum, median and minimum number of stations are
shown.

Greenland that is contributing data in September 1997 observed as a green dot on

Figure 3.2a, does not contribute data in September 2019, as no green dot present in

that location in Figure 3.2b.

In order to robustly integrate these multiple datasets, the measurements of indi-

vidual stations are first re-sampled to a regular 1-minute temporal resolution before

being transformed onto a common coordinate system (NEZ) as described above,

then a common baseline is removed from each measurement, similar to the original

AU and AL indices. However, a more complex routine is applied to determine this

baseline than for the original AU/AL stations. ‘Typical’ variations of the data at two

selected timescales, the diurnal and yearly cycles, are removed as well as any re-

maining offset in the data. The ‘typical’ values at these two timescales are evaluated

as either the mode of the data or the centre of a Gaussian fitted to the probability

distribution. These two values are normally similar, and the ‘typical’ is defined as

the mode unless it is affected by a single-point spike where instead the centre of the

Gaussian is used (Gjerloev, 2012).
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(a)

(b)

Figure 3.2: The contributing stations to the SuperMAG collaboration in the Northern
Hemisphere in (a) 1997 (92 stations) and (b) 2019 (122 stations) in MLat vs
MLT coordinates, here each concentric ring is 10◦ of MLat and each radial
line indicates 6 hours of MLT. Note that while generally the number of stations
increased, some stations were removed, for example, see the lowest latitude
station on the east coast of Greenland present in (a) but not in (b).
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The SuperMAG Auroral Upper (SMU) and Auroral Lower (SML) index values

are evaluated in the exact same manner as the AU and AL and are their generali-

sation to many stations, leveraging the SuperMAG amalgamation of magnetometer

arrays managed by different institutions. This allows for a much higher density of

station coverage, especially in the latitudinal direction. SML and SMU are viewed

as better substorm activity indicators than the original AU and AL, as the likelihood

of the substorm onset location being overhead a ground magnetometer in the Super-

MAG network is much higher. Furthermore, Bergin et al. (2020) showed that the

magnitude of the SME index is systematically greater than the AE index, especially

so for large disturbances, another indicator that the original AU and AL indices used

an insufficient station density to fully resolve magnetosphere-ionosphere dynamics.

However, there are still large geographic gaps in the derivation of SMU and SML,

particularly over Siberia and the Atlantic.

There is no generally accepted method for identifying substorms from the au-

roral electrojet indices, and different sets of criteria are used in different studies. In

the following sections, we briefly describe some selected algorithms available in the

literature.

3.1.2.1 Forsyth et al. (2015) Substorm Onsets and PHases from In-

dices of the Electrojet

Substorm Onsets and PHases from Indices of the Electrojets (SOPHIE) is a non-

parametric method applied to the auroral indices SML and SMU to identify phases

of the substorm cycle at a temporal resolution of 1 minute (Forsyth et al., 2015).

Precisely, SOPHIE identifies substorm expansion phase onsets using a threshold

based on the yearly percentiles of rates of decrease of the SML index. For example,

using the SOPHIE list with an Expansion Percentile Threshold of 90 or EPT 90

means that for an SML-bay to be considered a candidate substorm onset, the gradi-

ent of its decrease must surpass the 90th percentile of negative gradients observed in

that calendar year. The substorm recovery phase is identified similarly for increases

in SML, however the Recovery Percentile Threshold (RPT) is set automatically so

that the difference in the number of expansion phases and recovery phases is min-
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imised. Forsyth et al. (2015) then argue that any period that is not part of an ongoing

expansion or recovery phase can be labelled as a potential growth phase, in which

magnetic flux and energy is stored in the magnetotail.

In addition, Forsyth et al. (2015) considered that not all decreases and recov-

eries of SML are driven by substorms and that similar signatures may arise due

to enhancements in magnetospheric convection. SOPHIE uses the SMU index for

information to filter out events that are not due to substorm activity. The method

accomplishes this by flagging expansion phases in the time series where the change

in SMU is similar to what is observed in SML. Specifically, in previously pub-

lished phase series identified by the SOPHIE method, expansion phases that have

an absolute change of SML less than twice that of the absolute change of SMU, i.e.∣∣dSMLexpansion phase
∣∣/∣∣dSMUexpansion phase

∣∣< 2, are flagged as potentially misiden-

tified substorms due to enhancements in convection. The following recovery phase

after the expansion is also flagged. However, in the process of completing this

thesis, we found that the SOPHIE method mislabelled certain substorm cases as

convection enhancement intervals. These cases were when a negative SML bay

formed, and a decrease was also observed in SMU that met the criteria above. If we

consider that SMU is generally reflective of the strength of convection, a plausible

explanation that a decrease in SMU can be observed during an expansion phase is

the scenario that the substorm occurs in the period following a northward turning

in the IMF, such that the dayside reconnection rate and therefore the strength of the

convection decreases. Recent studies (Dai et al., 2024) have shown variations in

dayside convection and driving of the Dungey cycle from changes in the IMF. As

we would normally expect SMU to increase, rather than decrease, during convec-

tion enhancements, we have revised the criteria for a Convection Enhancement to

be as follows:

1. ∆SMU > 0 over the expansion interval.

2. ∆SML < 0 over the expansion interval.

3. −∆SML
∆SMU < 2 over the expansion interval.
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If these three criteria are satisfied, then the expansion phase and the follow-

ing recovery are flagged as a convection enhancement. The study completed in

Chapter 4 was carried out using a SOPHIE version with the previous convection

enhancement filtering logic, as this misidentification of convection enhancements

from substorms was found during the analysis of Chapter 5. The rest of the analysis

from Chapter 5 onwards was completed using SOPHIE with the new corrected logic

of SOPHIE when filtering convection enhancements from substorms. In the period

between 1997 and 2019, 32956 intervals met the criteria to be a candidate substorm

event, with the updated logic of SOPHIE this was split into 30329 substorms and

2627 convection enhancements. With the original SOPHIE logic, approximately

4% of the 30329 substorms were misclassified as convection enhancements.

In the original SOPHIE paper (Forsyth et al., 2015), the factor of two used

in the convection enhancement criterion 3 above was not fully explored but rather

based on expert judgement, which is not uncommon in solar-terrestrial physics (e.g.,

the Newell and Gjerloev (2011) identification of substorm onset as being when

dSML/dt is less than −15 nT/min or the identification of geomagnetic storms as

when Dst drops below −50 nT). For symmetric DP2 electrojets, then the convec-

tion enhancement factor in criterion 3 would be unity, which might approximate a

summertime case where the morning and afternoon MLT sectors are similarly illu-

minated by the Sun and have similar conductances. However, electron precipitation

from substorm injections can sustain an enhanced morning MLT conductance (e.g.,

Wallis and Budzinski, 1981) and create a relatively stronger westward DP2 electro-

jet, as is statistically observed (Shore et al., 2018). Thus, a factor of two is again

chosen in criterion 3 to take account of this, but we shall later explore the effect of

varying this factor in Chapter 5.

3.1.2.2 The Newell and Gjerloev (2011) Substorm Onset List

Another algorithm utilising the SML index for the identification of substorm events

was developed by Newell and Gjerloev (2011). Here, they considered the SML

index using a 30-minute running window and defining a substorm onset that occurs

at time t0 when four conditions were satisfied:
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1. SML(t0 +1)−SML(t0)<−15 nT

2. SML(t0 +2)−SML(t0)<−30 nT

3. SML(t0 +3)−SML(t0)<−45 nT

4. ∑
i=30
i=4 SML(t0 + i)/26−SML(t0)<−100 nT.

where SML(t0) was the value of SML at time t0 measured in nanoteslas. These

criteria were selected such that the negative bay created in SML had a sharp drop

(15 nT per min for 3 consecutive minutes) and was sustained (the mean value of

SML must be at least 100 nT below the initial value for the rest of the 30-minute

running window). Furthermore, once an event is identified at time t0, the method

progresses in time 20 minutes, so the algorithm hard-codes the minimum waiting

time between events. In their study, Newell and Gjerloev (2011) compares the

algorithm’s ability to find onsets using both the AL and SML indices and found

that, using time delay analysis, the time difference between a POLAR UVI auroral

onset and a geomagnetic index was minimized when using SML over AL and was,

on average, 394 seconds after the UVI onset compared to 626 seconds. In the period

between 1997 and 2019, the Newell and Gjerloev (2011) method identifies 39256

substorm onsets from the SML index.

3.1.2.3 The Borovsky and Yakymenko (2017) Substorm Onset List

Borovsky and Yakymenko (2017) developed another algorithm to identify substorm

events from the SML index in their study of substorm occurrence rates, where they

also compared with events identified from particle injections. The algorithm identi-

fies a substorm event and onset in the following manner:

• Periods where there is at least a decrease of 150 nT in 15 minutes are identi-

fied as potential substorm events.

• Within these periods, potential onset times are identified as times when the

decrease in SML from minute to minute is more negative than -10 nT.

• For each potential onset time in a period, the time integrals of the magnitude

of the SML index for the 45 minutes before and after the potential onset are
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evaluated. If the ratio of the “after” to “before” integral is less than 1.5 then

that potential onset time is rejected.

• The earliest remaining potential onset time within each -150 nT in 15-minute

period is accepted as the onset time of the substorm.

• The final criterion is that if a ”150 nT-in-15 min” period occurs within 15 min-

utes of a prior ”150 nT-in-15 min” period, the second interval is voided and

the onset time in that second interval is not used. Therefore, the theoretical

minimum waiting time is 16 minutes.

In their study Borovsky and Yakymenko (2017), the algorithm they developed

identified 28,464 substorms between 1979 and 2015 using the SML index with a

minimum waiting time of 27 minutes between substorm onsets.

3.1.2.4 The Ohtani and Gjerloev (2020) Substorm Onset List

The Ohtani and Gjerloev (2020) method for identification using the SML index was

developed in their study of the substorm current wedge, particularly if it is com-

posed of wedgelets. The method they developed “is not meant to identify every

substorm onset, but rather to identify the onsets of isolated substorms” (Ohtani and

Gjerloev, 2020). Similarly to the method by Forsyth et al. (2015), before any cri-

terion was applied to the SML index, it was first smoothed using a 9-minute wide

boxcar filter. Then a potential onset time, t0, is identified using the following crite-

ria:

1. That it is an isolated substorm, (t0 − 40 min < t < t0 − 1 min : SML ≥

−100nT)

2. That there is an observable gradual growth phase slope, (t0 − 40 min < t <

t0 −1 min : |∆SML/∆t| ≤ 1.5nT)

3. There is a clear break or “elbow” in SML to define the onset, (t0 −10 min ≤

t ≤ t0 +10 min : ∆SML2/∆t2 ≤−1.5nT/min2)

4. The sudden decrease in SML surpasses a given slope, (t0 +1 min < t < t0 +

10 min : ∆SML/∆t ≤−3nT/min
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5. The substorm is sustained over a long duration, i.e. longer than 30 minutes,

(t0 +1 min < t < t0 +30 min : SML ≤ 1.1×SML(t0)

6. The substorm is sufficiently intense, min(SML)−SML(t0)≤−100nT)

To minimise the impact of single-point spikes in SML, a linear least squares fit

is made to SML in the period t0 − 40 min < t < t0 − 1 min, with the first criterion

that this period is greater than -100 nT, ensuring that the identified substorm is an

isolated event. The threshold was selected to be consistent with previous studies

of the substorm growth phase (Gjerloev et al., 2007). Criterion 3 and 4 also use

linear fits for robustness, with two fits used in Criterion 3, before and after the onset

break, to calculate ∆SML2/∆t2 and a single fit for Criterion 4 to calculate ∆SML/∆t.

As there may be multiple candidate onset times per SML bay identified, the onset

time, t0, is selected to be the candidate that has the minimum value of its second

derivative. Finally, this method requires that the onset is identified in the midnight

MLT sector, 20 to 03 MLT. More specifically, they require that in the preceding

15 minutes after a candidate onset time, the contributing station to SML has to

be within the 20 to 03 MLT region, otherwise the event is rejected. The method

typically identifies 500 - 700 substorms per year.

3.1.2.5 The McPherron and Chu (2018) SML Substorm Onset List

McPherron and Chu (2018) developed another algorithm to identify substorm

events using the SML index. This method, which standardises the index before

applying any criterion, was first developed on the Midlatitude Positive Bay (MPB)

index. The formal procedure on the SML index is not explicit in the literature, other

than the MPB procedure, described in full in the next section, was reapplied to the

SML index. In the period between January 1982 and December 2012, the McPher-

ron and Chu (2018) method identified 94,396 substorm onsets from the SML index.
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3.1.3 The Midlatitude Positive Bay index and derived substorm

lists

Figure 3.3: Map of magnetometer stations used to create the MPB index.

When the Substorm Current Wedge forms, its midlatitude signature is a posi-

tive perturbation in the northward H component of the ground magnetic field, sym-

metric about the central meridian (the perturbation is maximal at this central merid-

ian) of the wedge and a weak negative perturbation outside of the structure. The

perturbation to the eastward component of the magnetic field D is antisymmetric

about the central meridian of the wedge, with a positive perturbation west to the

centre of the wedge and a negative perturbation to the east. The midlatitude ground

magnetic signature of the substorm has also been used extensively for the identifi-

cation of events and various studies of the properties of the substorm (Clauer and

McPherron, 1974b,a; Caan et al., 1975, 1978). In their study of the statistical lobe

signature of substorms, Caan et al. (1978), developed a formal quantitative method

to identify the onsets of the substorms. This method, named the “bay finder” was

included in the appendix of Caan et al. (1978). The MPB index studied in this thesis

was developed by Chu et al. (2015) as an extension to the “bay finder” concept and

using stations from the INTERMAGNET network of observatories, particularly the



3.1. Ground-based Magnetometers and Geomagnetic Indices 86

stations that are positioned between 20◦ and 52◦ latitude in both the Northern and

Southern Hemispheres. Figure 3.3 shows a map of the stations used for the calcu-

lation of the MPB index, and Table 3.1 lists the 41 stations used and their locations.

These stations are positioned farther away from the auroral oval at midlatitudes

to detect disturbances caused by large-scale field-aligned currents of the substorm

current wedge (McPherron et al., 1973; Caan et al., 1978).

There exist two distinct methods to derive the modern MPB index from mag-

netometer data from stations at midlatitudes. In the method of Chu et al. (2015),

the data from each station that contributes to the index, seen in Table 3.1 was first

transformed to geomagnetic HDZ coordinates. The secular trend, defined as the

running monthly average, and solar quiet variations were removed from the raw

data. This was further de-trended using a 12-hour low-pass filter to remove any

effect of long-duration geomagnetic activity. The MPB index was calculated as the

average moving variance of the changes in the H and D components, ∆H2 +∆D2

from stations within 5 hours of 23.5 MLT. The MPB index is a measure of the

magnetic field differential from background at midlatitudes. Its unit, nT 2, is pro-

portional to the power of the magnetic perturbations rather than the amplitude of

them. An alternate method has been set out by McPherron and Chu (2017) which

used a smaller set of magnetometer stations, a wider MLT acceptance and different

methodologies to remove the background signal.

3.1.3.1 The Chu et al. (2015) Substorm Onset List

In addition to the MPB index, Chu et al. (2015) additionally developed a substorm

identification algorithm for their study of the substorm waiting time dependence on

the solar cycle. Substorm events and onsets at t0 were identified using the following

criteria:

1. For a substorm to be identified, the MPB index must cross a threshold of

25 nT2.

2. The time at which the MPB index reaches its maximum for a substorm, tmax,

is also defined as the end of the expansion phase and the beginning of the
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Table 3.1: Magnetometer stations used to provide magnetic field data to create the MPB
index (Chu et al., 2015).

IAGA ID NAME Geographic Longitude Geographic Latitude Magnetic Longitude Magnetic Latitude

AAA Alma-Ata 76.92 43.25 152.7 34.3
AMS Martin de Vivies 77.57 -37.8 144.3 -46.4
ASP Alice Spring 133.88 -23.76 208.2 -32.9
BEL Belsk 20.79 51.84 105.2 50.2
BMT Beijing Ming Tombs 116.18 40.06 187 30.1
BOU Boulder -105.24 40.14 320.6 48.4
BSL Bay St. Louis -89.64 30.35 339.8 40.1
CLF Chambon la Forêt 2.27 48.02 85.7 49.8
CNB Canberra 149.36 -35.32 226.9 -42.7
CTA Charters Towers 146.25 -20.08 221 -28
CZT Port Alfred 51.9 -46.44 113.3 -51.4
DLR Del Rio -100.92 29.5 327.3 38.3
EYR Eyrewell 172.35 -43.42 253.8 -47.1
FRD Fredericksburg -77.37 38.2 353.4 48.4
FRN Fresno -119.72 37.09 305.3 43.5
FUR Furstenfeldbruck 11.28 48.17 94.6 48.4
GNA Gnangara 115.95 -31.78 188.9 -41.9
GUI Guimar-Tenerife -16.43 28.32 60.6 33.8
HBK Hartebeesthoek 27.71 -25.88 94.4 -27.1
HER Hermanus 19.23 -34.43 84 -34
HON Honolulu -158 21.32 269.7 21.6
IRT Irkutsk 104.45 52.17 176.9 41.9
KAK Kakioka 140.18 36.23 208.8 27.4
KDU KAKADU 132.47 -12.69 205.6 -22
KNY Kanoya 130.88 31.42 200.8 21.9
LRM Learmonth 114.1 -22.22 186.5 -32.4
LZH Lanzhou 103.84 36.1 176.1 25.9
MAB Manhay 5.68 50.3 90.1 51.4
MBO Mbour -16.97 14.38 57.5 20.1
MMB Memembetsu 144.2 43.9 211.3 35.4
NGK Niemegk 12.68 52.07 97.6 51.9
NVS Novosibirsk 83.23 54.85 159.5 45.6
PST Port Stanley 302.11 -51.7 11.5 -41.7
SJG San Juan -66.15 18.11 6.1 28.6
SPT San Pablo-Toledo -4.35 39.55 76 42.8
TAM Tamanrasset 5.52 22.79 81.8 24.7
TAN Antananarivo 47.55 -18.92 115.8 -23.7
TEO Teoloyucan 260.81 19.75 330.4 28.8
THY Tihany 17.89 46.9 100.5 46
TRW Trelew -65.38 -43.26 5.6 -33.1
TUC Tucson -110.73 32.18 316 39.9

recovery phase.

3. A minimum waiting time is enforced so that there must be at least 30 minutes

between successive MPB maxima. If there were two peaks identified within

30 minutes, the largest peak was selected to be the substorm.

4. The preliminary onset time, t0, is defined as the maxima of the second deriva-

tive of the MPB index prior to the peak.

5. The onset time, t0, is refined using the original magnetic field data, specif-

ically the point of the elbow of the slope of a combination of stations
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within 5 hours of 23.5 MLT that showed large magnetic perturbations (>

∆10 nT in 20 min).

6. The end of an MPB event, tend , is defined as the minima of the second deriva-

tive of the MPB index after the peak.

In the period 1982 to 2012, the Chu et al. (2015) algorithm identified 40,562

substorm events or approximately 1300 onsets per year. In their time delay analysis

comparison with Frey et al. (2004) auroral substorm onsets, Chu et al. (2015) found

that the MPB substorm onsets were near simultaneous to their counterparts in the

aurora.

3.1.3.2 The McPherron and Chu (2018) MPB Substorm Onset List

Another method was developed in McPherron and Chu (2017) to identify substorms

using the MPB index. Before any criterion is applied, they first standardise the

index by subtracting the 4-hour running mean of MPB, followed by dividing the

difference by the 4-hour running standard deviation. This acts to shrink large peaks

and enhance small peaks in the original index timeseries. After the MPB index is

transformed, a substorm event and onset time, t0, is identified from the standardised

index when the following criteria are met:

1. A substorm event is defined as periods during which the standardised index

exceeds a threshold of 1.0.

2. A smooth spline fit is then applied to the raw MPB index. To determine the

onset time, t0, the analytic derivative of this smooth spline fit is evaluated.

3. Zero crossings of this analytic derivative that correspond to minima of the

standardised index are considered as possible onset times for the substorm

event. The difference from each minimum or candidate onset time, to the

peak value of the standardised index is then calculated; earlier minima are

accepted as the onset time only if their difference to the peak is 1.25× greater

than the later minima. Otherwise, successful later minima are compared until

an onset time is accepted.
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4. To evaluate the end of the substorm event, a similar zero crossing logic is used

in reverse, accepting the later end times only if their difference to the peak is

1.25× than earlier candidate end times.

This was applied to the Chu et al. (2015) derivation of the MPB index, which

identified 100,687 substorms between January 1982 and December 2012. In the

processing of the algorithm, other properties of identified events were also eval-

uated, including event duration, standardised peak value, original peak value, the

change in MPB from onset to peak, and area under the original peak from onset

to end. In a follow up study, McPherron and Chu (2018) compared the waiting

time distributions of various onset lists, showing that their method of identifying

substorms (both in MPB and SML) found events that displayed a double-peaked

distribution in contrast to the other onset lists from magnetic indices studied in this

thesis.
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3.1.4 PC Index

Table 3.2: Magnetometer stations used to derive the PC index.

IAGA ID Station Name Geographic Longitude Geographic Latitude
THL Qaanaaq 290.77 77.47
VOS Vostok 106.87 -78.46

The Polar Cap (PC) index is a historically 15-minute (now 1-minute) index

designed to be a measure of the strength of the cross-polar-cap ionospheric current.

It is related to the anti-sunward ionospheric plasma convection in the polar cap

driven by the dawn-dusk electric field generated by the solar wind. It has units of

mV/m. The idea for the measure originates from Troshichev and Andrezen (1985).

