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Abstract
The magnetopause is the boundary that separates the Earth’s magnetic field from the

interplanetary magnetic field (IMF) and largely prevents solar wind plasma from entering

the magnetosphere. It shields the Earth from space weather and understanding what af-

fects its location is vital as we become more dependent on ground-, air- and space-based

technologies.

To study influences on the location of the magnetopause, an automated magnetopause

crossing detection routine is developed which can determine the location of the magne-

topause using a combination of plasma and magnetic field data. The technique is applied

to almost two solar cycles of data (1996 - 2015) from the Geotail spacecraft, producing a

database of over 8000magnetopause crossings. The crossings are normalised for solar wind

dynamic pressure and the magnetopause is modelled with the functional form of the Shue

et al. [1997, 1998] empirical model.

Solar cycle effects on the shape and location of themagnetopause are investigated and the

model is compared to models defined by previous authors. Magnetopause location varies

significantly throughout the solar cycle. We find that the model developed in this thesis

characterises magnetopause location most accurately during solar minima but is less accu-

rate during the increased solar activity observed in the declining phase of solar cycle 23.

Finally, we compare themodelmagnetopause predictionswith observations for a variety

of solar wind and magnetospheric conditions. We find that the direction of theBZ compo-

nent of the IMF has a stronger influence on the dayside magnetopause when the solar wind

dynamic pressure is weaker. The quantity of open magnetic flux in the magnetosphere or-

ders the dayside magnetopause location. We also examine the effect of the ring current on

magnetopause location and results indicate that the dayside magnetopause is eroded and

magnetotail is more inflated when the ring current is stronger.
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Chapter 1

Introduction

This thesis is concerned with the solar wind and magnetospheric influences on the shape

and location of the Earth’s magnetopause. The magnetopause is the boundary between the

terrestrial magnetic field and the magnetosheath, comprising shocked solar wind plasma,

and the interplanetary magnetic field. It acts as a barrier which shields the Earth from space

weather; the solar activity that affects the near-Earth space environment. Space weather

conditions can vary on both short- and long-timescales and can have differing levels of

effect. For example, extreme space weather events can produce beautiful brightenings of

the auroras at the northern and southern poles, but they can also disrupt ground-, air- and

space-based technologies, such as power grids, aviation and satellites. Solar activity also

changes over an approximately 11-year period known as the solar cycle. The most recent

two solar cycles, withwhich this thesis is concerned, contained some highly unusual features

that have provided a unique opportunity to study the magnetopause. In order to improve

our understanding of how space weather impacts the Earth and develop forecasting capa-

bilities, expanding our knowledge on how the magnetopause is affected by different space

weather conditions is vital.

In this chapter, the fundamental physicswhich underpins the behaviour of space plasmas

is presented. This provides the framework for understanding how the solar wind, magne-

tosphere and ionosphere couple, and what causes the location of the magnetopause to vary.

In addition, the necessary solar physics and magnetospheric configuration and dynamics

are introduced. In Chapter 2, the instrumentation and datasets used in both this thesis and

in the previous research carried out in the field, are discussed. A review of the literature

1
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with particular focus on previous methods of identifying the magnetopause location and

modelling the magnetopause forms Chapter 3. The work contained in Chapter 4 discusses

the methods used to identify the location of the magnetopause in this thesis, as well as the

development of a newmagnetopause model. Chapters 5, 6 and 7 focus on different physical

processes that influence magnetopause location. Finally, conclusions and possible future

work are considered in Chapter 8.

1.1 Motion of charged particles in magnetic and electric

fields

Todescribe the dynamics of a plasma, the simplest approach is to consider themotion of each

individual charged particle independently; known as the single particle motion description.

This approach neglects the collective behaviour of the particles, and can only be used when

the plasma can be approximated as collisionless, and where charged particle effects on the

external magnetic field are negligible [Baumjohann & Treumann, 1997].

The equation of motion for a particle with charge q and massm, in an electromagnetic

field can be obtained by combining Newton’s second law, F = ma, with the Lorentz force,

F = q(E + v ×B), to give

m
dv

dt
= q(E + v ×B) (1.1)

where E is the electric field vector, B is the magnetic field vector and v is the particle’s

velocity vector.

The motion of charged particles is strongly influenced by the electromagnetic field that

penetrates the plasma. Maxwell’s equations describe the relationship between the particles

and the electromagnetic field. In their differential forms, Maxwell’s equations are

∇ · E =
ρq
ε0

Gauss’ law for electricity (1.2)

∇ ·B = 0 Gauss’ law for magnetism (1.3)

∇× E = −∂B
∂t

Faraday’s law (1.4)

∇×B = µ0j + ε0µ0
∂E

∂t
Ampère-Maxwell law (1.5)

2



1. INTRODUCTION

where ρq is the charge density, ε0 is the permittivity of free space in a vacuum (8.854 ×

10−12 F m−1), µ0 is the permeability of free space in a vacuum (1.257× 10−6 m kg s−2A−2),

and j is the current density.

The first two equations define the sources of electromagnetic fields. Equation 1.2 is

known as Gauss’ law for electricity and shows that the source of the electric field is related

to the electric space charge density, ρq, which is the difference between the charge densities

of electrons and ions. The second equation, equation 1.3, is known as the "no monopoles"

law or Gauss’ law for magnetism. It indicates that there are no sources or sinks of magnetic

field and therefore magnetic field lines always close.

The next two expressions show that electric andmagnetic fields are not independent, but

are coupled by their spatial and temporal variations. Faraday’s law is given in equation 1.4

and it describes the electric field that is induced in the presence of a time-varying magnetic

field. Finally, the Ampère-Maxwell relation is defined in equation 1.5 and it relates a current

system, j, to themagnetic field. The first termon the right-hand side of theAmpère-Maxwell,

µ0j, where j is the conduction current, describes the magnetic field circling the current

flow. When the electric field varies slowly with time, which is a good approximation for

most space plasma phenomena, the second term, ε0µ0
∂E
∂t
, which describes the displacement

current, can be neglected giving∇×B = µ0j, forming Ampère’s law.

In the following sections, the implications of the equation ofmotion (equation 1.1) under

different magnetic and electric field conditions will be discussed.

1.1.1 Gyromotion

In the absence of an electric field (E = 0), assuming that the magnetic field is uniform and

steady along the Z-direction (B = Bẑ), and the velocityv has three components (vx, vy, vz),

equation 1.1 can be expressed in each of its Cartesian components as follows

dvx
dt

=
qB

m
vy (1.6a)

dvy
dt

= −qB
m
vx (1.6b)

dvz
dt

= 0 (1.6c)

3
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Differentiating equation 1.6a and substituting equation 1.6b yields

d2vx
dt2

=

(
qB

m

)
dvy
dt

= −
(
qB

m

)2

vx

d2vx
dt2

+

(
qB

m

)2

vx = 0 (1.7)

which is the equation for simple harmonic motion, with gyrofrequency, ωg ,

ωg =
qB

m
(1.8)

A similar equation for vy can be found by performing a similar differentiation and substitu-

tion.

The particles therefore gyrate around a field line, with a gyrofrequency, ωg . The direc-

tion of gyration depends on the particle’s charge. In the configuration shown in Figure 1.1a.

where magnetic fields are directed out of the page, the positively charged particle gyrates

clockwise and the negatively charged particle gyrates anti-clockwise. This forms current

loops which produce a magnetic field which opposes that of the background field,B. They

gyrate with a gyroradius, rg ,

rg =
v⊥
|ωg|

=
mv⊥
|q|B

(1.9)

where v⊥ =
√
v2x + v2y is the velocity perpendicular to B. It can further be shown that

when E = 0 and the magnetic field is steady, the velocity of the particle remains constant.

From the equation of motion given by equation 1.1

m
dv

dt
= q(v ×B) (1.10)

Taking the dot product with v on both sides yields

mv · dv
dt

= m
d

dt

(
1

2
v · v

)
=

d

dt

(
1

2
mv2

)
= qv · (v ×B) (1.11)

where v · (v ×B) = 0

⇒ d

dt

(
1

2
mv2

)
= 0
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Figure 1.1: a. Sketch of the motion of positively and negatively charged particles in a steady

uniform magnetic field, B, with no electric field. The direction of the force the particles feel is

shown by the arrowed lines labelledF and the trajectory is shown by the green arrowed line. b.

Sketch of a particle’s gyromotion along a magnetic field line. The particle’s trajectory is shown

by the green arrowed line.

This shows that the kinetic energy of the particle does not change with time, implying that

v =
√
v2⊥ + v2‖ = constant (1.12)

where v⊥ is the component of v perpendicular toB and v‖ is parallel toB.

The centre of the orbit is described as the guiding centre. When there is a parallel compo-

nent to the velocity, the particle will travel along the field line in a helical trajectory, as

shown in Figure 1.1b. Another way to represent particle motion is to define the pitch angle,

α, which describes the angle that the particle’s velocity vector makes to the magnetic field

line or guiding centre

α = tan−1
(
v⊥
v‖

)
(1.13)

When α is 0◦, the particle travels alongB, and when it is 90◦, its trajectory is circular.
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1.1.2 Magnetic mirroring

In this section, wewill consider the scenariowhere a charged particle ismoving into a region

of increasing magnetic field strength, that is a converging magnetic field. This configuration

is shown in Figure 1.2. In this diagram, the gradients inB and v‖ are along the z-axis. The

Lorentz force (qv×B), labelledF in the diagram, is perpendicular to the magnetic field,B,

so has a component pointing away from the direction of increasing field. This component

causes v‖ to reduce as the particle moves into a stronger magnetic field, but as equation

1.12 must remain true, v⊥ must increase. Eventually, v‖ decreases until there is no parallel

motion along the field and the direction of the particle’s trajectory reverses. This type of

motion is known as magnetic mirroring, or bounce motion.

F

mirror point

B

F
v||

v⊥

Figure 1.2: Sketch showing the trajectory of a charged particle in a converging magnetic field.

The point along the field where the particle is mirrored, Bm, can be deduced using a

quantity known as the first adiabatic invariant. The first adiabatic invariant is as follows

v2⊥
B

= constant =
v2⊥0
B0

(1.14)

where v2⊥0 and B0 are measured at some specified initial point. Both the particle velocity

and the first adiabatic invariant are conserved. Combining equations 1.14 and 1.12 yields

v2‖ = v2 − v2⊥

= v2 − v2⊥0
(
B

B0

)
(1.15)

6



1. INTRODUCTION

The particle will mirror at Bm where the parallel velocity decreases to 0,

v2 = v2⊥0

(
Bm

B0

)
⇒ Bm = B0

(
v

v⊥0

)2

(1.16)

The mirror point can also be described using the pitch angle, α, which was defined in equa-

tion 1.13. The first adiabatic invariant becomes

v2⊥
B

=
v2 sin2 α

B
= constant

or, as v is constant,
sin2 α

B
= constant (1.17)

As the particle approaches the mirror point, α → 90◦ as v is constant. The constant in

equation 1.17 becomes
sin2 α

B
=

sin2 αm
Bm

=
1

Bm

(1.18)

which can be rearranged to give the field strength at the mirror point,

Bm =
B

sin2 α
(1.19)

Equation 1.19 implies that the mirror point of a particle does not depend on the type of

particle, i.e. its mass or charge, or on its velocity, but it only depends on the pitch angle, the

angle at which the velocity vector makes to the guiding centre.

1.1.3 E ‖ B

When there is no electric field, the velocity of a charged particle along a magnetic field line

is constant (as shown by equation 1.12). When an electric field is introduced, this is no

longer necessarily true. Similar to the previous sections, we assume B = Bẑ, and intro-

duce E = E‖ẑ. A parallel electric field occurs when there is a charge separation along the

magnetic field direction. The velocity along the field, equation 1.6c becomes

dvz
dt

=
q

m
E‖ (1.20)

which becomes on integration

vz = vz0 +
qE‖
m

t (1.21)
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The dependence of vz on qmeans that positively charged particles accelerate in the direction

of E, and negatively charged particles accelerate in the opposite direction. Eventually the

charge separation is reduced andE‖ becomes zero. Generally, in this thesis we are interested

in space plasmas where E‖ = 0.

1.1.4 E×B drift

If the electric field is perpendicular to the magnetic field, such that E = E⊥ŷ (as shown in

Figure 1.3), then a particle initially at rest will be accelerated due to the electric field in the

y direction. As the velocity of the particle begins to increase, the particle starts to gyrate

due to the Lorentz force, qv × B (the second part of equation 1.1). As the Lorentz force

on the particle begins to increase, the particle is accelerated in the x direction causing it

to turn. The turning continues until vy = 0 and when the Lorentz force is opposite to

and larger than the qE term of equation 1.1. After this point, the particle continues to turn

whilst moving against E, decelerating, until it comes to a rest. The motion then repeats

itself, and the particle drifts in the positive x direction. The resultant flow of the particles

has an average drift velocity

vE =
E×B

B2
(1.22)

The average drift velocity does not depend on charge, mass or initial conditions.

In the frame of reference moving with the particle drift, the particles would appear to

gyrate in circles, like the motion described in section 1.1.1. In this frame, the particles expe-

rienceB as before, but feel no effect from the electric field. There is no perpendicular electric

field in this frame. Therefore, the electric field is dependent on the frame of reference the

particles are observed in. When a plasma drift is observed, v, in that frame of reference there

will also be an observed electric field, such that

E = −v ×B. (1.23)

1.1.5 Gradient and curvature drifts

In the terrestrial magnetospheric physics, it is often unrealistic to consider a homogeneous

magnetic field. Usually the magnetic fields we are interested in have gradients and often

they are curved. In section 1.1.2 it was shown that particles mirror when there is a gradient
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Figure 1.3: Sketch showing the trajectory of positively and negatively charged particles in a

uniformmagnetic field with a uniform perpendicular electric field. The particles exhibitE×B

drift.

in the magnetic field strength parallel to B. In this section, we will consider what happens

to the particles when the gradient in the magnetic field is perpendicular toB.

Figure 1.4a. shows the configuration of the system. As the particles gyrate, they will

experience differing magnetic field strengths. As the particles move into regions of higher

magnetic field strength, their gyroradius (equation 1.9) will decrease, and as they move into

regions of lower magnetic field strength, their gyroradius will increase. The change in gyro-

radii causes the guiding centre to shift in a direction perpendicular to both B and ∇B,

resulting in the positive and negative charges drifting in opposite directions. This drift is

known as gradient-B drift. The gradient-B drift velocity is given by

v∇B =
mv2⊥
2qB3

(B×∇B) =
W⊥
qB3

(B×∇B) (1.24)

whereW⊥ = 1
2
mv2⊥ is the perpendicular kinetic energy. Equation 1.24 shows that the ions

and electrons drift in opposite directions, and that the gradient drift velocity is proportional

to the perpendicular kinetic energy. Particles that have higher kinetic energies will drift

faster as they will have a larger gyroradius and will experience larger inhomogeneity in the

magnetic field.

When the magnetic field lines are curved, that is the field direction changes alongB, the

particles will experience curvature drift. Under these conditions, the gyrating particles expe-

9
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B
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FR

a. b.

Figure 1.4: a. Sketch showing the motion of positively and negatively charged particles expe-

riencing gradient-B drift. b. The centrifugal force felt by a particle moving along a curved field

line.

rience a centrifugal acceleration directed away from the centre of the field line curvature

(see Figure 1.4b.). Similar to the gradient-B drift, the gyroradius of the particles increases as

the particle moves away from the curvature of the field, which causes the particles to drift

perpendicular to the field and the radius of curvature with a drift velocity given by

vcurv =
mv2‖
q

Rc ×B

R2
cB

2
=

2W‖
q

Rc ×B

R2
cB

2
(1.25)

whereRc is the local radius of curvature of the field lines. The curvature drift is proportional

to the parallel particle energy,W‖, and perpendicular to themagnetic field and its curvature.

Therefore, there is a flow in theRC ×B direction.

In a dipolar, or approximately dipolar field like that of Earth, particles will undergo both

gradient and curvature drifts. In the Earth’s magnetosphere, these drifts are in the same

direction and so they can be considered as one gradient-curvature drift or total magnetic

drift.

1.1.6 Drifts in the Earth’s magnetosphere

The Earth’s magnetic field is approximately dipolar inside of about 6RE (Earth radii), which

means the total field strength is lowest at the equator and the field lines converge in both the

northern and southern hemispheres. Under this configuration, the particles gyrate along the

10
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magnetic field lines as shown in Figure 1.5a. As the field converges in both hemispheres, they

will bounce back and forth between their mirror points and are said to be trapped. These

trapped energetic particles form the radiation belts, or the Van Allen belts [Baumjohann &

Treumann, 1997]. However, particles can escape. Particles with small equatorial pitch angles

will mirror closer to the Earth. If the mirror point lies within the Earth’s atmosphere, they

will collide with neutral particles and will be absorbed by the atmosphere. If these particles

are energetic enough, this collision will produce an aurora. The particles that are lost from

the trapping region are described as being within the loss cone.

ElectronsIons

Trajectory of
trapped particle

Mirror point

Magnetic field line

N

S

a. b.

ring current

+
-

[Looking from above]

ring current

B

Figure 1.5: a. Sketch showing the motion of ions and electrons trapped on closed field lines in

the Earth’s magnetosphere. Adapted from Baumjohann & Treumann [1997]. b. Ion and electron

drifts which create the ring current.

As well as gyrating and bouncing, the particles undergo a slow azimuthal drift as a result

of the gradient-curvature drift which dominates in the Earth’s dipole magnetic field. Posi-

tively and negatively charged particles drift oppositely as can be seen in Figure 1.5b. At

the Earth, ions drift westward while the electrons drift eastward, resulting in a westward

current known as the ring current (indicated by the red arrowed line in the Figure 1.5a. and

b.).

1.2 Magnetohydrodynamics

Another technique used to describe the dynamics of a plasma is to consider the bulk motion

of the plasma. This approach is known as magnetohydrodynamics, or MHD. It neglects all

11
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single particle aspects and treats the plasma as a single conducting fluid with macroscopic

variables such as average velocity, temperature and density.

1.2.1 Equations of motion

In a one-fluid MHD approximation, it is assumed that the plasma consists of two species

of particles, electrons and ions (where subscripts e and i will be used to denote each species

respectively). In a quasi-neutral plasma, the fluid number density, n, fluid mass, m, fluid

velocity,V, and mass density, ρ are given by

n = ne = ni (1.26)

m = me +mi ≈ mi (1.27)

V =
minivi +meneve
mene +mini

≈ vi (1.28)

ρ = neme + nimi (1.29)

where it can be assumed that the electron mass, me is negligible in comparison to the ion

mass. Electron fluid velocity can be neglected in the one-fluid MHD approach because the

ion mass is much larger than the electron mass, and so the ions are the dominant species.

The continuity equation is then given by

∂ρ

∂t
+∇ · (ρV) = 0 (1.30)

This is the continuity equation for the total fluid and it does not discriminate between

particle species. It shows that in a classical and non-relativistic plasma, mass is conserved.

If we considerNewton’s second law, themomentum equation can be derived. The forces

acting on the particles aremade up of both internal and external forces. The internal electro-

static forces cancel due toNewton’s third law, and sowe are left with only the external forces

to consider. The forces that need to be considered are gravity, pressure of the surrounding

medium, and electromagnetic forces. Combining these forces gives the general equation of

motion

ρ
dV

dt
= ρg −∇P + ρqE + j×B (1.31)

where P is the pressure (P = Pi + Pe), ρq is the charge density (departure from quasi-

neutrality), and j is the current density. This gives the rate of change of the centre of mass

velocity of a plasma element.

12
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This equation can be simplified by showing that some of the terms are negligible when

compared to others. For example, the electric force term, ρqE, is negligible in comparison

to the magnetic force term, j×B, for non-relativistic situations.

1.2.2 Ohm’s law

The generalised Ohm’s law of a plasma describes the evolution of current density, j, in an

electromagnetic field. It can be determined from the manipulation of the continuity equa-

tion (equation 1.30) and the equation of motion (equation 1.31). For space plasmas, Ohm’s

law can be simplified to

j = σ(E + v ×B) (1.32)

where σ is the plasma conductivity, given by

σ =
nee

2

meνc
(1.33)

where νc is the collision frequency between ions and electrons. In an ideal MHD plasma,

there are no collisions, so as σ →∞, equation 1.32 becomes

E = −v ×B (1.34)

1.2.3 Frozen-in flow approximation

An important consequence ofOhm’s law is the induction equationwhich describes the changes

in magnetic field. The induction equation can be determined from rearranging Ohm’s law

(equation 1.32) for the electric field, taking the curl of both sides and substituting Faraday’s

law (equation 1.4) to give

∂B

∂t
= ∇× (v ×B) +

1

µ0σ
∇2B (1.35)

where the first term on the right-hand side is the convective term and the second is the

diffusive term.

When themagnetic field varies slowlywith respect to the particles’ gyroradii and gyrope-

riods, the diffusion term becomes negligible and the plasma is dominated by convection. In

this scenario, the motions of the plasma are tied to the magnetic field lines and vice versa.

This is known as the frozen-in flow approximation or Alfvén’s theorem [Alfvén, 1943]. When
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the frozen-in flow approximation applies, plasmas from different sources cannot mix and

different magnetic field lines stay separated, making it possible to identify a field line by the

plasma that is frozen to it. The identifiable field lines are known as a flux tube, which is

essentially a theoretical cylinder which contains a constant amount of magnetic flux.

1.2.4 Magnetic reconnection

The frozen-in flow approximation breaks down when the diffusive term in equation 1.35

dominates. In this scenario, the magnetic field is no longer frozen into the plasma and may

slip or diffuse across the plasma, allowing field lines to reconnect. The consequences of this

are greatest at the boundary between two magnetic fields which are oppositely directed as

shown in Figure 1.6. Such a topology exists around thin current sheets like the magne-

topause and the current sheet in the magnetotail (both of which will be discussed in greater

detail in section 1.4). Figure 1.6 shows the magnetic reconnection configuration which

occurs at the dayside magnetopause.

Reconnection is driven by the inflow of plasma (blue arrows in the figure). The diffusion

of field lines through the plasma allow them to reconnect (indicated by the pink cross). This

results in an X-type configuration. There is high magnetic tension in the newly connected

field lines and as the diffusion term acts to smooth out gradients in the field, there is an

outflow of plasma in the form of jets (indicated by the green arrows). The newly connected

field lines contain a mix of plasma from both sides of the current sheet. As the gradi-

ents in the magnetic field become less sharp, the diffusion term of the induction equation

decreases. To balance the system, more plasma moves into the diffusion region and recon-

nection continues.

1.3 The Sun and the solar wind

As well as emitting electromagnetic radiation which bathes the Earth with heat and light,

the Sun also emits the solar wind. The solar wind is a continuous stream of high-speed

particles which blows out from the solar corona into interplanetary space filling the entire

solar system, carving out a region surrounding the Sun called the heliosphere. The Sun has

a magnetic field which is, to a first approximation, a dipolar during solar minimum. The
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Figure 1.6: Diagrams illustrating magnetic reconnection at the dayside magnetopause. The

Sun’s magnetic field, BIMF, embedded in the solar wind (SW) is oppositely directed to the

magnetospheric (MSP) magnetic field, B. The two magnetic fields with their frozen-in plasma

are separated by the magnetopause (MP) current sheet (grey). Blue arrows show the motion

of the magnetic field lines and frozen-in plasma, and the pink cross shows the location of the

reconnection site.

solar wind and the Sun’s magnetic field are frozen-in (as discussed in section 1.2.3), which

enables the Sun’s magnetic field to permeate the entire heliosphere. This is known as the

interplanetary magnetic field (IMF). In this section, the origins and structure of the solar wind

and IMF will be briefly discussed.

Similar to winds found on Earth, the solar wind is driven by a difference in pressure, but

this difference is between the Sun’s upper atmosphere and interplanetary space [Moldwin,

2008]. The solar corona is a hot and high density region of the Sun’s upper atmosphere,

and it provides the energy needed for the plasma to escape the Sun’s atmosphere. However,

the plasma cannot escape at all latitudes. At the equator, the Sun’s magnetic field is closed

with both footprints on the Sun. This closed region of field lines contains hot, high-density

coronal plasma which is trapped. At the poles, the Sun’s dipole is more radial as the field

lines are stretched out into interplanetary space. In these regions, known as coronal holes,

the solar wind is able to escape the solar corona. The plasma found in these high-latitude

coronal holes is much cooler and more tenuous, and it is the main source of solar wind
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outflow.

As shown in section 1.2.3, the motions of the plasma are tied to the magnetic field lines

and vice versa. At the Sun, the energy density of the IMF is low in comparison to that of the

outflowing solar wind, so the solar wind carries the IMF with it. If there was no solar wind

outflow, the Sun’s magnetic field would be approximately dipolar. The flow of solar wind

however, distorts the field and stretches out the field lines radially. After some time, each

field line points radially inwards or outwards as seen in Figure 1.7a. Oppositely directed field

lines at the equator will create an azimuthal current sheet separating them (as described by

Ampère’s Law, equation 1.5).

It is also necessary to consider the rotation of the Sun when determining the topology

of the IMF, since the footprint of each magnetic field line is frozen to the Sun’s surface. The

Sun has a rotation period of approximately 27 days. As the Sun rotates, the point where an

element of solar wind plasma leaves the surface moves anti-clockwise when viewing from

above the Sun (see Figure 1.7b.). As the plasma and magnetic field are frozen-in, the field

lines are bent into a spiral as the plasma element moves further away from the Sun with

respect to the original point where the plasma left the surface. The spiral pattern produced

is known as an Archimedean spiral, or the Parker Spiral [Parker, 1958] (see Figure 1.7c.).

At 1 AU, where the Earth orbits the Sun, the Parker spiral impacts the Earth at approx-

imately 45◦ to the Sun-Earth line, from the late morning direction. As indicated in Figure

1.7c., the direction of the IMF is divided into sectors (red dashed lines) according to solar and

anti-solar directions [Baumjohann&Treumann, 1997]. The sectors are separated by current

sheets. The current sheet is tilted with respect to the ecliptic plane at the sector boundaries,

but far above and below the ecliptic plane it turns into horizontal direction, analogous to

a ballerina skirt. The Earth orbits the Sun with an azimuthal velocity of approximately

30 km s−1. This means the solar wind impacts the Earth’s magnetosphere with an aberra-

tion of around 5◦ from the radial direction, sometimes known as the windsock effect. When

the solar wind velocity is higher, this angle decreases. When the solar wind reaches the

Earth, it typically has a velocity of 450 km s−1, electron density and temperature of 5 cm−3

and 105 K, and the IMF is of the order 5 nT [Baumjohann & Treumann, 1997].

The solar wind is not steady or uniform but is highly variable both on short and long

timescales. In the next two sections, space weather and its impact on the terrestrial system
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Figure 1.7: a. A diagram of the radial component of the interplanetary magnetic field (IMF)

with an azimuthal current sheet separating the oppositely directed fields. b. A diagram of the

azimuthal component of the IMF. The numbers indicate how an element of plasma flows out

from the Sun over time t. c. Parker Spiral structure of the IMF [Baumjohann&Treumann, 1997].

will be discussed, followed by the solar cycle.

1.3.1 Space weather

Space weather refers to the solar activity that affects the near-Earth space environment.

There are numerous different types of space weather phenomena that can impact and cause

havoc in the near-Earth space environment, including solar flares, energetic particles or

cosmic rays, coronal mass ejections and corotating interaction regions. Solar flares are

highly-energetic ejections of particles and electromagnetic radiation includingX-rays, which

can cause communication issues on Earth, or in the most extreme scenarios, can cause radio

blackouts [e.g.Moldwin, 2008; Eastwood et al., 2017]. Cosmic rays consist of energetic parti-

cles. When high-energy cosmic rays hit the near-Earth space environment they can cause

damage to satellites and are very dangerous for astronauts. The phenomena that directly

impact the Earth’s magnetopause, of which we are concerned with in this thesis, will be

briefly introduced here.

Coronal mass ejections (CMEs) are responsible for themost extreme space weather effects

at the Earth [Webb & Howard, 2012]. An observation of a CME is shown in Figure 1.8a.

They form when the Sun’s magnetic field reconfigures causing a large portion of the solar
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[Looking from above]

a. b.coronal mass
ejection

Sun

Figure 1.8: a. A coronal mass ejection as observed by the SOHO satellite. [Image credit: SOHO

ESA and NASA]. b. A sketch of a corotating interaction region from Owens & Forsyth [2013].

corona containing magnetic field and plasma, to blast away into the heliosphere [Moldwin,

2008; Webb & Howard, 2012]. As a CME travels through the solar system, its magnetic field

expands, which commonly has the form of a helical magnetic structure known as a flux rope.

CMEs often have a shock and a high-density pile up of plasma in front of them due to slower

solar wind plasma being "swept up". Fast CMEs can cause a phenomenon at Earth known as

geomagnetic storms (which will be discussed in detail in Chapter 3).

Another type of spaceweather event that can have damaging effects at the Earth is known

as a corotating interaction region (CIR). CIRs occur when fast solar wind (red) catches up with

slow solar wind (blue) ahead of it, and a spiral-shaped stream interface (black line) forms as

seen in Figure 1.8b. [Owens & Forsyth, 2013]. When the solar wind is quasi-steady, the

stream interface region will corotate with the Sun.

1.3.2 Solar cycle

The polarity of the Sun’s magnetic field reverses every 11 years and this cyclic behaviour is

known as the solar cycle. The solar cycle is characterised by the waxing and waning of the

number of sunspots on the solar surface, regions or patches of strong magnetic field that

appear darker on the surface of the Sun as they are cooler than the surrounding surface

[Moldwin, 2008]. The magnetic field strength in a sunspot is sufficiently strong to choke
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the convective heat flow, which leaves it cooler than its surroundings [Hathaway, 2015].

Solar activity and variability also change over the solar cycle. The most active and energetic

interval is described as solar maximum, whilst the period of lowest activity is called solar

minimum. By convention, solar cycles end and begin at solar minimum.

Sunspots can be seen with the naked eye during hazy skies, or by using a telescope.

This has allowed for centuries of observations of sunspots. In 1844, Heinrich Schwabe was

the first to report that observations of sunspots over the previous 18 years varied over an

approximately 10-year cycle [Schwabe, 1844]. Figure 1.9 shows solar cycle observations

spanning 1750 to the present day. During this time, sunspots have been observed daily from

anumber of different observatories. Sunspots can last hours, days or evenmonths [Moldwin,

2008], with the total number varying over the semi-regular 11-year cycle. How sunspots are

measured and counted will be discussed in section 2.2.3.

The number of sunspots, or regions of intense magnetic fields, changes over the solar

cycle because the Sun’s magnetic field changes. The Sun’s magnetic field is generated and

modulated by a dynamo. At solar minimum, the solar magnetic field is well ordered and

dipolar. Over the course of the solar cycle, the Sun’s magnetic field slowly reverses polarity.

