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Abstract

This thesis addresses the question of excitation of ULF waves by magne-

topause instabilities and oscillations. Given proper spacecraft orientations and

near magnetopause encounters, the CLUSTER spacecraft mission is used to

resolve the space-time ambiguity inherent in a single spacecraft measurements.

A case study is presented where a driver ULF wave is identified in the

solar wind and on open field lines in association with a Field Line Resonance

(FLR). This is one of the rare examples where a solar wind source has been

unambiguously identified and causally linked with excitation of a FLR at the

same frequency. It adds to a database of observations that can be used to

determine the statistical relationship between various sources of ULF plasma

waves and FLRs. It is also one of the few observations of a driver wave on

open field lines by SuperDARN, and encourages further use of SuperDARN in

that regard.

In the second case study, a ULF wave signature at 1.7 mHz is observed just

outside the magnetopause using CLUSTER and compared with fluctuations at

ionospheric altitudes and on the ground. It is shown that ULF fluctuations at

the magnetopause coincide with discrete frequency oscillations in HF radars,

magnetometers and spacecraft inside the magnetosphere. The Poynting vector

and phase propagation outward from the magnetopause, and the absence of a

source in the solar wind, suggest a KHI generated surface mode as a source

mechanism.



A third case study presents a magnetopause oscillation resulting from a

direct solar wind driver that transfers energy from the solar wind into FLRs.

We observe a quasi-monochromatic 2.5 mHz discrete wave oscillation in IMF

By. The dusk signature of the wave shows magnetic field and plasma flow

oscillations at the magnetopause at the same discrete frequency. The Super-

DARN Saskatoon radar in the pre-dawn sector reveals the footprint of an FLR

structure with anti-sunward phase propagation that is linked to the solar wind

driven magnetopause oscillation. This is the first work using SuperDARN that

relates a solar wind driven magnetopause oscillation with a discrete frequency

FLR in the magnetosphere.

The thesis concludes by presenting results from a 2D ideal MHD wave

model that is successful in qualitatively reproducing observed structure of

FLRs for both KHI-like drivers and solar wind-driven magnetopause oscilla-

tions.
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Chapter 1

Introduction

1.A Preliminary Remarks

This thesis focuses on the characterization of magnetopause boundary insta-

bilities and oscillations and Ultra-Low-Frequency (ULF) waves in the mag-

netosphere. It has the ultimate goal of elucidating the causal relationship

between the two. This specific problem is categorized under the broad area

of solar-terrestrial physics and is one of the subjects of interest, yet unsettled

to date within the space physics community. The Earth sits protected from a

relentlessly expanding solar atmosphere, known as the solar wind, inside the

magnetic cavity called the magnetosphere. Most of the geomagnetic field lines

forming this protective cavity are closed. That means both ends of field lines

are anchored to the poles of the Earth. Surrounding each pole is a region of

open field lines. These so called open field lines have one end anchored to the

pole and the other end extending into the interplanetary space mapping all the

way to the Sun. The region poleward of the last closed field lines containing

all the open field lines is called the polar cap. The equatorward edge of the
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polar cap forms the open closed field line boundary.

The interaction between the Sun and the Earth has been a subject of much

interest and intense study since the launch of the first unmanned satellite in

1957. Magneto-Hydro-Dynamic (MHD) waves occur within the region of the

Earth’s magnetosphere and are believed to be generated by interactions of

different plasma regimes of solar and terrestrial origin. As a result of the

solar-terrestrial interaction, the magnetopause is subject to a variety of insta-

bilities and wave processes. This thesis principally addresses the important

scientific question of excitation of ULF waves by magnetopause instabilities

and oscillations. Central to this project is clarifying and extending our un-

derstanding of the ULF wave source mechanism, and the propagation and

coupling of ULF waves in the terrestrial magnetosphere. Thus, this project

aims at providing an improved understanding of ULF wave processes in the

terrestrial magnetosphere, their associated excitation mechanisms, and the

physical interrelationships between them.

Once generated, the signatures of fundamental wave processes are observed

in the near Earth environment in the form of spectacular observations such

as FLRs. The basis for FLRs is the fact the propagation direction of MHD

waves is field aligned (the Alfvén mode). The inhomogeneity in the plasma

density and/or the non-uniformity in the geomagnetic field allows energy to

couple from the other mode (the fast mode) into a narrow region of field lines

when the frequency of the two modes exactly match.

Following on, the ultimate goals of this thesis work are 1) to address the
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ULF source mechanism by providing experimental observations of magne-

topause instabilities and/or oscillations and by investigating how they propa-

gate and couple within the terrestrial magnetosphere 2) to present a numerical

model (based on a pre-existing MHD model) which qualitatively reproduces

and successfully explains the experimental observations to be presented. The

model is a 2D ideal MHD model for ULF wave source mechanisms constrained

in a compressed model magnetic field.

The principal data sets to be used include ground-based (Super Dual Au-

roral Radar Network) SuperDARN HF radar data from the Canadian Space

Agency’s (CSA) Canadian Geo-space Monitoring program. These radars mea-

sure the position and velocity of plasma particles in the Earth’s ionosphere,

the highest layer of the Earth’s atmosphere. In addition, a variety of in-situ

satellite-born instrumentation that includes the (CLUSTER, Advanced Com-

position Explorer (ACE), GEOTAIL and POLAR) along with ground-based

magnetometer data, depending on their availability, are used.

ACE orbits the L1 libration point and primarily provides near-real-time

continuous coverage of solar wind parameters, and interplanetary magnetic

field and energetic particles accelerated by the Sun. The primary purpose of

the GEOTAIL mission is to study the structure and dynamics of the magne-

totail. For this reason, the orbit is designed to spatially cover the magnetotail

over a wide range of distances ranging from 8Re to 210Re as measured from

the Earth. This mission also provides an opportunity to study the boundary

region of the magnetosphere as it skims the magnetopause at perigees. The

POLAR spacecraft is a NASA science spacecraft designed to study the polar
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magnetosphere and aurora. POLAR launched into orbit in February 1996 and

remains in orbit, though it is now inactive.