The concept was further developed by Troshichev et al. (1988) and Vennerstrøm

et al. (1991). Two indices are derived: a PC North (PCN) index calculated using

data from the Qaanaaq station, formerly Thule station, and a PC South (PCS) index

calculated from the Vostok magnetic data. The method for the derivation of these

indices is detailed in Troshichev et al. (2006, 2009). Geographic coordinates for

the two magnetic observatories are shown in Table 3.2. The PC indices have been

used widely in geomagnetic studies in the literature, particularly when exploring

the coupling between the solar wind and the Earth’s magnetosphere (McCreadie

and Menvielle, 2010). In this thesis, only the PCN index is used and is referred to

as the PC index.
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3.2 IMAGE FUV

Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) was a NASA

medium-class explorer (MIDEX) mission developed to study the global response

of the Earth’s magnetosphere to changes in the Solar Wind as part of NASA’s Sun-

Earth Connections Program. It carried a suite of instruments focused on the imaging

of the different coupled plasma regions of the Earth’s magnetosphere, including the

magnetopause, the auroral zone, the plasmasphere, as well as the inner plasma sheet

and the ring current (Gibson et al., 2000; Burch, 2000). In order to study the aurora,

IMAGE carried a far-ultraviolet (FUV) imager suite (Mende et al., 2000b) capable

of imaging the aurora at 120 - 190 nm.

The IMAGE satellite was launched on 25 March 2000, and was operational

between May 2000 and December 2005, when communication with the satellite

was lost1. During its operational period, IMAGE was placed into a precessing polar

orbit with a perigee of 1,000 km and an apogee of 45,600 km (∼ 7 RE) with an

orbital period of 14.14 hours (Burch, 2000). For its first two-year prime mission

operations, IMAGE’s orbital apogee was placed over the Northern Hemisphere,

with its inclination precessing from 40◦ to 90◦ and back to 40◦, completing two

sweeps in local time around the Earth (Fuselier et al., 2000). The satellite was spin-

stabilised, with a nominal rotation period of ≈ 2 minutes, with the spin axis aligned

perpendicular to the orbital plane such that each instrument pointed towards Earth

once per spin. Following its 2-year nominal mission lifetime, the mission duration

was extended with the orbit precessing so that apogee was instead over the Southern

Hemisphere. In this thesis, only data and a derived product, the Frey et al. (2004)

substorm onset list, taken from the prime science mission (2000 - 2002) of the FUV

instrument suite are used.
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Figure 3.4: FUV Auroral Spectrum with the band passes of instruments onboard IMAGE
indicated (from Mende et al., 2000b).

3.2.1 The Wideband Imaging Camera and Spectrographic Im-

agers

The FUV instrument consisted of three cameras: the Wideband Imaging Camera

(WIC) Mende et al. (2000a) and two spectral imagers (SI-12 and SI-13) Mende

et al. (2000b). The Wideband Imaging Camera (WIC, Mende et al. (2000a)) was

designed to observe broad band ultraviolet emissions (140 - 190nm). To provide

global imagery of the auroral oval, WIC had a 17◦ × 17◦ field-of-view (FOV),

with a dectector resolution of 256×256, corresponding to a 52km×52km nominal

pixel projection at apogee and 1.2km× 1.2km at perigee, thus able to distinguish

the desirable auroral features of the order of 100 km in size.

The Spectrographic Imager (SI, Mende et al. (2000c)) was designed to observe

specific proton and electron excited aurora: 121.8 nm Lyman-α proton emission

and 135.6 nm atomic Oxygen (OI) emission from electron precipitation. SI had a

15◦ × 15◦ FOV with a 128×128 pixel density, resulting in a 92km×92km nominal

pixel projection at apogee and 2km×2km at perigee.

1In 2018, IMAGE was rediscovered by an amateur astronomer; however, communications with
the satellite were unable to be re-established.
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3.2.2 The Frey et al. (2004) Auroral Onset List

During the nominal mission phase of IMAGE, Frey et al. (2004) searched through

the data collected by the FUV suite to determine substorm onsets. They used WIC

as their primary data source, due to its higher spatial resolution, and using SI-13

when images from WIC were not of high enough quality to determine an onset. In

this method of identifying from images of the aurora they defined a substorm onset

if the following criteria were met:

1. There was a clear local brightening of the aurora,

2. The brightening of the aurora had to expand to the poleward boundary of the

auroral oval and spread azimuthally for at least 20 minutes,

3. A substorm onset was only accepted as a separate event if at least 30 minutes

had passed after the previously identified onset.

This leveraged the original definition of the auroral substorm by Akasofu

(1964). The third criteria imposed a minimum waiting time of 30 minutes between

substorm events, while 2 eliminated possible false identifications which were like

pseudobreakups rather than true substorm events. In addition to the onset time of

the substorm, Frey et al. (2004) also evaluated the location of the auroral onset us-

ing a brightest pixel search algorithm on the onset image of the event. Frey et al.

(2004) also state in their study that extremely active auroral intervals were ignored

as during these intervals it is ambiguous to locate a clear local brightening of the

aurora. The Frey et al. (2004) list used in this thesis was accessed from the Super-

MAG website rather than from the auxiliary material of the original study, with the

only difference being that the SuperMAG version dropped some information, such

as the spacecraft geocentric distance, the brightness of the brightest pixel, etc..
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3.3 LANL geosynchronous spacecraft

The Los Alamos National Laboratory (LANL) spacecraft are a set of satellites lo-

cated at geosynchronous orbit (6.6RE), that are approximately evenly spaced in

longitude around the Earth. In the period May 2000 to December 2002, there

were between 2 and 6 spacecraft operating at any one time. Onboard they have the

Magnetospheric Plasma Analyzer (MPA) (Bame et al., 1993), which measures the

low-energy plasma 1eV −40keV , the Synchronous Orbit Particle Analyzer (SOPA)

(Belian et al., 1992) that measures the energy range between 50keV− < 2MeV for

electrons and ions between 50eV −50MeV , and the Energy Spectrometer for Parti-

cles (ESP) (Meier et al., 1996) that measures from 1MeV to several MeV particles.

The SOPA instrument consists of three, nearly identical, silicon solid-state detector

telescopes that accept particles from three different angles relative to the spacecraft

spin axis (30◦, 90◦, and 120◦), each with a field of view of 11◦. For SOPA, electron

fluxes are measured in 10 energy channels from 50 keV to above 1.6 MeV, and pro-

ton fluxes are measured in 12 channels measuring particles of 50 keV to 50 MeV.

In this thesis, only data products derived from the SOPA instrument are used, and

in particular only the electron measurements.

3.3.1 The Borovsky and Yakymenko (2017) Particle Injection

List

Recently, Borovsky and Yakymenko (2017) developed an automated method to

identify substorm-related energetic electron injections where they used the SOPA

instrument onboard the LANL satellites to determine the specific entropy of the

electron population at geosynchronous orbit. This was achieved by evaluating a

density-temperature description of the plasma from spin-averaged electron energy

spectra measured by the SOPA instruments (Cayton et al., 1989; Denton et al.,

2010). These were calculated for each spacecraft at a 10-second cadence before

calculating median values for the density and temperature every 30 minutes. These

density and temperature values are used to calculate the specific entropy given by

S = T/n2/3 for each LANL spacecraft operating. To identify a substorm event
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window from the occurrence of an electron injection in geosynchronous orbit, the

minimum value of the quantity log(S) is calculated every 30 minutes for all space-

craft operating at that time. When this multispacecraft minimum value of log(S)

decreases by 1.0 or more in a subsequent window, an injection is declared at the be-

ginning of that 30-minute window. If two subsequent half-hour windows meet the

criteria for a substorm identification, only the first onset time is accepted. Therefore,

the minimum waiting time between substorm injections is 60 minutes.

The reasoning for using an entropy measure to identify substorm injections is

that during a substorm injection, one would expect a simultaneous increase of the

hot-electron number density and a decrease of the hot-electron temperature (hard-

ness of the energy spectrum) at geosynchronous orbit. However, when there are no

new substorm injections, the population of substorm-injected electrons at geosyn-

chronous orbit ages and the specific entropy of the population steadily increases

with time. During this ageing, the number density of the electrons is expected to

decrease with time, while the mean energy of the electrons increases with time.

It should be noted that the time at which a substorm is detected in situ (such as

these particle injections) depends on the positions of the geosynchronous spacecraft

at the time of the actual substorm onset. If no satellite is present in the vicinity of the

injection region, then the freshly injected electrons must drift toward dawn and then

into the dayside until a satellite is encountered. Hence, the onset times identified

from the substorm electron injections may be systematically delayed from the onset

times identified by other measures.
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3.4 Solar Wind Data
In addition to the substorm onset lists and ground magnetometer data, observations

of the solar wind and interplanetary magnetic field (IMF) are also used in this the-

sis. In particular, the OMNI High Resolution OMNI (OMNI HRO) 1-minute dataset

from 1 January 1997 to 31st December 2019 is used. The dataset is a combination of

observations taken by the Wind and ACE (Advanced Composition Explorer) space-

craft which orbit around the first Lagrange Point (L1). The dataset is preprocessed

for ease of use in the studies of solar wind-magnetospheric coupling (King and Pa-

pitashvili, 2005). This preprocessing includes an aberration correction of the solar

wind velocity values to account for Earth’s rotation around the sun, before all the

parameters are time shifted to the approximate location of the Bow Shock nose lo-

cation approximated by empirical techniques (Farris and Russell, 1994; Shue et al.,

1997). The data is then averaged from the various data cadences of the instruments

onboard either Wind or ACE to provide a 1-minute dataset. In addition to solar wind

and IMF parameters, various geomagnetic indices are also included in the OMNI

HRO dataset including the AL, AU and the PC index. The dataset is provided by

NASA Goddard Space Flight Centre, Space Physics Data Facility is publicly avail-

able from Coordinated Data Analysis Web or OMNIWeb.
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3.5 The 2 x 2 contingency table and derived metrics
In order to evaluate the association between the different substorm onset lists in this

thesis, we use methods which have predominantly been used in the verification of

dichotomous meteorological forecasts. In recent years, these techniques have been

used more regularly in the field of space physics, particularly in the forecasting

of space weather events and the evaluation of space weather models (Forsyth et al.,

2020b; Haiducek et al., 2020; Mooney et al., 2021; Smith et al., 2021). This method

of analysis is conducted with the use of a two-by-two contingency table, an example

of which is shown in Table 3.3, from which various metrics can be derived from

combinations of its elements A, B, C and D.

It is common to see contingency tables with the labels Forecast and Ground

Truth in the literature. This is because it is usually used in the case of binary fore-

cast verification, where a forecast that returns a positive or negative prediction of a

feature (an event, or crossing of a threshold value or not) is compared to the ground

truth or observation of that feature. However, in the study of substorms, there is cur-

rently no ground truth or observation of true occurrence of substorms, only proxies

for occurrence from the various resulting effects of the phenomenon. As such, we

use the terms Reference and Comparison lists to compare between different sub-

storm identification methods. There are 4 possible outcomes to fill in the 2× 2

contingency table:

• True Positive (A): a substorm is observed in the Reference list and a substorm

is observed to occur in the Comparison list

• False Positive (B): a substorm is not observed in the Reference list and a

substorm is observed to occur in the Comparison list

• False Negative (C): a substorm is observed in the Reference list and a sub-

storm is not observed to occur in the Comparison list

• True Negative (A): a substorm is not observed in the Reference list and a

substorm is not observed to occur in the Comparison list
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Table 3.3: 2x2 contingency table for binary forecasts (Hogan and Mason, 2011).

Reference

Yes No

Comparison
Yes A (True Positive) B (False Positive)
No C (False Negative) D (True Negative)

although we use the terms Reference and Comparison list or method in this

thesis, we retain the common convention of the terms for the elements of the truth

table.

From the elements of the contingency table, it is possible to construct several

metrics that summarise the level of association between the two lists that are com-

pared. This includes the Heidke Skill Score (HSS) (Equation 3.5), also known as

Cohen’s Kappa outside the meteorology literature (Cohen, 1960), to quantify the

association between the onset lists analysed. This metric is derived from the Pro-

portion Correct (PC), a measure of the correct predictions compared to the total

number of predictions, given by

PC =
A+D

A+B+C+D
or

PC =
A

A+B+C+D
+

D
A+B+C+D

.

(3.1)

A proportion correct of 1 indicates a perfect association between two onset

lists. The HSS is derived from PC by comparing PC to a reference value, PCre f ,

such that PCre f is the Proportion Correct that would be obtained by random coin-

cidence of the events populating each list if they were statistically independent of

each other, and is given by:

PCre f = p(True Positive)+ p(True Negative)

PCre f = p(YesReference) · p(YesComparison)+ p(NoReference) · p(NoComparison).

(3.2)
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The maximum likelihood estimate of Proportion Correct from the elements of

the contingency table is:

PCre f =

(
A+B

n

)(
A+C

n

)
+

(
B+D

n

)(
C+D

n

)
, (3.3)

where n = A+B+C+D, is the sum of the elements of a given contingency

table.

The Heidke Skill Score is then formulated as:

HSS =
PC−PCre f

PCper f ect −PCre f
=

PC−PCre f

1−PCre f
, (3.4)

which after inputting our expressions for PC and PCre f gives:

HSS =
2(A×D−B×C)

(A+B)(B+D)+(A+C)(C+D)
. (3.5)

The Heidke Skill Score has a range of -1 to 1, with 1 indicating a perfect asso-

ciation, 0 equivalent to random or no association, and -1 anti-association between

two onset lists (where the Comparison list is populated singularly with events when

the Reference list does not observe events). Note that the Heidke Skill Score is the

same no matter which of the two lists is the reference or comparison, i.e. the score

is the same when B and C are swapped in Equation 3.5.

It is possible to construct other skill scores from elements of the contingency

table, however in this thesis the Heidke Skill Score is used as it has many desirable

features (Hogan and Mason, 2011). First, it makes use of all elements of the con-

tingency table such that it considers the correct co-identification of events and co-

identification of non-events equally. It is truly equitable, meaning that a substorm

list full of random events and constant identification (either always identifying or

never identifying) will have a score of zero. It is bounded, described earlier as a

perfect event association of two event lists achieves a score of 1. It is linear such

that the same change in score is observed when adding 1 to the True Positives or

True Negatives as when 1 is subtracted from the False Positives or False Negatives.

Another desirable feature is that it is transpose symmetric such that the same score
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is achieved when alternating which list is used as the Reference onset list and the

Comparison onset list. Finally, it is defined as such that onset lists with different

numbers of events identified are unable to achieve a perfect score.

In addition to the Heidke Skill Score, we also make use of the True Positive

Rate (TPR), also called Sensitivity in other contexts. The TPR is the probability that

the Comparison list also observes an Reference list event when an event is observed

in the Comparison list. In terms of the elements of the contingency table, it is given

by:

TPR =
A

A+C
. (3.6)

The True Positive Rate is used in addition to the Heidke Skill Score in this

thesis, as it is a more interpretable metric, indicating the ratio of observed events

in one substorm identification method that were also observed in another. Addi-

tionally, Liemohn et al. (2021) highlight that due to metrics prioritising different

features of data-model comparison (or in the case of this thesis data-data), it is best

practice to conduct analyses using more than a single metric.



Chapter 4

Evaluating the association between

Substorm onset signatures and the

techniques applied to them

This work has been published in C. J. Lao, C. Forsyth, M. P. Freeman, A. W. Smith,

and M. K. Mooney. On the Association of Substorm Identification Methods. Jour-

nal of Geophysical Research: Space Physics, 129(9):e2024JA032762, 2024. ISSN

2169-9402. doi: 10.1029/2024JA032762

4.1 Introduction
As with any natural phenomenon, the success of a substorm theory or model lies

in its ability to describe not only its characteristic features but also its variability.

Although considerable progress has been made in identifying and understanding the

characteristic features of a substorm (see section 2.1), the quantitative explanation

or prediction of substorm variability, such as size or timing, is more limited (see

e.g., Freeman and Morley, 2004; Morley et al., 2007; Maimaiti et al., 2019).

One necessary requirement in developing a model to explain or predict sub-

storm variability is a sufficiently extensive catalogue of substorms to validate the

model over the widest possible range of circumstances. The first substantial cata-

logue of 1373 substorm onset times was produced by Borovsky et al. (1993) based

on visual inspection of energetic particle data at geostationary orbit and was used
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to examine the variability of waiting times between substorm onsets. Subsequently,

another major catalogue of 2437 substorm onsets was produced by Frey et al. (2004)

based on visual inspection of auroral imaging data and used to analyse the variabil-

ity in substorm onset location in the ionosphere. The data for the two catalogues

were not contemporaneous and therefore could not be directly compared; however,

they both identified substorms at a rate of ∼ 1500 onsets per year. In the last decade

many more catalogues of substorm onset times have been produced based on a

variety of data sources and using both visual inspection and automated detection

methods. Notably, however, they differ significantly with the number of substorms

differing by a factor of five over a common 2.5-year time interval (see Table 4.1)

and with very different distributions of waiting times between onsets (Forsyth et al.,

2015; McPherron and Chu, 2018).

Consequently, those seeking to validate their models and theories of substorms

using such catalogues are left with the open question of whether any validation is

quantifying the model’s ability to replicate the substorm phenomenon or its ability

to replicate a property of a catalogue of events that may or may not all be sub-

storms (Haiducek et al., 2020). Any conclusions could turn out to be specific to the

catalogue being analysed. As an example, Forsyth et al. (2015) showed distinct dif-

ferences both in the average evolution of an auroral magnetic index using different

onset lists as the reference and in the distribution of waiting times between onsets,

which might support or contradict corresponding models such as Weimer (1994),

Doxas et al. (2004) and Freeman and Morley (2004), respectively.

Although the signature used for each substorm catalogue may be considered to

be a plausible identifier of substorm onset, and the substorm concept suggests that

the various signatures should all occur close to onset, there are various practical and

physical reasons why the catalogues may nevertheless differ. Firstly, instruments

may not be available or in the right place to observe a substorm signature, which it-

self may be relatively localised. For example, spacecraft are continually moving, the

spatial distribution of ground magnetometers is not uniform (Shore et al., 2018), an

auroral brightening might not be visible in the sunlit summer hemisphere, or a par-
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ticle injection might not reach geostationary orbit (Boakes et al., 2011). Secondly,

signatures may not be sufficiently similar from substorm to substorm to be uniquely

defined. For example, substorm identification based on an amplitude and/or rate of

change threshold of some measure will generally be affected by the variability of

substorm energy loss (Tanskanen et al., 2002), and ground magnetic perturbations

will be affected by variable ionospheric conductance from seasonally dependent

solar illumination (Forsyth et al., 2018). Third, some substorm identification meth-

ods focus solely on the onset of the substorm (Newell and Gjerloev, 2011; Chu

et al., 2015; Borovsky and Yakymenko, 2017; Ohtani and Gjerloev, 2020) rather

than the whole substorm cycle (Forsyth et al., 2015). Fourthly, the observational

features that are leveraged for substorm identification may also be attributed to other

magnetospheric phenomena. For example, sudden changes in the ground magnetic

field may be caused by enhanced magnetospheric convection (Sergeev et al., 1996a;

Kissinger et al., 2011; Walach and Milan, 2015), pseudobreakups (Pulkkinen et al.,

1998; Kullen and Karlsson, 2004), and global sawtooth oscillations (Belian et al.,

1995; Lee et al., 2004; Cai et al., 2006; Henderson et al., 2006a).

In summary, the absence of an onset in one signature may not indicate the ab-

sence of a substorm, and conversely, a singular occurrence may not truly indicate a

substorm. However, the validity of any study of the physics of substorms or the ef-

fect of substorms on the magnetosphere-ionosphere-thermosphere system requires

consensus on what constitutes a substorm event and a consistent catalogue of events.

To make progress towards this, in this study, we examine the extent to which various

substorm onset lists identify events at similar times by quantifying the level of tem-

poral association between pairs of onset lists. Binary forecast verification methods

are used, as described in Section 3.5, applying pairwise comparisons to onset lists

based on a wide variety of instrumentation, including ground-based magnetome-

ters (Newell and Gjerloev, 2011; Chu et al., 2015; Forsyth et al., 2015; Borovsky

and Yakymenko, 2017; McPherron and Chu, 2018; Ohtani and Gjerloev, 2020),

spacecraft auroral imagers (Frey et al., 2004), and in situ spacecraft (Borovsky and

Yakymenko, 2017) between 18 May 2000 and 31 December 2002, a common time
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period in which onset lists based on different substorm signatures are available. We

used the Heidke Skill Score to examine the extent to which events in one list have

a corresponding event in another within a conservative estimate of the lifetime of a

substorm expansion phase.

4.2 Data and method

4.2.1 Substorm onset lists

We studied the association between the different substorm onset signatures by ap-

plying dichotomous forecast verification techniques to substorm onset lists available

between the dates of 18 May 2000 and 31 December 2002, which is the interval of

the Frey et al. (2004) auroral onset list. The substorm onset lists we analysed were

the Frey et al. (2004) auroral onset list, the Newell and Gjerloev (2011); Forsyth

et al. (2015); Borovsky and Yakymenko (2017); McPherron and Chu (2018) Su-

perMAG SML lists, the Chu et al. (2015); McPherron and Chu (2018) MPB index

lists and the Borovsky and Yakymenko (2017) particle injection list. The number

of substorms in each list and their source is summarised in Table 4.1.

Table 4.1: Onset lists used for analysis.

Substorm Identification Phenomena Onset Identification Method Dataset Number of Substorms

Auroral Enhancements Frey et al. (2004) Fr2004 IMAGE 2437

Forsyth et al. (2015) SOPHIE SML 1724 - 10035
Auroral Zone Newell and Gjerloev (2011) NG2011 SML 4793

Ground Magnetic Perturbations Borovsky and Yakymenko (2017) BY2017 SML 1960
McPherron and Chu (2018) MC2018 SML 7908
Ohtani and Gjerloev (2020) OG2020 SML 2265

Midlatitude Chu et al. (2015) C2015 MPB 3418
Ground Magnetic Perturbations McPherron and Chu (2018) MC2018 MPB 8601

Geosyncronous Particle Injections Borovsky and Yakymenko (2017) BY2017 PI 2149

For the Forsyth et al. (2015) Substorm Onsets and Phases From Indices of

the Electrojet (SOPHIE) technique, onset lists were originally published for three

different Expansion Percentile Threshold (EPT) values - 50%, 75%, and 90%. In

this study, we extended the range of EPTs to between 5% and 95%, to (1) evaluate

the EPT value for which the SOPHIE onsets are best associated with events in each

of the other onset lists and (2) infer the relative sensitivity of the other methods.
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The discrete EPT thresholds used for this study are shown in Table 4.2, with the

corresponding number of onsets ranging from 1724 to 10035. For the non-SOPHIE

substorm lists analysed, there are also a wide range of onsets observed for the period

analysed, from 1960 (BY2017 SML) to 8601 (MC2018 MPB) events, as can be seen

in Table 4.1.