At solar maximum, the Sun’s magnetic field is most disordered and highly structured. In the

descending phase of the solar cycle, which occurs after solar maximum, the Sun’s magnetic

field returns to its dipole configuration. This reversal of polarity occurs over an 11-year

cycle, with a complete magnetic cycle occurring over 22 years. The 22-year cycle is some-

times known as the Hale cycle, named after the solar astronomer who discovered it [Hale

et al., 1919]. The reversal in polarity is also observed in the polarity of sunspot pairs: the

leading spots in each hemisphere have opposite polarities, which reverse every 11-years. As

solar activity varies with sunspot numbers, or the solar cycle, space weather also follows

this cycle. More severe space weather events occur at solar maximum, whilst during solar

minimum, the space weather conditions are much quieter.

The number of sunspots, or level of solar activity, varies significantly between solar

cycles. For example, in the top panel of Figure 1.9, there is a large difference between the

number of sunspots observed in the solar cycles occurring before 1800 and the following

few solar cycles occurring after 1800. Using cosmogenic ice-core data as a proxy for the

solar cycle, it is possible to observe variations in solar cycles over the last 10,000 years [e.g.
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Figure 1.9: Monthly International Sunspot Numbers from 1750 to May 2018 from SILSO

World Data Center [2016].

Usoskin, 2017; Beer et al., 2017]. This proxy data has shown that solar cycles vary over

a much longer timescale and undergo grand minima and maxima phases. The most well-

known of these phases is called theMaunderMinimum [Eddy, 1976], which took place over

a 70-year period from 1645 to 1715. Many scientists believe we are entering the next grand

minimum of solar activity. This will be discussed in greater detail in section 3.2.

1.4 The Magnetosphere

As the solar wind and frozen-in IMF expands into the solar system, it eventually meets the

Earth’s magnetic field with its frozen-in plasma. When the two plasmas meet, they cannot

mix and a thin current sheet, called theChapman-Ferraro current or themagnetopause, forms
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at the interface [Chapman & Ferraro, 1931]. This will be expanded on in section 1.4.2. The

solar wind compresses the terrestrial magnetic field on the dayside, causing the terrestrial

field to increase in strength. This increases the magnetic pressure being exerted on to the

solar wind, resulting in the solar wind coming to a stop at the dayside equator. Elsewhere,

the solar wind and IMF slip around the sides of the terrestrial field. This forms a cavity

called the magnetosphere. In the remaining sections we will explore the configuration of the

magnetosphere, the magnetopause, and the other currents and flows that result from this

configuration.

1.4.1 Magnetospheric configuration

Figure 1.10 shows the basic configuration of the Earth’smagnetosphere. As the highly super-

sonic solar wind hits the magnetosphere, a shock wave forms upstream, known as the bow

shock. As the plasma passes through the bow shock it is slowed, compressed and heated.

This shocked solar wind plasma forms themagnetosheath. The density in themagnetosheath

is about 4 times the density of the solar wind plasma [Baumjohann & Treumann, 1997].

Near the Earth’s magnetosphere, the solar wind typically has a density of 7 cm−3 and so the

magnetosheath plasma density will be of the order 30 cm−3. The standoff distance to the

bow shock is approximately 14 RE . The magnetopause separates the magnetosheath and

the magnetosphere. At the nightside magnetosphere, the magnetic field is stretched into a

tail-like formation known as the magnetotail.

1.4.2 The Magnetopause

1.4.2.1 The Chapman-Ferraro current

Themagnetopause current, also called theChapman-Ferraro current, forms becauseAmpère’s

law (equation 1.5) states that if there is a gradient in B, a current must exist. The IMF is

weak in comparison to the terrestrial magnetic field, so across the boundary the gradient is

directed Earthwards across the subsolar magnetopause. From Ampère’s law, the current, j,

is parallel to∇×B, so the current at the subsolar magnetopause where the terrestrial field

is directed northwards flows duskwards (as shown in Figure 1.11a.). At higher latitudes and

in the magnetotail, the terrestrial field is directed southwards, reversing the direction of the
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Figure 1.10: The Earth’s magnetosphere. Large light grey arrows show the solar wind flow.

Large dark grey arrows indicate the currents that form in the magnetosphere. Adapted from

Baumjohann & Treumann [1997] and Hunt [2016].

gradient. The magnetopause current in these regions flows dawnwards.

TheChapman-Ferraro current itself produces a correspondingmagnetic field. The gener-

ated field is directed northwards in the vicinity of themagnetopause nose, the same direction

as the dipolar magnetospheric field. The Chapman-Ferraro current therefore compresses

themagnetospheric field and increases the dipolar field strength. Themagnetic field strength

just inside the magnetopause is twice the strength of the undisturbed dipole strength, of the

order 60 nT [Baumjohann & Treumann, 1997].

We can further understand Chapman-Ferraro currents by considering the motions of

the charged particles as they encounter the magnetopause boundary. As the IMF is very

weak it can be assumed that solar wind particles have effectively infinite gyroradii and that

22



1. INTRODUCTION

 
  
 

a. b.

x  y

z
j

solar
wind

magnetopause

BMP

magneto-
sphere

rgi

rge

+

-

x

y

z

Figure 1.11: a. Schematic showing the Earth’s magnetosphere with the Chapman-Ferraro

current. b. Diagram showing the trajectories of solar wind particles as they encounter the

dayside magnetopause. Adapted from Baumjohann & Treumann [1997].

they move with the solar wind flow. When the particles encounter the terrestrial magnetic

field, which is much stronger than the IMF, the particle gyroradii suddenly decrease, and the

particles are essentially reflected from themagnetopause boundary. Thismotion is displayed

in Figure 1.11b. As shown in section 1.1.1, ions and electrons gyrate in opposite directions.

Therefore, within the magnetopause there is a relative drift between opposite charges along

the magnetopause, which gives rise to the Chapman-Ferraro current. In addition, Figure

1.11b. also indicates that the magnetopause has a finite width of the order of an ion gyrora-

dius.

1.4.2.2 Magnetopause standoff distance

The location of the magnetopause is mainly controlled by the pressure balance between the

solar wind and IMF on one side, and the magnetospheric plasma and field on the other.

From the equation of motion (equation 1.31) and evoking Ampère’s law it can be shown

that,

ρ
dV

dt
= ρg −∇(P +

B2

2µ0

) +
1

µ0

(B.∇)B (1.36)
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By assuming equilibrium (dV
dt

= 0), gravity is negligible (g = 0) and magnetic tension is

negligible ( 1
µ0

(B.∇)B = 0), equation 1.36 becomes

∇
(
P +

B2

2µ0

)
= 0 (1.37)

This implies that the sum of the gas and magnetic pressures is a constant in space and that

it is equal on either side of the magnetopause. Therefore,

PSW +
B2
SW

2µ0

= PMP +
B2
MP

2µ0

(1.38)

where the subscripts SW and MP refer to the solar wind and magnetopause respectively.

Since the IMF is very weak, to a first approximation, the contribution of the IMF to the

pressure balance can be neglected. Additionally, the magnetospheric plasma pressure can

be neglected because it is much less than the field pressure. Equation 1.37 simplifies to

PSW =
B2
MP

2µ0

(1.39)

This means the force per unit area of the solar wind flow balances the force per unit area of

the compressed magnetospheric field.

Since the main energy of the solar wind flow comes from the bulk flow of the ions, it is

sufficient to neglect the thermal pressure and only consider the solar wind dynamic pressure,

or ram pressure

PDyn = nSWmiV
2
SW = ρV 2

SW . (1.40)

As discussed in the previous section, the magnetic field strength at the subsolar magne-

topause is twice the strength of the dipole field (BMP = 2Bdipole). The dipole field strength

is given by

Bdipole = Beq

(
RE

RMP

)3

(1.41)

where Beq is the equatorial magnetic field strength and RMP is the magnetopause standoff

distance. Inserting equations 1.39 and 1.40 into equation 1.38 and rearranging for RMP ,

yields

RMP =

(
B2
eq

µ0ρV 2
SW

) 1
6

RE

or,

RMP ∝ P
−1/6
Dyn (1.42)
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As the magnetopause standoff distance varies with the sixth root, it is not very sensitive to

changes in the solar wind dynamic pressure. For typical solar wind and magnetospheric

conditions, (i.e. nSW = 5 cm−3, VSW = 400 km s−1, and Beq = 31, 000 nT) the magne-

topause subsolar standoff distance is approximately 10 RE .

Away from the subsolar magnetopause, the solar wind flow pressure falls off as cos2 θ

where θ is the angle between the flow direction and the normal to the magnetopause. This

means that themagnetopause boundary flares out downtail. The radius of themagnetopause

flanks can be determined by considering the thermal pressure of the solar wind, Pth. At the

flanks, the solarwind velocity is tangential to themagnetopause, so the rampressure reduces

to zero. The thermal pressure of the solar wind is given by

Pth = γnSWkBTSW (1.43)

where γ is the ratio of the specific heats which is 5/3 for an ideal monoatomic gas, kB is

the Boltzmann constant and TSW is the solar wind temperature. The magnetopause flank

radius, Rflank is therefore given by

Rflank =

(
KB2

eq

2µ0γnSWkBTSW

) 1
6

(1.44)

where K is a constant. Under the typical conditions described above, where K = 2 (as

discussed in section 1.4.2.1, the magnetic field strength at the subsolar magnetopause is

twice the dipole field strength) and TSW = 1.3× 105 K, the theoretical magnetopause flank

radius at the dawn-dusk meridian is Rflank ≈ 1.8RMP [Baumjohann & Treumann, 1997].

However, observations of the flank magnetopause at the dawn-dusk meridian is less than

this, approximately 14RE . Observations further show that at the dawn-duskmeridian flank

magnetopause, there is still a normal flow velocity component and hence the ram pressure

does not diminish to zero. Therefore, the magnetosphere is still inflating in this region, and

it is not until much further downtail that the flow is parallel to the tail magnetopause.

As alluded to in Figure 1.10, the magnetopause is not symmetrical in the equatorial and

meridional planes. In the equatorial plane, the magnetopause is a smooth curve that extends

from the dayside magnetopause into the magnetotail. In the meridional plane however, the

tangent to the magnetopause is discontinuous in regions known as the polar cusps (where

the northern cusp is indicated in Figure 1.10).
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1.4.3 Magnetospheric flows

So far, we have only considered the case where the solar wind plasma is frozen-in to the

IMF, and the magnetospheric plasma is frozen-in to the terrestrial magnetic field. However,

as discussed in section 1.2.4, the frozen-in flow approximation breaks downwhen gradients

in the magnetic field are comparable to the particle gyroradii. At the magnetopause nose,

magnetic field gradients occur on spatial scales comparable to the particle gyroradii (see

section 1.4.2.1). Figure 1.6 illustrates the magnetic reconnection that occurs at the dayside

magnetopause when the IMFBZ component is directed southwards. When the interplane-

tary field reconnects with the magnetospheric field, solar wind plasma can enter the magne-

tosphere. We refer to these reconnected field lines as "open", such that one end of the field

line is connected to the geomagnetic field, and the other end is connected to the solar wind.

As the open field lines leave the reconnection site (as shown in the right panel in Figure 1.6),

the frozen-in flow conditions are satisfied again. These newly opened field lines contain a

mix of solar wind and magnetospheric plasma, and as the field lines reconfigure, magnetic

energy is converted into particle energy, and the plasma becomes heated and accelerated.

The solar wind plasma flows down the field lines into the poles where they are mirrored

close to Earth. These regions are the polar cusps (the northern cusp is shown in Figure

1.10). As the solar wind flows around the magnetosphere, the newly opened magnetic field

lines that are connected to both the Earth and the IMF, are dragged anti-sunwards by the

solar wind into the nightside magnetosphere. The mirrored particles then flow back along

the field lines, away from the planet.

In themagnetotail, themagnetic field lines become stretched and they form the northern

and southernmagnetospheric lobes. The kinetic energy associatedwith the solar wind plasma

is converted into magnetic energy and magnetic field pressure forces in the lobes push the

field lines and plasma into lower latitudes. Most of the magnetotail plasma is concentrated

in the 10RE-thick mid-plane in the magnetotail, in a region known as the plasma sheet. The

footprints of the field lines that thread the plasma sheet extend down to the high-latitude

ionosphere. It is the plasma sheet electrons which precipitate into the ionosphere along these

field lines and collide with and ionise neutrals in the atmosphere which forms the Earth’s

aurora. The polar cap lies inside the auroral oval, such that the field line footprints in the

polar caps map out to the magnetospheric lobes [Baumjohann & Treumann, 1997].
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The stretched magnetic field lines in the northern and southern lobes are oppositely

directed, or anti-parallel. Therefore, magnetic reconnection occurs in themagnetotail, closing

the open field lines and leaving a stretched terrestrial field line with footprints at the poles

earthwards of the reconnection site, and a solar wind field line downtail of the reconnec-

tion site. This can take place anywhere between 100-200 RE downtail [Baumjohann &

Treumann, 1997]. Due tomagnetic tension, plasma is accelerated earthwards, and the closed

stretched field lines and plasma move sunwards returning to the dayside magnetopause. If

the IMF BZ component remains southwards, the closed field line will reconnect with the

IMF again, forming a cyclical motion of the magnetic field and plasma. This is known as

theDungey cycle and will be reviewed in greater detail in section 3.1.1 [Dungey, 1961, 1963].

Magnetic reconnection can also occur at high-latitudes between the magnetospheric field

and northward directed IMF BZ .

1.4.3.1 Substorms

For simplicity, we have so far considered the dayside and nightside reconnection rates to be

in equilibrium. However, generally, this is not the case. The quantity of magnetic flux that is

reconnected at the daysidemagnetopause depends on how fast the solar wind is flowing and

the magnitude of the southward component of the IMF BZ as well as how long it remains

southwards. IMF BZ is only orientated southwards approximately half the time, therefore

there will be periods during which the magnetosphere is very quiet, and periods when it is

very active. Eventually, all opened magnetic field lines must be closed in the magnetotail.

However, the rate of reconnection at the dayside magnetopause does not have to equal the

rate of reconnection in the magnetotail, only the average rates need to be equal.

Most field lines that are opened at the daysidemagnetopause and convected to themagne-

totail are not closed via reconnection instantaneously. Open field lines get added to and

stored in the magnetotail lobes until the magnetic flux density becomes high and the field

lines are compressed into the centre. After about an hour, the field lines suddenly reconnect

and there is an explosive release of energy [Baumjohann & Treumann, 1997]. This process

is known as a substorm and is illustrated in Figure 1.12.

Substorms are typically broken down into three phases: growth, expansion and recovery

(upper, middle and lower schematics in Figure 1.12, respectively). Usually lasting an hour,
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Figure 1.12: Schematic illustrating the growth, expansion and recovery phases of a magneto-

spheric substorm. The reconnection sites are indicated in pink. DNL refers to the distant neutral

line and NENL refers to the near-Earth neutral line. Adapted from Baumjohann & Treumann

[1997].

the growth phase typically occurs after a sustained period of southward directed IMF BZ

in combination with a low nightside reconnection rate. Some reconnection occurs in a

region known as the distant neutral line (DNL in Figure 1.12). However, most of the open

magnetic flux accumulates in the magnetotail lobes. As more flux is added, the plasma

pressure increases and the plasma sheet thins [Coroniti & Kennel, 1973]. The near-Earth

neutral line forms towards the end of the growth phase at approximately 20-30 RE down-

tail (referred to as NENL in Figure 1.12).

Lasting typically for 30-60 min, the substorm expansion phase occurs next. The expan-

sion phase is characterised by a dramatic increase in the magnetic reconnection rate at

the NENL, which causes a dipolarisation of the magnetic field in the tail, and an explosive
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brightening of the auroral oval as hot plasma is injected into the ionosphere. In the large

region between the two neutral points, phenomena known as plasmoids form. The magnetic

field lines in a plasmoid form closed loops or helical structures and are lost downtail. The

substorm recovery phase lasts around 1-2 hours. Magnetic reconnection at the NENL ends

and the magnetosphere returns to its quiet state.

1.4.4 Magnetospheric currents

Many current systems occur in the magnetosphere due to spatial gradients in the magnetic

field. Wehave already discussedChapman-Ferraro current, ormagnetopause current (section

1.4.2.1) and mentioned the ring current (section 1.1.6). Figure 1.13 shows the configuration

of the currents in the magnetosphere.

The ring current, asmentioned previously, is carried by ions trapped in the radiation belt

and was first introduced by [Störmer, 1907]. It exists at all times but increases in magnitude

during geomagnetic storms (which will be explained in greater detail in section 3.1.5). The

ring current is often described in two parts: the symmetric ring current which consists of

ions drifting on closed drift paths, and the partial ring current which lies on open field lines

and closes in the ionosphere.

In the magnetotail, a current known as the cross-tail current flows between the two

magnetotail lobes in the plasma sheet. The magnetic field that populates the northern lobe

is directed earthwards towards the northern pole, whilst the magnetic field that populates

the southern lobe is directed tailwards and away from the southern pole. A current must

exist as a result of Ampère’s law (equation 1.5). The magnetopause currents that flow on

the surface of the magnetotail, also known as the tail current, close through the cross-tail

current as illustrated in Figure 1.13b.

There are also a number of currents that form in the Earth’s ionosphere, however most

of these are beyond the scope of this thesis. The final currents shown in Figure 1.13c. are

the field-aligned currents (FACs), or Birkeland currents. FACs flow along magnetic field lines

and connect magnetospheric current systems with ionospheric current systems. FACs are

broken down into Region 1 and Region 2 current systems, indicated by the blue and red lines

respectively in the figure. Region 2 currents are closed by the partial ring current in the

near-Earth equatorial plane. Region 1 currents are polewards of the Region 2 currents and
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Figure 1.13: a. Schematic showing the open (red) and closed (blue) magnetic field line config-

uration in the Earth’s magnetosphere. b. Diagram indicating the location of the Chapman-

Ferraro currents (green), cross-tail current (pink) and the substorm current wedge (light blue).

c. Schematic illustrating the locations Region 1 (blue) and Region 2 (red) field-aligned currents,

and the (partial) ring current (pink). [Milan et al., 2017].
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close on the magnetopause.

1.5 Summary

This chapter has presented all the background space plasma physics relevant for the rest of

this thesis. This will provide the context for studying the intricacies of the Earth’s magne-

topause, and what influences its location. In the following chapter, the relevant instrumen-

tation and datasets will be discussed in order to provide the framework for reviewing the

literature in Chapter 3. The remaining chapters will present the research that has been

carried out to investigate what influences the location of the magnetopause.
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Chapter 2

Instrumentation and datasets

InChapter 2, the data, instrumentation and coordinate systems used in this thesis are described.

The main dataset used is measured by the Geotail spacecraft and hence the mission and

instruments are described in detail. Other datasets used in this study include solar wind data

from the OMNI dataset, auroral data from the Imager for Magnetopause-to-Aurora Global

Exploration (IMAGE) spacecraft, the SYM-H index as measured by ground-based magne-

tometers, ionospheric convection from the Super Dual Auroral Radar Network (Super-

DARN), and solar activity measured by the International Sunspot Number. Finally, the

coordinate systems are defined.

2.1 Space-based instrumentation

2.1.1 Geotail

2.1.1.1 Overview of the mission

TheGeotail mission is a joint programme of the Institute of Space and Astronautical Science

(ISAS) of Japan and the National Aeronautics and Space Administration (NASA) of the USA

[Nishida, 1994]. The principal objective of the Geotail mission was to study the dynamics of

the Earth’s magnetotail at a wide range of distances downtail to address the issues of energy

input, storage, release and conversion. Geotail was launched on 24th July 1992 into an equa-

torial orbit with an apogee that reached distances of 220 RE (Earth radii). The first phase

lasted two years until autumn 1994 and focused on the distant magnetotail. The apogee was

32



2. INSTRUMENTATION AND DATASETS

reduced during the second phase in order to studymagnetic reconnection during substorms.

The orbital apogee and perigee were reduced to ∼30 RE and ∼8-10 RE , respectively. The

orbital perigee also allows for the study of the dayside magnetopause boundary. This study

comprises data from the second phase of themission, from January 1996 to December 2015.

These orbital characteristics mean that Geotail frequently skims the dayside magnetopause

boundary and samples the magnetotail at distances up to 25 RE downtail.

A schematic of the configuration of theGeotail satellite is displayed in Figure 2.1. Geotail

is cylindrical in shapewith a diameter of 2.2mandheight of 1.6m. It has two 6m long booms

that separate the magnetometers from the main body. It contains four 50 m long antennas

that measure the electric field up to 800 kHz. It has a spin rate of 20 rpm. Onboard data

recorders measure continuously, and data is sent to the NASA Deep Space Network and the

Usuda Deep Space Center of ISAS. Geotail has seven scientific instruments on board which

are listed in Table 2.1 with a brief description.

The magnetic field data used in this thesis are obtained from Geotail’s high-resolution

Magnetic Field experiment (MGF) [Kokubun et al., 1994]. Geotail’s Low Energy Particle

experiment (LEP) provides the ion data used in this study [Mukai et al., 1994]. These instru-

ments are described in greater detail in the following sections.

2.1.1.2 Magnetic Field experiment

The Magnetic Field experiment measures the magnetic field in the frequency range below

50 Hz. It consists of two fluxgate magnetometers and a search coil magnetometer which are

described in the following sections [Kokubun et al., 1994].

Fluxgate magnetometer

Typically, a fluxgate magnetometer consists of a ring core that is made out of a highly

magnetically permeable alloy. Two electrically conductive coils are wrapped around the

coil; a drive coil and a sense coil which fully encloses the drive coil, as seen in Figure 2.2.

A square wave current is applied to the drive coil to generate a magnetic field in the core.

Any external magnetic field will contribute to the total field in the core. This produces a net

change in flux across the sense coil which induces a voltage that is modulated at twice the

drive frequency. If there is no external magnetic field, no voltage is induced.
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Figure 2.1: A schematic of Geotail from Nishida [1994]. See Table 2.1 for instrument descrip-

tions.

The size and phase of the induced voltage under the influence of an external magnetic

field provides information about the magnitude and direction of the external magnetic field.

The fluxgate magnetometers onboard Geotail have seven dynamic ranges from ±16 nT to

±65,536 nT (full scale) which are switched between automatically [Kokubun et al., 1994].

They have a sampling rate of 128 Hz.

Search coil magnetometer

A search coil magnetometer consists of a high permeability core with a fine wire wound

round it thousands of times [Hospodarsky, 2016]. In the presence of an external time-

varying magnetic field, a time-varying voltage is induced due to Faraday’s law (equation

1.4). The coil output is attached to a preamplifier, which amplifies the induced voltage and

conditions the signal so it can be transmitted to the main electronics via a low-frequency
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Instrument Brief description

Electric Field Data (EFD)

Spherical probe and wire antenna

Electron boomerang

Ion emitter

Magnetic Field (MGF)
Fluxgate

Search coil

Low Energy Particle (LEP)

Ion/electron 3-dim vel. distribution

Solar wind ions

Ion mass/energy spectrum

Comprehensive Plasma

Instrument (CPI)

Ion/electron 3-dim vel. distribution

Solar wind ions

Ion mass/energy spectrum

High Energy Particle (HEP)

Low energy particles

Ion/electron burst

Medium energy ion isotope ratio

High energy ion isotope ratio

Energetic Particles and Ion

Composition (EPIC)

Ion charge state/mass/energy

Ion mass and energy

Electron energy

Plasma Wave Instrument

(PWI)

Frequency sweep

Multichannel analyser

Waveform capture

Table 2.1: A list of the scientific instruments onboard the Geotail satellite (fromNishida [1994]).

radio receiver. The basic design of a search coil magnetometer is shown in the schematic in

Figure 2.3. The main difference between a fluxgate magnetometer and a search coil magne-

tometer is that a fluxgate magnetometer is more sensitive to static and low fields, whereas a

search coil magnetometer can measure high frequencies.
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drive coil

sense coilring core

Figure 2.2: Schematic of a fluxgate magnetometer. The diagram on the left shows the ring

core with the drive coil wrapped around it. Blue and green arrows indicate the induced fields.

Hext describes the external magnetic field. The diagram on the right shows the sense coil which

encloses the ring core and drive coil. Adapted from Imperial College London.

2.1.1.3 Low Energy Particle experiment

The Low Energy Particle (LEP) experiment consists of three sensors: an Energy-per-charge

Analyser (LEP-EA), which measures three-dimensional velocity distributions and their mo-

ments of hot plasmas; a SolarWind ion analyser (LEP-SW),whichmeasures three-dimensional

velocity distributions andmoments of the solarwind ionswith fine energy and angular reso-

lutions; and finally, an energetic-ion Mass Spectrometer (LEP-MS), which measures three-

dimensional determinations of the ion composition [Mukai et al., 1994].

Electrostatic potential analyser

The LEP-EA is an electrostatic analyser and consists of two quadrispherical electrostatic

analysers, the inner measures electrons (LEP-EA-e) and the outer measures positive ions

(LEP-EA-i) both separately and simultaneously. It has a field of view of 10◦ × 145◦ and an

energy range of several eV Q−1 to 43 keV Q−1. The inner and outer analysers have equal

voltages applied to themwith opposite polarities. The analysers allow charged particles with

specific energies, charge and incident angles to travel through them and be measured. It is

capable of calculating velocity moments every spin, although due to telemetry constraints,
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high
permeability

rod

preampli�er

to spacecraft

Figure 2.3: Basic schematic of a search coil magnetometer. A wire is wrapped round a high

permeability rod. It is attached to a preamplifier, which amplifies the induced voltage before

being transmitted to the spacecraft electronics. Adapted from Hospodarsky [2016].

it can only calculate three-dimensional velocity distributions every four spins.

The LEP-SW is also an electrostatic analyser and has a similar design to the LEP-EA but

uses a 270◦ spherical electrostatic analyser with a field of view of 5◦ × 60◦. It measures ions

in the energy range of 0.1 keV Q−1 to 8 keV Q−1. Like the LEP-EA, it is capable of calcu-

lating velocity moments every spin period but can only resolve three-dimensional velocity

distributions every four spins due to telemetry constraints.

Mass spectrometer

TheLEP-MS is an energetic-ionmass spectrometer that determines three-dimensional distri-

butions of different ion species simultaneously over the energy range of 0.1 to 25 keV Q−1.

The mass spectrometer consists of an inlet collimator, tandem (spherical and poloidal) elec-

trostatic analysers, a magnetic analyser and MCP detectors [Mukai et al., 1994]. A micro-

processor can determine the counts for five different ion species (H+, He2+, He+, O2+ andO+),

background counts and total counts.

2.1.2 OMNI

The OMNI dataset has been used in this study to determine the solar wind parameters.

OMNI data are publicly available and can be found on the NASA Goddard Space Flight

Center website. High (1-minute and 5-minute) and low (1-hour) resolution data is available.

In this study, we make use of the high resolution, 1-minute data. It comprises magnetic
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field and plasma data from spacecraft in orbit about the L1 Lagrange point 225RE in front

of the Earth and in geocentric orbit. During the 20-year period investigated in this study,

magnetic field and plasma data are obtained from the Advanced Composition Explorer

(ACE), Wind, Geotail and Interplanetary Monitoring Platform-8 (IMP-8) satellites. The

dataset also includes energetic particle fluxes, geomagnetic activity index (SYM-H) and sunspot

numbers.

To support solarwind-magnetosphere coupling studies, theOMNIdataset is time-shifted

to a point closer to the magnetosphere. This point is chosen to be the bow shock nose. The

measurements are processed using a set routine that assumes that each solar wind measure-

ment lies along a phase front that propagates first past the spacecraft and then the bow shock.

The phase front normal direction uses magnetic field and solar wind propagation speed to

time shift the data to the location of the bow shock nose. The location of the bow shock

at the time the phase front reaches it is determined using the Farris & Russell [1994] model

and the Shue et al. [1997] magnetopause model. Due to the Earth’s orbital motion about the

sun, solar wind flow aberration is included in determining the location of the bow shock.

2.1.3 IMAGE

The Imager forMagnetopause-to-AuroraGlobal Exploration (IMAGE) spacecraft was oper-

ational between June 2000 and October 2005 [Burch, 2000; Mende et al., 2000a]. It has an

elliptical polar orbit that enables the spacecraft to observe the Earth’s auroral ovals. During

the years 2002 and 2003, IMAGE’s orbit changed from observing the Northern aurora to

observing the Southern aurora causing a several-month gap in the dataset.

IMAGE has three Far Ultraviolet (FUV) instruments. This includes two spectrographic

imagers (SI), SI12 and SI13 [Mende et al., 2000b], and a Wideband Imaging Camera (WIC)

[Mende et al., 2000a,c]. The SI12 instrument measures aurora produced by proton precipi-

tation and the WIC camera primarily measures aurora produced by electron precipitation.

Both SI12 andWICmakemeasurements at a 2-minute cadence for 10 hours of each 14-hour

orbit [Burch, 2000]. The apogee of IMAGE is at approximately 44,000 km. To observe the

entire auroral oval at this altitude, the FUV imagers have fields of view of 17◦ × 17◦ (WIC)

and 15◦ × 15◦ (SI).
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2.1.4 ECLAT

IMAGE data has been processed for easy usage as part of the European Cluster Assimila-

tion Technology (ECLAT) project [Shukhtina & Gordeev, 2015]. The ECLAT processed data

includes measurements of the total auroral emission, maximum auroral brightness, auroral

radius and polar cap flux. In this thesis, polar cap flux and auroral radius have been used

and will be briefly explained here.

The raw images have a resolution of 128 × 128 pixels but are reduced to a 40 × 40

spatial grid fixed in geomagnetic latitude and magnetic local time in order to extract global

information. The images are then spatially and temporally averaged, which helps to increase

the signal to noise ratio in images where the oval is very faint, and to "fill in the gaps" during

times where full coverage is not available. Auroral boundaries are then identified from these

processed images by fitting circles of different radii. The circle which corresponds to the

brightest pixels in the image is then used to describe the size of auroral oval. The inner

boundary of the auroral oval is used to define the open closed field line boundary (OCB).

Under quiet conditions this is a good approximation, however during more disturbed times

significant but weaker emission can occur polewards of the inner boundary. Under these

conditions, an additional step is included to identify the poleward boundary of the weaker

emission. If the magnetic field is assumed to be dipolar, integrating over the area inside the

auroral oval gives the polar cap flux.