The CLUSTER multi-satellite mission will also be used in this study. This

mission provides by far a much better and reliable means of characterizing

the spatio-temporal evolution of ULF waves at the magnetopause boundary,

offering an ideal arena to prove or disprove pre-existing theories such as the

Kelvin-Helmholtz-Instability (KHI) as the ULF wave source mechanisms.

The thesis contains five chapters. The remainder of this chapter describes

the large-scale solar-terrestrial environment and the background of the the-

oretical constructs under which ULF MHD wave theory is operative. The

first ground-based detection of a direct solar wind driven FLR event, where

the source signature in crossing the magnetopause boundary is traced using

SuperDARN, is presented in Chapter 2. A coordinated ground- and CLUS-

TER multi-satellite mission based observational study, including data from

the POLAR spacecraft, which supports a KH source mechanism, is presented

in Chapter 3. Chapter 4 presents observations of a solar wind driven mag-

netopause oscillation that excites a FLR observed by the SuperDARN HF

radars and the CLUSTER multi-satellite mission. Then follows a 2D MHD

global ULF wave model to reproduce the spatio-temporal observational results

obtained in Chapters 3 and 4. Finally, conclusions of the thesis are drawn with

comments of what needs to be done as a continuation of this work towards a

full understanding of ULF wave energy transport processes, and in particular,

excitation mechanisms, propagation and coupling in the terrestrial magneto-

sphere.
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1.B The Solar-Terrestrial Environment

1.B.1 The Solar Wind and the Solar Environment

In astronomical terms, the Sun is an ordinary magnetic star of age 4.6 billion

years. Its life expectancy is approximated to be an additional 5 billion years.

It has an intermediate size and temperature with an absolute magnitude of

4.8. Although its size in astronomical scales is intermediate, it is 109 times

larger than that of our Earth. It is also so massive that its mass is 333,000

times greater than the Earth [Priest , 1995]. The Sun is composed of 90% of

hydrogen, 10% of helium and an admixture of 0.1% of heavier atoms. These

solar materials are ionized because of the extremely high temperature (∼ 107

K) that results from the nuclear reaction occurring at the highly compressed

core of the sun. This huge temperature subsequently provides electrons at

the solar corona a thermal energy that exceeds the binding energy of atoms,

leading to an escape mechanism. Because of the large electric field created be-

tween the excessive protons and electrons, which have managed to escape, the

protons will be accelerated outwards [Parks , 2004]. The continuous streaming

away of protons and electrons results in the supersonic expansion (300-800

km/s) of the solar corona into interplanetary space. This supersonic coronal

streaming away, or outflow, is called solar wind and is a unique mechanism

of the Sun to maintain its charge neutrality. The existence of the continuous

coronal outflow was first predicted by Parker [1958].

Recent theories of the solar wind invoke a fluid description of solar wind

generation in coronal holes [Hollweg and Isenberg , 2002]. According to this

new theory, coronal holes have been very useful in determining the overall
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heating requirements for the fast solar wind. A significant amount of heating

above the sonic critical point is required to yield a fast speed. The heat energy

required to power the heating is thought to be associated with large-amplitude

chromospheric Alfvén waves, propagating outward into the corona from below

and dissipating in the collisionless region. The existence of these waves has

been confirmed by observation, where their energy is found to be sufficient to

produce the required heating at corona [De Pontieu et al., 2007].

The Sun has an internal magnetic field and thus interplanetary space is

pervaded by a magnetic field of solar origin, also called the Interplanetary

Magnetic Field (IMF). Because of its large conductivity, the solar wind is often

assumed to be an ideal MHD fluid. An ideal MHD fluid treatment assumes the

IMF is frozen in the solar wind and transported out with it into interplanetary

space [Gurnett and Bhattachajee , 2005]. To first approximation, when the

solar wind hits the Earths dipolar magnetic field, it cannot simply connect or

make its way through but rather is slowed down and, to a large extent, flows

around it. The Earth’s magnetic field presents an obstacle to the solar wind

flow [Chapman and Ferraro, 1931] and creates a cavity due to the fact that

the terrestrial magnetic field excludes the ionized plasma of the solar wind.

This means the two plasma environments get restricted to two separate plasma

regimes: the magnetospheric cavity and the magnetosheath.

1.B.2 The Magnetosheath

The relatively well-defined boundary separating the magnetosphere from the

solar wind is called the magnetopause. The shape and location of the mag-
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netopause is determined by a balance between the dynamic pressure of the

supersonic solar wind flow and the magnetic field pressure inside the magneto-

sphere. A bow shock wave is generated upstream of the magnetopause where

the plasma is slowed down and a significant fraction of the solar wind’s kinetic

energy is converted into thermal energy. The thermalized region of space be-

tween the magnetopause and the bow shock is called the magnetosheath. The

magnetosheath contains a warm and dense plasma population and is distinctly

separated from the cold high-speed solar wind by the bow shock.

Figure 1.1: Cut away drawing of the Earth’s magnetosphere showing the major
plasma regimes, current systems and flows. Adopted from Kivelson and Russel
[1995].
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1.B.3 The Terrestrial Magnetosphere

The shape and size of the magnetosphere is controlled by the balance of the

streaming solar wind dynamic pressure and magnetic pressure of Earth’s dipo-

lar field. The magnetosphere is compressed on the dayside and stretched into

a magnetic tail-like structure on the night side of the Earth due to the so-

lar wind dynamic pressure [Walker and Russell , 1985]. On the dayside, the

equatorial pressure standoff distance has a typical value of 9−11 Re from the

center of the Earth [Roelof and Sibeck , 1993]. The magnetotail is observed to

extend beyond 1000 Re down-stream of the Earth [Villante, 1975]. The mag-

netospheric plasma is composed mainly of protons and electrons. In addition,

heavier ions such as He+ and O+ of ionospheric origin and He2+ and O2+ of

solar wind origin are found. Depending on the plasma density, magnetic field

and temperature, the magnetosphere is structured into various regions. Figure

1.1 depicts the schematic of the magnetospheric topography of some of these

regions.