Table 4.2: Number of onsets identified using different thresholds of the SOPHIE technique.

Expansion Percentile Threshold Number of Onsets

05 10035
10 10141
15 10094
20 10073
25 9943
30 9769
35 9608
40 9349
45 9160
50 8738
55 8404
60 7986
65 7433
70 6754
75 6012
80 5306
85 4343
90 3245
95 1724

4.2.2 Windowing event lists for contingency table analysis

The analysis carried out in this study made use of contingency tables, as described in

Section 3.5 to evaluate the coincidence between events identified by different sub-

storm identification techniques. To create the contingency tables, we divided our

analysis period into consecutive windows, 30 minutes in length. The 30-minute

timescale was chosen because 1) it is the identification cadence of the slowest

method analysed, the particle injections identified using the Borovsky and Yaky-

menko (2017) technique, and 2) is a conservative estimate for a substorm expansion

phase to develop and the various onset signatures to spread through the magneto-
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Figure 4.1: Schematic of time series windowing method used to populate the contingency
tables of the pairwise comparisons of association. The blue triangles indicate
an event in the Reference “time series” and purple an event in the Comparison
“time series”. In the pairwise comparison shown by (A), we see the classifi-
cation of the windows dependent on whether an event from either is observed
in them or not. The rows denoted by (B) shows our bootstrap method to ac-
count for events that coincide within 30 minutes but may have been classed in
different windows by the segmentation of the time series. The median of the
30-minute stepped window labellings are what are used as the elements of the
contingency tables.

sphere. This setup is shown in Figure 4.1A, where two example time series of events

are displayed, one labelled the Reference list and another the Comparison list, with

events from each highlighted as triangles (light blue for the Reference and purple

for the Comparison). We populated a contingency table for a pairwise comparison

by noting whether an event was seen only in a Reference list, only in a Comparison

list, in neither, or in both within each 30-minute time window.

Since the position in time of our windows is arbitrary, it is possible for events

that are within 30 minutes of each other to appear in different windows (see, for

example, the last events in both lists in Figure 4.1A). This will result in close events

coming up as misses, returning windows as false positives and false negatives. To

mitigate this, we applied a pseudo-bootstrap method. We implemented this by incre-

menting the start time by 1 minute steps up to the 30 minute length of our windows.

Figure 4.1B shows an example of pseudo-bootstrap method applied to the procedure

set up in Figure 4.1B, where we have stepped by half of the comparison window

length. As can be seen from the figure, the resultant window labelling varies. As
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a result of this method, there will be 30 versions of the contingency table created,

since we use a window length of 30 minutes. To apply the metrics described in Sec-

tion 3.5, we take the median values of the contingency tables for the final pairwise

comparison. We evaluated the median numbers of true positives, false positives,

false negatives and true negatives of the 30 realisations to be used in the metrics

describing event association rather than simply summing them to avoid multiple

counting event coincidence or disagreement between the lists. Note that the values

for true positives, false positives, false negatives and true negatives may come from

different time shifts as a result of taking their median values. However, this results

in an equivalent Heidke Skill Score up to the 5th decimal point, as calculating the

Heidke Skill Score first and then its median. As will be discussed in Section 4.4,

this within the error value of the HSS and thus we can take the two calculations as

equivalent.

For comparisons with the Fr2004 IMAGE list, adjustments of the analysis were

made to compensate for IMAGE having sight of the entire northern auroral oval for

only 8 - 10 hours of every orbit (Frey et al., 2004). The time windows in the pair-

wise comparison when IMAGE was unable to observe the northern auroral oval

were filtered out, this was achieved by removing any windows without an IMAGE

observation available within it, as IMAGE was only capturing images of the North-

ern Hemisphere during the period analysed. Filtering out for when IMAGE could

not observe the auroral oval. still left ∼32,000 of the ∼46,000 30-minute win-

dows. Additionally, the BY2017 PI list indicates a 30 minute interval in which

an injection is observed, where they have marked the beginning of the interval as

their epoch times (Borovsky and Yakymenko, 2017), this was compensated for by

adding 15 minutes to the epoch times to not bias towards the beginning or end of

their identified intervals.
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4.3 Results

4.3.1 Intercalibration of the SOPHIE technique with other sub-

storm onset identification methods

Figure 4.2: The results of comparing various onset lists against various sensitivities of the
SOPHIE technique. The blue crosses indicate the maximum Heidke Skill Score
achieved by the SOPHIE technique, and light orange dots indicate which tuning
of the technique achieved this maximum score. The dark orange tri-markers
denote the EPT that has the closest correspondence to the event count of the
compared list, with the green pluses being the score achieved by that EPT.

We first examine the effect of SOPHIE detection sensitivity on the association

between the SOPHIE technique and other lists. Figure 4.2 shows the results of this

analysis, where we have plotted the maximum Heidke skill score achieved by the

SOPHIE technique against the other event lists, as well as the Expansion Percentile

Threshold (EPT) that achieves this score. As explained in Section 3.5, the Heidke

skill score quantifies the improvement over the random chance that events in two

lists coincide, with a score of 1 indicating the perfect event association of two lists

(within 30 minutes).

Figure 4.2 shows that the SOPHIE technique is able to identify substorm on-

sets associated with those observed by different methods with some degree of skill,
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achieving Heidke skill scores ranging from 0.08 with BY2017 PI to 0.60 with

NG2011 SML. The best associations are obtained with detection methods using the

same SML dataset as SOPHIE, obtaining scores of 0.31 to 0.60. The associations

of SOPHIE with MPB and auroral images are lower, with scores between 0.18 and

0.31, whereas the association of SOPHIE with BY2017 PI is only marginally better

than random chance. For the methods that use either the SML index or the MPB

index, SOPHIE generally scores poorer when compared with the MC2018 method

that applies a normalisation procedure, presumably because SOPHIE is based on

the unnormalised SML index.

The value of SOPHIE EPT that provides the maximal HSS (orange dots in

Figure 4.2) is mostly relatively high at 80 - 95%. This implies that non-SOPHIE

onsets associate best with the largest changes in the lowpass-filtered SML used by

SOPHIE, and specifically in the upper 20% of all such changes. This is true for all

but the MC2018 SML onset list, where a Heidke Skill Score of 0.32 is achieved with

a lower EPT = 70%. The MC2018 SML list has the second-highest number (7908)

of identified events, and so it may be thought that in this case the best associating

EPT is low in order that the number of SOPHIE events matches the high number of

MC2018 SML events. By comparing Table 4.1 and Table 4.2, we see that within the

5% EPT resolution, the closest number of SOPHIE events (7986) to that of MC2018

SML (7908) is indeed found for a low EPT = 60%, but this is still lower than the

EPT = 70% that maximises the Heidke skill score, for which SOPHIE identifies

6754 events, some 1154 or 15% fewer events than MC2018 SML. To investigate

this further, we plot in Figure 4.2 the EPT that has the closest number of events to

each of the other compared lists, and the Heidke Skill Score this EPT achieved. We

see that, in general, the Heidke Skill Score is not simply maximised by minimising

the difference in the number of events between the two lists, as for five of the seven

list comparisons the EPT that scores best does not have the most similar number

of events. That is, it is not only the number of events in each list, but also their

relative timing, that matters. Indeed, if the reference and comparison lists had the

same number of events but the events in one of the lists were purely random in time,
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then the events would be statistically independent of each other and the HSS would

be zero by definition.

4.3.2 Relationship between different onset methods

Figure 4.3: A heatmap of the Heidke Skill Scores achieved by every cross-comparison.
Lighter colours indicate a higher level of event coincidence between the two
onset lists. It is symmetric along the main diagonal by a property of the Hei-
dke Skill Score formulation. The last column is the mean Heidke Skill Score
achieved by that onset lists for all its comparisons.

Figure 4.3 shows a “heatmap” of the Heidke skill scores obtained by comparing

all the onset lists with each other. It should be noted that this analysis now uses

a single SOPHIE sensitivity in order not to bias the results towards the SOPHIE

technique by including multiple SOPHIE onset lists with different EPTs. EPT 90

was selected as it was the version that scored highest on average when compared

against the other non-SOPHIE onset lists. We have quoted the metrics here to the

second significant figure, as the uncertainty in the Heidke skill scores shown is on

the order of 10−3, assuming that event occurrence is approximately independent,
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stationary, and rare such that the standard error of the count in each element of the

truth table is the square root of the count based on Poisson counting statistics. As

the Heidke skill score is invariant to which event list is used as the comparison or

reference list, the heatmap produced is symmetric about the main diagonal. The

mean of the Heidke Skill Scores achieved by one onset list with each of the others

is shown on the rightmost column of the heatmap.

The highest scores are obtained when comparing the SML gradient lists that do

not filter out events by MLT (SOPHIE EPT90, NG2011 SML and BY2017 SML)

with one another (0.46 - 0.60) although none of them are an exact match due to

the differing nuances of each algorithm, e.g., smoothing of the raw SML signal,

gradient threshold, hard-coded delay between identification of successive onsets,

etc. Furthermore, these SML gradient lists that do not filter by MLT also achieve

the highest mean scores of 0.26 to 0.31, although these means are biased because

they contain cross-comparisons with other SML gradient lists, a problem that we

address in Section 4.3.4.

The next highest mean HSS of 0.22 is achieved by the C2015 MPB method,

which is another gradient method, but based on the MPB index. It performs par-

ticularly well when compared with the SOPHIE technique and NG2011 SML, with

scores of 0.31 and 0.33 respectively. The comparison of C2015 MPB with NG2011

is the highest score achieved outside of comparisons between gradient-SML lists.

The normalised method lists of MC2018 show a weaker association with other

lists than gradient-based methods, for both the SML and MPB indices. The average

HSS is 0.17 for MC2018 SML and 0.18 for MC2018 MPB.

A similar mean HSS of 0.19 is found for the Fr2004 IMAGE event list based

on visual identification of auroral onset. Notably, Fr2004 IMAGE performs better

when compared against the gradient-based methods.

The OG2020 SML list performs similarly to the other SML gradient methods

when compared with Fr2004 IMAGE achieving a HSS of 0.24. However, it achieves

a lower mean score compared to the other SML gradient methods, 0.18, similar to

the performance of the MC2018 normalised index method. This reduction could be
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due to the filtering of this method for isolated onsets occurring within 20 - 03 MLT

only. We applied an MLT filter to the NG2011 SML onset list, resulting in a reduced

mean Heidke skill score, although achieving the same score when compared with

Fr2004 and BY2017 PI (results not shown).

The BY2017 PI list obtains the lowest average score with an average HSS of

0.04, with no comparison with the BY2017 PI events achieving an HSS greater than

0.09. This implies that coincidence between BY2017 PI and other lists shows very

little improvement over random chance coincidence of events within 30 minutes.

Indeed, comparisons between BY2017 PI and both MC2018 SML or Fr2004 IM-

AGE obtain a score of 0.00 implying a purely random association. We note that this

is despite the fact that BY2017 PI and Fr2004 IMAGE identify a similar number of

onsets (= 2149 and 2437, respectively).

4.3.3 Relationship between common index methods and other

methods

As SML-based onset lists tend to perform well against each other, including mul-

tiple SML-based lists in Figure 4.3 biases their overall mean skill score compared

to that of the other lists. Figure 4.4 shows a heatmap of the Heidke skill scores

achieved by each SML-based list compared to the other non-SML lists. The SML-

based lists achieve the best scores with the C2015 MPB list, followed by the Fr2004

IMAGE list. MC2018 MPB achieves its highest score when compared to its equiva-

lent algorithm on the SML dataset, MC2018 SML. The BY2017 PI achieves a mean

score of 0.05, which implies that, in general, there is little improvement over ran-

dom chance of agreement between the BY2017 PI and the SML-based lists. We also

note that there is comparable performance for the SOPHIE, NG2011 and BY2017

gradient-SML lists when they are compared to the Fr2004 auroral list.

Comparing the performance of the SML detection algorithms against the other

signatures, we find that the best performing list on average is NG2011 SML, with

a mean Heidke Skill Score of 0.21. This is only a marginal improvement over SO-

PHIE EPT90’s score of 0.20. The lowest mean HSSs are achieved by the normal-

isation detection method, MC2018 SML, and the MLT-filtered gradient method by
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Figure 4.4: A heatmap of the Heidke Skill Scores achieved by the SuperMAG AL-based
onset lists vs lists derived from other datasets. Lighter colours indicate a higher
level of event coincidence.

OG2020, with a score of 0.13. We also applied the same MLT filter on the NG2011

onset list as was applied for OG2020, only including onsets that the contributing

station to SML was within 20 - 03 MLT. In addition, we tested various values for

the cutoffs used to restrict possible onset locations within the NG2011 onset list

and found that there was no singular value that increased the scores with other on-

set lists. As such, we present the results of NG2011 using the same cut-off as used

by OG2020 SML for best comparison. We find that there is a slight reduction in the

Heidke Skill Score obtained by a constrained version of NG2011 with the MPB lists

of C2015 and MC2018, while the scores with Fr2004 and BY2017 PI remain the

same. Thus, restricting the possible MLTs that an NG2011 SML onset can occur at

not only removes false negatives and positives but also true positive coincidences.

This is evidence that the lower mean score of the OG2020 SML is not only due to
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Figure 4.5: A heatmap of the Heidke Skill Scores achieved by the Midlatitude Positive Bay
Index-based onset lists vs lists derived from other datasets. Lighter colours
indicate a higher level of event coincidence.

the restriction in possible magnetic local times of identification but also due to the

other criteria used, such as the requirement for a clear observable growth phase, al-

though it should be noted that Ohtani and Gjerloev (2020) does not assert that their

onset list is a complete list of substorm events.

We note that when MC2018 SML was compared with MC2018 MPB, this gave

the highest score of all comparisons with MC2018 MPB, however, the improvement

in this score over NG2011 SML with MC2018 MPB was marginal. In comparison,

there is a much greater difference in score between MC2018 SML and C2015 MPB

compared to NG2011 SML and C2015 MPB. As NG2011 was the best performing

SML event list, it was the list used for the cross-comparison of distinct signatures

only in section 4.3.4 below.

As we also have two methodologies applied to the Midlatitude Positive Bay

(MPB) index, we also examine their performance compared to the other lists. To

avoid biasing the overall average HSS, we compare these to NG2011 (SML gradient

list), MC2018 SML (SML normalised list), as well as Fr2004 IMAGE and BY2017

PI. Figure 4.5 shows a heatmap of the score achieved by C2015 MPB and MC2018

MPB with the algorithms of the other substorm signatures. C2015 MPB outper-

forms the MC2018 MPB method, with an average score of 0.20 compared to 0.14.



4.3. Results 115

The scores for C2015 MPB are consistently higher, apart from the comparison with

MC2018 SML, where C2015 MPB scores 0.16 compared to MC2018 MPB’s score

of 0.21. In particular, C2015 MPB outperforms MC2018 MPB when compared to

lists using features not based on either the westward electrojet or field-aligned cur-

rents (Fr2004 IMAGE and BY2017 PI). As such, for further comparison, we used

the C2015 MPB as the best performing MPB list.

4.3.4 Relationship between distinct methods

Figure 4.6 shows the Heidke Skill Score (A) and True Positive Rate (B) heatmaps

of distinct substorm identification signatures only. This was done by selecting the

highest scoring methods of the SML and MPB datasets, shown in the prior figures,

to be compared against each other and with the auroral image event list of Fr2004

IMAGE and the particle injection event list of BY2017 PI. We find a very similar

performance between NG2011 SML and C2015 MPB, both with a mean HSS of

0.22. The Fr2004 IMAGE list and BY2017 PI lists show some skill in event coin-

cidence with the other signatures, obtaining mean scores of 0.16 and 0.06 respec-

tively. However, our analysis shows that the event coincidence of the auroral onsets

and particle injections achieve a score of 0.00, implying that any event coincidence

between these two lists is no better than random chance.

When looking at the associated TPR’s of these comparisons in Figure 4.6B, we

can infer the approximate number of events the pairwise comparison of lists have

in common by multiplying the TPR by the total number of events in the reference

list (provided in the row headers). From this Figure 4.6B, we see that less than 50%

of the events in each list are associated with an event in the other lists. The list

with the highest proportion of events associated with another list is C2015 MPB,

for which 45% of the 30-minute windows were associated with an event in the

NG2011 SML list. In contrast, only 34% of the 30 minute intervals with a NG2011

SML event were associated with a C2015 MPB event. For the Fr2004 IMAGE list,

approximately one third of the 30-minute windows were associated with an SML

or MPB event, while less than a third of 30-minute windows with an SML or MPB

event were associated with an auroral event. Finally, we see that approximately 10%
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Figure 4.6: (A) Heidke Skill Score heatmap from distinct datasets only (SML, MPB, Au-
roral Images, Particle Fluxes at Geosynchronous Orbit), (B) The True Positive
Rates (TPR) for each cross comparison. The number in parentheses underneath
the row labels is the number of events that populate each list. Note that this is
asymmetric, as directionality matters in the formulation of TPR.

or less of 30-minute windows with an auroral, MPB, or SML event are associated

with a particle injection event.
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4.4 Discussion

We evaluated the association between SML-based, MPB-based, auroral-based, and

particle injection-based substorm onset lists using metrics used in dichotomous

forecast verification. In general, we found that lists based on the SML or MPB

index with the time of onset identified from the gradients in these indices showed

the greatest association. In contrast, the particle injection list showed a relatively

poor association with the other lists, showing marginal or no improvement over

random chance associations.

Suprisingly, We found that less than 50% of the events in each list were asso-

ciated with events in another list using a different substorm signature, that is, they

occurred within the same 30-minute time window. This is broadly consistent with

a different type of analysis by Forsyth et al. (2015), who examined the probability

distribution of the time difference between a SOPHIE onset for various EPT and the

nearest onset from another list. They found that only about a third of the onsets of

EPT90 occurred within ±30 minutes of the onsets on the Frey and Mende (2006)

list and about two-thirds of the onsets of EPT90 occurred within ±30 minutes of

the onsets in the Newell and Gjerloev (2011) list.

In our analysis, we show that having event lists with comparable numbers is not

necessarily indicative of good agreement between them. To illustrate this, we high-

light the comparisons of the SOPHIE technique for variable EPT and hence number

of onsets with the SML and MPB lists based on the MC2018 method. MC2018

SML achieves its highest Heidke skill score with SOPHIE EPT 70, but should the

HSS be only dependent on comparable numbers, we would expect the best agree-

ment with EPT 60. Furthermore, MC2018 MPB has a similar number of events as

MC2018 SML but best associates with SOPHIE EPT 85 which identifies approxi-

mately half of the events that MC2018 MPB does. The extreme example of this is

that if we create a list of random onsets (i.e. Poisson process with constant proba-

bility of occurrence per unit time) with the same number as any observed list, then

the occurrence of the random events is independent of the events in the observed

list, and the HSS is then zero by definition.
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Table 4.3: Results of the pairwise comparison between NG2011 SML and C2015 MPB at
different data cadences

NG2011 Data cadence C2015 Data cadence Heidke Skill Score % Change

1-min 1-min 0.327 0.0
1-min 2-min 0.326 0.3
1-min 30-min 0.294 10.1
2-min 1-min 0.328 0.3
2-min 30-min 0.293 10.4

30-min 1-min 0.296 9.5
30-min 2-min 0.292 10.7

We have taken substorm onset lists using techniques and instruments with dif-

ferent data cadences, with the ground magnetometer techniques having the fastest

data cadence of 1-minute resolution, the IMAGE spacecraft taking snapshots of the

aurora every 2 minutes and the particle injections identifying 30-minute intervals.

This can induce artificial delays when identifying events; for example, between

an identification method with a 1-minute cadence data source and another method

with a 20-minute data source, there can be up to a minute difference in identifica-

tion even if the event occurred concurrently in both data sources. To examine with

this effect, we experimented using different data cadences with the highest scoring

comparison from two different data sources, NG2011 SML and C2015 MPB. The

results of this numerical experiment are shown in Table 4.3, the top row of this ta-

ble is the original score achieved by the comparison, now shown in 3 significant

figures. As evidenced by the experiments, reducing the data cadence to 2 minutes

has a minimal effect on the scores achieved using our method ±0.3%. However, the

difference when the data cadence is reduced to 30 minutes is more significant, capa-

ble of reducing the score achieved by 10%. This reduction affects the comparisons

with the particle injections, the lowest scores achieved in our analysis. However,

even when accounting for a reduction of 10% in the Heidke skill score, these scores

would remain the poorest and as such the data cadence differences have less of an

effect on possible misidentification than other factors.

The strongest association that we determined was between SML and MPB-

based lists, when the identification of events leveraged gradients in these indices.
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For these lists (C2015 MPB and NG2011 SML), we found ∼ 1500 coincident

events (45% of the MPB list and 34% of the SML list). That these lists showed

the strongest associations is to be expected, as they effectively attempt to identify

different aspects of the current systems in the substorm current wedge (Kepko et al.,

2015). The fact that nearly two-thirds of the SML events are not associated with an

apparent enhancement in MPB is intriguing. This may arise from a number of con-

siderations. Firstly, the auroral zone magnetometers are much closer to the current

system they are attempting to characterise, since the electrojets are flowing in the

ionosphere at ∼ 100 km whereas the field-aligned currents that provide the MPB

signature are thousands of kilometres from their detecting stations. As such, small-

scale features and enhancements may be unresolved by MPB stations, resulting in

them missing SML “events”. However, the fact that over half of the MPB events do

not have an associated SML event means that this cannot be the only explanation.