2.2 Ground-based instrumentation

2.2.1 SYM-H

The Symmetric Horizontal (SYM-H) index measures disturbances in the symmetric portion

of the horizontal (H) component magnetic field near the equator [Wanliss & Showalter,

2006]. Itmeasures themagnetic perturbation produced by the ring current. During geomag-

netic storms, the ring current becomes enhanced and the accompanying induced magnetic

field causes a decrease which opposes the terrestrial magnetic field at the equator, and hence

equatorialmagnetometers observe a reduction in theEarth’smagnetic field strength (a decrease

in SYM-H). The indices aremeasured by ground-based, mid-latitudemagnetometer stations
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and are calculated at a high temporal resolution of 1-minute. The SYM-H index has been

available since 1981 and is considered to be a higher resolution version of the similarly-

calculatedDisturbed storm time (Dst) index, inwhich only hourly values are available [Wanliss

& Showalter, 2006]. Figure 2.4 shows the locations of the stations used to calculate the both

indices. SYM-H is derived from only six stations each month, which are chosen based on

availability and data quality (more information can be found on the World Data Centre for

Geomagnetism, Kyoto website).
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Figure 2.4: A map showing the locations of the ground-based magnetotmeters which are used

to calculate the SYM-H and Dst indices.

To calculate the index, the background magnetic field and the solar quiet daily variation

are first subtracted from themeasurements [Iyemori, 1990;Wanliss & Showalter, 2006]. This

is followed by a transformation of the coordinates to a magnetic dipole coordinate system,

which assumes that the ring current flows parallel to the dipole equatorial plane. Finally, the

six-station average of the longitudinal symmetric magnetic field component is calculated

from the averages of the disturbance component at each minute and latitudinal corrections

are made. A more detailed description of how the SYM-H index is calculated can be found

in Iyemori [1990].
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2.2.2 SuperDARN

The Super Dual Auroral Radar Network (SuperDARN) consists of more than 30 high-frequ-

ency (HF) radars located in the northern and southern hemispheres [Greenwald et al., 1995;

Chisham et al., 2007]. SuperDARN radars primarily measure the convection of plasma in

the ionosphere and aid with the study of a wide range of magnetospheric, ionospheric and

atmospheric phenomena. Figure 2.5 shows the current radars in operation and their fields-

of-view. Signals are transmitted from the radars in the frequency range of 8-20 MHz. In

normal operation mode, each radar looks in 16 beam directions and combined they cover a

spatial range of 52◦. The data have a temporal resolution of 2 minutes.

Figure 2.5: Maps showing the locations and fields-of-view of the SuperDARN radars in opera-

tion in 2017 in the northern (left) and southern (right) hemispheres from VirginiaTech. Colours

indicate high-latitude, mid-latitude and polar cap radars.

SuperDARNmeasures the line-of-sight velocity of the plasma irregularities in the E and

F regions of the ionosphere that scatter the radar signal. There are twomain types of plasma

instabilities present in the E and F regions of the ionosphere which can lead to scatter of a

radar signal. The first, which occurs in the E region, is due to the ions colliding with the

neutrals while the electrons convect with theE×B drift velocity. The second, which occurs

in the F region, is due to the gradient-drift instability which produces irregularities moving

at the convection velocity. When measurements of line-of-sight velocities from multiple
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locations are combined, the overall E×B drift motion of the plasma can be calculated.

2.2.2.1 Map potential technique

The map potential technique combines all of the available SuperDARN radar data at a given

time in one hemisphere into a global two-dimensional ionospheric convectionmap [Ruohoniemi

& Baker, 1998; Chisham & Pinnock, 2002; Grocott et al., 2012]. It uses the line-of-sight

velocities of the plasma to constrain a spherical harmonic fit of the electrostatic potential.

Where data coverage is limited, a statistical electrostatic potential model parameterised by

upstream solar wind conditions is used to help constrain the fit [Ruohoniemi & Greenwald,

1996]. The final potential map is weighted so that the model is only used in regions where

there is no data. An example SuperDARN potential map from 2nd March 2002 is shown in

Figure 2.6. Noon is at the top of the figure, and dusk is to the left. The coloured dots indicate

the location of the SuperDARN observations, with the colour, direction and length of the

line corresponding to the velocity of the modelled flow. The black contours are the iono-

spheric potential. The interplanetary magnetic field (IMF) used by the model is indicated in

the top right of the figure.

2.2.2.2 Heppner-Maynard Boundary

TheHeppner-MaynardBoundary (HMB) represents the latitudinal extent of the ionospheric

convection pattern. Below the HMB, the flow is dominated by corotation, and above it is

dominated by convection. The HMB is derived from SuperDARN radar observations and

is based on criteria defined by Heppner [1977] and Heppner & Maynard [1987]. In their

studies, the low-latitude convection boundary is defined as the latitude at which the electric

field showed a clear departure from low- and mid-latitude values. Heppner [1977] required

a change of at least 5mVm−1 in the dawn-dusk electric fieldmeasured by theOGO-6 space-

craft, whereas Heppner & Maynard [1987] required a minimum change of 2 - 3 mV m−1 in

the horizontal electric field measured by the DE2 satellite. To determine the HMB from

SuperDARN data, a minimum threshold of three SuperDARN data points with velocity

greater than 100 m s−1 which lie on or below the boundary must be satisfied, ensuring that

the HMB encircles the ionospheric convection. The velocity requirement corresponds to an

electric field of approximately 5 mV m−1.
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Figure 2.6: An example potential map calculated from SuperDARN data from 00:30 UT on

2nd March 2002. Noon is at the top of the map and dusk to the left. SuperDARN observations

are indicated by the coloured dots, with the colour and vector direction corresponding to flow

velocity. The ionospheric potential is indicated by the black lines and the IMF conditions fed

into the model are shown at the top right. The Heppner Maynard Boundary is shown by the

solid green line. It crossed the midnight meridian at 65◦ magnetic latitude. Adapted from Imber

et al. [2013a].

In Figure 2.6, the solid green line shows the location of the HMB, indicating the equa-

torward edge of the radar observations. Since its shape is nonuniform, its latitude is taken as

the intersection of the HMB with the midnight meridian [Shepherd & Ruohoniemi, 2000].

In this thesis, the HMB has only been used between January 1996 to December 2012 as

this dataset was readily available. Figure 2.7 shows the northern hemisphere SuperDARN

radars that were in operation during this period and used to determine the HMB location.

The fields of view are shown in Figure 2.7a. and the years of operation and magnetic lati-

tudes 2.7b. The main array located at high-latitudes, indicated by blue, was constructed first
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between 1993 and 2001. Mid-latitude radars, known as StormDARN, were added next to

measure ionospheric convection during geomagnetically active times when the auroral oval

expands to lower latitudes. The polar cap radars, known as PolarDARN, shown in green

were built in 2007 and 2008. By 2012, the were 18 northern hemisphere radars in opera-

tion.

    

High-latitude
Mid-latitude

Polar cap

a.

1996 1998 2000 2002 2004 2006 2008 2010

Years of Operation

30

40

50

60

70

80

M
ag

ne
tic

 L
at

itu
de

Rankin Inlet
Inuvik

Stokkseyri
Pykkvibaer

Goose Bay
Saskatoon

Prince George
Hankasalmi
King Salmon
Kodiak

Kapuskasing

Christmas Valley East & West
Fort Hays East & West
Wallops Island
Blackstone

Hokkaido

2012

b.

Figure 2.7: a. The fields of view of the northern hemisphere SuperDARN radars in operation

on 31 December 2011 at 00 UT. The mid-latitude or StormDARN radars are shown in red, the

high-latitude or main array radars are shown in blue, and the polar cap or PolarDARN radars

are shown in green. b. The years of operation and magnetic latitude for each of the northern

hemispheric SuperDARN radars. Both panels are adapted from Imber et al. [2013a] and Imber

et al. [2013b].
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2.2.3 International Sunspot Number

Sunspot numbers are often used as a proxy for solar activity and the solar cycle (as discussed

in section 1.3.2). The highest number of sunspots are observed during solar maximum, and

the lowest during solar minimum. Although other sunspot number measurements do exist

(for example, the Boulder Sunspot Number and the American Association of Variable Star

Observers (AAVSO)), the International Sunspot Number has been used in this study [Hath-

away, 2015]. The International Sunspot Number has been obtained daily since 1849 [Wolf,

1861].

Rather than identifying individual sunspots, the "relative" sunspot number, R, is identi-

fied which counts sunspot groups

R = k(10g + n) (2.1)

where k is a correction factor for the observer, g is the number of identified sunspot groups,

and n is the number of individual sunspots. The recorded sunspot number for each day was

made by the primary observer. J. R. Wolf was the primary observer from 1849 to 1893. His

correction factor, k, was set at 1.0. He was followed by A. Wolfer, however their observing

periods overlapped by 16 years. Wolfer had different instruments and had slightly different

identification criteria, so he consistently observed a higher number of sunspots. He, and

subsequent observers, had a correction factor of 0.6. Since 1981, the International Sunspot

Number has been measured by the Royal Observatory of Belgium with S. Cortesi as the

primary observer SILSOWorld Data Center [2016]. Instead of using numbers from a single

observer, a weighted average of many observers is used, but with a correction factor associ-

ated with the primary observer. In 2015, the reference observer was changed to from Wolf

to Wolfer, thus removing the 0.6 correction factor. This has meant that all sunspot numbers

have been scaled to modern day values.

2.3 Coordinate systems

In geophysics, many different coordinate systems are used. The main coordinate systems

used in this thesis are discussed below.
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2.3.1 Geocentric Solar Magnetic coordinates

The Geocentric Solar Magnetic (GSM) coordinate system is defined as follows: the x-axis

is a line that connects the centre of the Earth with the centre of the Sun, with positive x

in the sunwards direction; the z-axis is the projection of the Earth’s magnetic dipole axis

on the plane perpendicular to the x-axis, with positive z directed northwards; and the y-

axis completes the right-handed set, with positive y in the direction opposite to the Earth’s

motion around the Sun (duskwards). The GSM coordinate system is generally used for

studying the Sun’s effects on the magnetosphere.

2.3.2 Geocentric Solar Ecliptic coordinates

Geocentric Solar Ecliptic (GSE) coordinates are defined as follows: like the GSM coordinate

system, the x-axis is along the Sun-Earth line, with positive x directed sunwards; the z-axis

is perpendicular to the plane containing the Earth’s orbit around the Sun, with positive z

pointing northwards; and the y-axis completes the right-handed set, with positive y directed

duskwards. y is directed opposite to the Earth’s orbital motion.
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Chapter 3

Literature Review

In this chapter, the literature relevant to Chapters 4, 5, 6, and 7 will be discussed, outlining

the current understanding of the solar wind-magnetosphere-ionosphere system and how

this affectsmagnetopause location. Various aspects of solarwind-magnetosphere-ionosphere

coupling will be reviewed including the Dungey cycle, the expanding-contracting polar

cap paradigm, methods of quantifying the amount of open magnetic flux in the magne-

tosphere and the dayside magnetic reconnection rate, geomagnetic storms and the ring

current, and the solar cycle. Following this, an overview of previous magnetopause models

will be presented, including a section that will discuss the models used in this thesis. Next,

how previous studies have identified magnetopause crossings will be considered. Finally,

the motivations and aims of this study will be presented.

3.1 Solar wind-magnetosphere-ionosphere coupling

Both external solar wind and internal magnetospheric parameters influence magnetopause

location and shape. Therefore, it is important to understand how the systems are coupled

in order to characterise the magnetopause.

3.1.1 The Dungey cycle

The model proposed by Jim Dungey in 1961, now known as the Dungey cycle, provided the

theoretical framework to understand the large-scale structure and dynamics of the solar

wind-magnetosphere-ionosphere system [Dungey, 1961, 1963]. In this model, magnetic
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Figure 3.1: Schematic of the open magnetosphere model in the noon-midnight meridian plane.

The bow shock and magnetopause boundaries are indicated by grey dotted lines. Blue arrows

show the bulk plasma flow directions and black arrowed lines represent magnetic field lines.

The solar wind is indicated by green arrows. The field lines are numbered to show the succes-

sion of the field lines through the Dungey cycle. Low latitude reconnection takes place at the

subsolar point of the magnetopause under a southward directed IMF, BIMF (1, 1’). Field lines

then reconnect in the magnetotail (6, 6’) and then return to the dayside magnetopause. Recon-

nection sites are indicated by the pink parts of the field lines. The inset shows the northern

ionospheric projection of the cycle. Adapted from Hughes [1995] and Sandhu et al. [2016]

reconnection drives the convection in the magnetosphere (see section 1.2.4 for more detail

on magnetic reconnection). When the IMF BZ component is directed southwards, such

that the magnetic shear across the dayside magnetopause is high, magnetic reconnection

takes place at the subsolar magnetopause [Dungey, 1961]. When the IMF BZ component is

directed northwards, magnetic reconnection takes place at high-latitudes [Dungey, 1963].
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Dungey further proposed that magnetic reconnection takes place in the magnetotail at the

neutral sheet between opposite directed magnetic fields [Dungey, 1961]. This model is illus-

trated in Figure 3.1. Dayside and magnetotail reconnection (illustrated by the pink parts

of the lines in the figure) leads to the circulation of magnetic field and the plasma (blue

arrows and numbers). Under ideal MHD, Alfvén’s theorem applies (as discussed in section

1.2.3). The plasma is frozen-in to themagnetic field lines, and hence the Dungey cycle drives

plasma around the magnetosphere as well as the magnetic field lines.

In 1961, another competing theory was proposed by Axford & Hines [1961]. They

suggested that ionospheric convection was driven by a purely viscous interaction between

the solar wind and a closed terrestrial magnetosphere. The interaction is analogous in

appearance to a falling raindrop. The ionospheric convection produced is similar to the

twin-cell convection pattern described by theDungey cycle, describing all auroral andmagne-

tospheric phenomenon. Although, it is generally accepted that the Dungey cycle is the domi-

nant source of convection in the magnetosphere, Cowley [1982] showed that viscous inter-

actions also play a role in the convection in the Earth’s magnetosphere.

3.1.2 Expanding/contracting polar cap model

Since the Dungey cycle model of the magnetosphere was proposed, studies have shown that

the dayside and magnetotail reconnection rates are not always balanced [e.g. Coroniti &

Kennel, 1973; Siscoe & Huang, 1985; Freeman & Southwood, 1988; Cowley & Lockwood,

1992; Milan, 2009, 2015]. Considerations of the temporal variability lead to the expanding/

contracting polar cap paradigm (ECPC) [Russell, 1972; Siscoe&Huang, 1985; Cowley&Lock-

wood, 1992; Lockwood & Cowley, 1992; Taylor et al., 1996; Milan et al., 2003, 2006; Lock-

wood et al., 2009c], which will be explained in this section.

Russell [1972] first suggested that the polar cap, the area of open magnetic flux at the

poles, expands and contracts with the quantity of open magnetic flux in the magnetosphere.

Holzer & Slavin [1978] noted that the size of the dayside and nightside magnetosphere

might be moderated by magnetic reconnection. Siscoe & Huang [1985] studied dayside and

nightsidemerging rates and suggested eachwould dominate under different conditions, and

the polar cap would change in size correspondingly. In 1992, Cowley & Lockwood [1992]

proposed the idea of the ECPC model. In this model, during intervals of southward IMF,
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reconnection at the dayside magnetopause will add open magnetic flux to the magneto-

sphere and cause an expansion of the polar cap. In their theory, after some time, recon-

nection would take place in the magnetotail, and as dayside reconnection slows down, the

polar cap contracts. This is demonstrated in Figure 3.2. Ionospheric convection for dayside

magnetopause reconnection is displayed in Figure 3.2a., and nightside magnetotail recon-

nection in Figure 3.2b. The black solid circle illustrates the equatorward edge of the polar

cap, known as the open/closed field line boundary (OCB). The ionospheric projection of the

reconnection site, or merging gap, is shown by the black dashed lines. The direction of the

ionospheric plasma flow streamlines is shown by the arrowed lines. The large white arrows

show that the polar cap is expanding in Figure 3.2a. and contracting in 3.2b.
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Figure 3.2: Ionospheric convection pattern driven by a. low latitude dayside reconnection and

b. magnetotail reconnection. Noon is at the top, with dusk to the left in both panels. The

open/closed field line boundary (OCB) is represented by the black circle, which encircles the

region of open magnetic field lines. The dashed section of the circle marks the ionospheric

projection of the reconnection sites, known as themerging gap. The direction of the ionospheric

plasma flow streamlines is indicated by the arrowed lines. The large white arrows show the

expansion (a.) and contraction (b.) of the polar cap. The Heppner-Maynard Boundary (HMB) is

represented by the green oval, and the large green arrows show the motion of the HMB as the

polar cap expands and contracts. Adapted from Imber et al. [2013a,b].

Howmuch the polar cap expands or contracts by depends on the change in the amount of

openmagnetic flux in themagnetosphere,FPC . Therefore, the rate of expansion of the polar

cap can be determined by finding the difference between the rate of magnetic reconnection
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at the dayside magnetopause, φD , and the rate of reconnection in the magnetotail, φN

dFPC
dt

= φD − φN =
d

dt

∫
PC

B.dS (3.1)

Equation 3.1 is a form of Faraday’s law (equation 1.4), where B is the ionospheric magnetic

field vector and the integral is taken over the polar cap area. φD and φN are indicated in

the schematic shown in Figure 3.3. The footprints of the open magnetic field lines (blue)

map to the polar cap, which is enclosed by the auroral oval (yellow). ΦD is dependent on

upstream solar wind conditions [e.g. Caan et al., 1977; Perreault & Akasofu, 1978; Meng &

Makita, 1986; Milan et al., 2007, 2012]. If φD dominates over φN (i.e. under southward

IMF conditions), the polar cap will expand. Therefore, φD can be estimated from the rate

of expansion of the polar cap after a southward turning of the IMF, assuming φN is zero

[Milan et al., 2012]. Quantifying φD will be discussed in greater detail in section 3.1.4.

Magnetic reconnection in the magnetotail is generally considered to be the magneto-

spheric response to dayside driving whereby open magnetic flux which has accumulated in

the tail is closed [e.g. Cowley & Lockwood, 1992; Lockwood & Cowley, 1992; Milan et al.,

2003, 2007, 2008; Gordeev et al., 2011]. Both Cowley & Lockwood [1992] and [Lockwood &

Cowley, 1992] noted that different substormphases coincidewith the expansion/contraction

of the polar cap (see section 1.4.3.1 for greater detail on substorms). The expansion of the

polar cap is associated with the substorm growth phase driven by dayside reconnection

adding magnetic flux into the magnetosphere, whilst the contraction of the polar cap is

associated with the substorm expansion phase, during which nightside reconnection domi-

nates.

An electrostatic potential difference exists across the polar cap [e.g. Cowley & Lock-

wood, 1992; Lockwood & Cowley, 1992]. Assuming that the expanding/contracting polar

cap remains circular, Lockwood [1991] calculated that the rate of antisunwards transport of

magnetic flux across the dawn-dusk meridian, known as the cross-polar cap potential, or

the electrostatic potential, usually denoted as ΦPC , is given by

ΦPC =
1

2
(φD + φN). (3.2)
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Figure 3.3: A schematic showing the magnetosphere. Closed and open magnetic field lines

are denoted by red and blue lines, respectively. φD and φN quantify the rate at which flux is

opened at the dayside and closed at the nightside, respectively. φD depends on the solar wind

speed, VSW and the strength and orientation of the IMF, BIMF . The inset panel indicates the

relationship between the footprint of the open magnetic flux, FPC , and the size of the polar

caps, the dim ionospheric regions encircled by the auroral ovals (yellow in the figure). The ring

current is shown by a red arrow. Adapted from Milan et al. [2012].

3.1.3 Quantifying open magnetic flux

Understanding what affects the rate of change of the polar cap area is an important tool

in understanding global magnetospheric dynamics. It is difficult to measure changes in the

amount of open magnetic flux, FPC

dt
, in the magnetosphere because the dayside and night-

side reconnection rates, φD and φN , are typically not equal and are difficult to quantify.

Therefore, many studies have investigated the use of proxies to estimate the amount of open

magnetic flux in the magnetosphere. It has been shown that the location of the open/closed

field line boundary (OCB), changes in the location of the auroral ovals, magnetospheric and
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ionospheric current systems, and ionospheric convection all respond to changes of the quan-

tity of open flux in the magnetosphere. Different proxies that are commonly used will be

discussed in this section.

The location of the OCB can be used as a proxy for determining the quantity of open

magnetic flux in the magnetosphere. FPC is defined by the area enclosed by the OCB (equa-

tion 3.1). The OCB moves due to the ECPC paradigm, which means that to determine its

location, measurements must be made over all MLTs. Typically, the location of the OCB

can be determined from either in situ plasma observations from polar orbiting satellites

[e.g. Newell et al., 1991] or global auroral imagery [e.g. Milan et al., 2003; Hubert et al.,

2006; Østgaard et al., 2007; Boakes et al., 2009; Milan, 2009; Milan et al., 2009a; Longden

et al., 2010]. The OCB latitude can be identified from satellites via the type of precipitating

particle population the satellite observes. Trapped electrons with high energies are found

on closed field lines [e.g. Evans & Stone, 1972], whilst low energy plasma, known as polar

rain [Winningham & Heikkila, 1974], is found on open field lines. It has been possible to

determine the location of the OCB to a relatively high precision since the 1980s from, for

example, the DMSP satellites (Defense Meteorological Satellite Program) [e.g Hardy et al.,

1984; Newell et al., 1991]. However, measurements of the OCB from in situ satellites are

disadvantaged in that they can only provide information about the polar cap at a single

point in time and cannot tell us about the total polar cap area or its temporal variation.

Alternatively, auroral images ormeasurements ofmagnetospheric and ionospheric current

systems can be used to determine the location of the OCB. It is assumed that most auroras

and field-aligned currents (FACs) lie on closed field lines away from the cusp regions (see

section 1.4.4 for greater detail on FACs). Hence, the OCB is coincident with the poleward

boundary of the auroral ovals and the FACs. It was determined in a large-scale statistical

study by Boakes et al. [2009] that the OCB, on average, is located 5◦ poleward of the proton

auroral oval. The circumference of the dim region inside of the auroral ovals can also be

used as a proxy for the OCB [Milan et al., 2003]. Auroral images from satellites in highly

elliptical polar orbits can provide a global image of every few minutes over time periods of

hours, enabling the study of the OCB over extended periods of time. However, the camera

resolution, viewing angle, dayglow, and assumptions about the relationship between the

auroral oval and the OCB all affect accuracy. In addition, the availability of high-quality
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global auroral images is limited. In this thesis, auroral images from the IMAGE space-

craft which was in orbit between 2000 and 2005 are used (see section 2.1.3 for detail on the

IMAGE mission). After 2008, when the POLAR mission ended, there are no global auroral

images available. Observations of FACs show that they move equatorward with expansions

of the polar cap [Zmuda et al., 1970; Iijima & Potemra, 1978]. More recently, Clausen et al.

[2012, 2013] have shown that the Region 1 Birkeland currents can be used as a proxy for the

location of the open flux region.

As it is not always possible to determine the location of theOCB from auroral imagery or

satellite measurements, another proxy that can be used is the Heppner-Maynard Boundary

(HMB) [Imber et al., 2013a,b]. The HMB represents the latitudinal extent of the ionospheric

convection [Heppner, 1977; Heppner &Maynard, 1987] and is calculated from SuperDARN

convection maps (see section 2.2.2.2 for a discussion of how the HMB is calculated). The

HMB expands and contracts with the polar cap, as indicated by the green oval in Figure 3.2,

with large green arrows illustrating the motion. In a large statistical study carried out by

Imber et al. [2013a] it was found that, on average, theHMBdefined atmidnight is located 2.2◦

equatorward of the proton auroral oval, which in turn is located on average 5◦ equatorward

of the OCB, as discussed earlier [Boakes et al., 2009]. In the example data shown in Figure

3.4, the HMB is located 2◦ equatorward of the auroral latitude. Imber et al. [2013a] advise

that the HMB only be used as a proxy for the polar cap area for large-scale statistical studies

when auroral measurements are unavailable as the latitude of the HMB is only accurate up

to±0.5◦.

3.1.4 Quantifying dayside reconnection

The primary driver of the dynamics in the magnetosphere is low-latitude reconnection

at the dayside magnetopause occurring between the Earth’s magnetic field and the IMF

[Dungey, 1961]. Therefore, being able to measure how much magnetic flux is being added

to the magnetosphere, the dayside reconnection rate, φD , will be a valuable tool to help

understand how the magnetopause location and shape changes with open flux content.

Many studies have attempted to relate upstream solar wind conditions to magneto-

spheric activity by developing solar wind-magnetosphere coupling functions [e.g. Perreault

&Akasofu, 1978; Kan&Lee, 1979; Vasyliunas et al., 1982; Scurry&Russell, 1991; Siscoe et al.,
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Figure 3.4: Examples of proton auroral observations, SuperDARN observations and the

Heppner-Maynard Boundary (HMB) which have been projected onto a polar grid with noon

at the top and dusk to the left from the 30th December 2001. Proton auroral data measured by

the SI12 instrument onboard the IMAGE spacecraft (see section 2.1.3 for detail) are indicated in

black. The dotted black line shows the circle of maximum brightness (see Milan et al. [2009b]

for methods). The SuperDARN observations from the same day at 02:44 UT are indicated by

coloured dots and the flow velocity is indicated by the colour, length, and direction of the line.

The ionospheric potential is illustrated by the black contours (see section 2.2.2.1 for detail). The

HMB is shown by the solid green line. Adapted from Imber et al. [2013a].

2002; Newell et al., 2007; Borovsky, 2008; Milan et al., 2012]. Early examples of coupling

functions were typically based on upstream solar wind velocity and magnetic field strength.

Later studies have considered upstream solar wind measurements in combination with in

situ spacecraft observations, ground-based observations and auroral images. In this thesis,

the coupling function developed by Milan et al. [2012] is used.

Milan et al. [2012] developed their coupling function by first identifying intervals from

IMAGE spacecraft observations when the nightside reconnection rate was low or non-

existent so that changes in FPC can be attributed to the dayside reconnection rate alone.

FPC is estimated from images of the auroral oval taken by the Far Ultraviolet Imager (FUV)

on the IMAGE spacecraft. They use the functional form

φD = ΛNαV β
XB

γ
Y Z sinδ

1

2
θ (3.3)
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where Λ, α, β, γ, and δ are determined by fitting OMNI solar wind data to the polar cap

observations. VX is the velocity of the solar wind in GSM coordinates,BY Z is the transverse

component of the IMF (B2
Y Z = B2

Y + B2
Z ), and θ is the clock angle, the angle between the

IMF vector projected into the GSM Y-Z plane and the Z axis, i.e. θ = tan−1(BY /BZ).

Milan et al. [2012] find

φD = Leff (VX)VXBY Z sin
9
2

1

2
θ (3.4)

Leff (VX) = 3.8RE(
VX

4× 105ms−1
)
1
3 (3.5)

where Leff is the effective length of the reconnection site modulated by the solar wind

velocity. Milan et al. [2012] test their function (equation 3.4) against other coupling func-

tions and find that their function fits the variability in the polar cap area the best. They

further compare their coupling function with SuperDARN cross-polar cap potential, ΦPC

(equation 3.2), measurements [Chisham et al., 2007] which can also be used as a proxy for the

dayside reconnection rate. They find a general agreement between their results and theΦPC

measurements. For these reasons, the coupling function described by Milan et al. [2012] is

used in this thesis to estimate the dayside reconnection rate.

3.1.5 Geomagnetic storms

The term "geomagnetic storm" or "magnetic storm"was first used in themid-1800s to describe

observations of large magnetic disturbances and decreases in the horizontal component of

the terrestrial magnetic field [Chapman & Bartels, 1940]. Generally, geomagnetic storms

are defined as periods of intense solar wind-magnetosphere coupling usually associated

with extreme solar wind conditions, during which the solar wind deposits large amounts

of energy and solar wind plasma into the magnetosphere, causing enhancements in the ring

current [e.g. Akasofu et al., 1963; Gosling et al., 1990; Gonzalez et al., 1994; Kamide et al.,

1998; Daglis et al., 1999; Daglis & Kozyra, 2002; Hutchinson et al., 2011]. The drivers and

observational signatures, and the storm/substorm relationship are presented in this section.

Geomagnetic storms or magnetic storms result from intense periods of solar wind-

magnetosphere coupling. During sustained periods of southward directed IMF and high

solar wind velocities, dawn-to-dusk electric fields drive magnetospheric convection [e.g.
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Tsurutani et al., 1992; Kamide, 1992; Gonzalez et al., 1994; Kamide et al., 1998]. The solar

wind ram pressure also plays a role in ring current energisation [Gonzalez et al., 1989]. The

solar wind events which are generally thought to cause geomagnetic storms are coronal

mass ejections (CMEs) and co-rotating interaction regions (CIRs) (see section 1.3.1 for more

detail on CMEs and CIRs).

CMEs are huge explosions of magnetic field and plasma from the Sun’s corona, occur-

ring most frequently during solar maximum [Webb & Howard, 1994]. CIRs on the other

hand, occur when fast and slow stream regions form spirals in the equatorial plane that

corotate with the Sun. If there is a large gradient in the velocity of the streams, forward

and reverse shock waves form [Smith &Wolfe, 1976]. CIRs occur most during the declining

phase of the solar cycle when higher solar wind velocities are observed. It has been shown

that CMEs cause themost intense storms [Gosling et al., 1991; Taylor et al., 1994;Hutchinson

et al., 2011] and that CIRs cause weaker storms [Taylor et al., 1994; Tsurutani et al., 1995;

Hutchinson et al., 2011].

Low-latitude ground-based magnetometers measure the intensity of the storm-time

ring current (see section 2.2.1 for more detail on the index used in this thesis). The indices

most commonly used to measure the ring current are Dst and SYM-H. Both indices are a

general measure of the southward magnetic deflection at the equator caused the magnetic

perturbation produced by the westward-flowing ring current. Both have been in operation

for a long time; hourly Dst values have been available since 1963, whilst 1-minute SYM-

H values have been available since 1981 [Wanliss & Showalter, 2006]. It has been shown

that the differences between Dst and SYM-H measurements arise from the difference in

methods used to determine the values [Iyemori et al., 2010]. Generally, it is agreed that

SYM-H provide a higher resolution version of the Dst index [e.g. Reeves, 2003; Hutchinson

et al., 2011].