The plasmasphere is the region of the magnetosphere whose radial distance

varies from 2.5−7.0 Re depending on the geomagnetic activity [Moldwin et al.,

2002]. The plasmasphere corrotates with the neutral atmosphere of the Earth

and reaches its outer boundary, the plasmapause. The Van Allen radiation belt

is collocated with the plasmasphere. This is the region consisting of trapped

high-energy ion and relativistic electron plasma populations extending to 2−6

Re. The region that extends from the plasmapause to 10 Re, where most

of the magnetotail plasma is concentrated, is called the plasmasheet. The

plasmasheet can extend well beyond 10 Re, particularly on the night-side.
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The magnetotail lobe is the furthest out region of the magnetosphere, with a

highly tenuous plasma population neighbouring the magnetosheath.

1.B.4 The Terrestrial Ionosphere

In addition to the solar wind, the ionosphere is known to be the second most

important source of magnetospheric plasma. This is the outer region of the

Earth’s atmosphere beginning at around 60 km and extending farther out

into the magnetosphere. The solar ultraviolet radiation impinging on the neu-

tral atmosphere plays a vital role in ionizing this portion of the atmosphere.

Due to the slow recombination rate, the ionosphere is permanently ionized for

altitudes above 80 km. Precipitation of energetic particles from the magneto-

sphere is another source of the ionospheric plasma population.

The ionosphere is traditionally designated into three distinct layers (D, E,

and F) based on height and plasma density. The D-region is the lowest level

that extends from 60 to 90 km with an electron density as low as ∼ 500 cm−3.

UV radiation from the Sun ionizes the D region. X-rays during active Sun can

enhance the ionization. It is very weakly ionized and because of high collision

frequencies (high recombination rate). It is dominated by the dynamics of

the neutral atmosphere, and is known to absorb short wave radio frequencies

during the daytime. The E-region is the region immediately above the D-region

extending between 90 and 130 km. It has a plasma density of ∼ 105 cm−3 and

therefore it is relatively highly conducting. The UV radiation is responsible

for its ionization. The degree of ionization actually depends on the intensity of

the radiation (like the D-region) and with altitude and time of day. The upper
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ionosphere (above 130 km) is referred as the F-region and has a maximum

plasma density reaching ∼ 106 cm−3. This layer has a high ionization gradient

and is present both in the daytime and nighttime. Since air density is low

at F-region altitudes, the free ions and electrons (due to the action of UV

radiation from the Sun) can not recombine readily and subsequently store

energy received from the Sun for many hours; this is the main reason the

refractive property of this layer changes only slightly from day to night. It is

this layer of the ionosphere that is very important in long distance HF radio

communications, including the SuperDARN HF radars, because the enhanced

electron densities refract and reflect HF radio signals.

1.B.5 Plasmas in Space

There are certain conditions that a system of charged particles needs to satisfy

to be classified as plasma. Externally, a plasma needs to be electrically quasi-

neutral. Quasi-neutrality is the direct result of cancellation of the randomly

oriented electric fields generated by each individual charged particle in a large

system. Quasi-neutrality is basically a statement of the first plasma criterion

for defining a plasma.

For a low density plasma, direct collisions are negligible. In such a plasma,

long-range electromagnetic (Coulomb) interactions are dominant. The condi-

tion that a plasma needs to contain a large number of particles introduces the

concept of collective interaction and provides a very useful means to describe

the plasma (as in MHD fluid theory). The impact of the force range of a

charged particle over which its Coulomb effect is felt by others is defined by a
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characteristic scale length, λD, called the Debye length

λD =

(
KBTεo
nee2

)1/2

, (1.1)

where KB is the Boltzmann constant, εo is the dielectric constant of free

space, and e, ne, and T are charge, electron number density and temperature,

respectively, of the electron species. For distances r > λD, the potential around

a point charge is effectively shielded or screened out by particles of opposite

charge in its neighbourhood. The characteristic scale variations of macroscopic

parameters (e.g., density and temperature), L, need to be significantly larger

than the Debye length, λD

L >> λD, (1.2)

without which the condition for a collective shielding effect won’t be satisfied,

as there is no sufficient space to define the physical dimension of the plasma.

Failure to satisfy equation (1.2) leads to an ordinary ionized gas.

As discussed above, the collective interaction is the very cause of Debye

shielding. Therefore, the description of collective interaction is meaningful

only when a sufficient number of particles are present in the system of charged

particles. The number of particles, ND, present in a Debye sphere is

ND =
4π

3
neλ

3
D. (1.3)
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The plasma parameter, g, is defined by

g =
1

ND

. (1.4)

Equation (1.4) sets the second criterion for defining a system of charged

particles as a plasma. A system of charged particles is considered as a plasma

only when g is significantly smaller than 1 (g << 1). The third and the

last criterion is related to the frequency of short-range collisions between the

individual charged particles constituting the ionized medium. The condition

g << 1 can be used to define the third criterion. The third criterion is best rep-

resented by the statement that the electron plasma frequency is much greater

than the electron-neutral collision frequency. Combining equations (1.1), (1.3)

and (1.4) yields

g ∼
√
ne
T 3

(1.5)

Equations (1.4) and (1.5) show that short-range binary collisions decrease

with decreasing density and increasing temperature. This is basically equiva-

lent to the following statement: if the system of charged particles is disturbed

by an external influence, the electrons being lighter and mobile tend to neu-

tralize the medium of ionized gas. This subsequently results in the medium

behaving as a plasma. Except in the terrestrial ionosphere, where density is

higher and temperature is lower, the vast region of the solar terrestrial medium

is pervaded by a system of charged particles where the density is low and the

temperature is high and the medium can effectively be considered as collision-

less.
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1.C Theoretical Approaches

The purpose of this section is to describe the theoretical approaches that are

used to describe plasmas in space. In general, the dynamics of a system of

plasma can be described using four different approaches. The first and the

easiest approach is the single particle picture. This approach is useful in de-

scribing the dynamics of a single plasma particle in complex electromagnetic

fields. Although it is very useful to understand the dynamics of a single par-

ticle, this approximation is inadequate because the solution of the equation of

motion does not take into account the internal fields generated by every other

charged particle in motion. However, it is useful in getting insight into the

dynamics of very low density plasma such as ring current particles.