The index normalisation method by McPherron and Chu (2018) obtains weaker

associations compared to gradient identification methods on either index, even when

isolating scores against another substorm signature such as Fr2004 IMAGE. The

MC2018 method identifies many more events compared to the other non-SOPHIE

list, with 7908 and 8601 events for the SML and MPB index, respectively. The

next closest method, NG2011 SML only identifies 4793 events during this period,

a reduction of ∼ 40−45%. The lower levels of association seen then arise from the

increased number of false positives in comparison to the other methods. This could

be due to the normalisation procedure identifying small perturbations during partic-

ularly quiet periods in either index as events, such that non-substorm fluctuations

are misclassified as substorm onsets. Further evidence that substorm identification

of smaller magnetic fluctuations is a possible cause of the weak association com-

pared to the other lists is that from Figure 4.3, we observe that MC2018 SML’s best

agreement is with a lower SOPHIE threshold than the other lists, corresponding to

requiring smaller gradients in SML to identify substorm onset. It should be noted

that the normalisation procedure could also have the effect of suppressing substorm-

like perturbations in either index during particularly active times, resolving these in-



4.4. Discussion 120

tervals as false negatives compared to the other lists, causing the observed reduction

in association.

Identification of the substorms by eye from auroral data has been the basis for

much of the statistical analysis of substorm phenomenon, and is considered by some

to be the most robust identification. Overall, there are far fewer auroral onsets than

MPB or SML onsets, even when one considers the viewing restrictions of the IM-

AGE spacecraft. However, we still find that over two thirds of the identified auroral

onsets do not correspond to an event in the MPB or SML lists. This may imply

that many of the Fr2004 events are relatively small substorms. In fact, Forsyth et al.

(2015) found that the average SML profile of the extended IMAGE onset list (Frey

and Mende, 2006) was one of the weakest of the event lists they tested (reaching

one of the least negative SML values at peak activity), second only to onsets iden-

tified from THEMIS ASIs (Nishimura et al., 2010) (see Figure 4 in Forsyth et al.

(2015)). However, we also find that there are comparatively large SML and MPB

perturbations that were not associated with auroral events in the Frey et al. (2004)

list. These may be expansion phase onsets during or immediately after substorm

recovery phases, which may be tricky to identify by eye because of the complex

auroral activity already occurring.

Our results show that, in general, there is a poor association between parti-

cle injections and auroral, MPB, or SML signatures. This is somewhat surprising,

given that substorm particle injections are considered a key driver in radiation belt

enhancements (Jaynes et al., 2015; Forsyth et al., 2016). Borovsky and Yakymenko

(2017) discuss that the onset times, which mark the beginning of the 30-minute in-

terval in which an injection is observed, may be systematically delayed by 30 min-

utes from the events they identified from the SML index. This is because particle

injections must be detected in situ, whereas all other signatures are detected re-

motely. More specifically, if there is no Los Alamos National Laboratory (LANL)

spacecraft within the vicinity of the injection region and there is an injection at

geosynchronous orbit, the injected electrons must drift towards eastward until a

spacecraft is encountered. Furthermore, when using the end of the 30-minute in-
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terval as the epoch time for the onset of the substorm, the Heidke skill scores for

BY2017 PI were improved, in agreement with the hypothesis that there may be a

systematic delay between these injections and other signatures. However, the scores

achieved were still lower than those attained by other methods, even when account-

ing for the data cadence effects as described above. As such, spacecraft spacing and

electron drifts are not the only considerations for misidentification using injections.

It is conceivable that injection events are occurring within the magnetosphere but

are sufficiently localised that they pass between spacecraft and are injected further

into the inner magnetosphere, or do not reach geosynchronous orbit and thus are

not detected by the spacecraft. Rodger et al. (2022a) observes that precipitating

flux tends to penetrate further into the inner magnetosphere for larger geomagnetic

events (see Figure 1 in Rodger et al. (2022a)), thus leveraging Low Earth Orbit

(LEO) spacecraft as an additional data source for injections may be required, as

they can cross multiple L-shells quickly.

Most of the onset lists that we have used in this study were developed in iso-

lation to one another. As such, there was little in the way of inter-calibration to

indicate that the thresholds used were appropriate and comparable to other sub-

storm identifications. The exception to this was the study by Forsyth et al. (2015),

which explicitly compared the results of multiple thresholds with similar results

from existing onset lists. We have taken this one step further by determining the

thresholds for the SOPHIE algorithm that provide lists with the greatest association

to the other lists we have considered. Overall, we find that well-performing SML

lists and the C2015 MPB list have the greatest association with the SOPHIE EPT

90 list. However, the Fr2004 IMAGE list has the greatest association with the SO-

PHIE EPT 85 list, somewhat higher than the EPT 75 found by Forsyth et al. (2015).

Although this may imply that there is a certain degree of accidental intercalibration,

the differences in peak HSS indicate that different subsets of the event lists agree

with the SOPHIE EPT 90 events. Adjusting thresholds to identify a similar set of

events will improve the quantified agreement with verification metrics, and the ex-

ploration of differences in either onset number of the events that are misidentified
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by either list could improve understanding of substorm and magnetotail dynamics.

As part of our analysis, we examined the associations between similar tech-

niques applied to the same datasets and the associations of different techniques ap-

plied to the same datasets with lists from different signatures. Typically, we found

that the lists that used the normalisation method of McPherron and Chu (2018) had

a lesser association with the auroral image and the particle injection lists than the

lists that used gradients of SML and MPB. We found that the lists that achieved

the highest associations were NG2011 SML and C2015 MPB, as such, we would

recommend the use of these onset lists when conducting statistical studies of magne-

tospheric dynamics surrounding substorm onset. It should be noted that the C2015

MPB list is only available from 1981 - 2015, thus covering missions such as IM-

AGE, Polar, and Cluster II but missing a large part of the lifetimes of Van Allen

Probes, MMS, and any future missions. However, we note that both these lists

only provide substorm onset times, whereas the Forsyth et al. (2015) SOPHIE al-

gorithm, which scores only marginally lower than NG2011 SML when compared

to non-SML methods, provides complete identification of the time series of sub-

storm phases, in addition to leveraging the SMU dataset to filter out large SML

fluctuations that may be due to enhanced convection.
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4.5 Summary
In this study, we quantified the coincidence of events identified using various sub-

storm identification methods using a technique derived from contingency tables for

the period between May 2000 and December 2002. We found that while there was

skill in event association, this varied depending on the method and signature used.

The best scoring techniques were gradient methods applied to ground magnetome-

ter data. However, we found that even the methods that obtain the highest levels

of association, Newell and Gjerloev (2011) and Chu et al. (2015), have fewer than

50% events common to both lists within the lifetime of the expansion phase. If one

were to study the dynamics of the substorm using only one onset list, we recom-

mend using either of the lists by Newell and Gjerloev (2011) or Chu et al. (2015)

if the authors are only interested in onset timing, and the SOPHIE technique by

(Forsyth et al., 2015) using an EPT of 90 when considering all phases of the sub-

storm. Although it has previously been viewed as a robust signature of substorms,

particle injections at geosynchronous orbits obtained the lowest scores in our anal-

ysis, showing poor associations with the other lists analysed.

Clearly, there is a need to cross-calibrate these identification methods and nar-

row the quantitative definition of the substorm, so as not to come to conclusions

about magnetospheric dynamics when using just a subset of substorm events or

intervals that may not correspond to substorms. Although there have been some

efforts to calibrate these onset lists, they have been done such that a similar number

of events is identified by a method to some given list, historically the auroral iden-

tification onset lists, as they contain the fewest false positives, or to reduce the time

differences of the nearest onset identified by a new method to a reference list, for

example, Forsyth et al. (2015). Another possible avenue is to define the occurrence

of an onset using a combination of datasets, rather than using one signature for sub-

storm onset. The difficulty in this is to account for differences in data cadences,

coverage, and time intervals covered by the different datasets that are used.



Chapter 5

Separating the DP1 and DP2 pattern

contributions to substorm-like SML

bays

This work has been published in C. J. Lao, C. Forsyth, M. P. Freeman, and J. W.

Gjerloev. Separating DP1 and DP2 Current Pattern Contributions to Substorm-

Like Intensifications in SML. Journal of Geophysical Research: Space Physics, 130

(4):e2024JA033592, 2025. ISSN 2169-9402. doi: 10.1029/2024JA033592

5.1 Introduction
From magnetic perturbations measured on the ground, one can estimate the di-

rection and magnitude of the equivalent ionospheric current maps by rotating the

magnetic field vectors by 90◦ clockwise. As such, a positive northward magnetic

deflection is produced by an eastward flowing ionospheric current. There must be

a degree of care when interpreting these equivalent currents as gradients in con-

ductivity, and the contribution of more distant currents than those in the ionosphere

also affects the observed perturbations (Milan et al., 2017). However, from decades

of study, the magnetic perturbations produced in the polar regions can be largely

decomposed into two main characteristic patterns: the Disturbance Polar (DP) 1

and 2 patterns (Nishida and Kokubun, 1971). The DP1 pattern is associated with

substorm-time electrojet (Akasofu et al., 1965), which was later shown to be the
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ionospheric leg of the substorm current wedge (McPherron et al., 1973), consisting

of a strong westward-directed ionospheric current centred at midnight magnetic lo-

cal time (MLT). The two-cell DP2 current pattern is produced by the convection of

magnetic flux described by the Dungey cycle (Dungey, 1961). Its ground signature

is detectable due to the Hall currents that make up the eastward and westward elec-

trojets in the afternoon and morning MLT sectors. It is highly correlated with the

southward component of the interplanetary magnetic field (IMF Bz) on short time

scales and is associated with general magnetospheric convection (Nishida, 1968a;

Friis-Christensen and Wilhjelm, 1975; Shore et al., 2019). Using data-driven meth-

ods on SuperMAG data, Shore et al. (2018) were able to decompose these two

spatio-temporal patterns, in addition to patterns related to the DPY equivalent cur-

rent system (Friis-Christensen and Wilhjelm, 1975; Friis-Christensen et al., 1985)

and the NBZ field-aligned current system (Maezawa, 1976; Iijima et al., 1984),

among the six modes of variation that contribute most to the magnetic field vari-

ance throughout Solar Cycle 23. As shown by the Shore et al. (2018) analysis, the

DPY spatial pattern is a single vortex that is approximately centred on the magnetic

pole and whose polarity and strength is controlled by IMF By. When added to the

symmetric component of the DP2 pattern, the DPY component controls the relative

strength and shape of the two vortices of the DP2 pattern, creating the so-called

“banana” and “orange” convection cells (e.g., Østgaard et al., 2018). The NBZ pat-

tern appears as twin reversed lobe convection cells on the dayside polar cap and is

associated with periods of purely northward IMF. Additionally, the reanalysis con-

ducted by Shore et al. (2017) of the single month of February 2001 found that the

amplitude of both the DP1 and DP2 modes increased rapidly at substorm onset.

As discussed in Section 3.1, a common way to identify substorms is to de-

tect their ground perturbation due to the ionospheric westward current of the sub-

storm current wedge (DP1 current pattern). By Ampere’s law, this creates a south-

ward magnetic deflection observable on the ground at auroral zone latitudes. Other

methods of identifying substorms include leveraging auroral imagery, taken from

spacecraft (Frey et al., 2004; Liou, 2010) or on the ground using all-sky imagers
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(Nishimura et al., 2010), or from particle injections observed by spacecraft at

geosynchronous orbit (Borovsky et al., 1993; Borovsky and Yakymenko, 2017).

Each method comes with its own advantages and disadvantages, such as identi-

fying substorms from auroral features that currently require these features to be

observable from the ground or when a spacecraft is suitably positioned to observe

them. The advantage of using magnetic indices is the almost global coverage from

the many magnetic observatories and arrays that have been deployed. However, it

should be noted that the observation of one signature associated with the substorm

does not confirm the occurrence of the phenomena and that any two of different sub-

storm signatures appear together for less than 50% of substorms (Lao et al., 2024)

shown and discussed in Chapter 4.

As a reminder, the magnetic indices AU and AL (Davis and Sugiura, 1966),

and their SMU and SML generalisation to many stations (Newell and Gjerloev,

2011), were developed to trace the maximum and minimum northward deflections

of the northward component of the geomagnetic field across a range of auroral lat-

itude magnetometer stations. At substorm onset, a sharp negative bay is observed

in the AL/SML index, indicating an enhancement of the westward auroral electro-

jet by the substorm. Many automated methods have recently been developed that

take advantage of these indices to identify the onset of the expansion phase of the

substorm (Newell and Gjerloev (2011); Forsyth et al. (2015); Borovsky and Yaky-

menko (2017); Ohtani and Gjerloev (2020); McPherron and Chu (2017), see Sec-

tion 3.1.2 for details of these methods). However, the substorm is not the only mag-

netospheric phenomenon capable of producing such enhancements of the westward

electrojet (Kamide and Kokubun, 1996). In particular, during periods of enhanced

convection, DP2 is enhanced, and there is an enhancement in both the eastward and

westward electrojets. Thus, SML automated methods may be contaminated with

false positive events. Of the techniques mentioned above, it is only the method

of Forsyth et al. (2015) that attempts to explicitly separate the DP2 signature of

enhanced convection from substorms by assessing periods in which the SML and

SMU enhancements are similar.
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In this study, we examine the Substorm Onsets and PHases from Indices of

the Electrojets (SOPHIE) method developed by Forsyth et al. (2015), where they

attempt to distinguish between the ground signatures of substorms, which predomi-

nantly enhance the equivalent currents of the DP1 pattern, and periods of enhanced

convection due to enhancements of the DP2 current pattern, which are well corre-

lated with periods when the solar wind directly drives the magnetosphere (Nishida,

1968a). We quantify the two current pattern contributions to substorm-like SML

intensifications across all magnetic local times. In addition to this, we explore the

parameter space used for filtering out these convection enhancements from “true”

substorms, to evaluate the effectiveness of auroral indices for substorm identifica-

tion.
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5.2 Data and Method

5.2.1 SOPHIE Identification of Substorm events

Figure 5.1: The SML (solid black) and SMU (dashed black) indices (nT) plotted as a func-
tion of time, with the background colour indicating the substorm phase iden-
tified by the Substorm Onsets and Phases from Indices of the Electrojet (SO-
PHIE) method using an Expansion Percentile Threshold (EPT) of 90 for that
period. Green indicates periods of growth, orange \-hatched corresponds to ex-
pansion phase that is part of an isolated substorm, pink /-hatched corresponds
to an expansion phase that is part of a compound substorm, blue ◦-hatched indi-
cates a recovery phase and grey corresponds to periods that have been identified
as convection enhancement intervals.

In this study, we make use of the SOPHIE method detailed in Section 3.1.2.1.

In particular, we examine the period between January 1997 and December 2019

using the EPT 90 version of SOPHIE. This threshold of SOPHIE has been shown

to have the best association with other substorm onset lists, as shown in Chapter 4

(Lao et al., 2024). The SOPHIE method for identifying the phases of the substorm

has been used extensively in the literature, particularly in statistical studies of the

effects of substorms, including studies of the magnetotail lobes (Coxon et al., 2018),

radiation belts (Forsyth et al., 2016; Rodger et al., 2022b,a), ring current (Sandhu

et al., 2019), field-aligned currents (Coxon et al., 2017), ground-induced currents

(Freeman et al., 2019; Smith et al., 2024), and auroral kilometric radiation (Waters
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et al., 2022), as well as the influence of the solar wind and interplanetary magnetic

field on substorms (Lockwood, 2023; Laitinen et al., 2024; Walker et al., 2024).

The SOPHIE method does not dictate the ordering of substorm phases; on-

sets of the expansion phase can occur following growth or recovery phases. In this

thesis, we classify an event as an isolated substorm if it follows the phase order-

ing of Growth-Expansion-Recovery-Growth. In Figure 5.1, two isolated events are

shown between 17:30 UT on 1997/01/10 and 02:00 UT on 1997/01/11. Here, the

first isolated event has its growth phase begin around 17:30 UT, with the expansion

onset occurring at 18:50 UT, followed by a recovery phase at 19:02 UT, transition-

ing into another growth phase at 20:41 UT. Isolated substorms occur frequently in

SOPHIE EPT 90 event identification, compromising 54% of all expansion phase

events between January 1997 and December 2019.

The SOPHIE method also resolves periods of compound or recurrent substorm

activity (e.g., Rodger et al., 2022b,a; Sandhu et al., 2019). These periods are char-

acterised by multiple expansion and recovery phases, with no intermediate growth

phase between them. An example of such a period is shown in Figure 5.1, with

the first onset of the compound event occurring at 16:05 UT on 1997/01/10 and the

second at 16:41 UT. The period of compound activity is ended by the occurrence of

a growth phase at 17:28 UT. In this thesis, all onsets in a compound sequence are

classified as individual compound substorms, even though the first onset follows

from a growth phase. Between January 1997 and December 2019, 27% of SOPHIE

EPT 90 expansion phase events are compound substorms.

Additionally, as described in Section 3.1.2.1, SOPHIE distinguishes between

SML bays created by the substorm and those created by magnetospheric convection

enhancements. Figure 5.1 shows an example period that has been flagged by the

amended SOPHIE method, with the event beginning at 02:07 UT on 1997/01/11

and ending at 02:40 UT. Here, the flagged expansion phase lasted 15 minutes. In

the period analysed, 8% of the identified expansion events were flagged as possible

convection enhancement intervals.
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5.2.2 MLT Distributions of events

Figure 5.2: The magnetic local time (MLT) probability density (probability per hour MLT)
distribution of the contributing station to SML for different event types. The
blue indicates the total event distribution, orange corresponds to the isolated
substorm events, red corresponds to the compounds substorm events, and green
corresponds to the convection enhancements.

Figure 5.2 shows the probability distributions of the onset magnetic local time

(MLT) of each SOPHIE EPT 90 event type discussed in Section 5.2.1. That is,

from the SOPHIE EPT 90 substorm phase list in the period January 1997 to De-

cember 2019 inclusive, we identified the subsets of isolated substorms, compound

substorms, and convection enhancements and, for each subset, the MLT of the sta-

tion that contributes to SML at the time of event onset was sorted into a correspond-

ing 1-hour MLT wide bin. For example, the first compound onset in Figure 5.1 at

16:05 UT has its contributing station at 21.75 MLT at the onset of the expansion

phase, and therefore this occurrence would be placed in the 21 - 22 MLT bin. The

probability distribution of the onset MLT for each event type was then calculated by

dividing the number of events of a given type in each MLT bin by the total number
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of events of that type. Similarly, Figure 5.2 also shows the probability distribution

of the MLT of substorm onsets identified by Frey et al. (2004) from auroral images

in the period from 19 May 2000 to 31 December 2002 inclusive.

Figure 5.2 shows that the probability distributions of different SOPHIE EPT 90

event types are different from each other and to that of the Frey et al. (2004) auroral

events. Firstly, the MLT distribution of auroral events (shown in pink) peaks 1 hour

of MLT earlier than that of the SOPHIE isolated substorm events (shown in gold).

As discussed further in Sections 5.3 and 5.4, this westward displacement is likely

explained by the localised auroral brightening signature of substorm onset identified

by Frey et al. (2004) being associated with the upward field-aligned current that sits

at the western end of the DP1 substorm electrojet detected by SOPHIE.

Secondly, the isolated substorm distribution is asymmetric with a more east-

ward extended tail than the symmetric auroral distribution. Whilst, as argued above,

an eastward shift of the isolated substorm distribution is to be expected, we hypoth-

esise that its MLT asymmetry is because some SOPHIE enhanced convection events

are falsely identified as isolated substorms. The convection enhancement distribu-

tion (shown in green) is a broad, approximately symmetric, distribution centred later

at 01 - 02 MLT. As will be shown in the next section, the MLT extent of this distribu-

tion is consistent with the extent of the westward electrojet of the DP2 ionospheric

equivalent current pattern, which the SML index is expected to be sampling during

periods when magnetospheric convection is enhanced. Thus, if some convection

enhancements are misidentified as isolated substorms, then these anomalous events

will be predominantly in the post-midnight MLT sector, and the isolated substorm

distribution will be erroneously skewed eastward, as observed.

Thirdly, the compound substorm distribution is intermediate between the iso-

lated substorm distribution and the enhanced convection distribution. Thus, the

above hypothesis suggests that the compound substorm distribution is even more

contaminated by misidentified enhanced convection events than the isolated sub-

storm distribution. This is plausible because the SOPHIE definition of an isolated

substorm is most similar to the classic three-phase description of the substorm and is
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stricter than that of the compound substorm (i.e. an isolated substorm onset requires

a preceding growth phase, whereas each compound substorm onset does not).

In summary, we hypothesise that the isolated substorm distribution in Fig-

ure 5.2 is a weighted sum of the MLT distribution of true substorms and the MLT

distribution of some misidentified enhanced convection events. In the next section,

we attempt to separate out the true substorm distribution.
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5.3 Results

5.3.1 Decomposition of MLT distributions

Figure 5.3: The Onset MLT histogram of the isolated substorms (Orange), the Scaled Con-
vection enhancement distribution (Dashed-Dot Green) and the residual distri-
bution when subtracting the Scaled Convection enhancements from the isolated
substorms (Dashed-Dot Grey).

As noted above, the probability distribution of the MLT of isolated substorm

onsets identified by the SOPHIE EPT 90 method shares some similarities with the

probability distribution of the MLT of auroral onsets from Frey et al. (2004) and

some similarities with the probability distribution of the MLT of enhanced convec-

tion onsets from SOPHIE. We thus postulate that the SOPHIE method has misiden-

tified some enhanced convection events as isolated substorms and thus the his-

togram of the MLT of SOPHIE isolated substorm onsets is a combination of the

histograms of the MLT of true DP1 substorm onsets and DP2 convection enhance-

ments.