Geomagnetic storms undergo three phases; an initial, main and recovery phase, as indi-

cated by the characteristic storm shown in Figure 3.5. The initial phase is triggered by

an enhancement in the solar wind ram pressure typically caused by a CME or CIR. This

enhancement compresses the magnetic field at the dayside magnetopause, resulting in an

increase in magnetic field strength associated with the magnetic perturbation produced by

enhancedmagnetopause currents. A small positive increase in the SYM-H trace is observed,
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as seen in the figure. The main phase depends on the duration that the IMFBZ component

remains southward, as well as its strength. Southward directed IMF drives magnetic recon-

nection at the dayside magnetopause, allowing large amounts of energy to be deposited into

the Earth’s magnetosphere [Kozyra et al., 1998]. The ring current becomes enhanced which

causes the equatorial magnetic field to decrease, as illustrated by the drop in SYM-H in

Figure 3.5. The recovery phase is usually initiated by the IMFBZ component becoming less

southward or turning northward, or the solar wind velocity reducing, resulting in decreased

driving at the daysidemagnetopause. Reconnection in themagnetotail via substorms enables

the system to return to normal conditions [Gonzalez et al., 1994; Daglis et al., 1999]. The

geomagnetic storm illustrated in Figure 3.5 represents an ideal case where each phase is

very clear. Often storms are less well defined than the one shown in the figure, but follow

the general structure outlined above.
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Figure 3.5: The SYM-H trace of a typical geomagnetic storm. The storm occurred on 17th

September 2000. The three phases are indicated on the trace by vertical dashed lines. Adapted

from Hutchinson et al. [2011].

Previous authors have classified the intensity of geomagnetic storms by defining different

Dst or SYM-H ranges [e.g. Yokoyama & Kamide, 1997; Zhang et al., 2006; Hutchinson et al.,
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2011]. Hutchinson et al. [2011] define weak, moderate, and intense storms in SYM-H based

on the Dst classifications described by Yokoyama & Kamide [1997]. Equivalent SYM-H

indices are calculated by comparing the magnitude of storms in Dst and SYM-H [Wanliss &

Showalter, 2006]. Weak storms are defined as -150 nT < SYM-H≤ -80 nT, moderate storms

as -300 nT < SYM-H≤ -150 nT, and intense storms as SYM-H≤ -300 nT [Hutchinson et al.,

2011]. The characteristic storm in Figure 3.5 would be classed as a moderate storm, for

example.

For many years, the relationship between substorms and geomagnetic storms was much

debated [e.g. Kamide et al., 1998]. Substorms and storms are related because they both result

from periods of southward directed IMF BZ . In an early paper studying the relationship,

Chapman [1962] reported that storms were a superposition of intense substorms. Later

studies carried out during the 1990’s, when spacecraft measurements were more readily

available, showed that substorms and storms are separate phenomenon [e.g. Gonzalez et al.,

1994; Kamide et al., 1998; Gonzalez et al., 1999], and that geomagnetic storms do not result

from a period ofmultiple substorms. Although increased substorm activity is often observed

during geomagnetic storms [e.g. Tsurutani et al., 1992], substorms occur independently of

geomagnetic storms, and geomagnetic storms do not cause increased and intense substorm

activity [e.g. Gonzalez et al., 1994].

3.2 Solar cycle

Solar activity, as measured by various parameters, varies over an approximately 11-year

cycle (see section 1.3.2 for more detail) [e.g. Hathaway, 2015]. The two most recent solar

cycles, solar cycle 23 and 24, contained several unusual features such as an extended and

deep solar minimum, and the weakest solar activity since the early 20st century. Typical

observations of various solar wind parameters over the solar cycle will be discussed in this

section, as well as characteristics of solar cycles 23 and 24.

3.2.1 Solar cycles 23 and 24

The period of study in this thesis (1st January 1996 - 31st December 2015) occurs during

solar cycle 23 and 24. Table 3.1 indicates the start times of the two cycles (solar minimum)
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andwhen solar maximum occurred. Figure 3.6 depicts the sunspot numbers over the period

being studied. The section highlighted in blue is solar cycle 23 and the section highlighted in

red is solar cycle 24. The solarminimum that happened at the end of solar cycle 23 contained

several highly unusual features. The solarminimumwas the longest and deepest of the space

age (see Figure 1.9), with the longest number of consecutive spot-free days since 1913. There

was a significant reduction in the solar wind velocity and density [McComas et al., 2008],

and the heliospheric magnetic field was the weakest observed in recent years [Lockwood

et al., 2009a,b]. Furthermore, the polar magnetic field was observed to be the lowest since

1975, when routine photospheric magnetic field measurements began [Wang et al., 2009].

Solar cycle Start Maximum

23 August 1996 November 2001

24 December 2008 April 2014

Table 3.1: Start dates and maxima of solar cycles 23 and 24.
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Figure 3.6: Sunspot numbers from January 1996 to December 2015. The black line indicates

the monthly mean sunspot numbers, whilst the red line indicates the sliding 12-month mean

sunspot numbers. Solar minima and maxima are illustrated by the black dashed lines. Solar

cycle 23 is highlighted in blue and solar cycle 24 is highlighted in red. Sunspot numbers are

from SILSO World Data Center [2016].

Solar cycle 24 began in 2008 and is still ongoing at the time of writing this thesis. Its

maximum is much lower than the previous solar cycle and it is the lowest solar maximum

in approximately a century, with an average of 120 sunspots at maximum in 2014. It is
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characterised by a double peak, of which, the second peak is larger than the first [Javaraiah,

2017]. Solar cycle 24 is in the descending phase at the end of the time interval included in

this thesis.

Since 1985, average solar activity has been declining [Lockwood&Fröhlich, 2007]. Prior

to this however, it is believed that the Sun was in a Grand Solar Maximum of activity. In a

study carried out in 2008 that looked at Grand SolarMaxima detected from cosmogenic ice-

core data over almost 10,000 years, it was estimated that the current Grand Solar Maxima

would only last a further 15-36 years, and solar activity would decline over the next two or

three cycles [Abreu et al., 2008]. The low solar activity of solar cycle 24 appears to support

this prediction. It has been suggested that the Sun is now entering a Grand Solar Minimum,

during which solar activity is greatly reduced [e.g. Usoskin, 2017]. The most famous solar

minimum is known as the Maunder Minimumwhich occurred in the late 17th century [e.g.

Eddy, 1976; Usoskin et al., 2015]. During such minima, solar activity reduces and very few

sunspots are observed [Cliver et al., 1998; Usoskin et al., 2001]. For example, it was estimated

that the solar wind velocity during the Maunder Minimum was uniform and slow, with

approximate velocities of 250-275 km s−1, which is nearly half the average velocities seen

in modern times [Lockwood & Owens, 2014]. Predictions based on solar and heliospheric

parameters during the current solar cycle suggest that Maunder Minimum conditions are

likely to descend within the next 40 years [Owens et al., 2011].

Magnetopause location is strongly dependent on upstream solar wind conditions and

therefore, it is important to understand how solar wind parameters vary with solar cycle.

Parameters such as solarwind velocity, dynamic pressure and IMF strength have been observed

to vary over the solar cycle [e.g. Neugebauer, 1975; Gosling et al., 1976; Fairfield, 1979;

Grzedzielski & Lazarus, 1993; Fairfield, 1995; Richardson et al., 1996]. Since the two most

recent solar cycles contained unusual behaviour such as the long solar minimum at the end

of solar cycle 23 and the relatively weak activity in solar cycle 24, they have provided a

unique opportunity to study magnetopause location under relatively quiet conditions.
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3.3 Magnetopause location

It was first established by Chapman & Ferraro [1931] that the most important controlling

factor of magnetopause location and shape is solar wind dynamic pressure (see section

1.4.2.2). At the nose of the magnetopause, the ram pressure of the solar wind is in balance

with the magnetic pressure exerted by the terrestrial magnetic field [Schield, 1969]. Conse-

quently, variations in upstream ram pressure cause changes in magnetopause position and

shape [e.g. Chapman & Ferraro, 1931; Sibeck et al., 1991; Sotirelis & Meng, 1999].

Magnetopause shape is also strongly influenced by the direction and magnitude of the

north-south component of the IMF (BZ ) [e.g. Aubry et al., 1970, 1971; Maezawa, 1974; Fair-

field, 1991, 1995; Sibeck et al., 1991; Roelof & Sibeck, 1993; Sibeck et al., 2000]. When IMF

BZ is orientated southwards, reconnection takes place at the daysidemagnetopause eroding

magnetic flux in this region and causing the nose of the magnetopause to move closer to the

planet. The newly opened magnetic flux is convected to the magnetotail [Dungey, 1961;

Mead & Beard, 1964; Milan et al., 2004], and inflates the nightside magnetosphere. After

some time, the open magnetic flux is closed by reconnection in the magnetotail and is

convected back to the dayside.

Many empirical models have been developed to describe and predict the position and

shape of the Earth’s magnetopause [e.g. Fairfield, 1971; Holzer & Slavin, 1978; Sibeck et al.,

1991; Petrinec et al., 1991; Roelof & Sibeck, 1993; Petrinec & Russell, 1993; Kuznetsov &

Suvorova, 1996; Petrinec & Russell, 1996; Elsen & Winglee, 1997; Shue et al., 1997, 1998;

Kuznetsov & Suvorova, 1998; Kawano et al., 1999; Kalegaev & Lyutov, 2000; Chao et al.,

2002; Verigin et al., 2009; Dmitriev et al., 2011]. They are generally built from large numbers

of magnetopause crossings identified by in situ spacecraft observations and are typically

parameterised by the solar wind dynamic pressure and IMF BZ . Elliptical functions that

depend on magnetopause standoff distance and eccentricity parameters are often used to

describe the shape. Ellipsoid models are limited however, as they must close and hence

cannot represent an openmagnetosphere [Fairfield, 1995]. Parabolic functions are also often

used and rotational symmetry is usually assumed.

Some studies have investigated the impact of other parameters on magnetopause loca-

tion. It was suggested that large asymmetries would be introduced at the near-Earth high-
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latitude magnetopause if the effect of dipole tilt angle was taken into account [e.g. Petrinec &

Russell, 1995; Sotirelis & Meng, 1999; Eastman et al., 2000; Boardsen et al., 2000; Dmitriev

& Suvorova, 2000; Šafránková et al., 2004; Lin et al., 2010]. Some of these studies have devel-

oped empirical models that are asymmetric and three-dimensional which are parameterised

by the dipole tilt angle, as well as the solar wind ram pressure and IMF BZ . These models

are able to reproduce the indentations made by the magnetic cusps.

The magnetopause crossing datasets used to develop the empirical models described

above primarily contain daysidemagnetopause crossings, with far fewermagnetopause cross-

ings at the flanks and downtail. Magnetic reconnection on the dayside magnetosphere

drives large-scale dynamics, and hence the daysidemagnetopause has beenmore extensively

studied with several missions focussing on observing this region. This has provided a more

extensive database of magnetopause crossings at the dayside than at the flanks or down-

tail region, however models based largely on dayside magnetopause crossings may not be

as accurate in characterising the magnetotail. A further limitation of these models is that

many do not include extreme events, or only include crossings from a limited time period

during part of the solar cycle.

3.3.1 Shue et al. [1997, 1998] and Lin et al. [2010] models

In later chapters, the functional form and methods employed by Shue et al. [1997, 1998] are

applied to develop a simplemodel to predictmagnetopause location based onmagnetopause

crossings identified in this study. Models defined by Shue et al. [1997, 1998] and Lin et al.

[2010] are then compared with observations of magnetopause location (determined from

spacecraft data) and with the empirical model developed in this study. The Shue et al. [1997,

1998] and Lin et al. [2010] models will be presented and discussed here.

3.3.1.1 Shue et al. [1997, 1998] models

Shue et al. [1997, 1998] models the magnetopause location using a parabolic function. It

is a relatively simple function and describes the shape and location of the Earth’s magne-

topause using two inputs; the subsolar standoff distance and the flaring of the magneto-

tail. This function is axisymmetric around the aberrated Sun-Earth line and therefore does

not describe the magnetopause at high latitudes. However, it is satisfactory because the
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spacecraft exploited in this study primarily orbits in the equatorial plane and does not pass

through the magnetic cusps. The function is defined as follows [Shue et al., 1997, 1998]

r = r0

(
2

1 + cos θ

)α
(3.6)

where r is the radial distance and θ is the solar zenith angle, r0 is the magnetopause standoff

distance, and α describes the level of flaring in the magnetotail. It has the flexibility to

produce both an open and closed magnetopause depending on the value of α. Figure 3.7

illustrates how the function given in equation 3.6 varies with increasing r0 for a fixed value

of α (a.), and how the function varies with increasing α with a fixed value of r0 (b.).

Shue et al. [1997] obtain functions for r0 and α that depend on solar wind dynamic

pressure and IMF BZ using a bivariant best fit. They are developed from 553 magne-

topause crossings identified from International Sun-Earth Explorer (ISEE) 1 and 2, Active

Magnetospheric Particle Tracer Explorers/Ion Release Module (AMPTE/IRM), and Inter-

planetary Monitoring Platform (IMP) 8 primarily during the years 1977 to 1987. They fit

the function to the identified magnetopause crossings using the linear least squares tech-

nique. The magnetopause crossings are separated into overlapping bins for BZ and PDyn.

The magnetopause crossings from which their model is developed are mainly found in the

equatorial plane. The model developed is valid for the ranges -18 nT< BZ < 15 nT and

0.5 nPa< PDyn < 8.5 nPa. Solar wind data are obtained from the IMP 8 and ISEE 3 space-

craft which primarily orbited in the solar wind. The solar wind data has a resolution of 5

minutes. The functions for r0 and α are as follows

r0 =

(11.4 + 0.013BZ)P
−1/6.6
Dyn BZ ≥ 0

(11.4 + 0.14BZ)P
−1/6.6
Dyn BZ < 0

(3.7)

α = (0.58− 0.010BZ)(1 + 0.010PDyn) (3.8)

The dependence of r0 on BZ changes depending on whether BZ is directed north-

wards (BZ > 0 nT) or southwards (BZ < 0 nT). When the IMF BZ component is directed

southwards, there is a greater gradient in the function which accounts for dayside magne-

topause erosion as a consequence of magnetic reconnection. When the IMFBZ component

is directed northwards, some magnetic flux is added back to the dayside magnetosphere
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Figure 3.7: Graphical representation of how the function given by Equation 3.6 varies with a.

fixed α (α = 0.5) with varying r0, and fixed r0 (r0 = 10RE ) with varying α. The function is

plotted in theX ′GSM − ρ′GSM plane (where ρ′ is defined as
√
Y

′2
GSM + Z2

GSM ). Adapted from

Shue et al. [1997].

via high-latitude magnetic reconnection [e.g. Gosling et al., 1991; Song & Russell, 1992]. A

power law of -1/6.6 with respect to the solar wind dynamic pressure is found by Shue et al.

[1997] for the magnetopause standoff distance. This differs from the theoretical prediction

of -1/6 (for a dipole magnetic field); however, the authors suggest that this could be due

to either the thermal pressure inside of the magnetosphere, or neglecting magnetic pres-

sure in the solar wind. The magnetopause crossing database used to develop the Shue et al.
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[1997] model only includes 21 magnetopause crossings beyond 10RE downtail due to gaps

in the magnetospheric and solar wind datasets. This may introduce some inaccuracies to

the prediction of the magnetopause location in this region.

As the Shue et al. [1997] model cannot predict magnetopause location under extreme

solar wind conditions, they later re-visited their work to assess its prediction capabilities

during amagnetic cloud event that occurred on 11th January 1997 [Shue et al., 1998]. During

this event, the dayside magnetopause was located inside geosynchronous orbit. They found

that although their model could predict the dayside magnetopause fairly accurately, predic-

tions at the flanks were less accurate. To improve their model, a hyperbolic tangent function

was introduced to their r0 fit for BZ , and a natural logarithm was introduced to their α fit

for PDyn to prevent r0 and α from becoming unphysical during extreme events. The new

model is given below

r0 = 10.22 + 1.29 tanh[0.184(BZ + 8.14)]P
−1/6.6
Dyn (3.9)

α = (0.58− 0.007BZ)[1 + 0.024 ln(PDyn)] (3.10)

Figure 3.8 illustrates the Shue et al. [1998] model under different solar wind conditions.

In panel a. the solar wind dynamic pressure is varied between 0.5 nPa and 4.5 nPa, whilst

keeping the IMFBZ component constant at 0.0 nT. Panel b. shows the magnetopause loca-

tion under varying IMF BZ between - 5.0 nT and 5.0 nT, whilst keeping the solar wind

dynamic pressure constant at 2.5 nPa. As can be seen in the figure, solar wind dynamic

pressure has a greater effect on magnetopause location at all MLTs than IMF BZ . Under

different IMFBZ values, the nose of the magnetopause does not vary greatly, but the flanks

flare under southward BZ .

3.3.1.2 Lin et al. [2010] model

The other model that will be used in later chapters was defined by Lin et al. [2010]. The

Lin et al. [2010] model is three-dimensional and predicts magnetopause location based on

solar wind dynamic and magnetic pressures (PDyn and PM ), IMF BZ , and dipole tilt angle

(φ). The model is developed from a database of 980 magnetopause crossings detected at all

latitudes during the years 1994 to 2008 by a variety of spacecraft including Cluster, Time
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Figure 3.8: The Shue et al. [1998] model of magnetopause location under a. varying solar wind

dynamic pressure with constant BZ (BZ = 0 nT), and b. varying IMF BZ with constant solar

wind dynamic pressure (PDyn = 2 nPa). Themagnetopause is shown in the X-Y plane, although

it would be identical in X-Z as the Shue et al. [1998] model is axis-symmetric.

History of Events and Macroscale Interactions during Substorms (THEMIS), Geotail, IMP

8, Interball, TC1, Polar, Los Alamos National Laboratory (LANL), GOES and a database

of 1482 Hawkeye magnetopause crossings detected during the years 1974 to 1978 which

are used to define the indentations caused by the cusps. This model is able to predict the

asymmetries of the magnetopause, and the depth and location of the indentations near the

magnetic cusps.

The Lin et al. [2010] model is developed on the basis of the Shue et al. [1997, 1998] func-

tion and employs the Levenberg-Marquardt method for non-linear multiparameter fitting

(see Lin et al. [2010] for greater detail). The function contains 21 coefficients which are listed

in the paper. They find a power law index defining how r0 depends on PDyn of -1/5.15,

which is lower than the theoretical prediction of -1/6. Figure 3.9 illustrates the Lin et al.

[2010] model for varying solar wind dynamic pressure (0.5 nPa to 4.5 nPa), with a constant

IMF BZ of 0.0 nT (panels a. and c.), and varying IMF BZ (-5.0 to 5.0 nT), with a constant

solar wind dynamic pressure of 2 nPa (panels b. and d.). In their model, as the solar wind

dynamic pressure increases, the magnetopause decreases in size but remains self-similar, as

can be seen in Figure 3.9 in panels a. and c. On the other hand, as the IMF BZ becomes
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more southward, the dayside magnetopause moves closer to the planet indicative of erosion

ofmagnetic flux, and the nightsidemagnetopause inflates, as can be seen in Figure 3.9 panels

b. and d. Under northward IMFBZ , the magnetopause location and shape does not change

showing that it does not depend on the strength of BZ .
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Figure 3.9: The Lin et al. [2010] model of magnetopause location under a. varying solar wind

dynamic pressure with constantBZ (BZ = 0 nT) in the X-Z plane, and b. varying IMFBZ with

constant solar wind dynamic pressure (PDyn = 2 nPa) in the X-Z plane. Panels c. and d. are the

same as a. and b. but in the X-Y plane. The dipole tilt angle is set to zero in all panels and the

magnetic pressure is kept constant.
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3.4 Determining magnetopause location

To understand how the magnetopause responds to a combination of both varying upstream

solar wind conditions and internal magnetospheric conditions, its location must be deter-

mined. Typically, when a spacecraft encounters the magnetopause it observes a change in

direction and magnitude of the magnetic field. Most previous studies utilise magnetic field

data to identifymagnetopause crossings, partly because detecting amagnetopause encounter

in this way is relatively straightforward, but also because magnetic field data are commonly

available. Some studies use plasma data either in a combination with magnetic field data, or

to check the magnetopause crossings identified from magnetic field data. Chapter 1 details

the typical magnetic field and plasma conditions observed on either side of the magne-

topause boundary.

Depending on both the spacecraft’s trajectory andwhere on themagnetopause boundary

it crosses, the spacecraft might pass through the magnetopause quickly, or it might skim the

boundary and cross it multiple times. It was first reported that the magnetopause boundary

can vary in thickness fromaround 400 km to 1000 kmbyBerchem&Russell [1982], however

later studies have found thatmagnetopause thickness can vary from 500 km to 1500 km, and

that the flanks are typically thicker than the dayside magnetopause [Haaland et al., 2014]. It

is well established in the literature that Kelvin-Helmholtz instabilities form at the magne-

topause flanks and downtail, and this will cause a variation in thickness [e.g. Sonnerup, 1980;

Haaland et al., 2014]. Furthermore, the magnetopause is in constant motion with velocities

ranging from 10 km s−1 to 80 km s−1 primarily due to changes in upstream conditions, but

also as a consequence of surface waves [Berchem & Russell, 1982; Haaland et al., 2014].

Magnetopause boundary crossings are often identified either visually [e.g. Haaland et al.,

2014], or through the use of an automated routine [e.g. Ivchenko et al., 2000; Case & Wild,

2013]. Amagnetopause crossing identified by one observermay not be identified by another.

Automated routines have the benefit that they can be easily applied to large datasets and so

are less labour-intensive, however the criteria used to identify magnetopause crossings are

still defined by an observer.
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3.4.1 Ivchenko et al. [2000] and Case &Wild [2013] routines

In this thesis, themagnetopause crossing detectionmethod is developed fromcriteria presented

by Ivchenko et al. [2000] andCase &Wild [2013]. Their workwill be reviewed in this section.

3.4.1.1 Ivchenko et al. [2000] routine

Like many previous studies, Ivchenko et al. [2000] identify magnetopause traversals from

magnetic field data. They applied their method to two and a half years (1995 to 1997)

of magnetic field measurements from the Geotail spacecraft to study the magnetopause.

Ivchenko et al. [2000] detected 1369 magnetopause crossings at the dayside magnetopause

and near themagnetopause flanks (XGSM ≥ -5RE ). Ivchenko et al. [2000] use the following

four criteria to determine when Geotail passed through the magnetopause boundary:

1. The transition should be completed within 30 seconds.

2. The standard deviation of the magnetospheric magnetic field is required to be less

than 40% of the magnetic field on the magnetosheath side of the assumed boundary.

3. the northward component of the magnetospheric magnetic field is required to exceed

10 nT.

4. The northward component of the magnetospheric magnetic field is required to be at

least a factor of 1.3 times greater than the corresponding magnetosheath component.

If two magnetopause crossings occurred within 40 s of each other they are not included

in the dataset. Themagnetic field data for each detectedmagnetopause crossing was visually

inspected and if therewas uncertainty, the crossingswere not included. Somemagnetopause

crossings were further cross-checked with plasma data.

3.4.1.2 Case &Wild [2013] routine

Case & Wild [2013] exploited 8 years of magnetic field measurements from the Cluster

mission (2002 to 2010) to compare magnetopause location with four models. The four

Cluster spacecraft have an elliptical polar orbit meaning that the Cluster spacecraft were

able to pass through the magnetopause at a wide range of latitudes. Because of this, Case
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&Wild [2013] modified the Ivchenko et al. [2000] magnetopause crossing detection criteria

and applied their adapted routine at the dayside magnetopause (XGSM ≥ 0 RE ).

Case & Wild [2013] use a running average method to identify magnetopause crossings

from Cluster data. In their study they look at two 3-minute intervals of magnetic field data

separated by a 32 second interval (equivalent to eight spins of the Cluster spacecraft). The

intervals are then tested against a modified version of Ivchenko et al. [2000] criteria, listed

below:

1. The transition across the magnetopause boundary should be completed within 32 s.

2. Multiple magnetopause crossings should not occur within 10 min.

3. The standard deviation of the 3 min window of magnetosheath magnetic field must

be greater than 4.5 on average, and it must be a factor of 2.5 times larger than the

standard deviation of the 3 min window of magnetospheric magnetic field.

4. At low latitudes the BZ and at high latitudes the Br components of the magneto-

spheric magnetic field must be greater than 10 nT.

5. The particular magnetospheric magnetic field component, as determined by criterion

4, must be a factor of at least 1.3 times greater than the corresponding magnetosheath

magnetic field component.

If all of the criteria aremet, then amagnetopause crossing is detected and the three inter-

vals are shifted by 10 min. If a magnetopause crossing is not detected, the time intervals are

shifted by 4 s. Criterion 2 means that multiple magnetopause crossings are not included

in their database and the first detection of the magnetopause represents the magnetopause

location. Case & Wild [2013] note that a threshold of 10 nT for the observed terrestrial

magnetic field is a conservative estimate in criterion 4, and enforce that it must be greater

than 1.3 times the observedmagnetosheathmagnetic field to avoid identifying small changes

in the magnetic field as magnetopause crossings. However, this could mean that when the

IMF has a similar orientation to the terrestrial magnetic field (under northwardBZ ), magne-

topause crossings would be underrepresented. Case & Wild [2013] identify 2640 magne-

topause crossings during which OMNI data are available.
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3.5 Motivation and aims

The magnetopause is the barrier between the Earth’s magnetic field and the incoming solar

wind and embedded interplanetary magnetic field (IMF). It shields the Earth from harmful

space weather events that can affect ground-, air- and space-based technologies like power

grids, transport, and satellite communications. Therefore, understanding where it is and

what causes its location to vary is of utmost importance to improve our understanding and

predictive capabilities of space weather and hence is the main motivation of this study.

Although the magnetopause has been studied extensively before, the aims of this thesis

are to study the magnetopause over the two most recent solar cycles, look at long-term

variations in its location and shape, and to investigate the effects of other solar wind and

magnetospheric processes. To carry out this study on the magnetopause, data from the

Geotail spacecraft has been used. Geotail was chosen because its orbital properties mean

that it frequently crosses both the dayside and nightside in the equatorial plane, and it has

been in orbit for 26 years at the time of this thesis, meaning we are able to perform a long-

term study. More detail about Geotail can be found in section 2.1.1.

To achieve the aims of this thesis, a new magnetopause crossing detection routine is

developed that can identify magnetopause crossings much further downtail that previous

studies (Chapter 4). We use the methods and criteria discussed by Ivchenko et al. [2000];

Case & Wild [2013] and develop new criteria that can be applied downtail. Using an auto-

mated routine to identify magnetopause crossings has the benefit that it can be applied to

a long period of data making it much less labour-intensive than identifying magnetopause

crossings by eye. This automated routine could be used further with other datasets, which

could increase the number of identified magnetopause crossings and cover distances even

further downtail.

Themagnetopause crossing dataset is then used to develop a new simple empiricalmagne-

topause model using similar methods to Shue et al. [1997] (Chapter 4). A new model is

developed rather than using a model developed by previous authors because it is able to

more accurately describe the magnetopause crossings identified in this study than models

developed using different datasets. This is verified in Chapter 5, in which we compare the

predictive capabilities of ourmodel andmodels defined by Shue et al. [1998]; Lin et al. [2010].
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The magnetopause crossing dataset identified in this study contains a greater number of

magnetopause crossings than previous studies and includes crossings from much further

downtail than previous studies, during the two most recent solar cycles.

Solar cycle 23 and 24were unique in that theywere relativelyweaker than previous solar

cycles and contained an extended and deep solar minimum. The new model and magne-

topause crossings are used to investigate long-term changes in magnetopause location and

shape over these two solar cycles (Chapter 5). Comparisons between the predicted magne-

topause and actual magnetopause location are made and conclusions about what affects

shape and location are drawn (Chapter 6).

Finally, it is the aim of this study to investigate how other solar wind and magneto-

spheric processes affect magnetopause shape and location (Chapter 7). We examine the

effects of IMFBZ and dayside reconnection rate, under different solar wind dynamic pres-

sure strengths. We also investigate the effects of the amount of open flux content inside the

magnetosphere and ring current strength.

Background theory, instrumentation and datasets, and a review of the literature relevant

to this thesis have been presented in Chapters 1, 2 and 3. The next chapter presents the

magnetopause crossing identification and magnetopause model (Chapter 4). The following

three chapters utilise the results presented in Chapter 4 to investigate the shape and location

of the magnetopause further. Firstly, solar cycle influences on the shape and location of the

magnetopause (Chapter 5) are discussed, followed by an analysis of the differences between

the observed and modelled location of the magnetopause (Chapter 6), and finally solar wind

andmagnetospheric influences on the shape and location of themagnetopause are presented

(Chapter 7). Conclusions from this thesis and future work are discussed in Chapter 8.
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Chapter 4

Magnetopause crossing identification

and magnetopause model

In this chapter, criteria are developed to identify when the Geotail spacecraft passes through

the magnetopause. All magnetopause crossings detected by the routine are presented and

methods to develop a simple model of magnetopause location are discussed.

4.1 Magnetopause crossing identification

The conditions in the magnetosphere and in the magnetosheath are very different. In the

equatorial plane near the magnetosheath, the magnetosphere is comprised of a strongly

northward terrestrial magnetic field with a low-plasma density. The magnetic field in the

magnetosheath is more turbulent and has a much higher plasma density. A set of criteria

to determine when a spacecraft crosses the magnetopause can be established from under-

standing the properties in the two regions.

4.1.1 Detection criteria

The automated routine used in this study to determine when Geotail traverses the dayside

magnetopause is based on detection criteria defined by Ivchenko et al. [2000] and Case &

Wild [2013] (see section 3.4.1 for a review of the literature). A similar running average

method to that employed by Case & Wild [2013] is used in this investigation to identify

magnetopause crossings. The Geotail data is separated into a 3-minute interval, followed
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by a 36 second (three plasma measurements) interval and finally another 3-minute interval.

The automated routine determines whether there are magnetospheric conditions in one of

the 3 min intervals, magnetosheath conditions in the other 3-minute interval and a crossing

taking place over the 36 second interval. If a magnetopause crossing is not found, the three

intervals are shifted by 12 seconds to the next data point and are tested against the criteria.

If all the criteria are satisfied, then a magnetopause crossing is identified.

At the nightside andflanks of themagnetopause, conditions can be very different to those

observed at the magnetopause nose. Consequently, two different sets of criteria are used

to identify a magnetopause crossing depending on where Geotail encountered the magne-

topause.

4.1.1.1 Magnetopause nose crossings (XGSM ≥ 5 RE)

Although plasma data are available from Geotail, they have not been used at the magne-

topause nose region (XGSM ≥ 5 RE ) since it is difficult to determine magnetopause cross-

ings from plasma measurements due to the subsolar stagnation point. At the stagnation

point the component of themagnetosheath plasma velocity in the Earth-Sun direction grad-

ually decreases to zero and sharp plasma density gradients are observed due to the pile-

up of solar wind plasma in front of the magnetopause. The magnetic field is compressed

due to the draping of field lines around the magnetopause nose and magnetic pressure

increases. This leads to the magnetosheath plasma being squeezed out of the flux tubes into

the magnetosheath flanks diluting the magnetosheath plasma density at the nose [Baumjo-

hann & Treumann, 1997]. The location of the pile-up region depends on the incoming solar

wind conditions; thus, magnetopause crossings have been identified from magnetic field

measurements in this region.