The second approach is the one-fluid magnetohydrodynamic (MHD) ap-

proach where the individual particle aspects are neglected and instead the

collective and macroscopic behaviour of the system of plasma is considered.

In this picture, the plasma is assumed as a conducting fluid immersed in a

magnetic field. Unlike the single particle approach, this picture takes into ac-

count electromagnetic effects that result from the motion of charged particles

subject to the external magnetic field. This approach is of paramount impor-

tance in studying ultra-low-frequency waves in highly conducting fluids in the

presence of a magnetic field. The third approach is called the multi-fluid MHD

approach. In this case, different particle species are treated separately as a

single fluid. This approach is useful in studying the effects of heavier species

over the lighter ones while studying the composite effect of a multi-particle

species. The fourth and the last approach is kinetic theory. Kinetic theory
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is by far the most advanced theory. Kinetic theory studies the evolution of

the plasma distribution function in phase space for a system of plasma parti-

cles. Next, we turn our focus to MHD theory, what MHD can and cannot do,

followed by its applications to ULF waves.

1.C.1 MHD Theory

Because of their extremely low density and large scales, space plasmas are

collisionless and quasi-neutral. Electromagnetic fields are necessary for the

completeness of the system of plasmas under study. This is because the mag-

netic field arising from the fluid in motion extensively modifies the background

magnetic field and consequently the original motion and state of the system

of plasma particles gets altered. The motion of plasma across magnetic fields

induces electric fields. MHD theory is a combination of the theory of fluid dy-

namics and electromagnetic theory. It is applicable when the scale size of the

system is larger than the ion gyro-radius and the frequencies are much smaller

than any of the natural plasma frequencies. Thus MHD has been successful

in describing large scale structures such as coronal out flow, sun spots and

magnetic fields in stars, and is sufficient for the study of ULF waves in the

magnetosphere.

1.C.2 Introduction to MHD Waves

MHD theory has some limitations when applied to collisionless space plasmas.

This is because of the fact that we do not have a good model of conductiv-

ity to describe collisionless plasmas. Therefore, a complete understanding of
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space plasma needs concepts beyond what the fluid theory of MHD can do.

However, the theory of MHD can still be used to successfully understand and

interpret large-scale space observations as mentioned above under the assump-

tion of near infinite plasma conductivity. This type of MHD treatment of a

magnetized plasma as a highly conducting fluid is called ideal MHD.

The constitutive equations of MHD theory are expressions for Newton’s

laws of motion, the continuity equation, and the famous Maxwell equations in

electrodynamics. In the treatment of ideal MHD, the displacement current in

Maxwell equations is neglected, because of a low frequency approximation, as

discussed above. With these assumptions in mind, the set of equations gov-

erning infinite conductivity, uniform, magnetized and cold MHD fluid are:

Continuity equation:

∂ρ

∂t
+∇ • ρ~V = 0 (1.6)

Equation of motion:

ρ
d~V

dt
= ~J × ~B (1.7)

Simplified Ohm’s law:

~E = −~V × ~B (1.8)
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Maxwell’s equations:

∇× ~E = −∂
~B

∂t
(1.9)

∇× ~B = µo ~J (1.10)

where µo is the permeability of free space, ρ is plasma mass density, ~J is cur-

rent density, ~E is electric field, ~V is fluid velocity and ~B is magnetic induction.

For perpendicular (⊥) and parallel (‖) components, equation (1.8) reads

~E⊥ = −~V × ~B (1.11)

~E‖ = 0. (1.12)

Equation (1.8) is derived from ~J = σ( ~E+ ~V × ~B). For infinite conductivity

(σ), ~E+ ~V × ~B must be equal to zero to avoid ~J from becoming infinite. Equa-

tion (1.8) also implies that, for a plasma of infinite conductivity in a frame

where ~E ′ = 0, ~E⊥ = −~V × ~B. This is because electric fields are consequences

of a Lorentz transformation into a moving system. Equation (1.11) is also

called the ”frozen-in” condition. In other words the field lines are frozen into

the plasma and thus move with the plasma.

To describe the fundamental concepts of MHD wave theory, the simplest

one can do is to assume an ideal, cold plasma subject to a uniform straight

magnetic field. Another assumption is to assume the plasma is initially at
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rest (no flow, no electric field). Assume also that no currents are flowing.

Introducing small perturbations: ~E, ~b, ~j and ~V , where ~b and ~j respectively

are small perturbations in magnetic field and current density, respectively. To

first order, Maxwell’s equations (1.9) and (1.10) would then reduce to

∇× ~E = −∂
~b

∂t
(1.13)

∇×~b = µo~j. (1.14)

Because of equation (1.12), ~E‖ = 0, and the electric field in equation (1.13)

represents ~E⊥. The equation of motion in equation (1.7) also reads

ρo
∂~V

∂t
= ~j × ~Bo. (1.15)

where ρo and ~Bo are the background plasma mass density and magnetic field,

respectively.

Combining equations (1.11), (1.13), (1.14) and (1.15) yields

∂2 ~E

∂t2
+ V 2

A∇× (∇× ~E) = 0 (1.16)

where

VA = Bo/(µoρo)
1/2 (1.17)

is the Alfvén speed and is defined as the fundamental speed at which magnetic

signals in a plasma can be transported by waves.

For the sake of simplicity, one can consider a background magnetic field
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~Bo = Boẑ. Introducing a Cartesian coordinate system turns equation (1.16)

into

(
1

V 2
A

∂2

∂t2
− ∂2

∂y2
− ∂2

∂z2
)Ex =

∂2Ey
∂x∂y

(1.18)

(
1

V 2
A

∂2

∂t2
− ∂2

∂x2
− ∂2

∂z2
)Ey =

∂2Ex
∂x∂y

. (1.19)

Now, consider a plane wave propagating in the yz plane with solution of

the form e
−i(ωt−kyy−kzz)

where ω represents wave frequency. In this system of

coordinate, an assumption of ∂/∂x = 0 reduces equations (1.18) and (1.19)

into two familiar MHD equations:

V 2
A = ω2/k2

z , (1.20)

V 2
A = ω2/k2, (1.21)

where k =
√

(k2
y + k2

z) is the wave number. Equation (1.20) is the disper-

sion relation for the class of MHD wave called the shear Alfven wave, which

propagates in plasma with a group velocity of ~Vg = dω/d~k = ±VAẑ. It is also

a purely transverse wave with flow perturbations perpendicular to both the

group velocity and the background magnetic field, ~Bo. Because the energy

flow is guided only along the background magnetic field ~Bo, this mode has no

magnetic field compression. This mode is therefore analogous to a wave on a

non-uniform string. Figure 1.2 shows a schematic of the wave perturbations

and polarizations associated with this mode in a cold plasma.