We seek to isolate the DP1 histogram by estimating the DP2 histogram and
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removing it from the SOPHIE isolated substorm histogram. To estimate the DP2

histogram, we rescale the histogram of the MLT of SOPHIE convection enhance-

ments by multiplying the corresponding probability distribution shown in Figure 5.2

by increasing integer values until the number of convection enhancements in any bin

exceeds the number of isolated substorm events from SOPHIE in that bin. The es-

timated DP2 histogram is shown by the dashed-dot green line in Figure 5.3 and the

SOPHIE isolated substorm histogram is shown by the solid gold line. The rescaling

assumes that there exists some MLT where DP2 enhancements exclusively occur

and no DP1 substorm onsets occur. We then subtract the estimated DP2 histogram

from the SOPHIE isolated substorm histogram to yield the estimated histogram of

the MLT of true DP1 substorm onsets, shown by the dashed-dotted grey line. It is

lacking the post-midnight MLT “bump” and has a shape similar to the Frey et al.

(2004) onset distribution but shifted eastward.

5.3.2 Interpretation of the decomposition results

Figure 5.4 (c) shows the resulting probability distributions of the DP1 and DP2

enhancements, with the DP1 distribution transformed into a PDF using the same

method of dividing each bin by the total number of events. Additionally, the MLT

probability distribution of the Frey et al. (2004) auroral onsets is also plotted. Shown

in Figure 5.4 (a) and (b) are the Shore et al. (2018) empirical orthogonal function

(EOF) representations of the DP1 and DP2 equivalent current patterns from a re-

analysis of the Northern Hemisphere surface external and internal magnetic field

during Solar Cycle 23. In these subplots, increasingly red (blue) indicates a larger

southward (northward) magnetic deflection observed on the ground due to the DP1

and DP2 current patterns. Below the Onset MLT probability distributions (Fig-

ure 5.4 (d)), are the spatial amplitude profiles from auroral latitudes (65◦ − 75◦

MLat) of the DP1 pattern and DP2 pattern of Shore et al. (2018), where greater than

zero indicates the contribution to a southward magnetic deflection and less than zero

indicates the contribution to a northward magnetic deflection; the concentric rings

on Figure 5.4 (a) and (b) indicate the latitudes from which we derived the profiles.

The spatial amplitude profiles seen in Figure 5.4 (d) are the mean of the latitudinal
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Figure 5.4: The DP1 (a) and DP2 (b) spatial patterns obtained by Shore et al. (2018), in
these figures, the darker colour indicates a greater amplitude of the deviation
to the north-south component of the ground magnetic field, with red indicating
a southward deviation and blue northward. Subplot (c) shows the Onset MLT
distributions obtained from the analysis of the SOPHIE method in this study.
In addition to the obtained DP1 (Dashed-Dot Grey) and DP2 (Solid Green)
perturbation distributions, the Frey et al. (2004) auroral substorm Onset MLT
distribution is also plotted in pink. Subplot (d) shows the mean amplitude of
the DP1 (Dashed-Dot Grey) and DP2 (Solid Green) patterns at auroral latitudes
by MLT, these profiles were obtained by taking longitudinal cuts of the Shore
et al. (2018) spatial patterns.

profiles between the two rings in Figure 5.4 (a) and (b). The spatial resolution of the

Shore et al. (2018) profiles increases as the latitude decreases, i.e. there are more

dots in each concentric ring that go away from the centre; therefore, each latitudinal

profile between 65◦−75◦ MLat was resampled to a 1 MLT resolution grid centred
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on the half-hours of each MLT before taking the mean.

Figures 5.4 (c-d) show that the extent of the probability distributions for the

location of the DP1 and DP2 events is in good agreement with the extent of the

southward deflections of the DP1 and DP2 Spatial Amplitude profiles across the au-

roral latitudes. This result validates the decomposition of SML-bay events into DP1

and DP2 contributions, since the bulk of each event distribution lines up with the

region of maximal southward magnetic deflection (that sampled by the SML index)

from each spatial pattern. The DP1 Spatial Amplitude profile differs from the DP1

perturbation probability of occurrence on their duskward edge, with a non-zero con-

tribution to southward magnetic deflections from the DP1 patterns still observable

around ∼ 18MLT. However, since these are spatial profiles of north-south magnetic

deflections, we do not expect a one-to-one correspondence to probabilities of event

occurrence.

The probability distribution of the DP1 perturbation is more akin to the auro-

ral onsets than the isolated substorms originally identified, sharply peaking before

midnight (0.28 at 22 - 23 MLT for Frey et al. (2004) and 0.22 at 23 - 00 MLT

for the resolved DP1 perturbations) and rapidly dropping to zero in the afternoon

and morning MLTs. We note that there is an offset of 1 hour MLT east for the

DP1 probability distribution compared to the Frey et al. (2004) distribution. This is

likely due to the auroral signature originating near the westward edge of the Sub-

storm Current Wedge, where the downward-propagating electrons provide the up-

ward field-aligned current, whereas the SML signature originates from a horizontal

current connecting the eastward and westward legs of the substorm current wedge.

It should be noted that the probability distribution of the onset MLTs and the posi-

tive amplitudes of the Spatial Amplitude profiles of the DP1 and DP2 events overlap

in the midnight sector. As such, magnetic deflections in this region could be due

to enhancements related to either current pattern, complicating the identification of

substorms.
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5.3.3 Decomposition of other SOPHIE EPT 90 event types

As mentioned in Section 5.2.1, in addition to isolated substorms and enhanced con-

vection events, the SOPHIE method also identifies compound substorms whose on-

set need not be preceded by a growth phase. Furthermore, as SOPHIE identifies

the timing of the recovery phases nonparametrically, similarly to how it identifies

expansion phases, and does not enforce that an expansion phase is directly fol-

lowed by a recovery, other event types are also possible. One of these event types

occurs in an order where an identified expansion has no counterpart recovery but

instead proceeds immediately into a growth phase, following a Growth-Expansion-

Growth regime. Furthermore, recovery phases may be placed before an expan-

sion phase following an isolated substorm regime, following a Growth-Recovery-

Expansion-Recovery-Growth order. These events, which we have labelled “Other

substorms”, account for 3061 additional events between January 1997 and Decem-

ber 2019 (0.09% of all SOPHIE EPT 90 events), or an additional ≈ 130 events per

year. The occurrence of these events shows a similar trend to the Solar Cycle (not

shown), but their occurrence is not explored in this thesis. Furthermore, SOPHIE-

identified substorms may occur recurrently after a SOPHIE-identified convection

enhancement similar to the compound example shown in Figure 5.1, where the first

expansion phase and associated recovery are instead a convection enhancement and

the second event an identified substorm expansion and recovery. We have labelled

any expansion phase events occurring directly after a convection enhancement with-

out an intervening growth phase as an “After Convection” substorm. Note that a

convection enhancement may occur during a set of compound events, thus splitting

the series into two, with the events of the first part labelled as compound substorms

and the events after the convection enhancement labelled as After Convection sub-

storm. There are 886 events classified as After Convection Onsets between January

1997 and December 2019 (0.03% of all SOPHIE EPT 90 events).

Using the decomposed MLT probability distributions of DP1 and DP2 deter-

mined from above to fit the onset MLT histograms, it is possible to evaluate the

contribution of DP1 and DP2 to the different types of events that populate the
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SOPHIE EPT 90 phase list. The results of the fitting are shown in Figure 5.5,

where we have fit the four different SOPHIE substorm types (isolated substorms

(a), compound substorms (b), after convection substorms (c) and other substorms

(d)). The fitting was completed by using a linear combination of the DP1 and

DP2 probability distribution functions, scaled so that the sum of their scaling

must equal the number of events of the fitted SOPHIE event type. For exam-

ple, when fitting the compound substorms, the combinations that were evaluated

were 0× pd f (DP1) + 8736× pd f (DP2), 1× pd f (DP1) + 8735× pd f (DP2),

2× pd f (DP1) + 8734× pd f (DP2), ... , 8736× pd f (DP1) + 0× pd f (DP2). The

quality of the fits was evaluated by calculating a goodness-of-fit value for each fit

carried out, with the parameter used in this study being the chi-squared value given

by

χ
2 =

N

∑
i

[
ymeas

i − ymodel
i (v)

]2
ε2

i

where ymeas
i is the count observed in each MLT of the original distribution,

ymodel
i is the count evaluated in each MLT bin of the fitted distribution, and εi is the

estimated uncertainty in the data. In the study conducted, we take εi as the standard

error of the count in each MLT bin, i.e. it is the square root of the count based

on Poisson counting statistics. The combination that had the lowest chi-squared

value was selected as the best fit, in the case of the compound substorms, this was

the linear combination 1689× pd f (DP1) + 7047× pd f (DP2), which had a chi-

squared of 37.

The reconstruction of the distribution for each type of event is shown as a cyan

dashed line in each subplot, and with the chi-squared goodness-of-fit value for the

reconstruction in the legend of each subplot. There is no desired threshold for this

value; however, the “best fit” by the linear combination of DP1 and DP2 probability

distributions for each SOPHIE event reconstruction was selected by minimising the

chi-squared goodness-of-fit. The distribution that is best fit by a combination of the

DP1 and DP2 distributions is the isolated substorms, with a chi-squared goodness-

of-fit value of 0.003. However, this is to be expected, as this is the distribution from
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Figure 5.5: The reconstruction of MLT distributions of the full spectrum of SOPHIE event
types using the obtained DP1 and DP2 MLT distributions from Figure 5.3. (a)
Reconstruction of the isolated substorms, (b) the reconstruction of compound
substorms, (c) the reconstruction of substorm expansion phases that directly
follow on from a convection enhancement and (d) the reconstruction of sub-
storms that do not fit into the other categories. Note that in panel (c), the line
of the fit is obscured by the line of DP2 contribution, as only DP2 contributes
towards the best fit.

which we decomposed the DP1 events. The worst fit is to the Onset MLT distribu-

tion of After Convection onsets with a chi-squared goodness-of-fit value orders of

magnitude larger than the other distributions being fitted and for which the peak at

4 MLT is not reproduced. The anomalously large goodness-of-fit value stems from

a zero count for one of the After Convection MLT bins, when ignoring this single

bin, the goodness-of-fit value evaluated is ≈ 17, the same order of magnitude as the

other fits.

As a result of the fitting, we can distinguish the number of events due to DP1

or DP2 for each SOPHIE event type. For example, of the 17646 isolated substorm

events, between January 1997 and December 2019, 10393 were identified due to
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enhancements of the DP1 current pattern, and the remaining 7253 due to an en-

hancement of DP2. Taking the sum of all event types and the DP1 and DP2 current

pattern contributions to these, including those originally identified as convection

events, we find 32956 westward electrojet enhancement events between January

1997 and December 2019 (≈ 1430 events per year). SOPHIE originally categorised

these into 30329 substorms (92% of events) and 2627 convection enhancements

(8% of events). With our decomposition, we find that 41% or, 13427 events are

due to enhancements of the DP1 current pattern (≈ 590 events per year) and 59%

or 19529 are due to enhancements of DP2 (≈ 840 events per year). In compari-

son, Frey et al. (2004) identified 2437 substorms from observations of the aurora

between 18 May 2000 and 31 December 2002, equivalent to ≈ 950 substorms per

year.
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5.3.4 Sensitivity of the decomposition to the detection threshold

for convection enhancement events

Figure 5.6: Event numbers identified by the SOPHIE method as the threshold value for
identifying convection enhancements is modified. A value of 2 means that for
a given event, the absolute rate of decrease in SML has to be more than twice
that of the rate of increase in SMU to be classed as a substorm rather than
a convection enhancement. Previously published SOPHIE lists have used a
threshold of 2.

As discussed in Section 3.1.2.1 above, both the original SOPHIE technique and

the amended technique used here employ an author-set threshold to decide which

SML bays are due to enhanced convection rather than substorm expansion. Cur-

rently, this threshold has a value of two based on expert judgement, as discussed

above in Section 3.1.2.1, but now we examine the sensitivity of substorm and con-

vection enhancement identification to this value.

Figure 5.6 shows the breakdown of SOPHIE event types for integer values of

the convection event threshold between unity and ten. We observe that 32956 SML

bay events are identified between January 1997 and December 2019, invariant of

the convection event threshold used. The division of these 32956 events identified

into the five types of events varies significantly as the threshold increases. Note that
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Threshold 2 corresponds to the MLT distributions plotted in Figure 5.2, without

the After Convection and Other substorms. As expected, more events are classi-

fied as convection enhancements than substorms as the convection event threshold

increases, since the magnitude of the change in SML required for an event to be

labelled as a substorm becomes greater. We observe that convection events make

up less than 2% of the events when using a Threshold value of 1. This increases to

48% when using a Threshold value of 10. Similarly, the number of After Convec-

tion substorms increases as the convection event threshold is increased, although

this number seemingly saturates at 6% of events at a Threshold of 7 and above. As

the number of identified substorms decreases as the threshold increases, this does

not happen homogeneously across isolated and compound substorms that reduce at

different rates. Compared to their Threshold 1 value, isolated substorms have re-

duced by 45% when using a Threshold of 10, whereas compound substorms have

reduced by 67%, an indication that compound events have a higher degree of DP2

contamination than isolated substorms.

Figure 5.7 shows the Onset MLT probability distributions for isolated sub-

storms identified using different convection enhancement thresholds. We observe

that these probability distributions continue to show additional events in the morn-

ing MLTs as the threshold for the convection enhancement classification increases,

though there is a marginal increase in the peak at 23 - 00 MLT (≈ 0.01 difference

between Thresholds 1 and 10). This implies that varying the convection enhance-

ment threshold is insufficient to reduce the proportion of isolated substorms that

arise from DP2 type activity.

The decomposition of events into contributions from DP1 and DP2 described

above in Section 5.3.1 was applied to the distributions of each threshold. This was

completed using the isolated substorm and convection enhancement MLT prob-

ability distributions evaluated for each threshold (not shown). Similarly to Sec-

tion 5.3.1, the four substorm event types (isolated substorm, compound substorm,

after convection substorm, and other substorm) were divided into their underlying

DP1 and DP2 current pattern contributions. Figure 5.8 shows the split of the events
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Figure 5.7: Isolated substorm probability distribution for various convection event filtering
thresholds used.

identified by the SOPHIE method into originally identified substorms and convec-

tion enhancements. We also show the relative contributions of DP1 and DP2 that

result from the fitting described above reapplied to the subsets of substorm and

convection events for each threshold. Note that previously published event lists de-

rived from the SOPHIE method correspond to the SML/SMU Threshold of 2. As

discussed above, we observe the trend of more events being classed as convection

enhancements rather than substorms as the threshold value increases. Additionally,

as the threshold increases, more events are classified as DP2 rather than DP1.

We observe that the number of SOPHIE identified substorms and DP1 pertur-

bations do not intersect or converge for any value of the convection enhancement

threshold. The number of events due to enhancements of the DP1 equivalent pat-

tern is always less than the number of SOPHIE identified substorms; as such, the

contributions of DP1 and DP2 can always be decomposed from the MLT distribu-

tion of SOPHIE substorm events. This implies that SOPHIE identified substorms
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Figure 5.8: Numbers of substorms and convection enhancements originally identified by
SOPHIE (Solid) and also their breakdown into DP1 or DP2 (Dashed) as a
function of threshold used for convection enhancement filtering. Blue corre-
sponds to the number of candidate expansion phases identified i.e. all periods
which satisfy the SOPHIE EPT 90 condition of a decrease in SML that exceeds
that 90th percentile of the yearly decrease in SML. Orange corresponds to the
number that were identified as a substorm, red corresponds to the number of
candidate events identified as a convection enhancement interval, dashed grey
corresponds to the number of all candidate events that were due to the DP1
pattern, and dashed yellow corresponds to the number of all events that were
due to the DP2 pattern.

are not solely due to enhancements of the DP1 current (or the closure of the Sub-

storm Current Wedge through the ionosphere), regardless of the threshold value

used. However, while there is some contamination of SOPHIE identified substorms

by convection enhancement events, this contamination is likely greater for other

methods that make no attempt to identify events with enhancements in SMU.
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5.4 Discussion

In this study, we have examined the contribution of enhancements of the DP1 and

DP2 current patterns to substorm-like SML bays by inspecting event MLT distribu-

tions as identified by the SOPHIE method (Forsyth et al., 2015). Our results indicate

that there is a notable contribution to substorm-like SML bays due to enhancements

of the DP2 current pattern. Moreover, as SOPHIE is only one of many techniques

applied to the AL/SML index for substorm identification, albeit one that attempts

to filter by leveraging the SMU index also, any method using these indices will be

populated with “DP2 events”.

To decompose the contribution of the DP1 pattern to SOPHIE identified sub-

storms, we have assumed that SOPHIE convection enhancement events are a good

proxy for enhancements of only the DP2 equivalent current pattern. The enhance-

ment of the westward electrojet related to the DP2 pattern is largely expected to

occur at morning MLTs; however, the work of Shore et al. (2018) shows that the

enhancement of the westward electrojet due to DP2 can also occur in the midnight

MLT sector. In agreement with this, Figure 5.3 shows that both the DP1 and DP2

events have non-zero probabilities of occurrence at night-side MLTs, with the extent

of the SOPHIE convection events (green line of Fig 5.4c) matching the extent of the

spatial amplitude profile of DP2 resolved by Shore et al. (2018) at auroral latitudes.

Moreover, SOPHIE makes use of the SMU index sampling the eastward electrojet

to identify convection enhancements and, as it is unlikely for the formation and clo-

sure of the SCW to produce an enhancement of current in an eastward direction, we

can be confident that the convection enhancements are due to enhancements of DP2

only and are minimally “contaminated” DP1-type events.

We have also assumed that substorms would primarily cause magnetic pertur-

bations consistent with those of equivalent currents of the DP1 current pattern, with

the formation of the substorm current wedge that closes through the ionosphere

driving the enhancement of the westward electrojet (McPherron et al., 1973). This

assumption is evidenced by the similarity of the decomposed DP1 distribution to

that of auroral substorm onsets, as identified by Frey et al. (2004) and the extent
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of this distribution that matches the extent of the spatial profile of the Shore et al.

(2018) DP1 pattern from auroral latitudes. The work of Shore et al. (2018) found

that this pattern showed a sharp increase in amplitude at the onset of the substorm,

was poorly correlated with the IMF Bz and was never the dominant spatial mode

contributing to ground magnetic field variance over a whole month during Solar Cy-

cle 23 consistent with the interpretation of the substorm being a loading-unloading

phenomenon of the magnetosphere.

There is a systematic shift between the observed MLT distributions, with the

auroral onsets peaking 1 MLT westward of the SML identified onsets. This is con-

sistent with the aurora being colocated with the upward FAC of the SCW, with the

current carried by downward travelling electrons, while the peak southward ground

magnetic perturbation is due to the westward flowing ionospheric current. Recent

studies have indicated that the onset of auroral beads, one of the first auroral sig-

natures of substorms (Kalmoni et al., 2017; Nishimura et al., 2016), coincides with

ULF magnetic pulsations on the ground (Rae et al., 2012; Smith et al., 2020). How-

ever, these pulsations appear to be distinct from the large-scale perturbations that

result in negative bays in AL/SML.

As we would expect the enhancement of the eastward electrojet to be corre-

lated with that of the westward electrojet during periods of enhanced convection

and uncorrelated during a substorm expansion, we explored the capability of the

using SMU index within the SOPHIE method to distinguish between non-substorm

and substorm-related changes in SML. In Section 5.3.4, we tested various thresh-

olds to filter out convection enhancements from substorms. Figure 5.8 indicates

that regardless of the value of the threshold used to classify convection enhance-

ment intervals or DP2 events, the number of identified substorms and DP1 events

do not converge, which means that there is still a contribution of the DP2 pattern

regardless of the selected threshold. This has two significant implications: 1) even

when leveraging SMU/AU, the auroral indices alone are unable to distinguish the

substorm from other magnetospheric phenomena; 2) the substorm can produce en-

hancements of the westward electrojet, at MLTs much different from the expected
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location of DP1. This could be due to localised conductivity enhancements in the

ionosphere, either from the propagation of precipitated particles superposing with

solar illumination (particularly during the Northern Hemisphere summer) or in-

creased precipitation at these locations, further complicating the identification of

true positive substorm events.

Isolated substorm studies using the Polar Ionospheric X-ray Imaging Experi-

ment (PIXIE) by Østgaard et al. (1999) observed that the precipitation of the high-

energy electrons that cause the X-ray aurora has a localised maximum towards

morning magnetic local times (5 - 9 MLT). The authors noted that this localised

maximum was delayed in response to the onset of the substorm, with the physical

interpretation that these precipitating electrons have drifted from the injection re-

gion in the midnight sector before being scattered into the loss cone in the dawn

sector. This precipitation will lead to an increased conductivity in the ionosphere,

and as the westward convection electrojet is already colocated at morning MLTs,

one can imagine a situation where the current flowing is increased and as a result

producing a magnetic signature similar to the substorm negative bay in SML at a

location unusual for a true positive identification from ground magnetometer data.

However, since the precipitation was due to the substorm process, it would be mis-

leading not to identify such an event as a substorm, although the enhancement of

SML was not due to the closure of the substorm current wedge via the ionosphere.

This resultant signature would be dependent on the timing and rate of ionisation,

and as such there is more to be explored between the relationship of the substorm

X-ray aurora and ground magnetic perturbations.