The criteria for detectingmagnetopause nose crossings aremodified from those described

by Ivchenko et al. [2000] and Case & Wild [2013] and are as follows:

1. The crossing must take place within the 36 second interval.

2. The standard deviation of the totalmagnetic field strength in themagnetosheath interval

must be greater than 4.5 nT, and it must be at least 2.5 times larger than the standard

deviation of the total magnetic field strength of the magnetosphere interval.
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3. The total magnetic field strength in the magnetosphere 3 minute interval must be

greater than that of the magnetosheath.

4. The averageBZ component of themagnetic field in themagnetosphere 3min interval

must be greater than or equal to 10 nT, and be 1.3 times larger than the average of

magnetosheath 3min interval. 10 nT is a conservative estimate of the Earth’smagnetic

field, it is generally expected to be higher.

The above criteria ensure that there is a sharp change in magnetic field strength as Geotail

passes through the boundary, that the magnetic field in the magnetosheath is fluctuating

more than the magnetospheric magnetic field, and the average magnetic field in the magne-

tosphere is larger than in the magnetosheath and directed northward. Unlike Case & Wild

[2013], in this thesis multiple magnetopause crossings have been included in the database.

By doing this, we ensure that the identified magnetopause crossing is not the innermost or

outermost crossing depending on whether Geotail was traversing into the magnetosheath

or magnetosphere, respectively. How multiple magnetopause crossings are dealt with will

be discussed in greater detail in section 4.2.1.

Example magnetic field and plasma data are shown in the left panels in Figure 4.1 along

with the orbital path of Geotail on the right. Panels a.-d. show the magnetic field strength

in the ZGSM direction, the total magnetic field strength, the velocity of the plasma in the

XGSM direction, and the density of the plasma observed by Geotail, respectively for a 2

hour period on 11th February 1997. The red dotted line indicates themagnetopause crossing

identified by the algorithm described in this section. During the first hour of this example

interval Geotail is located inside the magnetosphere, which is determined by the strongly

northward magnetic field, approximately 0 km s−1 velocity and low density. At around

05:00 UT, Geotail traverses the magnetopause boundary. At the time of the traversal there

is a sharp change in the direction of the BZ component of the magnetic field. The total

magnetic field strength becomes more varied as Geotail enters the magnetosheath. In this

example, only a single magnetopause crossing is found.

Panel e. shows the orbital path taken by Geotail during the corresponding period, indi-

cated by the dotted line. The Sun is to the left of the panel in the positive X ′GSM direction

(where the apostrophe indicates that the coordinate system has been rotated to correct for
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Figure 4.1: a. shows the magnetic field strength in the Z direction, b. the total magnetic field

strength, c. the velocity of the plasma in theXGSM direction, and d. the density of the plasma

during a 2-hour period on 11th February 1997. e. shows the orbital path of Geotail (dotted

arrowed line) for the same time period as the panels on the left. The locations of the magne-

topause crossings detected by the algorithm are indicated by the red crosses. The dot dash line

indicates a model bow shock [Peredo et al., 1995] and the dashed line represents a model magne-

topause [Shue et al., 1998]. Average solar wind conditions from this time interval have been

used as an input for both models. f. shows the location of the magnetopause crossing in the

X ′GSM − ρ′ plane, where ρ′ is defined as
√
Y

′2
GSM + Z2

GSM .

the motion of the Earth around the Sun and is explained in more detail in section 4.1.2.1).

The dashed lines show a model bow shock [Peredo et al., 1995] and a model magnetopause

[Shue et al., 1998]. The average solar wind conditions from this period are used as the input

into both models. The location of the magnetopause crossing identified by the automated

routine is shown by the red cross. In this example, the magnetopause was found slightly

more compressed than expected by the model. Panel f. shows the location of the magne-
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topause crossing in cylindrical coordinates, where ρ′ is defined as
√
Y

′2
GSM + Z2

GSM .

4.1.1.2 Flank and magnetotail crossings (XGSM < 5 RE)

The criteria for detecting flank andmagnetotail crossings (XGSM < 5RE ) are based primarily

on plasma measurements and are developed in this study. The criteria allow magnetopause

crossings to be identified much further downtail than previous studies. They are described

as follows:

1. The average plasma bulk velocity in the XGSM direction in the magnetospheric 3

minute interval must be greater than -100 km s−1 and the average velocity in the

magnetosheath 3 minute interval must be less (more negative) than -100 km s−1.

2. The difference in bulk plasma velocity in the XGSM direction over the 36 second

interval must be greater than 100 km s−1.

3. The average plasma density in the magnetospheric interval must be less than 3 cm−3

and in the magnetosheath the average must exceed 1 cm−3.

4. The standard deviation of the total magnetic field strength in the magnetosheath 3

minute interval must be greater than the standard deviation of the total magnetic

field strength in the magnetosphere 3 minute interval.

A threshold of -100 km s−1 for the mean velocity inside the magnetosphere has been

set in the first criterion because although the plasma flow should be stagnant (∼0 km s−1)

in this region, it allows for any small changes in the flow to be smoothed and not register

as a magnetopause crossing. As Geotail enters the magnetosheath, the observed velocities

should be anti-sunwards and hence a mean velocity of -100 km s−1 is a conservative esti-

mate. The second criterion checks there is a sharp change in the direction of the plasma

flow as Geotail passes through the boundary. The plasma density inside the magnetosphere

near the boundary is approximately 0-1 cm−3, so the threshold set in the third criterion for

the average in themagnetospheric interval prevents any small changes from being identified

as a crossing. The plasma density in the magnetosheath is typically greater than 10 cm−3

depending on upstream solar wind conditions.
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Example magnetic field and plasma data are shown in the left panels in Figure 4.2 along

with the orbital path of Geotail on the right. Panels a.-d. show the magnetic field strength in

theZGSM direction, the totalmagnetic field strength, the velocity of the plasma in theXGSM

direction, and the density of the plasma observed by Geotail, respectively. Magnetopause

crossings identified by the algorithm described in this section are denoted by dotted red

lines. At the beginning of the time period, Geotail is located inside the magnetosphere, as

indicated by a northward directedBZ , combined with a strong total magnetic field, and low

plasma density and velocity. At approximately 12:30 UT Geotail crosses the magnetopause

boundary into the magnetosheath on the dawn side. The magnetosheath contains shocked

solar wind plasma characterised by very turbulent magnetic field and plasma parameters.

Geotail crosses the magnetopause multiple times as indicated by further dashed red lines.

Around 20:00 UT, Geotail crosses the bow shock and enters the solar wind. At the time of

the magnetopause crossings, Geotail was located atX ′GSM ≈ 1RE (where the dash denotes

the aberrated GSM coordinate and will be explained in the following section), and so the

nightside criteria were implemented to identify the magnetopause crossings in this case.

Panel e. shows the orbital path taken by Geotail during the corresponding period, indi-

cated by the arrowed, dotted line. The Sun is to the left of the panel in the positive X ′GSM

direction. Panel f. shows the location of the magnetopause crossing in cylindrical coordi-

nates, where ρ′ is defined as
√
Y

′2
GSM + Z2

GSM . The dashed lines show a model bow shock

[Peredo et al., 1995] and a model magnetopause [Shue et al., 1998]. The average solar wind

conditions from this period are used as the input into both models. The observed magne-

topause crossings are indicated by red crosses. The locations of these crossings show that

the magnetopause was moving when Geotail encountered it. In panel e., the model magne-

topause is located at a larger radial distance than the observed position. As Geotail was

located slightly out of the equatorial plane when it encountered the magnetopause during

this period, plotting the magnetopause crossing locations in cylindrical coordinates (f.) will

allow us to compare the magnetopause crossings with the predicted location. As can be seen

in the figure, the model is closer to the magnetopause crossing location. It will be impor-

tant to carry out the future analysis in cylindrical coordinates rather than in one plane to

mitigate these effects. As mentioned earlier, howmultiple magnetopause crossings are dealt

with will be discussed in greater detail in section 4.2.1.
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Figure 4.2: Panel a. shows the magnetic field strength in the Z direction, b. the total magnetic

field strength, c. the velocity of the plasma in the XGSM direction, and d. the density of the

plasma during a 16-hour period on 11th September 1999. The panel on the right (e.) shows

the orbital path of Geotail (dotted arrowed line) for the same time period as the panels on the

left. The locations of the magnetopause crossings detected by the algorithm are indicated by

the red crosses. The dot dash line indicates a model bow shock [Peredo et al., 1995] and the

dashed line represents a model magnetopause [Shue et al., 1998]. Average solar wind conditions

from this time interval have been used as an input for both models. f. shows the location of the

magnetopause crossing in theX ′GSM − ρ′ plane, where ρ′ is defined as
√
Y

′2
GSM + Z2

GSM .

4.1.2 Results

Themagnetopause crossing detection routine is applied to 20 years ofGeotail data to produce

a database of 8548 magnetopause crossings with corresponding upstream solar wind data

from the OMNI database. In this section we shall discuss the properties and features of the

complete set of magnetopause crossings after correcting for the apparent aberration caused

by the motion of the Earth around the Sun.
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4.1.2.1 Correcting for the motion of the Earth around the Sun

Before the magnetopause crossings can be used to develop a model, they must be rotated in

the X-Y plane to correct for the motion around the Sun (see section 1.3). The Earth orbits

around the Sun with a velocity of approximately 30 km s−1. This causes an aberration of

the X-Y plane. All crossings have been rotated into the aberrated GSE coordinate system to

correct for this deviation before transforming the aberrated GSE coordinates into the GSM

coordinate system. The coordinates are transformed using the following equations [Slavin

& Holzer, 1981]

θ′ = tan−1
(
VES
VSW

)
+ cos−1

(
XGSE

r

)
YGSE > 0 (4.1)

θ′ = tan−1
(
VES
VSW

)
− cos−1

(
XGSE

r

)
YGSE < 0 (4.2)

where θ′ is the angle between the Sun-Earth line and a radial distance r, (r =
√
X2
GSE + Y 2

GSE ),

VES is the velocity of the Earth around the sun (approximately 30 km s−1), and VSW is the

velocity of the solar wind which is provided by the OMNI dataset. The results are shown

in Figure 4.3, where the grey diamonds indicate the magnetopause crossings before trans-

forming the coordinates, and the black stars show the magnetopause crossings after the

transformation. Aberration does not have a major effect on the dayside magnetosphere,

however in the magnetotail correcting for aberration typically means that the magneto-

sphere undergoes a rotation of approximately 3-4◦ in the equatorial plane.

4.1.2.2 Complete set of magnetopause crossings

The complete set of magnetopause crossing locations are shown in Figure 4.4. The four

panels show the locations and density of magnetopause crossings in 1 × 1 RE bins in four

different planes. Panel a. displays the magnetopause crossings in the X ′GSM − Y ′GSM (or

equatorial) plane as viewed from the magnetic north pole, with the Sun to the left, where

X ′ and Y ′ denote the aberrated coordinates. Panel b. shows the noon-midnight meridian

(X ′GSM − ZGSM ), again with the Sun to the left. Panel c. shows the view of the Earth from

the Sun (Y ′GSM − ZGSM ), and finally panel d. shows the crossings in theX ′GSM − ρ′ plane,

where ρ′ is defined as
√
Y

′2
GSM + Z2

GSM . There are a greater number of crossings detected
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Figure 4.3: Identified magnetopause crossings in the XGSM − YGSM plane before and after

the crossings are rotated to account for the motion of the Earth around the sun.

at the dayside magnetopause primarily due to Geotail’s orbit. When its perigee is located

at the dayside, Geotail skims and cuts through the magnetopause nose, but does not cross

the nightside magnetopause, and hence more magnetopause crossings are observed on the

dayside. Although Geotail’s orbit is mainly confined to the equatorial plane, in later years its

orbit has risen slightly out of the equatorial plane, as can be seen in panel c. There is good

coverage at both the dawn and dusk magnetosphere.

It is well documented that the magnetopause is in constant motion, mainly as a conse-

quence of varying upstream solar wind conditions, but also due to the presence of surface

waves, and hence Geotail typically crosses the magnetopause multiple times per orbit.

Implementing an automated magnetopause crossing detection routine such as that used
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Figure 4.4: Observed Geotail magnetopause crossings in the a. X ′GSM − Y ′GSM plane; b.

X ′GSM − ZGSM plane; c. Y ′GSM − ZGSM plane; and d. X ′GSM − ρ′GSM plane (where ρ′

is defined as
√
Y

′2
GSM + Z2

GSM ). The magnetopause crossings have been rotated to correct for

the apparent aberration caused by the Earth’s motion around the Sun. The colours represent

the number of magnetopause crossings found in each 1× 1RE bin.

in this study will reduce some selection bias compared with a "by-eye" approach, but the

detection criteria is still user defined. Allmagnetopause crossings identified by the algorithm

were visually inspected to remove any incorrectly identified crossings. Approximately 1.7%

of identified crossings were incorrect and these were removed from the database. Incorrect

magnetopause crossings were typically caused by plasma irregularities or data gaps. Finally,

we removed any crossings from the dataset from periods whenOMNI data was unavailable.
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4.2 Defining the newmodel

To study how the shape and location of the magnetopause changes with solar wind and

magnetospheric parameters, a simple empiricalmodelwas developed. The following section

discusses problems that arise due to the coverage and orbit of Geotail, the techniques used

to create the model, and the results.

4.2.1 Accounting for biases in the dataset

Before we can parameterise the magnetopause crossings with solar wind dynamic pres-

sure to define a new model, biases within the database must be considered. Geotail has

an elliptical orbit which means that some orbital bias will be introduced into the identi-

fied magnetopause crossings. Figure 4.5 shows how many hours the spacecraft was located

in a 1 × 1 RE bin over the 20-year period studied in this study. As can be seen in the

figure, the dwell times are high at apogee as this is where Geotail is travelling most slowly,

resulting in more magnetopause crossings being identified in this region (see Figure 4.4d.).

Another limitation caused by Geotail’s orbital characteristics is that magnetopause cross-

ings will only be identified in regions where Geotail visits. For example, this means that near

apogee, magnetopause crossings are only detected when the magnetotail is compressed, and

not when it is inflated. To address these orbital biases in the magnetotail that could affect

the fitting procedure which will be described in the next section, we removed any magne-

topause crossings that occurred beyond a point downtail. Figure 4.6 illustrates the proce-

dure implemented. The red dotted line shows the point beyond which the magnetopause

crossings were removed, with the removed magnetopause crossings shaded in grey. The

red dotted line was found by calculating the average magnetopause location for the entire

magnetopause crossing database (shown by the black dashed line) and finding the normal

to this average magnetopause at an arbitrary radial distance of 25RE . This process reduces

the total number of magnetopause crossings to 8050.

The number ofmagnetopause crossings identified at the daysidemagnetopause is higher

than at the flanks and magnetotail for a number of reasons. The dayside magnetopause

coincides with Geotail’s perigee where the dwell times are high (see Figure 4.6) making it

more probable that magnetopause crossings will be identified as more time is spent in that
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Figure 4.5: The 1× 1RE colour coded bins indicate how long Geotail spent in that particular

bin over the 20 years studied in theX ′GSM − ρ′GSM plane.

region. A perigee of 8-10 RE also means that Geotail will skim the dayside magnetopause

and multiple magnetopause crossings are likely to be identified. It is well documented that

the magnetopause is in constant motion, mainly as a consequence of varying upstream solar

wind conditions, but also due to the presence of surface waves [e.g. Berchem&Russell, 1982;

Haaland et al., 2014], and hence Geotail typically crosses the magnetopause multiple times

per orbit. Case & Wild [2013] implemented a criterion that multiple magnetopause cross-

ings should not occur within a 10-minute interval. This could mean that the magnetopause

crossing that their algorithm identifies is either the innermost or the outermost crossing,

depending on whether the spacecraft was traversing into the magnetosheath or magne-

tosphere, respectively. This could lead to biases in their magnetopause crossing database.

Anothermethod that could be applied to removemultiplemagnetopause crossingswould be

to take an average of themultiplemagnetopause crossings. This produces an averagemagne-

topause crossing location where no magnetopause was observed. These methods have not

been implemented as these could cause bias in the data set, and so we have includedmultiple

magnetopause crossings in our study.

Unfortunately, Geotail’s orbital properties means that magnetopause crossings will not
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Figure 4.6: Identified magnetopause crossings in theX ′GSM − ρ′GSM plane. 1 × 1 RE colour

coded bins indicate the total number ofmagnetopause crossings identified in each bin. The black

dashed line shows the average magnetopause location and the red dotted line shows the point

which is normal to the average magnetopause. All magnetopause crossings beyond this normal

have been removed from the database and are shaded grey in the figure.

be observed inside of 8RE and therefore ourmodel will not be capable of predictingmagne-

topause location during extreme events that compress the dayside magnetopause.

Figure 4.7 indicates the resulting magnetopause crossing dataset. This reduces the total

number of magnetopause crossings to 8050. Removing magnetopause crossings at a radial

distance of X ′GSM = 25 RE downtail was also considered, however it was felt that this

would still introduce biases to the fitting procedure.

To account for orbital biases due to the spacecraft spendingmore time in some locations

than others, the magnetopause crossing locations are normalised by the dwell time of the

spacecraft in the particular location. This also reduces the bias caused by multiple magne-

topause crossings, as many are identified where Geotail spends more time. By dividing the

number of magnetopause crossings detected in each 1 × 1 RE bin by the amount of time

Geotail spent in the same bin (the dwell time), a probability of finding the magnetopause in

a particular bin can be calculated. The results are shown in Figure 4.8. This probability is
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Figure 4.7: Identified magnetopause crossings in the a. X ′GSM − Y ′GSM plane; b. X ′GSM −

ZGSM plane; c. Y ′GSM − ZGSM plane; and d. X ′GSM − ρ′GSM plane (where ρ′ is defined as√
Y

′2
GSM + Z2

GSM ). Magnetopause crossings identified at the normal to the average magne-

topause atX ′GSM = 25RE downtail have been removed. The colours represent the number of

magnetopause crossings found in each 1× 1RE bin.

then used to weight the magnetopause crossings.

4.2.2 Fitting process

Solar wind dynamic pressure is known to have a large influence on magnetopause location

and shape, as discussed in section 1.4.2.2 where we calculated the magnetopause standoff

distance. Figure 4.9 shows the 8050 identified magnetopause crossings that will be used
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Figure 4.8: 1× 1RE colour coded bins show the probability density map of Geotail locations.

It is calculated from finding the ratio between how many magnetopause crossings found in a

particular bin to how long Geotail spent in the bin.

for the fitting, colour coded with the solar wind dynamic pressure from the OMNI dataset

(section 2.1.2) measured at the time of the magnetopause crossing. If OMNI data were

unavailable at the time of the crossing, we look for available data up to 10 minutes after

the crossing took place. If there is data available, an average is taken over this 10-minute

interval. The difference between the solar wind dynamic pressure measured at the bow

shock and the pressure measured downtail should not be large. It would take the solar wind

approximately 12 minutes to reach a distance of 20 RE downtail depending on upstream

conditions. The propagation time from the upstream spacecraft to Geotail has not been

considered in this study as it would have to be estimated for each magnetopause crossing

independently.

Figure 4.9 shows that the solar wind dynamic pressure has a clear and strong effect on

magnetopause location. When the solar wind ram pressure is weak, the magnetopause is

more inflated andwhen the solarwind rampressure is high, themagnetopause is compressed.

The influence of solar wind dynamic pressure is greatest at the daysidemagnetopausewhere

the solar wind flow is normal to the magnetopause surface. Even at the flanks and in the
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Figure 4.9: The identified magnetopause crossings in the X ′GSM − ρ′GSM plane (where ρ′ is

defined as
√
Y

′2
GSM + Z2

GSM ). Magnetopause crossings have been colour coded with the solar

wind dynamic pressure which was provided by the OMNI dataset.

magnetotail, where we would expect the effect of solar wind dynamic pressure to diminish

as the solar wind flow becomes tangential to the magnetopause, there is still a strong solar

wind dynamic pressure dependence.

In this section, we develop a simple empirical model based on solar wind dynamic pres-

sure to describe the magnetopause crossing database we have identified. We decided to

develop a new model using the magnetopause crossings identified in this thesis, rather than

using amodel developed by any of the previous authors listed in section 3.3, becausewe have

identified a much larger magnetopause crossing database than previous studies: covering

further downtail, a greater number of extreme events, and nearly two solar cycles, both

of which were relatively quiet in comparison to previous solar cycles. As Geotail orbits

primarily in the equatorial plane, we do not need to consider the effects that the magneto-

spheric cusps have on magnetopause location. The Shue et al. [1997, 1998] model is devel-

oped from a smaller database of magnetopause crossings, over a shorter period during a

solar cycle that was much stronger than the two solar cycles (solar cycle 23 and 24) from

which we have Geotail data, and with limited coverage of the nightside magnetopause.
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Comparison with other models would not, therefore, be able to describe the magnetopause

crossings we have observed with as great an accuracy as the model that we will develop.

We use the function described by Shue et al. [1997, 1998] to develop the model (see

section 3.3.1.1 for more detail). It is given by

r = r0

(
2

1 + cos θ

)α
(4.3)

where r is the radial distance and θ is the solar zenith angle, r0 is the magnetopause standoff

distance, and α describes the level of flaring in the magnetotail. Equation 4.3 is fitted to

the magnetopause crossings to obtain the functional forms of the magnetopause standoff

distance, r0 and the flaring of the magnetotail, α in terms of solar wind dynamic pressure.

To parameterise for solar wind dynamic pressure, the magnetopause crossings are sepa-

rated by dynamic pressure into 1 nPa wide overlapping bins which are shifted by 0.5 nPa,

ranging from 0 nPa to 9 nPa. These bin sizes were chosen because even at higher dynamic

pressures, there were a sufficient number of magnetopause crossings for fitting. The differ-

ence, ∆, between the magnetopause crossing location and the function given by equation

4.3 is calculated by finding the perpendicular offset as follows

∆ =
√

(XGeo −Xfunc)2 + (ρGeo − ρfunc)2 (4.4)

where XGeo and ρGeo describe the position of Geotail, and Xfunc and ρfunc describe the

position of the magnetopause as predicted by the function in the X ′GSM − ρ′ plane. The

simple diagram shown in Figure 4.10 illustrates how the perpendicular offsets aremeasured.

The sum of the squared differences is calculated. r0 and α are then independently varied

until the sum of the squared differences is minimised. This is implemented for each pressure

range to find a value for r0 and α which most closely describe the observed magnetopause

crossings. Other methods and techniques to find the best fit to the magnetopause crossings

were trialled, but this procedure produced the best results.

The panels in Figure 4.11 and 4.12 show the total number of magnetopause crossings

and coverage in each solar wind dynamic pressure range.

There are far fewer magnetopause crossings in higher solar wind dynamic pressure

ranges than for lower solar wind dynamic pressures, although despite this, the magne-

topause crossings locations cover both the dayside and nightside fairly evenly. As discussed
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Figure 4.10: An example of how the fitting procedure works. Crosses represent example

magnetopause crossings and the dashed line shows the function (Equation 4.3) with a trial r0

and α value. ∆ is calculated from the square root of the squared perpendicular offset.

previously, more magnetopause crossings have been identified at the dayside magnetopause

than the nightside caused by Geotail’s orbit.

To account for orbital bias in the fitting procedure, the probability density map shown

in Figure 4.8 is used to weight the magnetopause crossings by dwell time before carrying

out the fitting.

4.2.3 Results and discussion

Figure 4.13 shows the best fit r0 and α values, respectively, as a function of solar wind

dynamic pressure. Panel c. shows the number of magnetopause crossings that went into

each solar wind dynamic pressure bin. The colours indicate the results without considering

biases caused byGeotail’s orbit in the fitting procedure (blue), andwith considering biases in

the fitting procedure (pink). Similar to the methods of Shue et al. [1997], a power law curve

has been fitted to the data points in panel a., and a straight line has been fitted to the data

points in panel b. to obtain the following equations for r0 and α before considering orbital

bias (shown by the blue dashed lines in Figure 4.13)

r0 = 10.838P
−1/8.85
Dyn ± 0.021RE (4.5)
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Figure 4.11: The number of magnetopause crossings in a 1× 1RE bin separated by solar wind

dynamic pressure in theX ′GSM − ρ′GSM plane.
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Figure 4.12: The number of magnetopause crossings in a 1× 1RE bin separated by solar wind

dynamic pressure in theX ′GSM − ρ′GSM plane.
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α = 0.610− 0.011PDyn ± 0.015 (4.6)

where the errors indicated are the standard error.

The power law index in equation 4.5 is greater than the theoretical prediction given by

equation 1.41 in section 1.4.2.2 (r0 ∝ P
−1/6
Dyn ). This relation assumes the magnetospheric

field is dipolar and so some differences are expected. However, the results given by equation

4.5 imply that there is a much weaker dependence on solar wind dynamic pressure relative

to the theory.

As the results presented are significantly different from the theoretical prediction and

previous models, the analysis has been repeated after taking orbital biases into account.

This is achieved by weighting the magnetopause crossings with dwell time. The resulting

equations for r0 and α are obtained (shown by the pink dotted lines in Figure 4.13)

r0 = 11.08P
−1/6.75
Dyn ± 0.037RE (4.7)

α = 0.605− 0.010PDyn ± 0.031 (4.8)

After weighting the magnetopause crossings, the power law index given in equation 4.7

is much closer to the theoretical prediction and to other models. For example, other models

derive exponents of: -1/6.6 [Shue et al., 1997], -1/5.15 [Lin et al., 2010], and -1/4.8 [Dušik

et al., 2010] (see section 3.3 for more detail).

The empirical model developed here describes magnetopause location under different

solar wind dynamic pressures. As Geotail had an equatorial orbit, the model can only be

used to describemagnetopause location in this plane. It is well-documented that themagne-

topause is asymmetric in the equatorial and north-south planes. Under the same external

conditions, the magnetopause is smaller in the north-south direction compared to at the

equator. To characterise magnetopause location in the north-south direction, the magneto-

spheric cusps would also need to be considered.
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Figure 4.13: a. The standoff distance, r0, as a function of solar wind dynamic pressure. b.

The level of flaring in the magnetotail, α, as a function of solar wind dynamic pressure. c. The

number of magnetopause crossings in each solar wind dynamic pressure range. The colours

indicate the results without taking orbital bias into account (blue) and with taking orbital bias

into account (pink).

4.3 Summary

In this chapter, we have developed an automated routine to identify magnetopause cross-

ings from over 20 years of Geotail magnetic field and plasma observations. The automated

routine is based on criteria first presented by Ivchenko et al. [2000] and Case &Wild [2013].
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After removing some magnetopause crossings from the database to account for biases that

are caused by Geotail’s orbit, there are 8050 magnetopause crossings available for analysis.

Themagnetopause crossings are then used to create a simplemagnetopausemodel to predict

the location of the magnetopause using the functional form defined by Shue et al. [1997,

1998]. We trial developing the model with the magnetopause crossings both unweighted

and weighted by the length of time Geotail spends in a particular region. This model is

able to predict the location of the magnetopause based on the upstream solar wind dynamic

pressure. It is not capable of predicting the magnetopause under conditions that cause the

magnetopause to be compressed inside of 8 RE due to Geotail’s orbital properties.

Since themodel only takes solar wind dynamic pressure into account, and no other solar

wind ormagnetospheric parameters, it will only be used to provide an approximate location

for the magnetopause in this study. To improve the model, other parameters would need to

be considered. In the following chapters, the model will be first used to study how magne-

topause location varies over the solar cycle. Following this, the detected magnetopause

crossings are compared with the predicted locations for a variety of upstream solar wind

and magnetospheric conditions.
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Chapter 5

Solar cycle influences on the shape and

location of the magnetopause

5.1 Introduction

Variations in upstream solar wind conditions cause large changes in the location and shape

of the magnetopause. Solar wind dynamic pressure and the interplanetary magnetic field

(IMF) are known to vary over the solar cycle [Fairfield, 1979, 1995] (see section 3.2 for more

detail). Consequently, the average shape and location of the magnetopause will also vary

with solar cycle. For example, solar wind dynamic pressure peaks during the declining

phase of the solar cycle, and therefore it is expected that the magnetopause will be more

compressed during this phase. Conditions during the solar cycle can vary drastically, however,

and themost recent solar cycle contained several highly unusual features, such as an extended,

deep solarminimumwhich had profound implications for the dynamics of the Earth’smagne-

tosphere. The long-term dataset (20 years) provided by Geotail has given us a unique oppor-

tunity to compare themagnetopause location during two very differentminima and examine

how the magnetopause responds to very low solar activity.

The magnetopause crossing dataset developed in this study spans 20 years allowing for

the study of magnetopause location over the two most recent solar cycles (23 and 24). In

this chapter, we will investigate how the shape and location of the magnetopause varies

each year and study the identified magnetopause crossings in more detail. We will further

examine long-term characteristics of the magnetopause and draw comparisons between the
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model developed in this study (see section 4.2) with models developed by Shue et al. [1998]

and Lin et al. [2010] (see section 3.3.1). A brief overview of the instruments and methods

used will be recapped in the next section, followed by the results and discussion, and finally

a summary.

5.2 Instruments and methods

Magnetic field and plasma data from the Geotail spacecraft have been used to investigate

how magnetopause location changes with solar cycle (see section 2.1.1 for greater detail on

the instruments and the mission). Geotail has an elliptical orbit in the equatorial plane that

has remained relatively constant over the 20 years investigated in this study. Solar wind data

is required as an input for the models used and for looking at the long-term changes over

the solar cycles. This data, covering the duration of the Geotail mission, is provided by the

OMNI dataset and is available at a time resolution of 1 minute. Finally, the international

sunspot numbers are used to determine the phases of the solar cycle [SILSO World Data

Center, 2016].

Magnetopause crossings are identified using the automated routines for the dayside and

nightside magnetopause (described in section 4.1.1). The magnetopause crossings are aber-

rated to account for the motion of the Earth around the Sun (section 4.1.2.1), and magne-

topause crossings beyond a line which is normal to the average magnetopause at 25 RE

are removed (section 4.2.1). This results in a dataset of 8050 magnetopause crossings. The

magnetopause crossing dataset is used to develop a simple relationship to describe magne-

topause location based on solar wind dynamic pressure (section 4.2). We use the function

described by Shue et al. [1997, 1998] to develop the new model. The function is given by

r = r0

(
2

1 + cos θ

)α
(5.1)

where r is the radial distance and θ is the solar zenith angle, r0 is the magnetopause standoff

distance, and α describes the level of flaring in the magnetotail.