Equation (1.21) is the dispersion relation for another class of MHD wave
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Figure 1.2: Schematic of Shear Alfv́en wave mode in a cold plasma [from Fen-

rich [1997]]. Here, ~Vp and ~Vg represent phase and group velocities respectively.

called a fast Alfvén mode. For this class of wave, the phase speed is still

VA, however, the group velocity is ~Vg = dω/d~k = ±VAk̂, where k̂ is a unit

vector defined along the direction of the wave vector ~k and ~Vg specify the

direction of energy flow of the wave. In cold plasma, the energy and the

phase of the fast mode propagate with speed VA along the direction of the

wave vector. This mode propagates across the background ~Bo and forces

compression of the magnetic field. Because of this reason, this mode is also

called compressional. This mode is therefore analogous to a sound wave and
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transports energy and information isotropically. Figure 1.3 shows a schematic

of the wave perturbations and polarizations associated with this mode in a

cold plasma. Important to note is that, equations (1.20) and (1.21) impose

relationships between wave number and frequency for the existence of an MHD

wave in a cold plasma.
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Figure 1.3: Schematic of fast compressional wave mode in a cold plasma [from

Fenrich [1997]]. Here, ~Vp and ~Vg represent phase and group velocities respec-
tively.

Thus far, the plasma treatment was for a cold, ideal MHD plasma subject

to a straight homogeneous background magnetic field ~Bo. Often we assume
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the magnetosphere to be a cold plasma because the cold plasma approximation

gives useful insights into the plasma environment in this limit. Introducing

a finite temperature into our ideal MHD system mimics a realistic plasma

environment, and is equivalent to introducing a finite equilibrium pressure, po.

The introduction of a finite pressure, po modifies the dispersion relation for

the fast wave mode equation (1.21) into

ω2/k2 =
1

2
[V 2
A + C2

s ±
{

(V 2
A + C2

s )2 − 4C2
sV

2
A cos2 θ

}1/2
], (1.22)

where θ is the angle between ~Bo and ~k, Cs = (γpo/ρo)
1/2 is the speed of sound

in plasma, and γ is the ratio of the specific heats. For an example of the

derivation see Parks [2004] and Kivelson and Russel [1995]. Equation (1.22)

is the dispersion relation defining the magnetoacoustic wave modes. For prop-

agation at an angle to the magnetic field, the plus and the minus signs give two

hybrid modes, respectively, called the fast and slow magnetoacoustic modes.

Equation (1.22) also states that in a plasma of finite temperature, the cold

plasma MHD modes are coupled to a sound wave. Later on, in this chapter,

an interesting class of coupling between the fast compressional and the shear

Alfvén modes called Field line resonances (FLRs) will be discussed.

For a completely cold plasma, Cs = 0 and the dispersion relation of the

fast magnetoacoustic mode in equation (1.22) reduces to

V 2
A = ω2/k2, (1.23)

as expected, where as the dispersion relation of the slow magnetoacoustic mode
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in equation (1.22) reduces to

ω2/k2 = 0, (1.24)

implying the slow mode can not propagate in cold plasma.

1.C.3 Impact of Magnetospheric Structure on MHD Waves

In the previous section, our discussion was based on an infinite uniform mag-

netized plasma. Unfortunately, no such plasma of infinite extent exists in

nature. If so, how would our infinite plasma approximation of an MHD fluid

address physical problems within the magnetospheric context (of finite scale

size), which are the very focus of this thesis work? As long as the scale size of

the plasma under consideration is much larger than the wavelength of MHD

waves, boundary effects can be neglected and an infinite plasma approximation

is justified to describe realistic problems of finite scale size. In the terrestrial

magnetosphere, using a typical MHD wave frequency of 5 mHz, with a typical

Alfvén speed in the day side of order 300 km/s, results in a wavelength of

order 10 Re. Noting that the typical distance of the dayside magnetospheric

standoff distance from the center of the Earth is of order 10 Re, we are led to

the conclusion that boundary effects for waves in the mHz range (ULF waves)

can not be neglected.

The coupled equations between compressional and shear waves in the mag-

netospheric context were developed by various authors [e.g., Tamao, 1966;

Southwood , 1974; Chen and Hasegawa, 1974]. For simplicity, assume ~Bo =

Boẑ. Introducing an x-variation to the magnetic field ~B or mass density ρo,
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results in the variation of the Alfvén speed across the magnetic field. How does

this then affect the physics of MHD Alfvén waves in cold plasma described by

equations (1.20) and (1.21)? First of all, the fact that we have introduced an

x-variation on the Alfvén speed makes kx a function of x. Assuming an electric

field variation of the form

Ex(x, y, z, t) = Ex(x)e−i(ωt−kyy−kzz), (1.25)

Ey(x, y, z, t) = Ey(x)e−i(ωt−kyy−kzz), (1.26)

and using equations (1.25) and (1.26) in equations (1.18) and (1.19), results

in

[
k2
y − k2

z − ω2/V 2
A(x)

]
Ex = −iky(dEy/dx) (1.27)

[
k2
z − ω2/V 2

A(x)
]
Ey = −iky(dEx/dx) + (d2Ey/dx

2). (1.28)

Because of the mutual existence of variables Ex and Ey in equations (1.27)

and (1.28), these equations are coupled and one can not be solved indepen-

dently without use of the other.