Since it is possible to identify convection enhancements as shown here and in

previous work (Shore et al., 2017, 2018) at MLTs where we expect substorms, they

cannot simply be filtered out by using the MLT location of the contributing station

to SML. Therefore, lists using the SML index alone (Newell and Gjerloev, 2011;

Borovsky and Yakymenko, 2017; Ohtani and Gjerloev, 2020) will be populated with

false positives, events identified as substorms, but the enhancement in SML is due

to convection enhancements or other magnetospheric phenomena. Figure 5.9 shows
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Figure 5.9: Onset MLT distributions from various event lists. SOPHIE (All Events in Blue,
substorms in Orange) Newell and Gjerloev (2011) (Green Dashed-Dot) and
Ohtani and Gjerloev (2020) (Orange Dashed-Dot) events were from 1997 -
2020, while Frey et al. (2004) (Pink Dashed-Dot) were from 19th May 2000 to
31st December 2002.

the onset MLT distributions from the Frey et al. (2004), Newell and Gjerloev (2011),

Ohtani and Gjerloev (2020) and SOPHIE (All events and Only Substorms) from the

interval 19 May 2000 and 31 December 2002. In Figure 5.9, we observe that the

MLT distributions of the SML identified events are more similar to each other than

to the Frey et al. (2004) MLT distribution. This is in part due to the Frey et al. (2004)

events being identified from auroral images, therefore unlikely to be contaminated

with DP2 events which do not have the accompanying auroral features that a “true”

substorm does. It should also be noted that the MLT distribution of substorm-related

Pi2 pulsations (Yeoman et al., 1994) is more similar to that of auroral onsets and

our decomposed DP1 distribution, being symmetric and centred on midnight MLT.

As we have shown above that SOPHIE is contaminated with DP2 events and

that these can occur within the MLT window of Ohtani and Gjerloev (2020), there-
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fore it is probable that these onset lists are also contaminated with DP2 events. This

issue is one possible source of ambiguity in conducting statistical substorm stud-

ies, as the dynamics of other magnetospheric phenomena could be included in with

“true” substorms, particularly when relating localised effects throughout the mag-

netosphere with respect to the substorm. As such, despite considerable progress

being made in understanding the characteristic features and consequent effects of

the substorm, some conclusions from studies using substorm lists built from mag-

netic indices may be incomplete as these studies may be considering non-substorm

intervals, including other phenomena that are capable of enhancing the electrojets.

This ranges from the importance of the phenomenon in the energization and vari-

ability of the ring current (Sandhu et al., 2019) and the radiation belts (Forsyth et al.,

2016; Rodger et al., 2022a) to its influence on ground-induced currents (Freeman

et al., 2019).

One possible route to improve our confidence in identifying substorm intervals

could be the use of additional datasets to supplement the auroral indices. One such

way of achieving this is by including the behaviour of the driver, i.e. the solar

wind, when identifying substorms. Previous studies have indicated that substorms

typically occur after the solar wind has been southward for 22 of the preceding 30

minutes (Morley and Freeman, 2007). Moreover, the work of Shore et al. (2018)

showed that the amplitude of the DP2 pattern is much better correlated with shorter

time responses to the IMF than the DP1 pattern. However, taking this approach

may have the effect of increasing the number of missed substorm identifications

from auroral indices, due to the underlying assumption that substorms cannot occur

during strong steady driving.

Another approach integrating other data sets than just the auroral indices was

taken by Milan et al. (2021), where they distinguish the AL enhancements due

to the substorm from other magnetospheric phenomena by applying the Expand-

ing and Contracting Polar Cap (ECPC) paradigm (Siscoe and Huang, 1985; Lock-

wood et al., 1990; Cowley and Lockwood, 1992) to event identification. They made

use of proxies for the dayside reconnection rate, cross-polar cap potential, as well
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as the auroral indices to identify the magnetospheric convection state in the year

2010, evaluating between periods of quiet, substorm interval (including the sepa-

rate phases) and directly driven periods. This approach led to the finding a rate

of occurrence of substorms of approximately 550 events per year, lower than that

found by Borovsky et al. (1993) or Frey et al. (2004) from injections and auroral in-

tensifications, which identified approximately 1500 events per year. For reference,

during the period analysed, SOPHIE identified ≈ 1430 SML enhancement events

per year, of which ≈ 1320 per year were initially identified as substorms; however,

our reanalysis showed that only ≈ 590 of these per year were due to enhancements

of the DP1 pattern, similar to the number identified by (Milan et al., 2021). In the

same period, Newell and Gjerloev (2011) identify ≈ 1700 substorms per year and

Ohtani and Gjerloev (2020) identify ≈ 950 isolated substorms per year using the

SML index, still many more than the proposed number of DP1 events from our

reanalysis.

There is also the approach taken by Haiducek et al. (2020) to integrate multi-

ple datasets. In this case, they combined multiple already existing substorm lists,

based on the AL index, MPB index (Chu et al., 2015), auroral images and particle

injections, to more robustly identify events for the month of January 2005. They

achieved this by convolving each onset list with Gaussian kernels, i.e. they turned

an onset time (a unit impulse in time) into a Gaussian onset window centred at the

onset time. A substorm onset period was then identified as when a combination of

different signatures identified at approximately the same time. This was integrated

in the Haiducek et al. (2020) method in a way such that a threshold value was re-

quired to be surpassed for a substorm to be identified, but the height of the peak

of the Gaussian window from a single signature would not break this threshold.

As such, this method requires overlap of multiple detection signatures to indicate

a substorm. A full mathematical of the convolution and combination is available

in the full text (Haiducek et al., 2020), where they also compare against an MHD

model’s ability to reproduce substorm characteristics. Although a promising path-

way for robust identification, a major limitation of this route is the lack of a common
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description of the substorm by the community or a set of “true” substorms to com-

pare against and tune the parameters for the threshold and kernel width. We also

note that the level of co-occurrence of onsets identified from MPB, AL, particle

injections and auroral enhancements within 30 minutes between different substorm

signatures is remarkably low, with less than a 50% overlap between pairs of lists

based on these identifiers (Lao et al., 2024).

This study highlights some important considerations when conducting studies

of substorms. Firstly, it indicates the importance of the separation of AL/SML bays

that are due to the substorm and other magnetospheric phenomena. Currently, only

SOPHIE (Forsyth et al., 2015) and Milan et al. (2021) attempt to do this by com-

paring the AL/SML bay with another feature. Ohtani and Gjerloev (2020) makes

an attempt at this by limiting identifications to within 23 - 03 MLT, but our results

show there are still a large number of DP2 driven magnetic bays in this local time

sector. However, leveraging the SMU index, as the SOPHIE method does, is inad-

equate to completely isolate the DP1 and DP2 modes of magnetospheric response.

Auroral indices are a simplification of a diverse set of observations related to a mul-

titude of processes across multiple scales. This simplification may discard critical

data that means that auroral indices do not have enough information to be used to

robustly identify substorms. Highlighted above are some possible pathways that

could result in a more robust substorm identification schema by including multiple

datasets. However, while a promising idea, this is not simple as one must account

for the differences in data cadences, coverage, and the time interval covered by

the different datasets being used. Moreover, we showed in Chapter 4 that in the

period when there were the auroral indices, midlatitude indices, auroral imagery,

and geosynchronous particle observations available, for a given substorm there is a

less than 50% chance that two or more methods will identify it as one (Lao et al.,

2024). Our study also highlights that caution must be observed when identifying

substorms in the dawn sector. Although it is more likely for these events to be DP2

related, it is possible that “true substorms“ are detected in this region, highlighting

the limitations of a blunt approach such as the one by Ohtani and Gjerloev (2020).
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When conducting case studies of events identified in this region, we recommend the

verification of a true substorm occurrence using another indicator.

Lists of “substorms” are inherently useful in solar terrestrial physics, providing

a common baseline for both case and statistical studies of a variety of processes that

are part of or result from the phenomena associated with substorms. However, all of

these lists have their limitations. Firstly, there is no quantifiable consensus within

the solar terrestrial physics community as to what a substorm is, but rather a set of

qualitative descriptions of substorm effects, such as the rapid closure of open flux

in the magnetotail, brightening and westward expansion of the auroral, injections

of energetic particles at geosynchronous orbit, and the formation of magnetic bays

at high and midlatitudes. These effects are not necessarily unique to substorms and

may arise from other activity, such as pseudobreakups and steady magnetospheric

convection events, and thus may appear in substorm identification lists. SOPHIE

attempts to mitigate one of these effects (enhanced magnetospheric convection) and

does remove a large number of potential substorms by comparing SML and SMU,

but our work shows that this is not perfect. However, we would contend that it pro-

vides a better mitigation than limiting identifications to a set of MLT sectors, given

the large overlap between the MLT distributions of DP1 and DP2 driven effects. In

truth, any list of “substorms” is, in fact, a list of magnetic enhancements, auroral en-

hancements, particle enhancements, etc. which may or may not align with substorm

activity and should, ultimately, be treated in that way.
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5.5 Summary
In this study, we have used the SOPHIE method (Forsyth et al., 2015) to quantify

the respective contributions of the DP1 and DP2 current patterns to the formation

of substorm-like SML bays. This was achieved by evaluating and manipulating the

onset MLT, defined as the location of the station that contributes to SML at onset, of

various classes of events identified in the SOPHIE phase list. Using the onset MLT

distribution of convection enhancements identified by SOPHIE as an indicator of the

DP2 event distribution, we were able to decompose a contribution from both DP1

and DP2 to the onset MLT distribution of isolated substorms. We find that although

the SOPHIE method attempts to filter out convection enhancements, 59% of the

events originally identified as substorms are instead due to enhancements of the DP2

current pattern, rather than DP1 which is associated with the ionospheric leg of the

Substorm Current Wedge. Finally, we explored different values for the threshold

used to distinguish between convection enhancements and “true” substorm events,

and found that no value can distinguish convection events entirely.

We come to the conclusion that the auroral indices, even when filtering events

by magnetic local time, are unable to provide sufficient information to robustly

identify substorms from enhancements of magnetospheric convection. There is still

an invaluable use case for substorm lists using auroral indices in finding events

for case studies, which can then be verified as true substorms via other substorm

signatures, e.g., particle injections, auroral enhancements. However, caution must

be exercised when conducting statistical studies related to the substorm phenomena

when using these lists, as the effects of other magnetospheric modes and phenomena

are not entirely removed.



Chapter 6

Case studies of typical and atypical

substorms and magnetospheric

convection enhancements

6.1 Introduction

In Chapter 5, using the convection enhancement events identified by the SOPHIE

method (Forsyth et al., 2015) as a proxy for the DP2 events, we showed that the

substorms identified by SOPHIE are composed of DP2 events (non-substorms) and

DP1 events (substorms) (Nishida and Kokubun, 1971; Kamide and Kokubun, 1996).

Using the expansion phase threshold (EPT) 90 version of SOPHIE, we found that

up to 59% of substorms are possibly misidentified DP2 events. We showed that

while it was possible to statistically decompose these two event types using their

onset locations, additional information to the auroral indices is required to remove

the false DP2 identifications on a case by case basis. SOPHIE is the only method

that attempts to filter out falsely identified substorms, by integrating information

from the SMU index, hence, all other substorm identification methods based on

the SML index are likely to be equally or even greater filled with false substorm

events, contributing to the low association observed between SML-based identifi-

cation methods and other proxies of the substorm in Chapter 4. In order to address

these failings, it is informative to examine identified substorms on a case by case
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basis in an effort to identify other signatures which may uniquely identify non-

substorm events.

In this study, we present the observations of four events: two substorms, one

which was identified in SML at the most typical location of pre-midnight magnetic

local time (MLT) and one identified in SML at an atypical location of dawn MLT,

and two convection enhancements, one at a typical location for a DP2 event at dawn

MLT, and one whose location is more typical of a substorm in pre-midnight. The

categorisation of in terms of the event location is based on where the ground mag-

netic signature was observed, rather than the location of any auroral brightening.

We compare and contrast these events to evaluate whether there are any significant

differences in the prior conditions that could lead to better filtering of the substorm

events identified by SOPHIE and other SML-based algorithms. The solar wind and

interplanetary magnetic field (IMF) observations during these events are presented,

as well as the geomagnetic indices.

6.2 Data
The events analysed in this study were selected using SOPHIE (Section 3.1.2.1) for

the identification of substorm and convection intervals using an expansion percent-

age threshold (EPT) of 90 and a convection enhancement ratio threshold of 2. Simi-

lar to Chapter 5, we consider only isolated substorms and convection enhancements

(a single “expansion” and “recovery phase” preceded by a “growth phase”). We fil-

ter the events in SOPHIE for those occurring approximately at either the spring or

autumn equinox to minimise any seasonal effect on our events. At these times, the

terminator is approximately spanning across the 18 - 06 meridian so that our events

have similar levels of solar conductance. In addition, we also filter for substorm

and convection enhancements which occur between 01:00 UT to 05:00 UT so that

the events analysed were identified with a similar SuperMAG network layout. An

example period, without an event occurring, is shown in Figure 6.11. This network

layout was selected because it has North America in the dusk sector and Europe in

1This image was generated using the SuperMAG polar plotting tool at https://supermag.
jhuapl.edu/rBrowse/.

https://supermag.jhuapl.edu/rBrowse/
https://supermag.jhuapl.edu/rBrowse/
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Figure 6.1: Example configuration of the SuperMAG network at 02:00 UT on 21 Sep 2003
that we filter our onset times for. Each concentric ring indicates 10◦ away
from the Northern Magnetic Pole. Also shown are the solar terminators on
the ground (spanning approximately at the 18 - 06 MLT meridian) and in the
ionosphere (the terminator closer to magnetic midnight) indicating the portion
of the Northern Hemisphere which is in darkness and which is sunlit. Each
green dot is the location of SuperMAG data contributing station, with the tail
emanating from each showing the magnetic deflection at that location rotated
90◦ clockwise. In this configuration, we have a high density of stations in the
longitudinal direction in the dusk and dawn sectors at all latitudes, and a high
density of stations in the midnight sector at high latitudes.

the dawn sector, maximising the number of stations and therefore coverage of the

nightside auroral region.

We used solar wind plasma and interplanetary magnetic field measurements

from the OMNI HRO dataset (King and Papitashvili, 2005) to evaluate the state
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of magnetospheric driving during the intervals analysed. A brief description of

the collection and preprocessing of this dataset is outlined in Section 3.4. During

the intervals analysed, the data sources were the Wind and ACE spacecraft at L1-

orbit. In addition to the raw measurements themselves, we also use the ε parameter

derived by Perreault and Akasofu (1978) given by

ε =
4π

µ0
vswB2 sin4 θ

2
(6.1)

which has units of W/m2, to quantify the energy input from the solar wind

to the magnetosphere. In this equation, all variables are in SI units, with vsw the

solar wind flow speed, B the magnitude of the solar wind magnetic field, θ the IMF

clock angle given by θ = arctan By
Bz

, with By and Bz the y and z components of the

IMF in the GSM coordinate frame, and finally µ0 is the permeability of free space.

Various measures of solar wind driving of the magnetosphere, coupling functions,

have been presented in the literature since the discovery of the solar wind and mag-

netosphere (Perreault and Akasofu, 1978; Kan and Lee, 1979; Newell et al., 2007;

Lockwood and McWilliams, 2021), and their correlation with various geomagnetic

indices studied. In this study, we choose the coupling function developed by Per-

reault and Akasofu (1978), but ultimately, we analyse the trends in energy addition

to magnetosphere rather than the exact values of ε , so it is largely interchangeable

with the other measures available. The mean value of the Perreault and Akasofu

(1978) ε parameter (dashed black) between January 1997 and December 2019 is

7.33×10−5 W/m2.

To evaluate the geomagnetic response, we used four different magnetic indices:

the PC index, the SMU and SML indices, and the MPB index, all outlined in Chap-

ter 3. We also make use of SMU and SML subdivided by MLT. In this dataset, the

24 magnetic local time values of SML and SMU are derived using a 3-hour MLT

window and are attainable because there is generally at least one station in each

MLT sector in the SuperMAG collaboration of networks. Thus, at a given time,

there are 24 SMU-LT and 24 SML-LT values. The 3-hour window is centred on

the half-hour of the MLT sector for which the data are being recorded, for example,
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SML12 is centred at 1230 MLT and uses the MLT window 1100 MLT to 1400 MLT

(Newell and Gjerloev, 2014).

In addition to these datasets, for two of the events analysed, we also used IM-

AGE Burch (2000) observations of the aurora. Specifically, we used images taken

by the WIC instrument Mende et al. (2000b) onboard IMAGE, the details of which

are discussed in Section 3.2. For the remaining two events, these occurred beyond

the primary mission phase of IMAGE when it was taking observations of the North-

ern Hemisphere, and therefore no observations were available to be analysed.

6.3 Observations
The substorms events studied are identified by the SOPHIE EPT 90 method at 04:30

UT on 12 August 2001 and 02:36 UT on 26 September 2000. Both of these events

occur within the IMAGE primary mission phase timeframe. For the first substorm

event presented, the contributing station at onset was in the midnight MLT sector,

typically where we would expect a substorm to occur, as shown in Chapter 5, while

for the second event, the contributing station to SML at the time of onset was in the

dawn MLT sector, which is more typical for a convection enhancement.

The convection enhancements analysed in this study were identified by SO-

PHIE EPT90 at 01:35 UT on 14 April 2006 and 01:41 UT on 6 April 2004. The

first of these events occurred outside the IMAGE primary mission phase timeframe,

and therefore no FUV auroral observations were available, while for the second

event FUV observations were not available as IMAGE was not located over either

pole. For the first convection enhancement, the contributing station at onset was in

the dawn sector, more typical of a convection enhancement event. For the second

convection enhancement, the station that contributed to SML at the onset of the

event was in the midnight sector, where predominantly substorms are observed.
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6.3.1 Substorm in the midnight sector

Figure 6.2: Solar wind and magnetometer observations for 6 hours around the substorm at
04:30 UT on 12 August 2001.

Figures 6.2 and 6.3 show the observations for the 6 hours surrounding the

substorm that occurred at 04:30 UT on 12 August 2001. This substorm had its

magnetic and auroral signature in the typical location of pre-midnight magnetic
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local times, with the contributing station to SML at SOPHIE EPT 90 identified

onset being at 23.57 MLT and an auroral onset identified by Frey et al. (2004) at

22.54 MLT. Substorm onsets from Frey et al. (2004); Chu et al. (2015) and Forsyth

et al. (2015) all occurred within 2 minutes of each other, and thus the identification

is consistent across these lists.

The top two panels (a and b) of Figure 6.2 show the solar wind and interplan-

etary magnetic field conditions around the time of this event, with panel a showing

the solar wind flow speed in km/s, panel b showing the magnitude of the IMF in

black and its X (light blue), Y (orange), and Z (green) components in the geo-

centric solar magnetic (GSM) coordinate frame. Panel c shows the Perreault and

Akasofu (1978) ε parameter (green) in W/m2, its mean value (dashed black) be-

tween January 1997 and December 2019 and the PCN index (red). The bottom 4

panels show the high-latitude and midlatitude magnetospheric response during the

interval. Panels d and f show the SMU and SML indices by magnetic local time

(SMU-LT and SML-LT), respectively. In these plots, a lighter (darker) colour indi-

cates a higher (lower) value of SMU-LT (SML-LT). Panel e shows the SML (solid

black) and SMU (dashed black) indices. Additionally, -SMU (SMU reflected across

the x-axis) (dashed-dot black) is plotted. Panel e is colour coded by the SOPHIE

identified phases of the substorm during the interval. Finally, panel g shows the

magnitude of the MPB index (Chu et al., 2015) during the time interval analysed.

In addition to our selected event, another isolated substorm is identified afterward

our event, occurring at approximately 07:00 UT.

The period around the time of the selected substorm event is typified by slow

solar wind, with the observed flow speeds below the 20th percentile of flow speeds

observed between January 1997 and December 2019. The IMF magnitude of ≈ 5 nT

during the analysed interval remains relatively constant and is typical of the period

between January 1997 and December 2019 (the median value during this period

being 5.12 nT).

The IMF distribution in the 3 components varies significantly throughout the

period shown in Figure 6.7. At the beginning of the interval, the IMF is dominated
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by a negative By component. At approximately 02:00 UT, there is a rotation in

the IMF such that the dominant component is in the negative Bz direction. This

rotation in the IMF also results in an increase in ε (panel c) from 4× 10−5 W/m2

to ≈ 7× 10−5 W/m2. This rotation in the IMF continues until the IMF is almost

perfectly southward at 02:15 UT, corresponding to the maximum of ε during this

interval at > 8×10−5 W/m2. The increased level of driving of the magnetosphere

by the solar wind continues until 03:15 UT, when the north-south component of the

IMF tends to zero or even northward, with the value of ε decreasing sharply from

≈ 7×10−5 W/m2 to below 3×10−5 W/m2.

In terms of magnetospheric response, there is a 15-minute delay from the in-

crease in ε to be observed in the PC index, possibly indicating the time for the IMF

change to propagate through the magnetosphere and couple to the ionosphere. The

PC index is observed to have reached a minimum of below 0 mV/m at 02:15 UT

before increasing to above 1 mV/m at 02:50 UT, and this is maintained for ap-

proximately 15 - 20 minutes. This is indicative of an increase in magnetospheric

convection as energy and flux are transferred to the magnetosphere during the period

of southward IMF and dayside reconnection. The PC index then begins to reduce

at 03:10 UT until it is back to its prior level at 03:45 UT. The increase in magneto-

spheric convection can also be inferred from the SML and SMU indices. Beginning

at 02:15 UT, we observe the SMU and SML indices increasing in strength (higher

absolute values for both indices); it is most obvious when observing that although

their values are different, the SML and -SMU traces follow the same trend from

02:15 UT to 03:20 UT. The decrease in SML and increase in SMU, which are well-

matched, are indicative of the strengthening of the Hall currents associated with the

Disturbance Polar (DP) 2 pattern associated with magnetospheric convection. An-

other indicator of a DP2 type enhancement are the locations of the SML and SMU

enhancements. Panel d shows that during this interval the most positive values of

SMU-LT, and therefore the contributing stations to the SMU index are in the post-

noon sector at 13 - 17 MLT, while panel f shows that the most negative values of

SML-LT, and therefore the contributing stations to the SML index are in the dawn
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sector at 03 - 07 MLT.