We trial calculating functions for r0 and α in two different ways, firstly by leaving the

magnetopause crossings unweighted, and secondly by weighting the magnetopause cross-

ings by dwell time. The weighting method provides much better results and will be used in
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analysis presented here. However, we will also present the unweighted model for compar-

ative purposes.

r0 and α are determined by first weighting the magnetopause crossings by how long

Geotail spends in a 1 × 1 RE spatial bin, then by separating the magnetopause crossings

into solar wind dynamic pressure ranges and fitting the function to each pressure range (see

section 4.2.2 for detail). The resulting equations for r0 and α are as follows

r0 = 11.082P
−1/6.75
Dyn ± 0.037RE (5.2)

α = 0.605− 0.010PDyn ± 0.031 (5.3)

Unlike other models discussed in the literature review of this thesis (section 3.3), the

model developed in this study is only parameterised by solar wind dynamic pressure. Solar

wind dynamic pressure has a much greater influence on magnetopause size and shape than

the direction andmagnitude of IMFBZ . This can be seen in Figures 3.7 and 3.8 in section 3.3

which show the effect of changing dynamic pressure and IMFBZ onmagnetopause location

as predicted by the Shue et al. [1998] and Lin et al. [2010] models. In this thesis, since the

simple empirical model will only be used to provide an approximate indication of expected

magnetopause location, the effects of other parameters on magnetopause location have not

been included in the model as they are much smaller.

As well as using the model developed in this thesis, models defined by Shue et al. [1998]

and Lin et al. [2010] will also be compared to the observed magnetopause location. The

model developed by Shue et al. [1998] depends on solar wind dynamic pressure and IMF

BZ , whilst the model developed by Lin et al. [2010] depends on these parameters as well as

the magnetic pressure and dipole tilt angle (both models are described in greater detail in

section 3.3.1). To see how the magnetopause shape and location varies with solar cycle and

to see how well the models describe the observed magnetopause, the standoff distance, r0,

and the magnetotail radius in the XGSM − ZGSM plane calculated at 20 RE downtail will

be plotted as a function of time.
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5.2.1 Average magnetopause location

To investigate how the observed location of the magnetopause varies each year, the Shue

et al. [1997, 1998] function, equation 5.1, is fitted to the weighted magnetopause crossings

without parameterising by solarwind dynamic pressure. This process is applied to each year

individually to see qualitatively how magnetopause location varies. A value for r0 and α is

calculated for each year of magnetopause crossings. Similar to the previous fitting process

(section 4.2.2), to account for orbital biases, magnetopause crossings have been weighted by

how long Geotail spends in a particular spatial bin for each year.

5.3 Results and discussion

The results and discussion are separated into two sections. Firstly, the magnetopause cross-

ings and average location of the magnetopause for each year will be explored. Secondly,

the solar cycle variations observed in the solar wind parameters and in the magnetopause

locations as predicted by the models will be discussed. Comparisons between the models

will also be made.

5.3.1 Yearly variations in the location of the magnetopause

Themagnetopause crossings identified in each year of the 20-year period investigated in the

thesis are presented in Figures 5.1 and 5.2. The panels have been labelled with the year, and

the magnetopause crossings have been plotted in the aberratedX ′GSM − ρ′ plane (where ρ′

is defined as
√
Y

′2
GSM + Z2

GSM ) and the colour represents the solar wind dynamic pressure

strength. The dashed black curve indicates the average magnetopause location for each year

which is found by fitting the Shue et al. [1997, 1998] function to each individual year of

crossings (section 5.2.1). The grey dotted curve indicates the averagemagnetopause location

over the whole 20-year period and is calculated from fitting the Shue et al. [1997, 1998]

function to the entire database of weighted magnetopause crossings. The best fit standoff

distance, r0 is found to be 10.39 RE and the best fit flaring in the magnetotail, α is found

to be 0.56 for the entire dataset. This has been included on each panel to allow for easier

comparison between individual years.

100



5. SOLAR CYCLE INFLUENCES ON THE SHAPE AND LOCATION OF THE
MAGNETOPAUSE

0

10

20

30
ρ ’

G
SM

 (R
E)

1996

0

10

20

30

ρ ’
G

SM
 (R

E)

1997

0

10

20

30

ρ ’
G

SM
 (R

E)

1998

0

10

20

30

ρ ’
G

SM
 (R

E)

1999

0

10

20

30

ρ ’
G

SM
 (R

E)

20 10 0 -10 -20
X’GSM (RE)

2000

2001

2002

2003

2004

20 10 0 -10 -20
X’GSM (RE)

2005

0
1
2
3
4
5
6

P D
yn

 (n
Pa

)
0
1
2
3
4
5
6

P D
yn

 (n
Pa

)

0
1
2
3
4
5
6

P D
yn

 (n
Pa

)

0
1
2
3
4
5
6

P D
yn

 (n
Pa

)

0
1
2
3
4
5
6

P D
yn

 (n
Pa

)

yearly MP location
average MP location

Figure 5.1: The panels indicate magnetopause crossings identified in the years 1996 to 2005,

and are colour coded by solar wind dynamic pressure. The Shue et al. [1997, 1998] function has

been fitted to each year of weighted magnetopause crossings to find the best fit location of the

magnetopause indicated by the black dashed line. The average location of the magnetopause is

shown by the dotted grey line.
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Figure 5.2: The panels are the same as Figure 5.1, but for the years 2006 to 2015.

The individual number ofmagnetopause crossings for each year and theweighted best fit

r0 and α values are listed in table 5.1. These are calculated by weighting the magnetopause

crossings by how long Geotail spends in a 1 × 1 RE spatial bin. Over the 20 years, the

total number of identified magnetopause crossings varies from a minimum of 223 in 2013
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to a maximum of 563 in 1996. Geotail’s orbit takes around 5 to 6 days to complete and,

over the course of a year, the orbital apogee covers all MLTs. As an approximation, it is

expected that Geotail will cross through the magnetopause boundary at least twice for the

majority of orbits, which equates to approximately 120 to 150 magnetopause crossings per

year. However, Geotail typically crosses the magnetopause boundary multiple times per

orbit because the boundary is in constant motion and when the orbital perigee is located

at the dayside magnetopause, Geotail skims the boundary and passes through it multiple

times. The total number of magnetopause crossings identified each year does not follow

any pattern although there fewer crossings in the later years. The magnetopause crossings

are weighted before any analysis is carried out, and therefore the differences in numbers of

magnetopause crossings should not have a large effect on any analysis.

From 1996 to 1999, the yearly magnetopause location and the average magnetopause

location for the whole dataset are very similar. As we approach solar maximum, the number

ofmagnetopause crossingswith corresponding high solarwind dynamic pressures increases.

In 2001, the magnetosphere is more inflated than the average magnetopause location for

the whole dataset. This likely caused by the large variability in the positions of the identi-

fied magnetopause crossings. In 2002 and 2003, the magnetosphere is compressed due to

the high solar wind dynamic pressures observed during this period. From 2006 through to

2015, the observed solar wind dynamic pressures are generally lower and as a result, the

magnetosphere is more expanded than the average magnetopause location for the whole

dataset. This reflects the fact that the solar minimum that occurred at the end of solar cycle

23 and the activity during solar cycle 24 was much weaker than the previous cycle.

Investigating such an extensive dataset allows us tomake comparisons between different

solar cycle phases. The period of study starts during the solar minimum that occurred

between solar cycle 22 and 23. The next solar minimum took place around 12 years later, in

2008 and 2009. This solar minimumwas much deeper than the previous andmagnetopause

crossings with weaker solar wind dynamic pressures were observed. The magnetosphere

was more inflated during the second solar minimum compared to the first. At the first solar

minimum (1996), the best fit r0 and α values are 10.16 RE and 0.58 respectively, whereas

the best fit r0 and α values during the second solar minimum increase to 10.69RE and 0.60

in 2009. Similar behaviour is observed when comparing the solar maxima of solar cycles 23
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Year Number of

crossings

r0 (RE ) α

1996 563 10.16 0.58

1997 534 10.32 0.56

1998 436 9.94 0.58

1999 427 10.09 0.56

2000 473 9.88 0.60

2001 293 10.24 0.63

2002 387 9.59 0.60

2003 483 9.35 0.58

2004 404 9.67 0.64

2005 387 9.98 0.60

2006 391 10.05 0.59

2007 562 10.26 0.59

2008 452 10.60 0.58

2009 417 10.69 0.60

2010 400 10.29 0.62

2011 332 10.75 0.57

2012 236 10.29 0.58

2013 223 10.62 0.57

2014 298 10.44 0.63

2015 352 9.98 0.62

Table 5.1: The number ofmagnetopause crossings, the daysidemagnetopause standoff distance,

r0, and the flaring of the magnetotail, α for each year.

and 24. The magnetopause is more compressed during the first solar maximum compared

to the second solar maximum. We are also able to compare the declining phases of the

two solar cycles. During the declining phase, the highest solar wind velocities, and hence

dynamic pressures, are observed. The magnetopause undergoes a slightly larger compres-

sion during the first declining phase (2003 to 2006) than the second (2015), however the
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period investigated only includes one year of the second declining phase. During 2003 the

best fit r0 and α values are 9.35RE and 0.58 respectively, whereas in 2015 the best fit r0 and

α values are slightly higher; 9.98 RE and 0.62 respectively.

5.3.2 Long-term solar cycle variations

Figures 5.3 and 5.4 display the sunspot numbers, different solar wind and magnetospheric

parameters, andmodel predictions over the 20-year period investigated in this thesis. Figure

5.3a. shows the average international sunspot number determined from taking the mean

over a 12-month slidingwindow, provided by SILSOWorldDataCenter [2016]. The sunspot

number is used to describe the 11-year solar activity cycle, where the end of a cycle occurs

at solar minimum (see section 1.3.2 for more detail). The period in this study extends almost

two solar cycles; solar cycle 23 and 24. Both solar cycles are characterised by unusual

behaviour. Solar cycle 23 began in 1996 and peaked during the years 2000 to 2002. The

solar minimum occurred between 2007 to 2010 and was the deepest and longest of the

space age, with a low heliospheric magnetic field, and a significant reduction in the solar

wind speed and density [Owens et al., 2011, and references therein]. Solar cycle 24 is charac-

terised bymuch lower activity relative to recent solar cycles, with an average of 120 sunspots

at maximum in 2014. Solar cycle 24 is in the descending phase at the end of the time interval

utilised in this study. See section 3.2 for more detail on solar cycles 23 and 24.

The magnetopause subsolar standoff distance, r0, and the radius of the magnetotail esti-

mated from four models are displayed by different lines in panels b. and c. in Figure 5.3

respectively. The radius of the modelled magnetotail is calculated at 20 RE downtail. The

pink dot-dash lines represent r0 and the magnetotail radius as predicted by the empirical

model developed in this study which depends on solar wind dynamic pressure. The model

shown by the pink dot-dash lines is calculated after weighting the magnetopause cross-

ings by how long Geotail spends in a 1×1 RE spatial bin. For comparison, the dot-dashed

blue lines represent the model developed in this study without weighting the magnetopause

crossings. The dashed purple lines represent r0 and the tail radius as predicted by the Shue

et al. [1998] model, which requires solar wind dynamic pressure and IMF BZ as inputs.

The dotted green lines show the results as predicted by the Lin et al. [2010] model, which

requires solar wind dynamic and thermal pressures, IMFBZ , and dipole tilt angle as inputs.
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Figure 5.3: a. 12-month sliding mean sunspot numbers provided by the SILSO World Data

Center [2016]. b. and c. show the calculated subsolar magnetopause standoff distance, r0, and

radius of the magnetotail calculated at 20 RE downtail for the different models. d-f. 12-month

sliding median and quartiles for different solar wind parameters from the OMNI dataset. They

respectively show: total IMF strength, IMFBZ , and the dayside reconnection rate [Milan et al.,

2012].

For this study however, we have set the dipole tilt angle to zero, since it primarily influences

the location of the magnetic cusps, which do not have a strong effect on the location of the

magnetopause in the equatorial plane. As the Lin et al. [2010] model is three-dimensional
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Figure 5.4: a. to e. respectively show the magnitude of the solar wind velocity in the XGSM

direction, the density, solar wind dynamic pressure, plasma temperature and the SYM-H index.

12-month sliding medians are indicated by the black solid line with quartile ranges shaded in

grey.

and asymmetric, only the model predictions in theX−Y plane and for positive Y ′GSM have

been considered, although there are only small differences between positive and negative

Y ′GSM .

Panels d., e., and f. show the median and quartile ranges of the total IMF strength,

the IMF BZ component, and the solar wind-magnetosphere coupling function, φD . The

coupling function describes the relationship between the dayside reconnection rate and

the upstream solar wind conditions, and hence is a measure of the amount of magnetic

flux being opened at the dayside magnetopause (section 3.1.4). Milan et al. [2012] defined

107



5. SOLAR CYCLE INFLUENCES ON THE SHAPE AND LOCATION OF THE
MAGNETOPAUSE

this coupling function based on upstream solar wind measurements combined with in situ

spacecraft measurements, auroral images, and ground-based measurements as

φD = ΛV
4/3
X BY Z sin9/2 1

2
θ (5.4)

where Λ = 3.3 × 105 m2/3 s1/3, VX is the velocity of the solar wind the XGSM direction,

BY Z is the transverse component of the IMF (B2
Y Z = B2

Y + B2
Z ), and θ is the clock angle,

the angle that the projection of the IMF in the Y-Z plane makes to the Z-axis. φD maximises

when IMF BZ is directed southwards.

The panels in Figure 5.4 respectively show: a. the magnitude of the solar wind velocity

in theXGSM direction, b. the solar wind density, c. the solar wind dynamic pressure, d. the

solar wind plasma temperature, and e. the ring current strength measured by the SYM-H

indices. The black line indicates the medians of the parameters, and the grey shaded regions

show the quartiles.

Figure 5.3d. indicates that the IMF strength is well correlated with sunspot number

such that at solar minimum the average IMF strength is low. In 1996 the IMF strength was

approximately 4.5 nT, but during the next minimum in 2009 it was lower; approximately

3.5 nT. As the Sun’s magnetic field becomes more disordered during the solar cycle, the

average IMF magnitude increases. It peaks just after solar maximum during the two solar

cycles shown in panel d. Peak average values are approximately 7 nT and 6 nT for solar cycle

23 and 24 respectively. The coupling function, shown in panel f., is highest during 2003, and

lowest during the deep solar minimum of 2007 to 2010.

The velocity of the solar wind also varies over the cycle (Figure 5.4c.). The highest veloc-

ities are observed during the declining phase in 2003 reaching an average of ∼550 km s−1,

whereas the lowest velocities (∼350 km s−1) were observed in 2009. The solar wind density

begins quite high averaging around 7 cm−3 in the first few years of this study as can be seen

in Figure 5.4b. From 1999 onwards, the solar wind density consistently averaged around

4-5 cm−3, decreasing to ∼3 cm−3 in 2003 and 2009. The solar wind dynamic pressure

(Figure 5.4c.), which is equal to the solar wind density multiplied by the velocity squared,

varies by about a factor of two over the solar cycle. High dynamic pressures are observed

during the first solar minimum and in both of the declining phases (2003 and 2015). The

solar wind temperature (Figure 5.4d.) has a similar variation to the solar wind velocity. The
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solar wind temperature is highest during the declining phase of solar cycle 23 reaching a

median value of approximately 1.5 ×105 K. The lowest temperatures are observed during

both solar minima. The solar wind temperature is on average comparatively lower during

solar cycle 24 compared to solar cycle 23.

Panel e. in Figure 5.4 shows the median SYM-H index over the two solar cycles. The

SYM-H index is significantly lower during solar cycle 23 compared to solar cycle 24, indi-

cating that the ring current was much stronger. The ring current strength increases during

geomagnetic storms (see section 3.1.5 for a discussion on geomagnetic storms). More geomag-

netic storms occurred during the solar maximum of solar cycle 23 compared to solar cycle

24 and they were generally stronger. The ring current strength is weakest during the two

solar minima. The ring current strength starts to increase again during the second solar

maximum phase (2015).

Since the empiricalmodel presented in this study depends only on the solarwind dynamic

pressure as an input, the contraction and expansion of the magnetopause model reflects the

solar cycle variation in dynamic pressure. At the beginning of the period being studied, the

solar wind is characterised by relatively strong dynamic pressures, and the whole magne-

tosphere is compressed. High velocities cause a large increase in dynamic pressure in 2003,

corresponding to a contraction of the magnetosphere. During the extended solar minimum

and into solar cycle 24, the solar wind dynamic pressure is unusually low. Throughout

this time the magnetosphere remains expanded at both the nose and in the magnetotail.

At the end of the period, the dynamic pressure increases, and the magnetopause undergoes

a compression.

The differences between the weighted and unweighted empirical models developed in

this thesis (dot-dashed pink and blue lines respectively) are generally small. The largest

differences occur during more extreme times over the solar cycle. In 2003, the weighted

fit indicates that the magnetosphere was more compressed than the unweighted fit at both

the day- and nightside. However, over the years 2009 to 2014, the weighted fit shows that

the magnetosphere was slightly more inflated than the unweighted fit. This implies that

the magnetopause crossings that were identified under extreme solar wind dynamic pres-

sures (both high and low) were located in spatial bins where Geotail spent less time, and

so after accounting for this orbital bias these magnetopause crossings have been weighted
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more heavily.

Differences between the three empirical magnetopause models are expected as they are

dependent on different parameters. Solarwind dynamic pressure has the strongest influence

on magnetopause location and shape, so all three models follow a similar trend. However,

both the Shue et al. [1998] and Lin et al. [2010] models predict a more expanded magne-

tosphere on average than the model presented in this study. The differences between our

model (dot-dashed pink lines) and that of Shue et al. [1998] (dashed purple lines) are quite

small for r0 and the magnetotail radius. Although Shue et al. [1998] use the same function

to characterise the magnetopause as in this thesis, the two solutions are different due to

being based upon different datasets and including different parameters. The magnetopause

crossing database used in the Shue et al. [1998] study to develop their model contains fewer

magnetopause crossings than our study, and are largely located on the dayside of themagne-

tosphere. The magnetopause crossings are identified during a different solar cycle spanning

primarily 1977 to 1987, which was characterised by different conditions to solar cycles 23

and 24. The Lin et al. [2010] model differs in that it predicts a much more expanded dayside

magnetopause than the other two models. The Lin et al. [2010] model is developed from a

larger magnetopause crossing than that of Shue et al. [1997] and Shue et al. [1998], but is still

significantly smaller than the database we have presented. There are only small differences

between the models in the magnetotail radius.

5.4 Summary

In this chapter the magnetopause crossings identified from 20 years of Geotail data have

been investigated on a year by year basis. The Shue et al. [1997, 1998] function was fitted

to the weighted magnetopause crossings for each year to find the best fit values for the

subsolar magnetopause standoff distance, r0, and the flaring in the magnetotail, α. The

best fit magnetopause for each year was compared to the average magnetopause for the

entire magnetopause crossing database. It was found that during the first few years there

is not a large difference between the two. During solar maximum the magnetosphere is

more compressed than the average location. From 2006 through to 2015, the magneto-

sphere is more expanded than the average location. This is attributed to the unusually weak
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and extended solar minimum at the end of solar cycle 23 and the relatively weak activity of

solar cycle 24. Comparisons were then drawn between phases of the two solar cycles. The

magnetosphere was much more inflated during the second solar minimum than the first.

The same affects were observed when comparing the two solar maxima; both the dayside

and nightside magnetopause was more inflated during the solar maximum of solar cycle

24. During the declining phases, the magnetopause undergoes a slightly larger compression

during solar cycle 23. Overall, during solar cycle 24 the magnetopause was more inflated

than it was during solar cycle 23.

The second part of this chapter looked at how solar wind parameters change over the

solar cycle and at how the model developed in section 4.2 varies. The model was compared

tomodels developed by Shue et al. [1998] and Lin et al. [2010]. It was found that the empirical

model developed in this thesis predicts amore compressedmagnetopause than the other two

models. Differences between the threemodels are to be expected for several reasons. Firstly,

each model is created from different magnetopause crossing databases. The magnetopause

crossing database employed in this thesis includes more magnetopause crossings identified

downtail compared to the other two. The vastmajority ofmagnetopause crossings identified

and used to create the Shue et al. [1997, 1998] and Lin et al. [2010] models are at distances of

XGSM ≥ -10RE , and therefore bothmodelsmay have limitationswhen used to describe the

nightside magnetotail. Secondly, this study uses data from a much longer time period than

the other two, spanning almost two solar cycles. Shue et al. [1997] have used data mainly

from 1977 to 1987 during a more active solar cycle than the solar cycles investigated in

this study. The model presented by Shue et al. [1998] is an improvement on their previous

model and includes an extreme event observed in January 1997. Lin et al. [2010] have created

their model by utilising data from December 1994 to January 2008 which covers all of solar

cycle 23. Solar activity varies greatly between solar cycles. Unique solar activity has been

observed during the solar cycles examined in this study, including the deep and extended

solar minimum, and the relatively low activity of solar cycle 24.

In the following two chapters, firstly we will investigate how well the model magne-

topause describes the observedmagnetopause shape and examinewhat is causing the discrep-

ancies between the predictions and observations, and secondly, we will consider the effects

of solar wind and magnetospheric processes on magnetopause location.
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Chapter 6

Comparison between the predicted and

observed magnetopause location

6.1 Introduction

The location of the magnetopause is largely governed by upstream solar wind conditions,

of which, solar wind dynamic pressure is the main controlling factor. At the magnetopause

nose, the solar wind flow is normal to the magnetopause surface and hence solar wind

dynamic pressure has the greatest influence on the magnetopause in this region. At the

flanks and in the magnetotail, the flow becomes more tangential to the magnetopause and

the effect of solar wind dynamic pressure on magnetopause location decreases, although

it does not completely diminish (for example, see Figure 4.9 in section 4.2.2). Many other

physical processes influence magnetopause location such as the strength and direction of

the interplanetary magnetic field (IMF) and conditions inside the magnetosphere.

In Chapter 4, the identified magnetopause crossings were normalised for solar wind

dynamic pressure and the shape and location of the magnetopause was modelled with the

functional form of the Shue et al. [1997, 1998] empirical magnetopause model to determine

new functions for the magnetopause subsolar standoff distance, r0, and the flaring of the

magnetotail, α. This allowed us to predict the location of the magnetopause for a given

upstream solar wind dynamic pressure and investigate the long-term changes in magne-

topause shape and location over the two most recent solar cycles. This chapter will be

a continuation of the previous chapter. We examine the magnetopause location further
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by comparing the empirical model predictions with the observed location of the magne-

topause over the 20 years. Times when the model characterises magnetopause position

well are identified and what causes the observations to deviate from model predictions are

discussed. We further investigate some specific cases where atypical magnetopause cross-

ings were observed as a result of extreme solar wind conditions and discuss their potential

influence on the average magnetopause location.

6.2 Instruments and methods

The magnetopause crossing database that was identified from Geotail magnetic field and

plasma data from January 1996 to December 2015 in Chapter 4 is used here. Details on

how themagnetopause crossings were identified are described in section 4.1 and techniques

used to minimise biases in the dataset are described in section 4.2.1. The resulting database

contains 8050 magnetopause crossings that can be used for the analysis in this chapter.

As described in section 4.2, an empirical model is then developed from the magnetopause

crossing database. The model allows us to predict the location of the magnetopause for a

given solar wind dynamic pressure. The relationship is given by

r = r0

(
2

1 + cos θ

)α
(6.1)

where

r0 =11.082P
−1/6.75
Dyn RE (6.2)

α =0.605− 0.010PDyn (6.3)

where r is the radial distance and θ is the solar zenith angle, r0 is the magnetopause standoff

distance, andα describes the level of flaring in themagnetotail. Themagnetopause crossings

have been weighted by dwell time prior to developing the model.

Solarwind data is provided by theOMNI dataset (see section 2.1.2) and sunspot numbers

are provided by the SILSO World Data Center [2016] (see section 2.2.3).

To examine how the location of the magnetopause varies over the 20-year period, we

separate the magnetopause crossings into 12-month sliding intervals and fit the function

defined by Shue et al. [1997, 1998] (equation 6.1) to each 12-month interval. The starting
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point of each 12-month interval is shifted by one month. Similar to the fitting process

described section 4.2.2, to minimise the effects of orbital biases, magnetopause crossings

have been weighted by how long Geotail spends in a particular spatial bin over each 12-

month sliding interval. A value for r0 and α are calculated for each of the sliding 12-month

intervals. r0 and α can then be plotted as a function of time enabling the observed average

magnetopause shape and position to be investigated over the 20-year period.

6.3 Results and discussion

Variations inmagnetopause location and solarwind parameters for thewhole 20-year period

(1996 to 2016) are presented and discussed first. This is followed by a detailed examination

of intervals during which the empirical magnetopause model does not describe the location

of the observed magnetopause sufficiently. Reasons for the discrepancies are discussed and

examples ofmagnetopause crossings that are detected during extreme solarwind conditions

are presented.

6.3.1 1996 to 2016

Sunspot numbers, the observed magnetopause location and model predictions, and solar

wind data are presented in Figures 6.1 and 6.2. Figure 6.1a. displays the monthly mean

sunspot numbers (grey solid line) and 12-month sliding mean sunspot numbers (black solid

line) [SILSOWorld Data Center, 2016]. Sunspot numbers are an indication of solar activity

and are used to define the solar cycle (see section 1.3.2 for more detail). Panels b. and c.

show the predicted (dot-dashed lines) and observed (red solid line) magnetopause location

at the subsolar standoff distance, r0, and the magnetotail radius calculated at 20 RE down-

tail, respectively. 12-month sliding median solar wind dynamic pressure is input in equa-

tions 6.2 and 6.3 to produce the pink dot-dashed lines, and one-month medians are used

to produce the grey dot-dashed lines. Corresponding solar wind parameters are presented

in Figure 6.1d-f. and in Figure 6.2a-e. The black solid line shows the 12-month sliding

median values with upper and lower quartiles shaded in grey. The grey solid lines show the

one-month median values. Figure 6.1d. and 6.1e. present the IMF BT and BZ conditions

over the 20 years. Figure 6.1f. shows the dayside reconnection rate, φD , which is calculated
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using equation 3.4 described in section 3.1.4 defined by Milan et al. [2012]. Figure 6.2a-e.

respectively show: themagnitude of the solar wind velocity in theXGSM direction, the solar

wind density, the solar wind dynamic pressure, the solar wind temperature, and the SYM-H

index.

The observed magnetopause has been calculated by fitting the Shue et al. [1997, 1998]

function (equation 6.1) to 12-month sliding intervals ofmagnetopause crossings to find best-

fit values for r0 andα. Different methods of weighting the crossings were tested. The results

shown in Figure 6.1 show the average location of themagnetopausewhen themagnetopause

crossings have been weighted with a 12-month sliding interval dwell time. Although not

shown in the figure, weighting the crossings with the 20-year dwell time as opposed to the

12-month sliding interval dwell time was investigated, but it was found that this weighted

some magnetopause crossings too heavily and therefore did not produce a very good fit to

the magnetopause crossings. Similar to the best fit values shown in Table 5.1, the fitting

has only been carried out to two decimal places due to computational constraints. This

means that when it is plotted it is not as smooth as the model. It was decided to not bin

the magnetopause crossings into intervals any shorter than 12 months because it takes 12

months for Geotail’s apogee to cover all MLTs, and so a shorter time interval would not

cover all MLTs.

In the previous chapter, how the solar wind and magnetopause varied over the 20 years

was described in detail, so therefore the variations observed in solar wind conditions and

the magnetosphere shown in Figures 6.1 and 6.2 will only be briefly reviewed here before

the differences between the model prediction and observations are discussed. On average,

the magnetopause nose and magnetotail (Figures 6.1b. and c.) are more compressed during

solar cycle 23 compared to solar cycle 24. The largest compressions are observed during the

declining phase of solar cycle 23. The magnetopause is highly inflated during the deep and

extended solar minimum and during solar cycle 24; between 2007 and 2014.

The total magnetic field strength, presented in Figure 6.1d., correlates with solar activity,

or sunspot number. The maximum inBT occurs just after solar maximum, and it decreases

to its lowest values at solar minimum. The 12-month sliding median IMF BZ (panel e.)

mainly fluctuates around 0 nT, although larger deviations are observed. For example, in

2004, the IMFBZ was on average directed southwards reaching an average of∼ -0.5 nT. The
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Figure 6.1: a. 12-month sliding mean sunspot numbers (provided by the SILSO World Data

Center [2016]) in black, and one-month mean sunspot numbers in grey. b. Subsolar standoff

distance, r0, for the model (pink and grey dot-dashed lines) and the observed average magne-

topause (red solid line). c. Radius of the magnetotail calculated at 20RE downtail for the model

(pink and grey dot-dashed lines) and the observed average magnetopause (red solid line). d. and

e. IMF BT and BZ respectively. f. displays the dayside reconnection rate, φD , which is calcu-

lated using equation 3.4. 12-month sliding medians are indicated by the black solid line with

upper and lower quartile ranges shaded in grey. One-month medians are indicated by the grey

solid line.
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Figure 6.2: a. to e. respectively show the magnitude of the solar wind velocity in the XGSM

direction, the density, solar wind dynamic pressure, plasma temperature and the SYM-H index.

12-month sliding medians are indicated by the black solid line with quartile ranges shaded in

grey. 1-month medians are indicated by the grey solid line.

dayside reconnection rate (panel f.) peaks in 2003. This coincides with the largest compres-

sion observed in both r0 and the tail radius.

There are large changes in themedian solarwind velocity over the 20-year period (Figure

6.2a.). During the declining phase of solar cycle 23, themedian velocity increased to∼ 550 km s−1,

compared with a minimum of ∼ 350 km s−1 at solar minimum in 2009. The solar wind

density (panel b.) shows that it is also highly varied over the given period. It is maximum

in the beginning of the period (1996 to 1999), and does not correlate with solar cycle as

the density did not increase again during the beginning of the next solar cycle. Solar wind
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dynamic pressure (panel c.) is calculated from the solar wind density and velocity. It varies

by approximately a factor of two over the solar cycle. Solarwind dynamic pressure is highest

during the first solar minimum (1996), and during the two declining phases (2003 and 2015).

The solar wind temperature (panel d.) peaks in 2003 similar to the other parameters. Finally,

the ring current strength (panel e.) varies over the solar cycle. The ring current is strongest

during the declining phases (2003 and 2015) as expected based on the other parameters, but

it is also strong between 1999 and 2000.