For the more complex, yet interesting case where ky is non zero (ky 6= 0),

the coupled equations (1.27) and (1.28) can be rewritten in a more compact

way as

d2Ey/dx
2 − C(dEy/dx) + [K2(x)− k2

y − k2
z ]Ey = 0, (1.29)
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where

C = k2
y(dK

2/dx)/[(K2 − k2
y − k2

z)(K
2 − k2

z)], (1.30)

and

K2(x) = ω2/V 2
A(x). (1.31)

Equation (1.29) has a turning point xt at a point where the coefficient [K2 −

k2
y − k2

z ] vanishes. The location of this point is different from the location of

the zero of (K2 − k2
z), which we will consider next (when ky = 0). Defining

the vanishing point of (K2 − k2
z) to be at xr, one can see that for a mono-

tonically increasing K2(x), such as the magnetosphere, a wave propagating

from a region of large x (towards the Earth, in Cartesian geometry) meets the

turning point xt followed by xr. That means the point xr is located within the

spatially evanescent region of the wave.

From equation (1.30), one can see that C has singular points at xr and xt,

which have physically very interesting interpretations. The singularities cause

problems in finding a mathematical solution to equation (1.29). From a series

of rigorous solutions, one can show that the solution of equation (1.29) at xt

is finite. However, the singularity at xr is unavoidable and turns the solution

to infinity. The point xr is called a resonance point. Physically, the resonance

point is where the fast mode frequency matches the shear Alfvén mode and

coupling between the two modes occur by way of transferring energy into the

shear Alfvén mode. Therefore, for a wave propagating from a region of large

x (say the magnetopause, as in the case of an external driver) towards the
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Earth (x = 0), the incident wave gets reflected at the turning point, xt, by the

increase in the Alfvén speed gradient. Beyond this point, the evanescent wave

drives a (Field Line Resonance) FLR. The FLRs will be discussed in depth in

the next sections.

Choosing the simplest case where ky = 0 reduces equations (1.27) and

(1.28) into two decoupled equations,

[
k2
z − ω2/V 2

A(x)
]
Ex = 0, (1.32)

[
k2
z − ω2/V 2

A(x)
]
Ey = d2Ey/dx

2. (1.33)

For a function Ex not everywhere zero, equation (1.32) yields

ω2 = ω2
A(x) = k2

zV
2
A(x), (1.34)

where ωA(x) represents the Alfvén frequency. Assuming K2(x) = ω2/V 2
A(x) to

be a monotonically increasing function of x, one can rewrite equation (1.33)

as

d2Ey/dx
2 +

[
K2(x)− k2

z

]
Ey = 0. (1.35)

Once again, from equation (1.35), it can be seen that a radial position xt

exists for which the coefficient of Ey vanishes. In the Earth’s magnetosphere,

as one travels in the direction of increasing x away from Earth (i.e., x > xt),

VA(x) decreases, turning K2(x) − k2
z > 0 and K2(x) − k2

z < 0 for x < xt.

Hence, the behaviour of the solution of equation (1.35) changes sign from be-
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ing spatially oscillatory (x > xt) to evanescent (x < xt) in space. Physically,

the point xt is a reflection point where the wave stops travelling towards the

Earth and turns around at this point. That is, at the point xt the refractive

index of the medium vanishes.

Before closing this section, one thing that warrants discussion is how the

singularity at the resonance position can be handled mathematically. In gen-

eral, assuming a small time dependent energy sink in the system (for example

introducing Joule dissipation in the ionosphere) will help to avoid the singular-

ity in equation (1.29). Doing so is physically justifiable, since the ionosphere

is not a perfect reflector, thereby it damps the energy of the coupled system

and provides a finite and justifiable solution to the physical problem. Field-

Aligned-Currents (FACs) associated with FLRs are responsible for dissipating

their energy at the ionospheric foot prints in the form of Pedersen current [e.g.,

Allan and Knox , 1978; Newton et al., 1979].

1.C.4 Field Line Resonances

The application of the theory on how waves originating from outside the mag-

netosphere couple compressional waves in the outer magnetosphere to the FLR

is understood from the discussion of the above section. We also understand

how FLRs transfer that energy to the ionosphere. What is not known is the

source of the discrete FLR frequencies, i.e., where do the compressional waves

in the outer magnetosphere come from and how do they evolve spatially and

temporally? Why should we care about FLRs anyway? FLRs can be used to

infer equatorial plasma densities along a magnetic field line using the funda-
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mental eigen-frequencies of guided toroidal Alfvén waves [Waters et al., 1996].

FLRs also play a role in auroral arc generation and substorm onset [e.g., Sam-

son et al., 1996; Rankin et al., 1999]. They are found to provide sufficient

energy to drive discrete auroral arcs [Samson et al., 1991].

FLRs are standing MHD Alfvén waves on closed geomagnetic field lines

[e.g., Tamao, 1966; Dungey , 1967; Radoski , 1967; Southwood , 1974]. The sim-

plest possibility for a standing wave to exist in a cold plasma is the shear

Alfvén mode. In the simplest magnetospheric model, one can envisage a box

model where the field lines are straight and of length l with infinitely conduct-

ing (reflecting) ionospheres. This will help to illustrate the basic characteristic

features of FLR coupling. Choosing an average Alfvén velocity 〈VA〉 along

a field line, it can be easily shown that the condition for the existence of a

standing shear Alfvén wave is λn = 2l/n. That is the length of the field line

l should be an integral multiple of half the wavelength, where n = 1, 2, 3, ....

The possible oscillation frequencies, also called resonant frequencies, ωn of

this mode can be calculated using the dispersion relation of this mode from

equation (1.20)

ωn = nπ 〈VA〉 /l (1.36)

Equation (1.36) shows the dependence of ωn on the field line length l.

Hence, for a more realistic geometry, where the length of the field line in-

creases with latitude, the oscillation frequency decreases. That means field

lines at larger x (near the magnetopause) have lower frequencies than those at

smaller x (closer to the Earth). As we already discussed in equation (1.29), the
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coupling between the fast mode and shear Alfvén mode occurs when ky 6= 0,

and when the frequency of the two modes match. In this picture, the result

is that the coupling between the two modes exhibits an amplitude maximum

at some radial distance corresponding to the resonant field line and exhibits

a characteristic feature of a 180o phase shift across the resonance. The phase

shift is due to the continuum in the local Alfvén frequency gradient. This is

the characteristic signature of a classical field line resonance.