There is a small negative deviation of the SML index at 03:24 UT of the order

of ∼ 50 nT (-60 nT to -110 nT) that lasts 7 minutes from the beginning to the

minima. It then takes 9 minutes to recover from this minima to above the previous

level (-40 nT) at 03:41 UT. The gradient and length of the event were insufficient

to trigger the SOPHIE method to identify it as either a substorm or a convection

enhancement. However, at the same time, a pulse is observed in the MPB index,

reaching a maximum of 20 nT at 03:32 UT before decreasing to the background

level at 03:45 UT. Again, the size of the event was insufficient for it to be identified

as a substorm by the Chu et al. (2015) method, which requires that MPB pulses be

greater than 25 nT to be identified as a substorm. Observing the SML-LT “heatmap”

of Figure 6.4f, the “darkest” region at this time and therefore the most negative

values are in the dawn sector between 04 - 07 MLT. For the SML contributing

station to be within this region, but for a pulse to be observed in the MPB index

is highly unusual, due to the derivation of the MPB index subselecting only for

midlatitude stations within 5 hours of 23.5 MLT. The further analysis of this event

does not fall within the scope of this study; however, it may provide the opportunity

to understand other causes of substorm-like intensifications of the auroral current

systems.

The highlighted substorm event was identified by SOPHIE EPT 90 at 04:30

UT, with the contributing station to SML at the time of onset at 23.57 MLT. The

somewhat shorter than average expansion phase was identified to last 10 minutes,

during which SML decreased by 163 nT from -54 nT to -217 nT. The recovery

phase of this event was evaluated by SOPHIE to have lasted 18 minutes, with SML

increasing by 152 nT to -65 nT at the end of the recovery phase. As can be seen in

panel f, the most negative values of SML-LT are observable across a range of MLTs

in the pre-midnight sector, with the darkest region between 20 - 23 MLT during the

expansion phase. The region of maximal negative values spreads dawnward as the

substorm transitions to the recovery phase. For SMU, a small increase is observed,

but only on the order of ∼ 10 nT and occurs for a shorter period than the expansion
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phase. However, the general trend of SMU and SMU-LT throughout the expansion

and recovery phase of the substorm is a decrease in value. Inspecting panel g, this

event also satisfies the criteria of Chu et al. (2015) MPB substorm (Section 3.1.3.1),

with the onset of the event occurring at the same time as the SOPHIE identified

onset and a maximum MPB value of > 30 nT. In particular, the MPB index returns

to low values in concert with the end of the SML recovery phase.

Looking at the solar wind and IMF observations prior to the substorm occur-

rence, it can be seen that there is a small but sudden increase in flow speed 30 to 15

minutes prior to the onset observed in geomagnetic data. This results in a marginal

increase in ε from ≈ .1× 10−5 W/m2 to 3− 4× 10−5 W/m2, which could have

provided the additional energy to instigate the substorm. Additionally, around this

time, approximately 15 minutes prior to onset, a northward turning of the IMF is

observed, although studies have shown that although the occurrence of a north-

ward IMF turning and substorm may coincide, northward turnings themselves are

not required to trigger the magnetospheric instability associated with the substorm

(Freeman and Morley, 2009; Wild et al., 2009).

Figure 6.3 shows the auroral observations of the selected event using the FUV-

WIC instrument (Mende et al., 2000b) onboard the IMAGE spacecraft (Gibson

et al., 2000). The nine panels (a-i) cover 18 minutes of UV observations between

04:26 UT and 04:42 UT on 12 August 2001 around the selected substorm event.

Whereas the substorm is identified at 04:30 by the SOPHIE EPT 90 method, its

auroral features occur after this time with the WIC observation at 04:30 UT (panel

c) showing quiet-time auroral activity and the first features of an auroral substorm

observable in the observation taken at 04:32 UT, additionally, it is at 04:32 UT that

is selected by the Frey et al. (2004) method as the onset time for the auroral sub-

storm. In this observation, a clear brightening of the aurora is visible spanning 21 -

23 MLT and 65◦−70◦ MLat. It is possible that the auroral substorm onset occurred

between these two observations, however, due to the data cadence of IMAGE the

earliest possible time that the onset could be confirmed is the 04:32 UT observation.

The implications this has for the temporal agreement between pairwise comparisons
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Figure 6.3: IMAGE FUV observations of an 18-minute period (04:26 UT - 04:42 UT 12
August 2001) around our selected substorm event. Panels a-g show the ob-
servations transformed onto a regular MLT by MLat grid. Here, each dashed
concentric ring indicates 10◦ of MLat away from the geomagnetic pole and
each radial dotted line 3 hours of MLT. The auroral onset, as seen in panel d,
is first observed at 04:32 UT as a large intensification of the aurora across 21 -
23 MLT. The poleward-western edge of this auroral feature continues to show
a high level of activity until the observation at 04:40 where auroral activity re-
turns back to the background level.

of substorm lists were discussed in Chapter 4 in Section 4.4.

An anomalous observation of this substorm is that its location of occurrence

is somewhat in contradiction to the expected effect of By. When the IMF has a

negative By component, Østgaard et al. (2011) showed that auroral substorm onsets

are more likely to be dawnward, particularly of 23 MLT. Furthermore, Ruohoniemi

and Greenwald (2005) presented convection flows derived from SuperDARN radars

for different magnitudes and clock angles of the IMF. Their results show that the
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expected location of the westward electrojet of the substorm is more likely to be

shifted dawnward after a period of negative IMF By. Therefore, our selected event

presents a statistical anomaly to the results of Ruohoniemi and Greenwald (2005).
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6.3.2 Substorm in the dawn sector

Figures 6.4 and 6.5 show the observations of the substorm identified by SOPHIE

EPT 90 at 02:36 UT on 26 September 2000, and the 3 hours before and after this

substorm event. This substorm had its magnetic and auroral signature in an atypical

location at dawn and post-midnight magnetic local times, respectively, with the

contributing station to SML at SOPHIE EPT 90 identified onset being at 04.81

MLT and the auroral onset identified by Frey et al. (2004) at 00.62 MLT. Despite

this, the event was identified by Frey et al. (2004); Chu et al. (2015) and Forsyth

et al. (2015) to within a few minutes of each other.

The observations in Figure 6.4 are organised in the same format as those in

Figure 6.2. It should be noted that although the panels show the same quantities as

in Figure 6.2, the axes values differ, for example, the values of ε in Figure 6.4c are

a magnitude greater than those in Figure 6.2c.

Compared to the event studied in Section 6.3.1, this event occurs under much

stronger solar wind driving. First, the solar wind flow speed is ≈ 150 km/s faster

(the minimum flow speed observed during this interval is 480 km/s), but it is also

more variable with changes observed during the interval on the order of ≈ 100 km/s.

The maximum flow speed during the interval is > 600 km/s and the maximum be-

fore the substorm ≈ 560 km/s. The IMF magnitude at the beginning of the interval

of Figure 6.4b is twice that observed throughout Figure 6.2b, at 10 nT, although

around the time of our event this decreases to ≈ 6 nT. From the beginning of our

interval up to shortly before the substorm event at 02:36 UT, the IMF Bz is predom-

inantly directed southward, although its value varies significantly from −7 to +5

nT. We also observe that By is positive throughout this period before the selected

substorm event, with its value between 1 and 9.5 nT. The difference in solar wind

driving is best captured by ε in panel c, where the value of ε for this substorm inter-

val is approximately an order of magnitude greater than for the previous substorm

event, peaking at ≈ 6×10−4W/m2, approaching the top percentile ε observed be-

tween 1997 and 2019 (≈ 7×10−4W/m2).

The strength of solar wind driving is reflected in the response of the magneto-
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Figure 6.4: Solar wind and magnetometer observations for 6 hours around the substorm at
02:36 UT on 26 September 2000. On Panel f the location of Narsarsuaq (blue)
and Tromso (green) magnetometer stations are displayed.

sphere. Two hours before the onset, the PC index peaks at a value of 6 mV/m, and

does not fall below a value of 2 mV/m before onset. The electrojet strengths are

elevated, and another substorm is identified by both SOPHIE EPT 90 and the MPB

index within 2 hours of the event selected, with the value of SML at or below -200
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nT throughout the period prior. In terms of SMU, in the 3 hours before the selected

substorm, its value fluctuates around 250nT before decreasing in the 30 minutes

prior to onset. After the first substorm of the interval, SML and SMU follow simi-

lar trends, with the variations in -SMU and SML relatively well-matched, although

with the absolute value of SML ∼ 10− 100 nT larger than SMU, highlighting the

asymmetry of the westward and eastward electrojet strengths. However, this rela-

tionship breaks down ≈ 20 minutes before the onset of the selected event, with the

absolute value of SMU decreasing and the absolute value of SML increasing.

The highlighted substorm event was identified by SOPHIE EPT 90 at 02:36

UT, with the contributing station to SML at the time of onset located at 04.81 MLT.

As with the last event, the shorter than average expansion phase was identified to

last 16 minutes, during which SML decreased by 241 nT from -364 nT to -605

nT. The recovery phase of this event was evaluated by SOPHIE to have lasted 29

minutes, with SML increasing by 328 nT to -277 nT at the end of the recovery

phase. There is a possible argument to be made that SOPHIE misidentified the

beginning of this event, with a noticeable but shallower SML gradient observable

beginning at 02:13 UT. Observing panels d and f, although the SML-LT “hotspot”

is widespread from 23 - 07 MLT at the time of onset, the most negative values come

from the dawn sector, specifically between 02 - 05 MLT. Late in the expansion

phase and during the recovery phase, the most negative values instead come from

the midnight sector, indicative of the evolution of the substorm. The value of SMU

remains relatively constant throughout the expansion phase, with the contributing

region in SMU-LT at the time of substorm onset widespread throughout the dayside

MLTs. However, in the recovery phase of the substorm, we see a steady decrease in

SMU during it to almost 0 nT, with the contributing region ambiguous. Inspecting

panel g, we observe that this event is also identifiable in the MPB index, with a value

of > 600 nT2 observed. Observing the solar wind conditions immediately before

the selected event, there is a northward turning of the IMF ≈ 20 minutes prior to the

event, although it is southward directed again after 10 minutes. This variation in the

IMF is also observable in ε , with its value decreasing to ≈ 0 15 minutes before our
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event before increasing to 3×10−4W/m2 again.

Figure 6.5: IMAGE FUV observations of an 18-minute period (02:30 UT - 02:46 UT 26
September 2000) around our selected substorm event. Shown the in same for-
mat as Figure 6.5. The auroral onset, as seen in panel d, is first observed at
02:36 UT as an intensification of the aurora at ≈ 01 MLT. This feature contin-
ues to be enhanced and propagates poleward in the 2 subsequent observations
at 02:38 UT and 02:40 UT, before reducing to the background level. In panel i,
at 02:46 UT another intensification of the aurora is observed.

Figure 6.5 shows the UV auroral observations from IMAGE-FUV of the sub-

storm event identified at 02:36 UT by SOPHIE EPT 90. The nine panels (a-i) cover

18 minutes of UV observations between 02:30 UT and 02:46 UT on 12 August 2001

around the selected substorm event. For this substorm event, its auroral onset occurs

seemingly simultaneously with onset on the ground, with the observation at 02:36

UT (panel d) showing the clear brightening associated with the auroral substorm.

Again, it is possible that the “true” onset occurred between 02:34 UT and 02:36 UT.
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In panel d, the brightening of the aurora occurs in the post-midnight sector at ≈ 01

MLT and ≈ 65 MLat before spreading poleward and azimuthally in subsequent ob-

servations in panel e and panel f. A notable qualitative difference with the substorm

in the midnight sector is the disjointness of the onset arc. The level of auroral ac-

tivity reduces in panels g and h before another intensification occurs at 02:46 UT in

the pre-midnight sector (panel i) and is spread over a range of MLT.

We have highlighted the location of two SuperMAG contributing magnetome-

ter stations on panel f. The blue line indicates the location of the Narsarsuaq (NAQ)

station in southern Greenland, at geographic coordinates of 61.17◦ N 314.57◦ E.

The green line indicates the location of the Tromso (TRO) station in northern Nor-

way, at the geographic coordinates of 69.66◦ N 18.94◦ E. Around the time of on-

set, NAQ is approximately at 0.80 MLT while TRO is approximately at 4.80 MLT

(likely the contributing station at onset). Although NAQ is closer to the auroral on-

set, the SML signature at this location is weaker than that at TRO. We would expect

some displacement between the auroral intensification and the peak magnetic sig-

nature. However, the difference shown in this event, on the order of ≈ 2−3 MLT, is

much greater than the 1 MLT displacement typically observed. Note that NAQ is at

a lower latitude than TRO and thus may be below the equatorward boundary of the

auroral oval. The western edge of the “hotspot” in panel f at onset of the selected

substorm is at approximately at 2 MLT which is likely one of the Icelandic magne-

tometer stations, which are at 64◦ GLat, still more northern than NAQ. Finally, this

substorm event is another not well described by the statistical effect of the IMF By,

with By positive for the period prior and during our event but the substorm occurring

towards dawn MLTs contrary to the expected effect.
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6.3.3 Convection enhancement in the dawn sector

Figure 6.6 shows the observations of the convection enhancement that was identi-

fied at 01:35 UT on 14 April 2006 by SOPHIE EPT 90. For the time interval of this

event, the IMAGE mission had already ended when communication with the space-

craft was lost in December 2005 and before the implementation of the THEMIS

ASI network. Therefore, a global view of the aurora at high time resolution was

not available for this event. The magnetic signature of this convection event came

from the typical location for a DP2 signature at dawn MLTs, with the contributing

station to SML at onset located at 04.00 MLT. There is a Chu et al. (2015) identified

event that coincides with the enhancement of convection, with its onset identified

at 01:48 UT from the MPB index, which indicates a discrepancy between these two

techniques in identifying substorms.

The observations in Figure 6.6 are organised in the same format as those in

Figure 6.2. It should be noted that although the panels show the same quantities

as in Figure 6.2, the axes values differ, for example, the values of ε in Figure 6.6c

are more than a magnitude greater than those in Figure 6.2c. Additionally, there

is a black band in the SMU-LT plot shown in panel d, i.e. values at the lowest

end of the colour scale 0− 5 nT with little or no variation, which rotates in MLT

with the rotation of the Earth. We suspect that these stations, which are in the

Siberian region that has the lowest station density in the SuperMAG network, may

be outputting erroneous values for the maximum northward deflection. This means

that the global SMU value may be an underestimate of the true SMU value.

The convection enhancement was identified during a period of steady and

strong driving from the solar wind. During the interval, we observe solar wind

flow speeds of ≈ 500 km/s, greater than the average of 430 km/s between 1997

and 2019, which steadily drops by 50 km/s over the first 4 hours, then returns more

rapidly towards the initial values, but the variation is small (≈ 10%). The period is

characterised by a strong and relatively steady IMF at ≈ 20 nT, which is in the top

percentile of the IMF magnitudes observed between January 1997 and December

2019. The IMF magnitude is dominated by its By component, which is ≈ −13 nT
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Figure 6.6: Solar wind and magnetometer observations for 6 hours around the magneto-
spheric convection enhancement at 01:35 UT on 14 April 2006.

throughout the interval. The IMF is northward, although weakly, until ≈ 1 hour

before the convection interval, after which it is weakly southward. This results in

values of ε for the interval analysed in Figure 6.6 that are in the top decile of ε

(> 0.1×10−3 W/m2) observed between January 1997 and December 2019. In the
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hour before the convection enhancement onset, ε increases to > 0.5×10−3 W/m2

and continues to increase to > 1×10−3 W/m2 30 minutes after the end of the con-

vection enhancement. The changes in ε are a result of the north to south turning of

the IMF Bz as the solar wind velocity is reducing and the IMF By is constant.

Observing the response of the magnetosphere, the PC index follows the trends

of ε . There is a minimum in PC observed 2 hours before the onset of the convec-

tion enhancement, followed by a steady growth in the PC index over the next 4

hours. The strength of driving is reflected in the SMU and SML indices: they are

well-matched in the period prior to the convection interval, with their magnitudes in

the range 150−200 nT. This is indicative of the westward and eastward electrojets

being dominated by a DP2 equivalent current system. Although they are relatively

well-matched, there are minor deviations during the period before the convection

enhancement in both the SML and SMU indices. The first example is the SML

bay at ≈22:40 UT on 13 April 2006 where a drop of -100 nT was observed. How-

ever, this is not sustained for a long period of time, and SML recovers in ≈ 15

minutes. This is accompanied by a Chu et al. (2015) substorm identification from

the MPB index at 22:34 UT. This indicates that there is an enhancement of field-

aligned current structures, although whether this is substorm-related requires other

data sources, such as in-situ spacecraft, to be fully explored. There are other SML

bay structures, such as at 00:15 UT, before the convection enhancement, but they

are neither strong deviations nor sustained, although their SML signature comes

from the pre-midnight sector.

The highlighted convection enhancement was identified by SOPHIE EPT 90

at 01:35 UT, with the contributing station to SML at the time of onset located at

04.00 MLT. The “expansion” phase of this convection enhancement was identified

to last 17 minutes, during which the SML decreased by 292 nT from -105 nT to

-397 nT. The “recovery” phase of this event was evaluated by SOPHIE EPT 90 to

have lasted 26 minutes with SML increasing by 256 nT to –141 nT at the end of

the recovery phase. The convection enhancement lasted 43 minutes in total. During

this interval, the magnitude of SMU changes in a similar manner, satisfying the
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criteria for the identification of convection enhancement. This is observed in panel

f, as the reflection of SMU over the x-axis (-SMU) largely follows the trace of the

SML index, albeit taking slightly longer to recover to the background level. At

approximately the same time as the convection enhancement in SML, the PC index

also increases over a period of ≈ 10 minutes to a value of 5.5 mV/m. This value

is maintained for approximately the same period of time as the “expansion” phase

of convection enhancement in the SML/SMU indices before reducing to 4 mV/m.

After a small delay, the PC index once again follows the trend of solar wind driving,

as seen by the increase in ε , increasing to the maximum of the period of > 6 mV/m

at the end of the interval analysed. This convection interval is accompanied by a

Chu et al. (2015) substorm identification from the MPB index at 01:48 UT, as the

minima between the two peaks at 01:44 UT (≈ 200 nT2) and 02:05 UT (≈ 300 nT2).

There is an argument that these two peaks consist of two distinct events, as they are

both significant MPB pulses. However, the criteria of Chu et al. (2015) mean that

only the MPB pulse which has a higher value is identified as a potential substorm

since they occur within the temporal vicinity of each other.

After the convection event, a series of compound substorms began. These show

further enhancements in MPB and show a distinct difference between the SMU and

SML variations.

The event presented demonstrates traits associated with convection enhance-

ments (SMU and SML are well-matched with steady high solar wind driving). The

enhancement in MPB is puzzling but does indicate that the enhanced convection

requires an enhanced field-aligned current. This may indicate that MPB is sensitive

to non-SCW structures.
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6.3.4 Convection enhancement in the midnight sector

Figure 6.7 shows the observations of the convection enhancement that was identi-

fied at 01:41 UT on 06 April 2004 by SOPHIE EPT 90. For the time interval of this

event, no IMAGE observations were available, again before the implementation of

the THEMIS ASI network. Therefore, a global view of the aurora at high time res-

olution was not available for this event. The magnetic signature of this convection

event came from an atypical location for a DP2 signature at pre-midnight MLT, with

the contributing station to SML at SOPHIE EPT 90 identified onset located at 23.76

MLT. There was no associated Chu et al. (2015) MPB identification with this event,

and thus both lists agree that this is not a substorm event.

The observations in Figure 6.7 are organised in the same format as those in

Figure 6.2. It should be noted that although the panels show the same quantities

as in Figure 6.2, the axes values differ, for example, the values of ε in Figure 6.7c

are a magnitude greater than those in Figure 6.2c. Additionally, the continuity of

the plasma parameter observations before the onset of the convection enhancement

is limited compared to the other intervals analysed. This results in data gaps in

both the solar wind flow speed (panel a) and the ε parameter (panel c). Similar

to Figure 6.6d, there is a black band in the SMU-LT plot shown in panel d, that

is, values at the lowest end of the colour scale 0− 5 nT with little or no variation

with the end of its period in each MLT sector punctuated by a fill value (transparent

box in panel D), which rotates in MLT with rotation of the Earth. We suspect that

these stations, which are in the Siberian region that has the lowest station density

in the SuperMAG network, may be outputting erroneous values for the maximum

northward deflection.

The convection enhancement was identified during a period of strong driving

from the solar wind. At the beginning of the interval, we observe typical solar

wind flow speeds of ≈ 450 km/s. This gradually increases to 550 km/s over 5

hours. The period is characterised by a relatively steady IMF at ≈ 10 nT. The

magnitude of the IMF before the enhancement of convection is dominated by its

GSM Bx component, which is ≈ 9 nT until ≈ 15−20 minutes after the onset of the
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Figure 6.7: Solar wind and magnetometer observations for 6 hours around the magneto-
spheric convection enhancement at 01:41 UT on 6 April 2004.

convection enhancement when it turns negative. Although initially northward, in

the ≈ 2 hour period before onset, the IMF Bz component is directed southward, in

the same order of magnitude as the negative By component. Similar to the dawnside

convection enhancement interval, this results in values of ε that are in the top decile
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of ε (> 0.1× 10−3 W/m2) observed between January 1997 and December 2019.

In the 2 hours before the start of the convection enhancement, ε increases to >

0.5×10−3 W/m2. Approximately 15 minutes before onset, the value of ε begins to

decrease, as the magnitude of Bz also begins to decrease. In general, after the event

the driving of the magnetosphere is weaker. However, there are 2 ≈ 10-minute

pulses where ε increases to ≈ 0.4× 10−3 W/m2, one during the “recovery” phase

of the convection enhancement.

Observing the state of the magnetosphere, the PC index largely follows the

trends of ε prior to the convection enhancement. The minimum in PC prior to the

event occurs at the beginning of the interval when the driving is weakest. In the 90

minutes before the onset of the convection enhancement, PC stays relatively steady

at a value of ≈ 2.5 mV/m. In terms of the SML and SMU indices, there is a set of

compound substorm events that occurs at the beginning of the interval, with the last

expansion phase of this “chain” of events occurring 2 hours and 45 minutes prior

to the convection enhancement. This substorm is also identified by the Chu et al.