Figure 6.1b. and 6.1c. show that generally, there is a close overall agreement between

the model predictions (pink and grey dot-dashed lines) and the observed 12-month sliding

average magnetopause location (red solid line). Beginning with panel b., which shows the

variations in dayside subsolar standoff distance, during the years 2005 to 2010, the model

predicts the average location of the magnetopause fairly accurately. This is during the deep

and extended solar minimum when solar wind dynamic pressure is low. There is also very

good agreement during the second half of 2014 and during 2015, and reasonably good agree-

ment from 1998 to 2001. During the years 1996 to 1997, at the first solar minimum, the

dayside magnetopause is slightly more expanded than predicted by the model. The solar

wind dynamic pressure was high during this interval due to an increase in solar wind plasma

density. The largest differences between the model and average magnetopause location

occur from the end of 2001 to the end of 2004, during which the magnetopause nose is

located much closer to the planet than predicted. There are also discrepancies between

the model and the average magnetopause location from 2010 to mid-2014. Differences

between themodel and the observedmagnetopause location are expected because themodel

is parameterised by solar wind dynamic pressure only; it does not take other solar wind

processes into account, such as dayside reconnection which is known to have an effect on

the nose of the magnetopause as it erodes the magnetic flux in this region.

Moving on to panel c., which shows the radius of the nightside magnetotail, overall, the

model predicts the average shape and location of the magnetopause in the tail with reason-

able accuracy. There is close agreement between the model and the average magnetopause

location during the years 1996 tomid-1999, and again from2002 to 2012. Larger differences

occur in 2000, 2001 and towards the end of the 20-year time period from 2012 onwards.

Greater variations between the model magnetopause and the observed magnetopause are
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expected in the flanks and magnetotail region because the solar wind flow becomes more

tangential to themagnetopause and so the influence of solarwind dynamic pressure is lower.

The magnetopause nose experiences a solar wind flow normal to its surface, and there-

fore variations in solar wind dynamic pressure will have a larger influence on this region,

and a model parameterised by solar wind dynamic pressure will describe the location more

accurately. Furthermore, a greater number of magnetopause crossings are observed at the

dayside magnetopause, and therefore the magnetopause in this region will be more accu-

rately constrained.

The other models presented in Chapter 5 predict a more expanded magnetopause than

the predictions made by the model presented in this study for all solar wind conditions. As

discussed in section 5.4, differences are expected as the models are developed from different

datasets of magnetopause crossings that were identified during different solar wind condi-

tions. As models developed by Shue et al. [1998] and Lin et al. [2010] are parameterised by

other solar wind parameters such as IMF BZ , it might be expected that they would predict

the behaviour of the magnetopause more accurately. Despite this, they do not fit the obser-

vations any better than the model developed in this study.

Although we do not believe there will be a large difference between the solar wind

dynamic pressure measured at the bow shock and what is measured downtail, this could

have an effect. It would take the solar wind approximately 12minutes to reach 20RE down-

tail depending on upstream conditions. This propagation time from upstream spacecraft to

Geotail has not been taken into account in this study as it is difficult to quantify, and this

could have a small influence on the analysis presented here.

The remaining sections in this chapter will investigate the periods during which the

model does not characterise the magnetopause well in greater detail. We will focus on the

magnetopause nose and magnetotail separately, as we expect that solar wind conditions

will influence the two regions differently. We will investigate the following periods: 1999

to 2002, during which the magnetotail is firstly more compressed than predicted, and then

more inflated; 2001 to 2005, during which r0 is more eroded than predicted; and finally

2012 to 2016, which includes both a short period where the dayside magnetopause becomes

much more expanded than predicted, and includes discrepancies between the model and

observations in the magnetotail. In addition, a selection of magnetopause crossings that
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were identified during extreme solar wind conditions are presented.

6.3.2 1999 to 2002

The first period that is being examined in greater detail spans 1999 to 2002. Two inter-

vals are highlighted during which the observed magnetopause diverges from the predicted

magnetopause. During the first interval which is highlighted in pink and labelled (i) in Figure

6.3, the magnetotail undergoes a∼1 to 1.5RE compression which lasts from approximately

July 1999 to June 2000. During the second interval which is highlighted and labelled (ii) in

Figure 6.3, the magnetotail radius is slightly more expanded than predicted by the empirical

model by∼ 1 RE . This occurs from approximately December 2000 to November 2001. In

this section I will discuss the possible causes for the observed differences.

During the first interval (i) in Figure 6.3, the solar wind conditions are relatively quiet.

There is a slight increase in dayside reconnection rate (panel e.) due to periods of southward

directed IMF BZ (panel d.), however the increase in dayside reconnection and southward

IMF BZ does not persist through the entire period. There is also a slight increase in solar

wind velocity in theXGSM direction (panel f.), but this increase coincides with a decrease in

solar wind density (panel g.), so the solar wind dynamic pressure remains relatively constant

during the period (panel h.). Only small geomagnetic disturbances are observed (panel i.).

As the observedmagnetopause is calculated fromfitting the Shue et al. [1997, 1998] to 12-

month sliding intervals ofmagnetopause crossings, the observed compression in themagne-

totail could be caused by extrememagnetopause crossings influencing the fitting process. To

investigate this, I have examined the 12-month sliding intervals of magnetopause crossings

that occur during this time-period (not shown). There are a few cases where the magne-

totail is observed to be highly compressed. The most extreme of these events occurred on

4th December 1999 in which Geotail repeatedly encountered a highly compressed magne-

topause during a 9-hour period. Figure 6.4a. displays the locations of the magnetopause

crossings (red crosses) identified by the automated routine in the X ′GSM − ρ′GSM plane

(where ρ′ is defined as
√
Y

′2
GSM + Z2

GSM ). The dot-dashed line represents a model bow

shock determined from the average solar wind conditions during this interval [Peredo et al.,

1995] and the dashed line represents the predicted magnetopause location determined by

the model developed in this thesis, where r0 and α are indicated under the panel. The path
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Figure 6.3: a. and b. Subsolar standoff distance, r0, and the radius of the magnetotail calculated

at 20RE downtail respectively, for the model (pink and grey dot-dashed lines) and the observed

average magnetopause (red solid line). c. to j. IMFBT ; IMFBZ ; the dayside reconnection rate,

φD; solar wind velocity; solar wind density; solar wind dynamic pressure; solar wind tempera-

ture; and the SYM-H index. 12-month sliding medians are indicated by the black solid line with

upper and lower quartile ranges shaded in grey. One-month medians are indicated by the grey

solid line and daily medians are shown by the blue solid line.
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of Geotail for the 24-hour interval is represented by the red arrowed dotted line. Panels b. to

e. show the magnetic field and plasma conditions Geotail observed and the red dotted lines

show the identified magnetopause crossings. Coordinates are displayed below the panels.
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Figure 6.4: a. Orbital path of Geotail (red dotted arrowed line) on 4th December 1999 in the

X ′GSM − ρ′GSM plane (where ρ′ is defined as
√
Y

′2
GSM + Z2

GSM ). The locations of the magne-

topause crossings detected by the algorithm are indicated by the red crosses. The dot dash line

indicates a model bow shock [Peredo et al., 1995] and the dashed line represents the predicted

magnetopause location using the model developed in this study. r0 and α values are indicated

below the plot. Average solar wind conditions from this time interval have been used as an input

for bothmodels. b. to e. display themagnetic field strength in the Z direction; the total magnetic

field strength; the velocity of the plasma in theXGSM direction; and the density of the plasma

during the 24-hour period.

At the start of this period, Geotail is located in the magnetospheric side of the the dawn

magnetopause. This is characterised by northward directed BZ , plasma velocities fluctu-

ating around 0 km s−1, and near-zero plasma density. At approximately 05:00 UT, the first
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magnetopause crossing is detected. It is registered because it satisfies the flank and magne-

totail crossing identification criteria described in section 4.1.1.2. The bulk plasma tailwards

velocity decreases suddenly and is accompanied by an increase in the plasma density and a

more varied total magnetic field strength. About 30 minutes after this first magnetopause

crossing, another is detected, followed by subsequentmultiple crossings until approximately

16:30 UT. The corresponding OMNI observations from this interval (not shown) indicate

that there was a solar wind dynamic pressure enhancement to∼6 nPa, IMFBZ was strongly

northwards (∼ 15 nT) prior to themagnetopause encounter, before turning southwards after

the crossing, and the solar wind velocity in theXGSM direction increased in magnitude to

∼650-700 km s−1. SYM-H measurements show that the period was geomagnetically quiet,

∼-20 to -40 nT, so we do not believe these extreme events were caused by a geomagnetic

storm.

The plasma on the magnetospheric side was stagnant with a low density, while the

plasma in the magnetosheath was flowing tailward with plasma density of 5-10 cm−3, indi-

cating the existence of a velocity shear across the magnetopause. Large fluctuations in the

plasma density suggest that wavy or vortical structures were present at the dusk sidemagne-

topause [Nishino et al., 2011]. These wavy/vortical structures may be caused by the sudden

pressure change [Sibeck, 1990], or they could be caused by Kelvin-Helmholtz Instabilities

(KHI) [Kivelson & Chen, 1995]. KHI vortices are well-known fluid instabilities that occur

on the interface between two fluids that are flowing with different velocities relative to one

another [e.g. Chandrasekhar, 1961; Hasegawa, 2012]. KHI play an important role in plasma

transport across the magnetopause when the IMF BZ component is directed northwards

[e.g. Scholer & Treumann, 1997; Fairfield et al., 2000; Hasegawa et al., 2004].

During this interval, although Geotail encounters the magnetopause multiple times, not

all boundary crossings are identified by the algorithm. The algorithm determines whether

themean plasma conditionswithin a 3-minute interval are eithermagnetospheric ormagne-

tosheath conditions. Therefore, if Geotail encounters the magnetopause multiple times in

short timescales, then a second crossing may occur within the 3-minute window and the

crossing will not register. A different technique would be required in order to catch these

additional magnetopause crossings and this is beyond the scope of this thesis.

The multiple magnetopause crossings identified on 4th December 1999 are the main
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cause of the observed compression occurring between July 1999 to June 2000. Thesemagne-

topause crossings, in combinationwith someothermagnetopause crossings that are observed

when the magnetopause is undergoing a compression, influence the fitting process. Since

the fit is being weighted by dwell time, these extreme magnetopause crossings are being

weighted more heavily than others. They have not been removed because we wanted to

include extreme conditions as well as quiet conditions.

From December 2000 to November 2001 (interval (ii) in Figure 6.3), the magnetotail is

more flared than predicted by ∼1 RE . Prolonged periods of southward directed IMF BZ ,

which adds open magnetic flux to the magnetosphere and inflates the magnetotail could be

producing this observed inflation. This would also lead to increased dayside reconnection

rates. During this interval there are some periods with strong southward IMFBZ and high

dayside reconnection rates (panels d. and e.).

Another process thatmay affectmagnetopause location is the strength of the ring current.

The ring current flows toroidally around the Earth and extends to distances of∼2 to 9 RE

in the equatorial plane [e.g. Daglis et al., 1999]. Increased geomagnetic activity caused by

geomagnetic storms (see section 3.1.5) causes an enhancement in the ring current strength.

The magnetic field that accompanies the ring current decreases the Earth’s magnetic field

inside of the ring current and a reduction in SYM-H indices is measured (see section 2.2.1).

Outside the ring current however, the magnetic field increases and can cause the magne-

topause to inflate.

In this interval (ii), which spans most of 2001, a number of geomagnetic storms are

observed (panel i.). It should be noted that the blue line only indicates the median daily

observations, therefore it does not capture the full intensity of the storms. For this, we

have looked at geomagnetic storm lists [e.g. Hutchinson et al., 2011; Kilpua et al., 2015].

The increased number of geomagnetic storms may have a role in causing the differences

between the predicted and observed magnetopause location. During the main phase of a

stormwe would expect to observe a compression of the magnetopause in combination with

the erosion of magnetic flux from the dayside magnetosphere (see section 3.1.5). During

the recovery phase it is expected that the magnetic field accompanying the ring current will

cause an inflation in the magnetotail.

The recovery phase of a geomagnetic storm can last several days depending on the
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strength of the storm. In a study of the storms that occurred during solar cycle 23, Hutchinson

et al. [2011] found that the recovery phase for weak storms (-150 nT < SYM-H≤ -80 nT) was

∼1.5 days, for moderate storms (-300 nT < SYM-H ≤ -150 nT) it was over 2 days, and for

intense storms (SYM-H≤ -300 nT) it was over 3 days. Milan [2009] also investigated storm-

time recovery by examining the behaviour of the auroral oval from IMAGE observations.

They found that the auroral oval radius increases sharply at storm onset, associated with

increased dayside driving. During the recovery phase, the oval radius gradually decreases

mirroring the decay observed in SYM-H indices. In the period highlighted (ii), a number

of weak, moderate and intense storms were observed. The ring current is likely to have

continued to inflate the magnetotail over a number of days during the recovery phases of

these storms, and this is a possible explanation for the differences between the model and

observations seen in the tail radius (panel b., (ii)).

6.3.3 2001 to 2005

During the period shown in Figure 6.5, 2001 to 2005, differences are observed between the

modelmagnetopause and the observedmagnetopause standoffdistance, r0. The interval that

will be focused on in this section is highlighted in pink and spans approximately September

2001 to December 2004 during which the observed magnetopause nose was located closer

to the planet than predicted. Panels c. to h. display the upstream solar wind conditions

and dayside reconnection rate (e.), φD , which is calculated using equation 3.4 [Milan et al.,

2012]. Panel i. displays the SYM-H index which is a measure of ring current strength. Daily

medians are shown by the blue line, monthly medians are shown by the grey line and 12-

month sliding medians which are calculated in the same way as described previously are

shown by the black line, with lower and upper quartiles shaded in grey.

Throughout this interval, the observed standoff distance is offset by approximately 0.5

RE (panel a.). At the magnetotail (panel b.), the model predicts the observed tail radius with

better accuracy than it does at the dayside. There are discrepancies of up to ∼ 0.5 RE ,

but as discussed previously, larger variations between the model and observations at the

magnetotail are expected as the magnetotail is not as constrained by solar wind dynamic

pressure.

To explain the differences between the model and observedmagnetopause other param-
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Figure 6.5: a. and b. Subsolar standoff distance, r0, and the radius of the magnetotail calculated

at 20RE downtail respectively, for the model (pink and grey dot-dashed lines) and the observed

average magnetopause (red solid line). c. to j. IMFBT ; IMFBZ ; the dayside reconnection rate,

φD; solar wind velocity; solar wind density; solar wind dynamic pressure; solar wind tempera-

ture; and the SYM-H index. 12-month sliding medians are indicated by the black solid line with

upper and lower quartile ranges shaded in grey. One-month medians are indicated by the grey

solid line and daily medians are shown by the blue solid line.
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eters need to be considered. The strength and direction of the IMF can affect magne-

topause location, particularly at the dayside magnetopause. During this interval, the total

IMF strength, BT , is at its strongest over the 20 years (panel c.). The dayside reconnection

rate is also at its highest (panel e.). IMFBZ is varied (panel d.), although from approximately

October 2002 to after the end of the interval being examined, on average IMFBZ is directed

southwards (see Figure 6.1 where it is clearer). Additionally, in the first few months of this

interval, there are numerous days where the daily median IMF BZ is strongly southwards

and φD is high. This increase in solar wind driving will cause more reconnection to take

place at the dayside magnetopause and an erosion of magnetic flux will be observed.

In 2003, the largest erosion of the dayside magnetopause nose is observed. This coin-

cides with the biggest peak in solar wind velocity and dynamic pressure. The model devel-

oped in this thesismay not be as accurate in describing themagnetopause under these condi-

tions because throughout the majority of the 20-year period, the solar wind velocity and

dynamic pressure are on average lower than the 2003 observations. The solar wind dynamic

pressure is also high in 1996, but this is caused by an enhancement in plasma density rather

than solar wind velocity. The model is further limited because it is not possible to iden-

tify magnetopause crossings inside of Geotail’s perigee, so this could mean that the magne-

topause nose was at times more eroded than observed here.

A further physical process thatmight cause the differences observed between the predicted

and observed magnetopause location is the strength of the ring current (panel i.). During

geomagnetically disturbed intervals, the daysidemagnetopause is eroded by increased coupling

between the solar wind and magnetosphere, and is compressed by the impacting CME or

CIR [Gosling et al., 1991; Taylor et al., 1994; Tsurutani et al., 1995; Hutchinson et al., 2011].

Therefore, we would expect to observe magnetopause crossings closer to the planet at the

dayside during geomagnetically disturbed periods. During this time interval, which spans

September 2001 to December 2004 including the solar maximum and declining phase of

solar cycle 23 (see section 3.2.1), many of the largest storms of solar cycle 23 are observed

[e.g. Gonzalez et al., 2007]. The increased number of geomagnetic storms will contribute to

the compression of themagnetopause nose observed in theGeotail magnetopause crossings.
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6.3.4 2012 to 2016

In the period shown in Figure 6.6, which spans 2012 to 2016, there are three intervals where

there are significant differences between the predictedmagnetopause location and observed

magnetopause location (panels a. and b.). The first interval thatwill be examined, highlighted

in pink (i), covers a period where the observed dayside magnetopause was approximately

0.5 to 1RE more expanded than predicted. This inflation occurs between January 2014 and

June 2014. The second two intervals which will be investigated further, (ii) and (iii), cover

periods where the magnetotail was more compressed than predicted (ii), and where it was

more expanded (iii). These two intervals span January 2012 to November 2013 (ii) and June

2014 to the end of December 2015 (iii); the end of the dataset.

During the first interval (i), the dayside magnetopause undergoes the largest expansion

observed during the 20-year period being studied. During this interval, there is a small

increase in IMF BT , however it does not persist throughout the entire observed expan-

sion. The IMF BZ magnitude and dayside reconnection rate remained low, and no irreg-

ular behaviour in the other solar wind parameters was observed. Therefore, it is likely that

this short-lived expansion observed in r0 could be caused by a handful of magnetopause

crossings observed under extreme conditions influencing the fitting procedure. Similar to

the examination carried out in section 6.3.2, I have looked through the 12-month sliding

windows ofmagnetopause crossings to identifymagnetopause crossings that were observed

when themagnetopause was highly inflated. Whilst the majority of magnetopause crossings

observed in these intervals are true crossings, some are not. In this interval, there are a few

cases where the identified magnetopause crossing is actually a bow shock crossing. Addi-

tionally, there is an event which is registered as a magnetopause crossing but unfortunately

has occurred due to no data being recorded by Geotail for a short interval. Although it

is likely that these false positives are contributing to the observed expansion, there are also

cases where themagnetopausewas highly inflatedwhenGeotail encountered it. An example

of amagnetopause crossing thatwas identified by the algorithmwhen themagnetopausewas

highly inflated is shown in Figure 6.7.

The panels and geometry shown in Figure 6.7 are identical to Figure 6.4. Figure 6.7

shows a 16-hour period from the 15th January 2014. At the start of the interval, Geotail

is located inside the magnetosphere at the dayside. At approximately 14:00 UT, Geotail
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Figure 6.6: a. and b. Subsolar standoff distance, r0, and the radius of the magnetotail calculated

at 20RE downtail respectively, for the model (pink and grey dot-dashed lines) and the observed

average magnetopause (red solid line). c. to j. IMFBT ; IMFBZ ; the dayside reconnection rate,

φD; solar wind velocity; solar wind density; solar wind dynamic pressure; solar wind tempera-

ture; and the SYM-H index. 12-month sliding medians are indicated by the black solid line with

upper and lower quartile ranges shaded in grey. One-month medians are indicated by the grey

solid line and daily medians are shown by the blue solid line.
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Figure 6.7: a. Orbital path of Geotail (red dotted arrowed line) on 15th January 2014 in the

X ′GSM − ρ′GSM plane (where ρ′ is defined as
√
Y

′2
GSM + Z2

GSM ). The locations of the magne-

topause crossings detected by the algorithm are indicated by the red crosses. The dot dash line

indicates a model bow shock [Peredo et al., 1995] and the dashed line represents the predicted

magnetopause location using the model developed in this study. r0 and α values are indicated

below the plot. Average solar wind conditions from this time interval have been used as an input

for bothmodels. b. to e. display themagnetic field strength in the Z direction; the total magnetic

field strength; the velocity of the plasma in theXGSM direction; and the density of the plasma

during the 24-hour period.

encounters the magnetopause for the first time and a magnetopause crossing is detected

after satisfying the magnetopause nose criteria (section 4.1.1.1). There is a sharp change

from strongly northward BZ to weaker northward BZ coinciding with a reduction in BT .

The magnetic field within the magnetosheath is muchmore varied than the magnetospheric

magnetic field. Shortly after this first magnetopause crossing, Geotail is located within the

magnetosphere once more, before crossing the magnetopause and leaving the magneto-
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sphere permanently for the rest of this period. These multiple traversals suggest that the

magnetopause was in motion. At the times of these magnetopause crossings, the solar wind

dynamic pressure was very low (∼0.4 nPa), the solar wind velocity in the XGSM direction

was∼-500 km s−1, and the IMFBZ was low and varying between being directed north- and

southward. These weak solar wind conditions may explain why the magnetopause was so

inflated in this particular case. In panel a., the dashed line indicates where themodel predicts

themagnetopause to be for the solar wind conditions at the time of themagnetopause cross-

ings. Although the model predicts a very expanded magnetopause, the observations show

that the magnetopause was even more expanded than predicted. About an hour after the

second magnetopause crossing there is a 2.5 hour period where there are no measurements.

After this, the observations suggest that Geotail was located in the solar wind. This is one

of the examples when the magnetopause was observed outside the location predicted by the

model. We suggest that the reason the model has not accounted for these low solar wind

conditions in this example, because fewer observations take place when the solar wind is

that weak and so these conditions are not fairly accounted for in the magnetopause crossing

database.

The second period highlighted in pink (ii) in Figure 6.6 that will be discussed spans

just under two years, January 2012 to November 2013. During this interval, the magne-

totail is compressed by approximately 1RE , increasing to∼1.5RE in December 2012. The

compression is not continuous throughout the period, it varies. Once again, there is no

obvious explanation from the solar wind conditions as to what is causing this compression.

Upon studying the magnetopause crossings in more detail, there are some crossings that

have been observed under a compressed magnetopause, but there are also very few cross-

ings observed when the magnetopause is very inflated. We believe a combination of these

two factors has led us to conclude that this is the cause of the slight compression observed

in the observations.

The final part of Figure 6.6 to be examined is the interval that occurred between June

2014 and the end of December 2015 (iii). In this period, the observations of the magnetotail

indicate a more expanded tail than predicted by the model. Conversely, the model and the

observed magnetopause location agree remarkably well for the dayside magnetopause. This

interval is marked by a small increase in IMF BT and the dayside reconnection rate. This
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could contribute to an increase in the amount of openmagnetic flux content in themagneto-

sphere which can cause an inflation of themagnetotail. Furthermore, as discussed in section

6.3.2, the increased number of geomagnetic storms observed in this interval may contribute

to the observed expansion. The changes observed in the tail show the time history of recon-

nection and the rate of returned closed field lines, which is difficult to incorporate into the

model.

6.4 Summary

In this chapter, comparisons between the predictedmagnetopause and the observedmagne-

topause are made. The model used to predict the magnetopause location was developed in

section 4.2 of this thesis and can predict the magnetopause for a given solar wind dynamic

pressure. The observedmagnetopause is determined from fitting the Shue et al. [1997, 1998]

function to 12-month sliding windows of magnetopause crossings to find values for r0 and

α across the 20-year period. Overall, the model magnetopause characterises the shape and

location of the the observed magnetopause with reasonable accuracy. As the model is only

parameterised by solar wind dynamic pressure, differences between the model and obser-

vations are expected. It is the aim of this chapter to explain these differences by considering

both solar wind and magnetospheric conditions.

Across the entire 20-year period, there are parts of the solar cycle where the model

describes the observations well. Both the dayside subsolar standoff distance and the loca-

tion of the magnetotail are characterised by the model remarkably well during the deep and

extended solar minimum that occurs between solar cycles 23 and 24. The model predicts

the observations with high accuracy in the magnetotail between 1996 and mid-1999, and

between 2002 and 2012. The largest discrepancies between the model and the observed

magnetopause occur at solarmaximumand in the declining phases of the solar cycles, during

which solar activity is much higher than it is at other phases.

The first difference between the predicted and observed magnetopause that is examined

spans July 1999 to June 2000where a compression of∼1 to 1.5RE is observed in themagne-

totail. It is found that this compression is caused by some extreme magnetopause crossings

that are observed during the interval, the most extreme of which occurred on 4th December
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1999 where multiple magnetopause crossings are observed at the dawn magnetopause. It

is not known exactly what causes the magnetotail to be compressed by this much, however

large variations in the velocity and density are indicative of Kelvin-Helmholtz Instabilities.

In addition, Geotail encountered the magnetopause at dawn and the IMF BZ component

was directed northwards, both of with are indicative of KHI. Thesemagnetopause crossings,

in combination with some other extreme magnetopause crossings (which were not shown

in this chapter), influence the fitting procedure and cause the observed compression.

Between December 2000 and November 2001, observations of the magnetotail show

that it is more flared than predicted by the model. We attribute this to the increased number

of geomagnetic storms which occur in 2001. During geomagnetic storms, the ring current

becomes enhanced and acts to inflate the nightside magnetopause. After a geomagnetic

storm, the ring current can take days to recover depending on the severity of the storm.

Therefore, it could mean that Geotail observes a more inflated magnetopause during these

periods.

During the period spanning September 2001 to December 2004, the magnetopause nose

is eroded by approximately 0.5RE more than predicted. Throughout this interval, both the

total magnetic field strength and dayside magnetic reconnection rate are at their highest.

There are intervals of strongly southward directed IMF BZ , coupled with high dayside

reconnection rates, so it is likely that the magnetopause nose is being eroded by magnetic

reconnection, which the model does not account for. During this period, some of the largest

geomagnetic storms of solar cycle 23 are observed. This too is likely to be causing increased

erosion and a compression of the dayside magnetopause.

Over the period 2012 to 2016, there are a number of cases where the predicted magne-

topause did notmatch the observations. In 2014, therewas a six-month period duringwhich

the observed dayside magnetopause was briefly more inflated than the model. We find that

the cause of this brief inflation is a number ofmagnetopause crossings influencing the fitting

procedure. Whilst some of these magnetopause crossings turned out to be false positives,

most were true crossings, and we investigate one example in detail. In this particular case,

the magnetopause was highly inflated, and the model cannot predict the observations for

the given conditions.

The final two intervals that we investigate in greater detail focus on the discrepancies
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in the magnetotail radius and span January 2012 to November 2013, and June 2014 to

December 2015. It is concluded that the first of these discrepancies is caused by a combina-

tion of magnetopause crossings being observed both under a more compressed configura-

tion and crossings either not being identified when the magnetopause is highly inflated, or

the magnetopause was just not inflated. During the final interval, the tail magnetopause was

more inflated than predicted by the model. BT and φD were slightly increased, and there

were an increased number of geomagnetic storms occurring. We suggest that a combination

of these conditions act to inflate the magnetotail.

In this chapter we have investigated the long-term differences between the model and

observed magnetopause. We have shown that long-term changes in the average location

of the magnetopause are related to solar cycle variations in several different parameters of

the solar wind and in the magnetosphere. Although generally the model characterises the

behaviour of the observations very well, there are times when it does not. This is in part

a result of the model only accounting for solar wind dynamic pressure, but also in some

instances, a result of magnetopause crossings that were identified under extreme solar wind

conditions, influencing the fitting procedure and therefore influence the observed average

magnetopause location.
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Chapter 7

Solar wind and magnetospheric

influences on the shape and location of

the magnetopause

7.1 Introduction

The magnetopause separates the Earth’s magnetic field from the interplanetary magnetic

field and prevents solar wind plasma from entering the Earth’s magnetosphere. Its location

and shape are primarily governed by the pressure balance between the two regions. There

are well developed theories to describe magnetopause shape and location dependence on

solar wind dynamic pressure. As shown in Chapters 4, 5 and 6, solar wind dynamic pres-

sure is the most dominant factor in ordering the shape and location of the magnetopause.

However, other internal and external parameters play a role and the extent to which they

influence the magnetopause will be investigated in this chapter.

The direction of the north-south component of the interplanetary magnetic field (IMF)

plays a significant role in influencing magnetopause shape [e.g. Aubry et al., 1970, 1971;

Maezawa, 1974; Fairfield, 1991, 1995; Sibeck et al., 1991; Roelof & Sibeck, 1993; Sibeck

et al., 2000]. When the IMF BZ is directed southwards, magnetic reconnection with the

Earth’s northward directed magnetic field erodes the magnetopause nose. On the nightside

however, openmagnetic flux is added to themagnetosphere causing it to inflate [Milan et al.,

2004, e.g.]. Coupling functions are used to parameterise magnetospheric activity in terms of
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upstream solar wind observations (see section 3.1.4 for more detail on coupling functions).

Being able to estimate how much open magnetic flux is being added to the magnetosphere

fromupstream solarwind conditions, (the dayside reconnection rate), will tell usmore about

the changing shape of the magnetopause.

Aftermagnetic flux is opened at the daysidemagnetopause, it is transported to the night-

side magnetosphere via the Dungey cycle before it is closed bymagnetic reconnection in the

magnetotail (see section 3.1.1). The quantity of open magnetic flux in the magnetosphere

will affect the size and shape of the magnetopause. Although the dayside reconnection rate

provides an estimate for how much open magnetic flux has been added to the magneto-

sphere, it does not provide any indication about how much magnetic flux is already in the

magnetosphere or how much is being closed in the magnetotail. Measuring the size of the

polar caps, the area of open magnetic flux at the poles, is a commonly used method to deter-

mine the amount of open magnetic flux in the magnetosphere [e.g. Cowley & Lockwood,

1992]. As it is difficult to measure directly, proxies are often used such as the location of

the open/closed field line boundary from auroral imagery [Milan et al., 2003; Hubert et al.,

2006; Østgaard et al., 2007; Boakes et al., 2009; Milan, 2009; Milan et al., 2009b; Longden

et al., 2010], or the Heppner-Maynard Boundary (HMB) [Imber et al., 2013a,b] (see section

3.1.3 for more detail).

It has been theorised that the strength of the ring current will order magnetopause

size and shape in the equatorial plane. The ring current flows toroidally around the Earth

extending to distances of around 2-9 RE [e.g Daglis et al., 1999]. It is thought that when

the ring current is enhanced due to increased geomagnetic activity caused by storms (see

section 3.1.5), the ring current will cause an inflation of the nightside magnetopause. The

magnetic field that accompanies the ring current decreases the Earth’s magnetic field inside

the ring current, hence a reduction in geomagnetic indices is measured. However, outside

the ring current the magnetic field increases and this may cause the nightside magnetopause

to inflate. At the dayside magnetopause however, it is expected that the magnetopause will

be eroded by the increased solar wind-magnetosphere coupling.