Figure 1.4: Left: Field line structure of a first harmonic (top) and a second
harmonic (bottom) toroidal oscillation, where Er is the radial component of
the electric field, ξ the displacement vector, and bφ the azimuthal component
of the magnetic field disturbance. Right: Sketch of the azimuthal field line
oscillation, where the red line marks the disturbed field line. Adopted from
Schafer [2008].

FLRs can in general be classified into toroidal and poloidal modes of oscil-
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Figure 1.5: Left: Field line structure of a first harmonic (top) and a second
harmonic (bottom) poloidal oscillation, where Eφ is the azimuthal component
of the electric field, ξ the displacement vector, and br the radial component
of the magnetic field disturbance. Right: Sketch of the azimuthal field line
oscillation, where the red line marks the disturbed field line. Adopted from
Schafer [2008].

lations. The excitation mechanisms, as well as the wave characteristics such

as the field line displacement and the plasma bulk flow distinguishing these

waves are different. The toroidal FLR has a characteristic feature of displace-

ment and magnetic field perturbations along the azimuthal direction and an

electric field perturbation in the radial direction. This class of FLR is therefore

analogous to a wobbling oscillation of a field line. The field line structure for

the fundamental and second order harmonics of a toroidal mode are shown in

Figure 1.4. For reasons of large conductivity of the ionospheres, displacement

and electric field are zero at the foot point of the field line. In contrast, the
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magnetic field exhibits an amplitude maximum at the ionospheric foot point.

A toroidal mode FLR exhibits a 180o phase shift across the resonance and

is associated with small ky values. All of the FLRs presented in this thesis

have relatively small ky values. Although the FLRs considered in this thesis

correspon to positive IMF Bz, FLRs are known to occur in both positive and

negative IMF Bz conditions.

The second class of FLR, the poloidal field line oscillation, is character-

ized by displacement and magnetic field perturbations in the radial direction.

Because of its field line oscillation structure, this class of FLR is also referred

to as a breathing oscillation of a field line. The field line structure for the

fundamental and second order harmonics of a poloidal oscillation are shown in

Figure 1.5. This class of wave is associated with large ky values and the phase

shift may exceed 180o depending on the strength of the driver and how large

ky is [Fenrich and Samson, 1997].

1.C.5 Previous Work on FLR Coupling

Establishing the mechanisms by which fast compressional waves enter the ter-

restrial magnetosphere is an important objective in space physics, as they

are believed to be ultimately related to space weather phenomena [Hasegawa

et al., 2004]. The most common observables of space weather phenomena in-

clude magnetic storms, aurorae, energized radiation belt particles and FLRs.

The knowledge of the existence of FLRs dates back to the late 1960s [e.g.,

Dungey , 1967; Radoski , 1967]. ULF waves which play a major role in driving

FLRs are believed to be significantly involved with energization of radiation
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belt electrons and their dynamics, such as transport and diffusion [e.g., Ros-

toker et al., 1998; Elkington, 2006; Degeling et al., 2008]. They also provide the

free energy required to accelerate electrons to relativistic energies [Liu et al.,

1999; Elkington et al., 1999] and form auroral arcs [Samson et al., 1996; Lotko

et al., 1998; Rankin et al., 1999; Rae et al., 2007], that may be associated with

an explosive plasma instability in geomagnetic storms during their expansion

phase [Dobias et al., 2004], main phase [Baker et al., 1998] and magnetotail

dynamics [Sanchez et al., 1997].

FLRs are known to occur at specific discrete, stable, and sharply peaked

ULF frequencies and are observed in ground based HF radar and magne-

tometer data [e.g., Fenrich et al., 1995; Samson et al., 1992; Kivelson and

Southwood , 1985; Mann et al., 2002]. Rankin et al. [1993] has done interesting

work on the nonlinear evolution of field line resonances in the Earth’s magne-

tosphere. Although it has been identified that there is a direct link between

solar wind and FLR wave activities, the source of the discrete FLR frequencies

is still unresolved, although the Sun is the ultimate source of all the energy in

the solar wind and sources driving FLRs.

One can associate FLRs with FACs [e.g., Allan and Knox , 1978; Newton

et al., 1979], which are a specific class of currents flowing along geomagnetic

field line connecting the Earths magnetosphere to the high latitude ionosphere.

Upward FACs are believed to be somehow related to the downward acceleration

of electrons producing the optical aurora at the high latitude ionosphere [e.g.,

Dungey , 1967; Radoski , 1967; Rae et al., 2005].
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1.C.6 FLR Excitation Mechanisms and Motivation

Toroidal mode FLRs are believed to be driven by sources external to the mag-

netosphere. Potential driving mechanisms include: Kelvin Helmholtz (KH)

surface waves on the magnetopause [Hughes , 1994] and [Walker , 1981]; mag-

netospheric waveguide/cavity modes driven by a continuum of wave energy or

a pressure pulse in the solar wind [Kivelson and Southwood , 1985], [Samson

et al., 1992], and direct driving via entry of solar wind MHD waves across

the magnetopause and into the magnetosphere, [e.g., Stephenson and Walker ,

2002; Walker , 2002; Fenrich and Waters , 2008; Kepko et al., 2002].

Recent work carried out using WIND in the solar wind and GOES-10 at

geosynchronous orbit [Kepko et al., 2002] has shown that ULF waves in the

solar wind at least in some cases are direct sources for discrete ULF pulsations.