(2015) MPB method, with its MPB peak at ≈ 700 nT2. After the recovery phase

of this compound substorm, the SMU and SML indices are relatively steady prior

to the convection enhancement, showing a small increase in magnitude. However,

an offset in the SML and SMU magnitudes is observed, possibly an effect of the

increased conductivity in the morning sector due to substorm precipitation.

The highlighted convection enhancement was identified by SOPHIE EPT 90

at 01:41 UT, with the contributing station to SML at the time of onset located at

23.76 MLT. The “expansion” phase of this convection enhancement was identified

to last 11 minutes, during which the SML decreased by 235 nT from -410 nT to

-645 nT. The “recovery” phase of this event was evaluated by SOPHIE EPT 90 to

have lasted 62 minutes, with SML increasing by 530 nT to -115 nT at the end of

the recovery phase. The convection enhancement lasted 73 minutes in total. During

this interval, SMU changes magnitude in a similar manner, satisfying the criteria

for convection enhancement identification, although reaching its peak magnitude

earlier than SML. This is observed in panel f, since the reflection of SMU over the
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x-axis, -SMU, largely follows the trace of the SML index. Approximately the same

time as the convection enhancement in SML, the PC index also increases over a

period of ≈ 10 minutes to a value of 4− 5 mV/m. This value is maintained for

approximately 30 minutes before gradually decreasing to below that observed be-

fore convection enhancement at < 1 mV/m 30 minutes after the end of convection

enhancement. This convection interval is not accompanied by a Chu et al. (2015)

substorm identification from the MPB index, although a significant MPB pulse is

observed that peaks at > 1000 nT2 at the same time. This is immediately preceded

by another pulse that peaks at > 500 nT2, whose onset is at 00:15 UT. Interestingly,

there is a Chu et al. (2015) identification at 03:31 UT, where a significantly smaller

change in MPB is observed and in SML there is a possible signature of another

convection enhancement (well-matched SMU and SML magnitudes).

This event presents an anomaly in the statistical picture of the effect of the IMF

By on the ionospheric convection pattern and therefore magnetic perturbations. As

with the convection enhancement in the dawn sector, this event occurs in a period of

strong IMF By. Ruohoniemi and Greenwald (1998) showed that typically this acts

to rotate the Northern Hemisphere convection pattern anticlockwise when looking

down onto the pole, acting to shift the magnetic perturbations related to it towards

dawn. However, in contrast to this, in the current event presented the magnetic

perturbations have been shifted toward dusk, this could be as a result of lingering

conductance in the pre-midnight sector due to precipitation from the compound

substorms 2 hours before the convection enhancement, however this needs further

investigation.
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6.4 Discussion

In this study, we examine four events in detail in terms of their solar wind and

ground magnetometer measurements. Two of these events were substorms that are

related to DP1 magnetic perturbations, one where the maximum ground magnetic

perturbation is observed at a typical location for DP1, and the other where the max-

imum ground magnetic perturbation is observed at an atypical location. In addi-

tion to ground magnetometer measurements of these events, observations of the

aurora from a global imager are presented around the time of substorm onset. The

other two events analysed were what have been termed convection enhancements

in Chapter 5, which are related to DP2 magnetic perturbations, one where the max-

imum ground magnetic perturbation is observed at a typical location for DP2, and

the other where the maximum ground magnetic perturbation is observed at an atyp-

ical location.

Although the events presented in this study occur after periods of strong driv-

ing (in the upper deciles of ε observed between 1997 and 2019), apart from the

substorm presented in Section 6.3.1, it is not necessarily a requirement. As the

substorm is a loading-unloading phenomenon, there is a requirement that energy

and magnetic flux are added to the magnetosphere prior to onset, this is simply the

growth phase of the substorm. However, there appears to be no set threshold for

what this driving has to be, other than prior to the substorm there has to be a pro-

longed period of southward IMF (Morley and Freeman, 2007; Freeman and Morley,

2009; Wild et al., 2009).

Our observations in Section 6.3.1 seem in contrast to this hypothesis, with the

last prolonged period of southward IMF observed approximately 2 hours before on-

set. However, these observations can be explained within the paradigm of the Min-

imal Substorm Model of Freeman and Morley (2004). It has been proposed that the

energy budget of the substorm is analogous to a sand pile model, in which the addi-

tion of energy and mass to the magnetosphere is akin to adding grains of sand to a

sand pile, before a threshold is crossed and the system reconfigures, for the sand pile

this is its collapse and reconfiguration to a lower height, and for the magnetosphere
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it is the onset of the substorm expansion phase during which reconnection closes

the open magnetic flux in the tail lobes before it is recirculated. In this framework,

the prolonged period of southward IMF 2 hours prior to onset drove the magneto-

sphere to just below the point of criticality, such that any other addition of energy

would force the instability of the substorm to occur. In line with this hypothesis,

there are two short periods of southward IMF and therefore increased ε in the 30 -

15 minutes immediately before the SML onset. We assume there was the required

energy input to push the magnetosphere beyond its critical threshold. Although this

period is well explained qualitatively by the Freeman and Morley (2004) model, it

leads to natural follow-up questions such as what the threshold may be (i.e. is it

quantifiable to effectively explain and forecast substorm occurrence), how it varies,

and what its internal and external influences may be. There is also the question

of how well the convection enhancements, and the interplay of the directly driven

(DP2) and loading-unloading (DP1) response modes (Kamide, 1982; Kamide and

Kokubun, 1996) of the magnetosphere, are explained by the paradigm.

For the convection enhancement intervals, both events in this study occur un-

der strong driving from the solar wind, one sustained throughout the interval (Sec-

tion 6.3.3) and the other where the driving is periodically stronger and weaker

throughout its lifetime (Section 6.3.4). Note that these are definitionally differ-

ent from Steady Magnetospheric Convection (SMC) events (Sergeev et al., 1996a;

Kissinger et al., 2011; Walach and Milan, 2015), as the convection enhancements

are short-lived intensifications, in this study identified from the westward and east-

ward electrojets. Both of the convection enhancements presented are preceded by

relatively long (> 2 hours) of steady but elevated levels of magnetospheric convec-

tion, indicated by the PC index and the SMU and SML indices, which could be inter-

preted as SMCs. Although many varying criteria have been set to identify SMCs,

like substorms there is no consensus on the definition of an SMC event (Sergeev

et al., 1996b, 1998; O’Brien et al., 2002; McWilliams et al., 2008; Kissinger et al.,

2010). Although we have presented only two events, neither show signs that the

impulsive increase in convection has an external trigger. The further study of con-
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vection enhancement intervals with in-situ spacecraft could reveal if there are any

internal changes in the magnetosphere that are causal to the impulsive increase of

convection. This was not achievable in this study because coverage in the far- and

near-Earth magnetotail was limited for the intervals selected. The intervals pre-

sented in this study were chosen to have similar conditions as the substorms se-

lected, minimising the seasonal effect of the moving terminator (events were iden-

tified in the vicinity of the equinoxes).

In the events chosen, there seem to be no other clear differentiators apart from

the “correlated” changes in the SMU and SML magnitudes for convection enhance-

ments compared to substorm intervals. It could be argued that the IMF conditions

are qualitatively more chaotic prior to the substorm events than for the convection

intervals. However, statistical studies that use a larger number of events need to be

conducted to confirm whether this is true. In terms of geomagnetic indices, there

appears to be no obvious additional differentiator, as even the MPB index shows

significant increases during these intervals. This is particularly interesting because

this index was hypothesised to respond only to enhancements of the field-aligned

currents of the substorm current wedge (Chu et al., 2015). The MPB index there-

fore could be reflecting the enhancement in the Region 1 and Region 2 field-aligned

currents when magnetospheric convection is enhanced (Coxon et al., 2014a), par-

ticularly since the MPB index integrates data from the whole nightside (±5 hours

from 23.30 MLT) for its calculation. As stated in Section 3.1.3, only stations that

show significant deviations in this region are included for the MPB calculation.

Therefore, the addition of an extent or a width parameter (in MLT or MLon) of the

stations included for the calculation of MPB could indicate if MPB enhancements

are created by a structure that is more localised (such as the SCW) or more global

(R1/R2 currents).

One indicator that could be used to distinguish between these two event types,

is their auroral signature. For this study, there were no global imagers available for

the convection enhancement events and the all-sky imager array observations were

disrupted with cloud cover, and therefore, we were unable to present any auroral
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observations for the convection intervals. Although local observations of the aurora

from the ground using all-sky imagers have been fruitful (Nishimura et al., 2010,

2011; Murphy et al., 2014; Kalmoni et al., 2018), the global view of the aurora pro-

vides a unique perspective of meso-to-large-scale structures and their relationship

to various magnetospheric phenomena, not just the substorm.

In the substorms presented, the locations where their signatures are observed

contradict the expected effect of the influence of IMF By. Using substorm onsets

identified using the Polar and IMAGE spacecraft, Østgaard et al. (2011) showed

that under positive IMF By, the onset of the auroral substorm preferentially occurred

towards dusk MLTs and under negative IMF By they preferentially occurred further

towards dawn MLTs. Although Østgaard et al. (2011) clearly shows the effect of

an ongoing dominant By component, it should be noted that it is relatively minor,

such that the mean location of auroral onset is -0.5 MLT for 90◦ clock angle and

+0.5 MLT for 270◦ clock angle with standard deviations of the order 0.1 MLT. The

substorms presented in this study are therefore well outside of this statistical picture,

with the event in Section 6.3.1 under negative By identified from the aurora at 22.52

MLT and the event in Section 6.3.2 under positive By identified from the aurora at

0.62 MLT. It is unclear from the other observations presented, why this departure

from the statistical effect occurred.

The magnetic signature of the substorm event described in Section 6.3.2, oc-

curs significantly further dawnward than its auroral counterpart. Some displacement

is expected, as the auroral intensification is expected to be conjugate with the up-

ward FAC of the SCW, where the downward-directed electrons which intensify the

aurora are the current carriers. We expect this displacement to be of the order of

1 MLT, e.g., the displacement between Frey et al. (2004) onset peaks and the DP1

peak in Chapter 5. However, the difference in location of the station that contributed

to SML at the time of onset and where the auroral onset was identified was ≈ 2−3

MLT. This can be explained in part by the station coverage of the SuperMAG net-

work, as the auroral onset occurred over the east coast of Greenland. However,

stations located much closer to the location of auroral onset were contributing to
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SML at the time, including those located in Iceland. We hypothesise that these sta-

tions were below the equatorward boundary at the time of onset and thus observed

weaker geomagnetic fluctuations compared to the Tromso station (located at higher

latitudes) which contributed to SML at the time of onset. This is in part supported

by Dimitrakoudis et al. (2022), where they showed that geomagnetic fluctuations

are stronger within the auroral zone.

6.5 Summary
Table 6.1: Summary statistics of the events presented in this study

Event type ∆SML (nT) Mean (Std dev) of ε (1 hr prior) (W/m2) ∆MPB (nT2) Duration (min)

Substorm in the midnight sector 163 9.1×10−6 (7.7×10−6) ≈ 25 28
Substorm in the dawn sector 241 2.5×10−4 (1.5×10−4) ≈ 600 45

Convection enhancement in the dawn sector 292 6.4×10−4 (4.0×10−5) ≈ 250 43
Convection enhancement in the midnight sector 235 5.3×10−4 (5.9×10−5) ≈ 1000 73

Four event studies identified using the SOPHIE EPT 90 method (Forsyth et al.,

2015) are presented: two substorms and two convection enhancements. Six-hour

observations of the solar wind and interplanetary magnetic field measured at L1, the

PC index, the SMU and SML index and their local time partitioned counterparts,

and the MPB index are presented for each event. Table 1 shows a summary of the

events presented in this chapter. Specifically, the change in SML of each event,

the mean and standard deviation of ε 1 hour before each event, the change in MPB

of each event, and their durations are presented. In addition, auroral observations

are presented when available, specifically for the two substorm events. From our

analysis of the events, we conclude the following:

• The substorm and convection enhancement events presented in this study oc-

cur under strong driving. For 3 of the events shown, the ε values are in the

top decile for the period between 1997 and 2019.

• The substorms presented in this study have their signatures occurring in lo-

cations contrary to the expected effect of the IMF By component. In addition

to this, the magnetic signature of one event is especially displaced from its

auroral signature, a possible effect of non-uniform station density of magne-

tometer networks.
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• There is no other obvious differentiator between the convection enhancements

and substorms apart from coupled changes in SMU and SML magnitudes for

convection enhancements. The IMF conditions appear to be steadier prior

to the convection enhancements than for the substorms. With the standard

deviations of ε in Table 6.1 an order of magnitude smaller than the mean

value in the hour before the event occurrence, but a further statistical study is

required to evaluate whether this is always the case. Furthermore, even the

MPB index, which is thought to sample the occurrence and strength FACs of

the substorm current wedge, is also elevated during convection enhancements.

• Our results also imply that the act of simplifying data to indices may remove

crucial information that cannot be simply recovered by including more in-

dices.



Chapter 7

Final Remarks and Future Work

Yesterday is history, Tomorrow is a

mystery, but Today is a gift. That is

why it is called the present.

Master Oogway, Kung Fu Panda

(2008)

Ever since its first description from auroral observations more than 60 years

ago by Akasofu (1964), the substorm has been a topic of significant research. How-

ever, despite this, the space physics community still lacks a consensus on what

constitutes as a substorm event, with many questions remaining regarding this fun-

damental magnetospheric process. The substorm is a key element in the flow of en-

ergy and mass in the coupled solar wind-magnetosphere-ionosphere system, there-

fore the lack of understanding of this important physical process hinders our ability

to understand and predict the magnetospheric response to external driving.

In this thesis, we investigated the temporal relationship between different sub-

storm onset lists that have been provided in the literature. These lists are essential

to explain or predict substorm dynamics and effects, as a sufficiently extensive cat-

alogue of events is required to validate any model or statistical result. However,

we found that there is a significant divergence in the events identified, with less

than 50% agreement between any pair of catalogues within a 30-minute window.

Following this, we decomposed the substorm and magnetospheric convection con-

tributions to magnetic perturbations at high latitudes. We found that a significant
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number > 50% of these perturbations that were originally identified as related to

the substorm were misidentified. Moreover, we postulate that the auroral indices

as they are constructed today do not contain the information required to fully re-

solve the two components of the auroral electrojets (Kamide and Kokubun, 1996).

Following this result, we investigated a set of four events, two substorms and two

impulsive magnetospheric convection enhancements, in search of further differen-

tiators between these two event types.

In Chapter 4, we applied statistical techniques traditionally used in model val-

idation and verification (Mooney et al., 2021; Smith et al., 2021; Mooney et al.,

2024; Smith et al., 2024), but have also seen use in other studies (Forsyth et al.,

2016, 2020b), namely contingency tables. The method we used was detailed in

Chapter 3. Using this framework, we quantified the coincidence of events identified

using various substorm identification methods for the period between May 2000 and

December 2002, i.e. during the initial mission lifetime of the IMAGE spacecraft.

We found that while in general there was a greater than chance association between

detections from different substorm signatures, this varied depending on the method

and signature used.

A significant revelation of this study was that particle injections at geosyn-

chronous orbits displayed an almost random association with other features of the

substorm, in particular a random relationship with substorms identified from the

aurora. The substorm signature that showed the greatest association with other fea-

tures was the ground magnetic perturbations, namely the methods developed by

Newell and Gjerloev (2011) and Chu et al. (2015). This led us to recommend these

catalogues for community use, or the catalogue by Forsyth et al. (2015) if substorm

phases were required. However, the work given in chapter 5 showed us that these

lists are still likely contaminated with non-substorm events. Thus, we would like to

highlight that although we recommended these catalogues, caution should still be

exercised against over-interpreting any results derived using them, as only a 50%

overlap in events was observed, showing that the effects of other phenomena could

be folded into those of the substorm.
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In Chapter 5, we quantified the contributions of substorms and impulsive

convection enhancements to substorm-like features in the SML index. This was

achieved by statistically analysing the onset MLT of the two types of events iden-

tified using the SOPHIE technique of Forsyth et al. (2015). We found that al-

though the SOPHIE method attempts to filter out convection enhancements, 59%

of the events originally identified as substorms are instead due to impulsive mag-

netospheric convection enhancements or enhancements of the DP2 current pattern,

rather than DP1, which is associated with the ionospheric leg of the Substorm Cur-

rent Wedge. Additionally, we showed that this false positive identification affects

compound substorms much more significantly, approximately 8 in 10 compound

events are falsely identified, though they are half as common as the traditional iso-

lated substorm event. The results of this work indicate the importance of the sep-

aration of AL/SML bays that are due to the substorm and other magnetospheric

phenomena.

Moreover, when we explored thresholds to distinguish between impulsive mag-

netospheric convection enhancements and “true” substorm events, we found that no

single value can distinguish convection events entirely. Thus, we came to the con-

clusion that the auroral indices do not have the required information to perfectly

identify substorm events, as they inherently allow the identification of false pos-

itives. This does not mean that methodologies built on them are fruitless, as they

provide invaluable resources in finding events efficiently, which can then be verified

as “true” substorms via the occurrence of other substorm signatures.

In Chapter 6, we built on top of the work completed in Chapter 5, investigat-

ing four events, two substorms, and two impulsive magnetospheric convection en-

hancements, identified using the SOPHIE technique by (Forsyth et al., 2015). For

all events, the solar wind (measurements from L1 spacecraft) and magnetospheric

(geomagnetic indices) conditions in the surrounding 6 hours (±3 hours) around the

onset of each event were analysed. The events analysed all occurred under strong

driving from the solar wind. However, in analysing both the magnetospheric and

solar wind conditions prior to the event, there was no other obvious differentia-
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tor between the impulsive magnetospheric convection enhancements and substorms

apart from coupled changes in SMU and SML magnitudes that SOPHIE leverages

for the identification of convection enhancements. It seems that impulsive magne-

tospheric convection enhancements appear to occur after periods of steadier solar

wind driving compared to substorms, but whether this is the case for a larger set of

events needs to be further studied.

In the process of completing this thesis and answering some of the uncertain-

ties regarding the signatures of the substorm, there were pathways which were not

pursued and provide a course for future work. In Chapter 4, we showed that the

particle injections showed a poor association with other substorm signatures, which

improved when using the end of the injection interval as the onset time. An av-

enue not explored in this thesis but could provide fruitful for substorm research

is the evaluation of whether this was a result of automated method of Borovsky

and Yakymenko (2017) or a true systematic delay between an injection at geosyn-

chronous orbit and any ground effect. In Chapter 5, we discussed the ordering of

substorm phases to classify SOPHIE (Forsyth et al., 2015) events, one class of these

events which we labelled “Other” does not fit into the traditional framework of iso-

lated substorms (Growth into Expansion into Recovery into Growth) and compound

substorms (Growth into multiple Expansion and Recovery cycles into Growth). We

showed that these events were ∼ 50% due to DP1 and ∼ 50% due to DP2, and

discussed that they were more likely to occur during Solar maximum. The further

examination of these events, including the solar wind and magnetotail conditions

at the time of their occurrence, would build upon our understanding of magneto-

spheric response modes and could result in more robust identification of substorms

from auroral indices. In Chapter 6, we suggest that the current understanding of the

structure of the field-aligned currents between nightside magnetosphere and iono-

sphere during substorm intervals still requires work, as the MPB index, which has

been constructed such that it should only respond to the substorm, shows signif-

icant variations during convection enhancements. Additionally, there are various

contrasting phenomenological models of the FAC and substorm electrojet structure
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(e.g. McPherron, 1970; Gjerloev and Hoffman, 2014; Kepko et al., 2015; Liu et al.,

2015), highlighting the further work required in this area of substorm research.

Lists of “substorms” are inherently useful in solar terrestrial physics, provid-

ing a common baseline for both case and statistical studies of various processes that

are part of or result from the phenomena associated with substorms. However, this

thesis has shown that despite considerable progress being made in understanding

the characteristic features and consequent effects of the substorm, some conclu-

sions from studies using substorm lists may be incomplete, as these studies may be

considering non-substorm intervals. This ranges from the importance of the phe-

nomenon in the energization and variability of the ring current (Sandhu et al., 2019)

and the radiation belts (Forsyth et al., 2016; Rodger et al., 2022a) to its influence

on ground-induced currents (Freeman et al., 2019). As discussed throughout the

thesis, our studies highlight that currently these individual “substorm” lists are not

fully representative of the phenomena. In reality, they are lists of phenomena as-

sociated with the substorm, for example a list of magnetic enhancements, auroral

enhancements, particle enhancements, etc. which may or may not align with sub-

storm activity and should, ultimately, be treated in that way.

The work in this thesis highlights some major issues regarding substorm iden-

tification and its implications for the study of the phenomena. However, there are

many pathways in the short- and long-term to resolve these issues. As has been rec-

ommended throughout this thesis, the development of identification using multiple

datasets and ideally those using different substorm signatures, e.g., ground mag-

netic perturbations and the aurora, will improve our confidence in identifying “true”

substorm intervals. Moreover, the data from new and upcoming missions such as

NASA EZIE which will use Zeeman effect to “image” the electrojets and ESA/CAS

SMILE will provide an invaluable resource to validate our methods against. NASA

EZIE will provide another view in addition to our ground magnetometer arrays

on the structure of the auroral electrojets, to further understand the relationship

between its two components (directly driven and loading-unloading). ESA/CAS

SMILE will provide a global view of the aurora that has not been available since
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the end of the Polar mission in 2008. This thesis has focussed primarily on the

false identification of events in ground magnetometer data; similar work must be

completed on the other substorm signatures for us to have confidence in combined

datasets. This will contribute towards a community consensus on a quantitative de-

scription of the substorm from which we can identify events, and thus improve our

understanding of this still enigmatic phenomenon.
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