In this chapter the influence of both internal and external parameters on magnetopause

location will be examined. This will be achieved by comparing the location of the magne-

topause predicted by the empirical model presented in Chapter 4 with the internal and

136



7. SOLARWIND ANDMAGNETOSPHERIC INFLUENCES ON THE SHAPE AND
LOCATION OF THEMAGNETOPAUSE

external parameters discussed above. How these parameters affect the magnetopause under

different solar wind dynamic pressure strengths will also be investigated. Instruments and

methods will be discussed in the next section, followed by the results and discussion, and

lastly a summary of the findings.

7.2 Instruments and methods

Akin to the previous two chapters, 20 years of magnetic field and plasma observations

from the Geotail spacecraft have been used to identify both dayside and nightside magne-

topause crossings. The magnetopause crossings were identified using an automated routine

(described in section 4.1.1)which detectedmagnetopause crossings fromchanges inmagnetic

field and plasma properties across the magnetopause boundary. To account for the motion

of the Earth around the Sun, the magnetopause crossings are aberrated (see section 4.1.2.1).

Furthermore,magnetopause crossings beyond a pointwhich is normal to the averagemagne-

topause at 25 RE are removed (section 4.2.1), resulting in a dataset of 8050 magnetopause

crossings. The identified magnetopause crossings are then used with corresponding solar

wind data to develop a simple model to predict the location of the magnetopause for a given

solarwind dynamic pressure. Solarwind conditions are determined from theOMNI dataset

from NASA/GSFC’s OMNIWeb. The simple model is given by

r = r0

(
2

1 + cos θ

)α
(7.1)

r0 = 11.082P
−1/6.75
Dyn RE (7.2)

α = 0.605− 0.010PDyn (7.3)

where r is the radial distance and θ is the solar zenith angle, r0 is the magnetopause standoff

distance, andα describes the level of flaring in themagnetotail. r0 andα have been calculated

by firstly weighting the magnetopause crossings by how long Geotail spends in a 1× 1 RE

spatial bin, then by separating themagnetopause crossings into solarwind dynamic pressure

ranges and fitting the function to each pressure range (see section 4.2.2 for detail).
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The model developed in this study is dependent only on solar wind dynamic pressure.

Although this parameter has the largest influence on magnetopause location, other internal

and external factors affect the shape and position of the magnetopause. To investigate how

the dayside reconnection rate, the open flux content, and the ring current influence magne-

topause location, we compare the location of each individual magnetopause crossing with

the location of the magnetopause as predicted by the model (defined by equations 7.1, 7.2

and 7.3). First, the solar wind dynamic pressure observed at the time of the magnetopause

crossing is put into the model to find the predicted magnetopause location. The next step is

to find the point on the model magnetopause curve which is perpendicular to the magne-

topause crossing. This is done by calculating the difference between the magnetopause

crossing and the model magnetopause. The sum of the squared differences is calculated

for multiple points along the model magnetopause curve. The point on the model magne-

topause that is perpendicular to the magnetopause crossing is where the sum of the squared

differences is minimum. The perpendicular offset is then calculated as follows

perpendicular offset = (Xcrossing −Xmodel) + (ρcrossing − ρmodel) (7.4)

Figure 7.1 shows the perpendicular offset for two examplemagnetopause crossings. The

perpendicular offset is positive when the magnetopause is more inflated than predicted

by the model, and the offset is negative when the magnetopause is more compressed than

predicted. We further look at how the effects of these parameters onmagnetopause location

differ between the daysidemagnetosphere (X ′GSM > 0RE ) indicated by the blue region and

nightside magnetosphere (X ′GSM < 0 RE ) indicated by the grey region.

To examine how the dayside magnetic reconnection influences magnetopause location,

IMFBZ and the dayside reconnection rate,φD , are comparedwith the perpendicular offsets.

IMFBZ is calculated from the OMNI dataset and is integrated over 30 minutes prior to the

time of eachmagnetopause crossing so that it is possible to see howmuch themagnetopause

has eroded rather than the instantaneous observation. To calculate the dayside reconnec-

tion rate, the solar wind-magnetosphere coupling function derived by Milan et al. [2012]

(discussed in section 3.1.4) is used. This function requires solar wind data as an input. Like

IMFBZ , the dayside reconnection rate is integrated over the preceding 30 minutes for each

magnetopause crossing.
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Figure 7.1: An examplemodel magnetopause is shown by the dashed line in theX ′GSM−ρ′GSM
plane. Red crosses indicate two example magnetopause crossings and black arrows show the

perpendicular offset. When the offset is positive, the magnetopause is more inflated than the

model magnetopause, and when the offset is negative, the magnetopause is more compressed

than the model magnetopause. The dotted line drawn atX ′GSM = 0 RE shows where dayside

(blue region) and nightside (grey region) magnetopause crossings are separated.

A further parameter expected to order the size and shape of the magnetopause is the

quantity of open flux in the magnetosphere. Different methods of measuring the quantity of

openmagnetic flux inside themagnetospherewere discussed in section 3.1.3. In this chapter,

two different proxies to estimate open magnetic flux content are trialled. The first tool used

is global auroral imagery. Data from the Imager forMagnetopause-to-Aurora Global Explo-

ration (IMAGE)mission [Burch, 2000] (see section 2.1.3 for detail on the spacecraft) is used to

deduce the radius of the auroral oval and open flux content. How these parameters are calcu-

lated is briefly described in section 2.1.4 and described in greater detail in Shukhtina&Milan

[2014]. To examine how well the model describes the magnetopause, the oval radius and

open flux content at the time of each magnetopause crossing needs to be determined. As the

IMAGE spacecraft was only operational between June 2000 andOctober 2005 [Burch, 2000;

Mende et al., 2000a], only a subset of magnetopause crossings can be utilised. The magne-
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topause crossing dataset is further limited because there are often no IMAGEmeasurements

when a magnetopause crossing takes place. This is caused by either orbital limitations, or

when the oval radius cannot be determined from the observations due to either the presence

of dayglow; when the auroral boundaries are not sharp; or when the aurora is faint due to

sensitivity limitations of the camera [Shukhtina & Milan, 2014]. The second proxy used to

estimate the amount of open magnetic flux in the magnetosphere is the Heppner-Maynard

Boundary (HMB). The HMB is calculated from SuperDARN convection maps (see section

2.2.2.2 for the discussion of how the HMB is calculated) and represents the latitudinal extent

of the ionospheric convection pattern. As discussed by Imber et al. [2013a,b], a threshold of

at least 150 vectors per map must be met for the HMB latitude to be used. The latitude of

the HMB at 24 MLT is then compared with the perpendicular offsets.

Finally, the last parameter that is investigated in this chapter is the effect that the ring

current strength has on magnetopause location. To do this, the SYM-H geomagnetic index

is used (see section 3.1.5).

7.3 Results and discussion

7.3.1 IMF BZ and dayside reconnection rate

Figure 7.2 shows the comparison of the perpendicular offset between the magnetopause

crossings identified by the automated routine and the model magnetopause location for

IMF BZ . The magnetopause crossings have been separated into the dayside (panel a.) and

the nightside (panel b.). The colours represent how many magnetopause crossings are in a

0.5RE ×1 nT bin. Grey crosses and error bars indicate the median and interquartile ranges

for each row.

In panel a. of Figure 7.2, the results show that for strongly southwards directed IMF,

when BZ is less than ∼ −3 nT, the dayside magnetopause is located closer to the Earth

than predicted by the model which only takes solar wind dynamic pressure into account.

This is indicative of magnetic reconnection occurring at the dayside subsolar magnetopause

causing the erosion of magnetic flux. When the IMF BZ is close to 0 nT or directed north-

wards with field strengths of up to∼ 5 nT, a slight expansion of the dayside magnetopause

is observed. There are only a small number of magnetopause crossings with field strengths
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Figure 7.2: A comparison of the perpendicular offset between the identifiedmagnetopause loca-

tion and the model magnetopause location for IMF BZ . Panel a. shows the results for dayside

magnetopause crossings (X ′GSM > 0 RE ) and panel b. shows the results for nightside magne-

topause crossings (X ′GSM < 0 RE ). The colours indicate the number of magnetopause cross-

ings in a 0.5 RE ×1 nT bin. The grey crosses and error bars show the median perpendicular

offset and interquartile ranges for each row respectively.

above 5 nT and so it is not possible to draw any conclusions for strongly northward IMF.

Nightside magnetopause crossings are shown in panel b. of Figure 7.2. The perpen-

dicular offsets are more varied than those observed for the dayside magnetopause. This

is expected as the nightside magnetopause is able to move around more compared to the

dayside magnetopause and is less ordered by solar wind dynamic pressure. For southward

IMF, between 0 nT and −5 nT, the nightside magnetopause appears to be slightly inflated,

however it is difficult to draw any conclusions given the spread of the magnetopause cross-

ings. An inflated magnetosphere is expected for southward directed IMF as magnetic flux

that has been reconnected at the dayside magnetopause is transported to the nightside.

To investigate the effect of IMFBZ on magnetopause location further, Figure 7.3 shows

the comparison between perpendicular offsets and IMFBZ for increasing solarwind dynamic

pressure. The panels are calculated in the sameway as the previous figure but are also binned

by solar wind dynamic pressure. It is clear that the strength and direction of the IMF BZ

has a larger effect on magnetopause location at the dayside for weaker solar wind dynamic
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pressures (panels a., c., and e.). When BZ is directed southwards, the magnetopause nose is

located closer to the Earth and asBZ turns northwards, the dayside magnetopause expands.

In higher pressure ranges (panels g., i., and k.) this effect is less pronounced due to themagne-

topause already being compressed. Similar to Figure 7.2 nightside magnetopause crossings

are highly varied and it is difficult to draw any conclusions.

Figure 7.4 shows the comparison of the perpendicular offsets with the dayside recon-

nection rate, φD . For the dayside magnetopause crossings shown in panel a., as the dayside

reconnection rate increases, the magnetopause moves closer to the planet, which is indica-

tive of erosion of magnetic flux caused by reconnection. Results show that when very little

reconnection is taking place, whenφD is low, the daysidemagnetopause is slightly expanded.

Although the spread of perpendicular offsets is greatest in this region. Similar to the results

for IMF BZ , there is much more variability in nightside magnetopause locations (panel b.).

It is expected that the nightside magnetopause will become more inflated as the dayside

reconnection rate increases and more open magnetic flux is added to the magnetosphere.

For φD measurements less than ∼ 40 kV, the magnetopause is located at distances further

away from the planet than predicted by solar wind dynamic pressure alone. For higher

dayside reconnection rates, there are far fewer nightside magnetopause crossings and so it

is not possible to determine whether the nightside magnetopause will continue to expand

or whether the expansion will saturate.

Similar to Figure 7.3, Figure 7.5 shows the comparison of perpendicular offsets with the

dayside reconnection rate binned by solar wind dynamic pressure. Results show that the

dayside reconnection rate has a larger influence on daysidemagnetopause locationwhen the

solar wind dynamic pressure is weaker (panels a., c., and e.). More magnetic flux is eroded

at the dayside magnetopause when dynamic pressure is weaker. As the dynamic pressure

increases, the perpendicular offsets are smaller and the model describes the dayside magne-

topause well (panels g., i., and k.). At the nightside magnetopause, although there is high

variability in the perpendicular offsets, generally as φD increases, the offsets are positive,

indicating a small expansion of the nightside magnetosphere.
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Figure 7.3: A comparison of the perpendicular offset between the identified magnetopause

crossing location and the model magnetopause location for IMFBZ binned by increasing solar

wind dynamic pressure. The colours indicate the number of magnetopause crossings in a 0.5

RE ×1 nT bin. The grey crosses and error bars show the median perpendicular offset and

interquartile ranges for each row respectively.
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Figure 7.4: A comparison of the perpendicular offset between the identified magnetopause

crossing location and the model magnetopause location for the dayside reconnection rate, φD .

Panel a. shows the results for dayside magnetopause crossings (X ′GSM > 0 RE ) and panel b.

shows the results for nightside magnetopause crossings (X ′GSM < 0RE ). The colours indicate

the number of magnetopause crossings in a 0.5RE ×5 kV bin. The grey crosses and error bars

show the median perpendicular offset and interquartile ranges for each row respectively.

7.3.2 Open magnetic flux content

The following section is divided into two parts: firstly, results from comparing the perpen-

dicular offsets with IMAGE observations of the auroral oval radius and calculated open flux

content are presented; and secondly, results from comparing the perpendicular offsets with

HMB measurements are shown.

7.3.2.1 Oval radius and open flux content calculated from IMAGE observations

To compare the perpendicular offset between the magnetopause crossing location and the

model for both the auroral oval radius and the open flux content, IMAGE data at the time

of the magnetopause crossing must be found. As discussed in the methods section, often

there is no data at the time of the magnetopause crossing. Different time windows around

the time of the magnetopause crossing were trialled. Figure 7.6 shows the results for a time

window of ±20 minutes. Unfortunately, even with a large time window, there are very
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Figure 7.5: A comparison of the perpendicular offset between the identified magnetopause

crossing location and the model magnetopause location for the dayside reconnection rate, φD ,

binned by increasing solar wind dynamic pressure. The colours indicate the number of magne-

topause crossings in a 0.5 RE× 5 kV bin. The grey crosses and error bars show the median

perpendicular offset and interquartile ranges for each row respectively.
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few crossings available for the analysis, so we must be cautious when drawing conclusions

about the results. The panels in Figure 7.6 are presented in the same way as the previous

results in this chapter, with the top two panels (a. and b.) showing results for the auroral

oval radius, and the bottom two panels (c. and d.) showing results for the open flux content

in the magnetosphere estimated from the size of the polar cap.
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Figure 7.6: A comparison of the perpendicular offset between the identified magnetopause

crossing location and the model magnetopause location for the auroral oval radius (panels a.

and b.) and open magnetic flux content (panels c. and d.) as measured by IMAGE. The panels on

the left show the results for daysidemagnetopause crossings (X ′GSM > 0RE ) and the panels on

the right show the results for nightside magnetopause crossings (X ′GSM < 0RE ). The colours

indicate the number of magnetopause crossings in a 0.5 RE ×1◦ bin for the oval radius and

0.5 RE ×0.002 GWb bin for the open flux content. The grey crosses and error bars show the

median perpendicular offset and interquartile ranges for each row respectively.
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Panel a. of Figure 7.6 shows a slight correlation between the perpendicular offset and

oval radius for the dayside magnetopause. When the oval radius is smaller, the dayside

magnetopause tends to be more expanded than predicted by the model. A small auroral

oval suggests that the recent history of dayside reconnection is low and the quantity of open

magnetic flux in the magnetosphere is small, and hence the dayside magnetopause nose has

not been eroded. Looking at panel c., the comparison between perpendicular offsets and

openflux content, similar conclusions can bemade. A small expansion of the daysidemagne-

topause is observed when the open flux content is low. Conversely, as the amount of open

flux in the magnetosphere increases, the magnetopause nose is eroded by magnetic recon-

nection. We would expect the nightside magnetopause to expand with increasing open flux

content as more open magnetic field lines are transported to the nightside magnetosphere

by the Dungey cycle. Although it looks like there could be a slight expansion with increasing

open flux content in panel d., the magnetopause crossings are very sparse.

7.3.2.2 Heppner-Maynard Boundary

As only HMB data between 1996 and 2012 was readily available, the number of magne-

topause crossings was reduced to 7644. To find the corresponding HMB latitude for the

time of each magnetopause crossing, a time window of±2 minutes was used. As discussed

by Imber et al. [2013a,b], a threshold for the number of SuperDARN vector measurements

used to produce the HMBmust be set. Imber et al. [2013a] implement a minimum threshold

of 200 vectors, whereas Imber et al. [2013b] implement aminimum threshold of 150 vectors.

Thresholds of 100, 150 and 200 vectors were trialled in this thesis (not shown) and each

produced similar results. As it did not impact the results hugely, a minimum of 150 vectors

was chosen in this thesis as Imber et al. [2013b] found this was the optimum value for

providing large statistics with little impact on the ability of the maps to determine the HMB.

With this threshold, the total number of magnetopause crossings is reduced to 2960.

Figure 7.7 shows the comparison between the perpendicular offsets and the HMB lati-

tude. At the dayside magnetopause, panel a., as the HMB expands to lower latitudes, the

amount of openmagnetic flux in the magnetosphere increases and an erosion of the dayside

magnetopause is observed as shown by the negative offsets. This indicates that dayside

magnetic reconnection has taken place. As the HMB shrinks to higher latitudes, the amount
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Figure 7.7: A comparison of the perpendicular offset between the identified magnetopause

crossing location and the model magnetopause location for the HMB latitude. Panel a. shows

the results for dayside magnetopause crossings (X′GSM > 0 RE) and panel b. shows the results

for nightside magnetopause crossings (X′GSM < 0 RE). The colours indicate the number of

magnetopause crossings in a 0.5 RE ×1◦ bin. The grey crosses and error bars show the median

perpendicular offset and interquartile ranges for each row respectively.

of open magnetic flux in the magnetosphere decreases and an expansion of the dayside

magnetopause is observed, which is indicative of reduced dayside reconnection or enhanced

tail reconnection. At the nightside magnetopause, panel b., no trend is observed. We would

expect to see an expansion of the nightside magnetopause as the HMB expands to lower

latitudes and more open magnetic flux is added to the magnetosphere. As the HMB shrinks

to higher latitudes due to a reduction in the quantity of open magnetic flux in the magneto-

sphere, we would expect the nightside magnetopause to respond by contracting.

7.3.3 Ring current

Figure 7.8 displays the comparison of the perpendicular offset between the magnetopause

crossing locations and where the magnetopause is predicted to be located based on solar

wind dynamic pressure under different ring current strengths. It is expected that an enhanced

ring current will affect magnetopause location. Panel a. shows the results for the dayside
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magnetopause. It indicates that during increasingly geomagnetically disturbed times, a slight

compression of the magnetopause is observed. There are a couple of reasons why this is

observed. The ring current becomes enhanced after a solar wind event like a CME or CIR

impacts the dayside magnetosphere and causes a compression (see section 3.1.5). Geomag-

netic storms result from prolonged periods of solar wind-magnetosphere coupling, and so

this will further cause an erosion of the magnetic flux at the dayside magnetopause. The

majority of magnetopause crossings occur during geomagnetically quiet times.
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Figure 7.8: A comparison of the perpendicular offset between the identified magnetopause

crossing location and the model magnetopause location for the ring current strength. Panel

a. shows the results for dayside magnetopause crossings (X ′GSM > 0 RE ) and panel b. shows

the results for nightside magnetopause crossings (X ′GSM < 0 RE ). The colours indicate the

number of magnetopause crossings in a 0.5 RE ×5 nT bin. The grey crosses and error bars

show the median perpendicular offset and interquartile ranges for each row respectively.

At the nightside, in Figure 7.8 panel b., during geomagnetically disturbed periods, the

magnetopause inflates. This inflation is caused by the magnetic field that accompanies the

ring current. During geomagnetically disturbed times, inside of the ring current, the accom-

panying magnetic field reduces the Earth’s magnetic field and a reduction in SYM-H is

observed. Outside of the ring current however, the accompanying magnetic field is in the

same direction as the Earth’smagnetic field and it acts to inflate themagnetopause. Although

there are very few magnetopause crossings occurring during moderate (-150 nT < SYM-H
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< -300 nT) or strong storms (-300 nT > SYM-H) [Hutchinson et al., 2011], the magnetopause

crossings that occur during weak storms (-80 nT < SYM-H < -150 nT) shown in this figure,

indicate that the magnetopause is more inflated than predicted by the model.

7.4 Summary

In this chapter internal and external parameters that influence magnetopause location have

been examined. This is achieved by using the magnetopause crossings identified from 20

years of Geotail observations presented earlier in this thesis (section 4.1). Themagnetopause

crossingswere used to develop a simplemagnetopausemodel which can predict the location

of the magnetopause based on the upstream solar wind dynamic pressure. Comparisons are

made between the perpendicular offset between the identified magnetopause crossing and

the model magnetopause location for IMFBZ , the dayside reconnection rate, φD , open flux

content, and the ring current.

As expected, it is found that both the IMF BZ and dayside reconnection rate order the

dayside magnetopause. As the dayside reconnection rate increases, or as the IMF becomes

more southward, the daysidemagnetopause is eroded viamagnetic reconnection. It is further

found that both parameters have the largest effect on the dayside magnetopause location

when the solar wind dynamic pressure is smallest. For higher ram pressures, the erosion of

the magnetopause nose saturates. Results are not as clear for the nightside magnetopause.

The magnetopause in this region is not as restricted by the incoming solar wind and the tail

magnetopause is able to vary in location more freely. Despite this, a small inflation of the

nightside magnetopause is observed under southward IMF conditions, and an inflation is

observed with increasing φD up to∼ 40 kV.

To examine how the quantity of open magnetic flux inside the magnetosphere affects

magnetopause shape and location, proxies have been used. The first proxy for open flux

content investigated in this thesis was auroral imagery from the IMAGE spacecraft. Due to

limitations discussed such as the limited years IMAGE was operational, only a very small

subset of magnetopause crossings could be used for this analysis. No clear conclusions can

be drawn about the oval radius and open flux content effect on magnetopause location,

although results indicate a small expansion of the dayside magnetopause when the auroral
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oval radius shrinks andwhen the open flux content is small. To investigate the effects of open

flux content on magnetopause location with a larger database of magnetopause crossings,

the HMB was used. A minimum threshold of 150 SuperDARN vector measurements per

mapwas set, resulting in a database of 2960magnetopause crossings for the analysis. Results

for the daysidemagnetopause showed that as the HMB expands to lower latitudes, the quan-

tity of open magnetic flux in the magnetosphere increases and the dayside magnetopause

nose is eroded. As the HMB shrinks to higher latitudes, the amount of open magnetic flux

in the magnetosphere decreases, and the dayside magnetopause expands due to reduced

dayside reconnection. No trend is observed at the nightside magnetopause.

Finally, effects of the ring current strength on magnetopause shape and position are

explored. During increasingly geomagnetically disturbed times, i.e. when SYM-H becomes

more negative, a compression of the dayside magnetopause and an inflation of the magne-

totail are observed. The dayside magnetopause is compressed by both the impact of a CME

or CIR on the terrestrial magnetosphere, which are linked to geomagnetic storms; and the

intense periods of solar-wind-magnetosphere coupling which produce storms. The night-

side magnetopause is inflated by the magnetic field that accompanies the ring current.

To conclude, we have demonstrated that the dayside magnetopause is strongly ordered

by IMF BZ and φD , especially under low solar wind dynamic pressures, but the nightside

is not. We have further shown that for a long-term statistical study such as this one, the

HMB can be used as a proxy for the amount of open flux inside the magnetosphere, and the

erosion of the daysidemagnetopause responds to the expansion and contraction of theHMB

latitude. Finally, we have demonstrated that the ring current influences both the dayside and

nightside magnetopause location.
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Chapter 8

Conclusions and future work

This thesis has examined influences on the location of the Earth’s magnetopause. An exten-

sive magnetopause crossing database was identified, enabling a simple empirical magne-

topause model to be developed. Using the model andmagnetopause crossing database, solar

cycle, solar wind andmagnetospheric effects on the shape and location of the magnetopause

were studied. In this final chapter, the results from this thesis are summarised and main

conclusions are presented, followed by a discussion of the areas of future work that could

be carried out.

8.1 Summary and conclusions

The first key result obtained in this thesis is the development of a new automated magne-

topause crossing detection routine that is able to identify when Geotail, the primary space-

craft used in this thesis, traverses the magnetopause nose, magnetopause flanks and magne-

totail. Whilst the criteria for the detection of magnetopause nose crossings are based on

those described by Ivchenko et al. [2000] and Case & Wild [2013], the criteria for the detec-

tion of flank and tail crossings are developed in this study. The routine is applied to 20

years of Geotail plasma and magnetic field observations to produce a database of over 8000

magnetopause crossings. This new magnetopause crossing database spans almost two solar

cycles (1996-2015) and includes magnetopause crossings from further downtail than many

previous studies. We also investigated methods to reduce any bias which may be caused by

both the automated routine and by the orbital properties of Geotail. One such technique
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was to weight the magnetopause crossings by the dwell time of the spacecraft. Weighting

the magnetopause crossings in this way means that any model that is developed using these

crossings will bemore reliable and robust because theywill not be influenced by orbital bias.

Using the weighted magnetopause crossings, a new empirical magnetopause model was

created. The new model can predict the location of the magnetopause for a given upstream

solar wind dynamic pressure. Developing a newmodel rather than using amodel defined by

previous authorswas decided upon, because it is able tomore accurately describe themagne-

topause crossings identified in this study than models developed using different datasets.

The magnetopause crossing database identified in this study contains a greater number of

magnetopause crossings than previous studies and includes crossings from much further

downtail than previous studies, during the twomost recent solar cycles. This model enabled

us to study what influences magnetopause location.

Solar cycle variations in the shape and location of the magnetopause are studied in

Chapter 5. The two most recent solar cycles, solar cycle 23 and 24, contain some unusual

features including a deep and extended solar minimum. Solar activity over these two cycles,

and in particular during the most recent cycle (24), is the weakest it has been in the space

age. Comparisons are drawn between the two solar cycles and we find the magnetopause

was much more inflated in solar cycle 24. The magnetopause is most compressed during

the declining phases of the solar cycles, when solar wind dynamic pressure and magnetic

reconnection is highest. Additionally in this chapter, we compare the predictive capabili-

ties of the model developed in this thesis with previous models defined by Shue et al. [1998]

and Lin et al. [2010]. We find that both the Shue et al. [1998] and Lin et al. [2010] models

consistently predict a more expanded magnetopause than the model we have developed.

In Chapter 6, we investigate the differences between the model location of the magne-

topause and the observed magnetopause. We find that even though the model only takes

solar wind dynamic pressure into account, it generally predicts the location of the magne-

topause with high accuracy. The model is least accurate at predicting the location of the

magnetopause during the solar maxima, and during the declining phase of solar cycle 23, in

which many of the solar wind parameters were the most extreme.

In Chapter 7, the solar wind and magnetospheric influences on the shape and location

of the magnetopause were examined. In particular, we investigated the effects of IMF BZ ,
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the dayside reconnection rate, φD , the open magnetic flux content in the magnetosphere,

and the strength of the ring current on magnetopause location. We found that both IMFBZ

and the dayside reconnection rate order the dayside magnetopause. As the dayside recon-

nection rate increases, or as the IMF becomes more southward, the dayside magnetopause

is eroded due to magnetic reconnection. They both have the largest effect on the dayside

magnetopause location when the solar wind dynamic pressure is lowest. For higher ram

pressures, the erosion of the magnetopause nose saturates. The effect of IMF BZ and the

dayside reconnection rate on magnetopause location is not as clear for the nightside. The

magnetopause in this region is not as restricted by the incoming solar wind and the tail

magnetopause is able to vary in location more freely.

We further demonstrate in Chapter 7, that the Heppner-Maynard Boundary can be used

as a proxy for the amount of openmagnetic flux in themagnetosphere. As the HMB expands

to lower latitudes, the quantity of open magnetic flux in the magnetosphere increases, and

the dayside magnetopause nose is eroded. As the HMB shrinks to higher latitudes, the

amount of open magnetic flux in the magnetosphere decreases, and the dayside magne-

topause expands due to reduced dayside reconnection. The final result presented in Chapter

7 showed that the strength of the ring current has an influence on magnetopause location.

During increasingly geomagnetically disturbed times, i.e. when the SYM-H index becomes

more negative, a compression of the dayside magnetopause and an inflation of the magne-

totail are observed. The dayside magnetopause is compressed by the impact of a coronal

mass ejection of a corotating interaction region on the magnetosphere, which are linked to

geomagnetic storms; and is eroded due to the intense periods of solar-wind-magnetosphere

coupling which produce storms. The nightside magnetopause is inflated by the magnetic

field that accompanies the ring current during geomagnetically disturbed periods.

To conclude, the results contained in this thesis further our current knowledge of what

influences the location of the Earth’smagnetopause. It demonstrates that in order to improve

our understanding of how themagnetopause protects the Earth from varying space weather

conditions, it is vital to consider both solar wind and magnetospheric effects on magne-

topause location.
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8.2 Future work

An obvious area of future work would be to extend the Geotail magnetopause crossing

database to the current day, and include magnetopause crossings from additional space-

craft, such as the Cluster or THEMIS (Time History of Events and Macroscale Interactions

during Substorms) missions. The Cluster mission consists of four satellites in elliptical polar

orbits and has been in operation since 2000. The THEMIS mission consists of five identical

probes which are in an equatorial orbit, which have different apogees. The THEMIS probes

have both a smaller perigee than Geotail and bigger apogees. Using additional spacecraft

like Cluster and THEMIS would mean that we can sample the magnetopause in different

regions and build a more accurate picture of the magnetopause.

In Chapter 6, it was found that there are periods when the model developed in this

thesis, as well as the models developed by Shue et al. [1998] and Lin et al. [2010], do not

characterise the location of the magnetopause accurately. One area of future work would

be to investigate the reasons for the discrepancies further to determine how future models

can better predict the magnetopause location. This would be particularly useful for studies

which take place during the most recent two solar cycles (23 and 24) and in future solar

cycles. As discussed in section 3.2, it has been hypothesised that the Sun is now entering

a Grand Solar Minimum, during which solar activity is greatly reduced. Therefore, our

current understanding of magnetopause location, which is heavily based on studies that

have been carried out under more active solar conditions, may not be able to accurately

predict how the magnetopause responds during such low activity.

One of the case studies presented in Chapter 6 showed Kelvin-Helmholtz Instabilities

(KHI) identified in the magnetotail. Subsequent analysis on the magnetopause crossing

database could be carried out to investigate the statistics of KHI. For example, it would

be interesting to examine how often KHI occur, where they occur, is there a dawn-dusk

asymmetry present, and how far do KHI penetrate in the magnetotail.

In addition to the solar wind and magnetospheric effects on magnetopause location

discussed in Chapter 7, it would be interesting to study the effects of other parameters. For

example, it is well-established that the tilt of the Earth’s dipole influences magnetopause

location. Since the orbit of Geotail is mostly confined to the equatorial plane in this study,
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we did not consider any dipole tilt effects. However, if we were to extend our magnetopause

crossing database to includemagnetopause crossings from other spacecraft with higher lati-

tude orbits, it would be an area worth studying. Further parameters that could be studied

are the effects of other current systems on the magnetopause. One such current system that

could have an effect on magnetopause location is the Region 1 field-aligned currents, which

close on the magnetopause.
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