In Chapter 2, a rare SuperDARN observation of a ULF wave in the solar wind

that crossed Earth’s bow-shock and excited a FLR will be presented [Nedie

et al., 2012]. Several studies have shown that discrete, stable and sharply

peaked field line resonance (FLR) structures are excited inside the Earth’s

magnetosphere in response to fast mode ULF pulsations. There have been

reports of ground-based and space-based ULF discrete field line resonances

(FLRs) in the range of mHz frequencies in the terrestrial magnetosphere since

the late 1960s. Although, the nature of the source of oscillation for the dis-

crete FLR frequencies is still unsettled, recent observations have shown that

simultaneous occurrence of discrete fluctuations in the upstream solar wind

and in the magnetosphere suggest that the solar wind may be a direct source

for the observed discrete FLRs at least in some cases.
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There is observational evidence in support of the hypothesis that both

pressure pulses in the solar wind and direct entry of MHD waves across the

magnetopause drive FLRs. However, to date no concrete observational evi-

dence has been presented to prove or disprove KHI generated surface waves

and/or magnetopause oscillations as drivers of FLRs. The work of Rae et al.

[2005] presents the evolution of an extremely long lasting narrow band Pc5

pulsation of 1.5 mHz during a high solar wind speed and northward IMF in-

terval using data from multiple instrumentation. Without a detailed analysis

on features such as: radial Poynting flux structures, propagation time delay

on the wave phase, observed growth time of the driver wave and whether the

condition for the most unstable mode is met, the authors hypothesized KHI as

a potential source mechanism. Thus, a work with this type of detailed analysis

is required and is the motivation behind this project. Chapter 3 presents a

new result using the suggested detailed analysis.

As opposed to the toroidal modes, the generation mechanisms associated

with poloidal mode FLRs are believed to be sources from within the mag-

netosphere [Fenrich and Samson, 1997]. Potential sources are drift mirror

instability [Hasegawa, 1969] and bounce instability [Southwood et al., 1969].

Since MHD ULF waves can be used as diagnostics of certain properties of

the magnetospheric system, the global time dependent behaviour of the mag-

netosphere can be described in terms of ULF waves. Since ULF waves are also

important in substorm dynamics and in energizing radiation belt electrons and

ions, understanding their origin is important in space weather research where
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forecasting the effect of solar storms on satellites technology is paramount.

1.D Theory and background on magnetopause

instabilities and oscillations

In situ measurements of the flanks magnetospheric boundary (magnetopause

and low latitude boundary layer) sometimes show the presence of periodic

surface waves [e.g., Couzens et al., 1985; De Keyser and Roth, 2003]. The ex-

istence of surface waves has been proposed to explain multiple crossing of the

magnetopause past satellites [Ledley , 1971]. If not always, at least sometimes,

this periodic oscillation of the boundary is due to the motion of the boundary in

attempting to establish pressure balance on either side of the boundary [Sibeck

et al., 1991]. That is, the boundary of the magnetosphere oscillates in response

to changes in solar wind pressure. Multiple magnetopause crossings by ISEE

1 and 2 satellites showed that magnetopause oscillations can occur because of

solar wind pressure fluctuations [Song et al., 1988]. The magnetopause moves

inward when the solar wind dynamic pressure increases and outwards when it

decreases. The solar wind dynamic pressure is the most important factor that

controls the position of the subsolar point [Martyn, 1951] and influences the

shape of the magnetosphere [Ferraro, 1960]. De Keyser et al. [2002] showed

that it actually takes a small percent of the total pressure change to move the

boundary in- or outward over a 1000 km. The boundary can also move in-

and out in response to surface instabilities [e.g., Sckopke et al., 1981; Kivelson

and Chen, 1995]. Boundary motion of the magnetopause generates magne-

topause oscillations which propagate downtail with the anti-sunward motion
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of the plasma [De Keyser and Roth, 2003].

The KH instability is one major candidate that is thought to be responsible

for launching compressional surface waves. The generation of surface waves

at the inner boundary through KHI has been predicted by Lee et al. [1981].

These KH instability driven surface waves can tunnel deep into the inner mag-

netosphere, [e.g., Farrugia et al., 2000; Otto and Fairfield , 2000]. The early

evidence for this dates back to Dungey [1954], followed by detailed theoretical

attempts to describe it [e.g., Sen, 1963; Fejer , 1964; Southwood , 1968; Pu and

Kivelson, 1983; Miura and Prichett , 1982; Miura, 1990; Walker , 1981]. The

KH instability at the boundary is fed continuously by the free energy source

that is available in the shear flow of the magnetosheath. The shear flow along

the boundary is highest at the flanks of the magnetosphere, and this makes

this region of the magnetospheric boundary significantly more vulnerable to

trigger the instability, where the shocked solar wind is flowing fast relative

to the stagnant magnetospheric plasma, [e.g., Hasegawa et al., 2004]. A KH

instability at the flank magnetopause is more complicated than a simple case

of fluid shear because of a stabilizing effect of field line bending.

The early theoretical works of linear MHD assumed the boundary between

the magnetospheric and magnetosheath plasmas to be a tangential discontinu-

ity. These works resulted in the KH instability condition at the magnetopause

for an incompressible plasma [Hasegawa, 1975], expressible in terms of plasma
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and field parameters as:

(~k · ~v)2 >
1

µomi

(
1

n1

+
1

n2

)[
(~k. ~B1)2 + (~k. ~B2)2

]
, (1.37)

where in equation (1.37) ~k is the wavenumber, ~v is the relative velocity shear

on both sides of the boundary, µo is the permeability of the free space, mi is

mass of proton, and (n1, n2 and ~B1, ~B2) are the proton densities and magnetic

fields on both sides of the boundary (subscripts 1 and 2 refer to inside and

outside the boundary, respectively).

While theoretical work [e.g., Sen, 1963; Fejer , 1964; Southwood , 1968] as-

sumed tangential discontinuity, satellite observations revealed the existence of

a low latitude boundary layer [e.g., Hones et al., 1972; Eastman et al., 1976].

The existence of such a boundary implicates that modelling the interface by a

tangential discontinuity is unrealistic. Furthermore, the growth rate of such a

KH unstable interface can be estimated by left-hand side (LHS)−right-hand

side (RHS) of equation (1.37). The LHS−RHS is an increasing function of the

wave number, ~k, and this model predicts that a whole spectrum of wavelengths

will be excited. This is inconsistent with observations of magnetopause cross-

ings where monochromatic waves with well defined frequencies are identified

[Claudepierre et al., 2008].

A KH unstable surface wave is distinguished by a wavelength of 0.5 to 25

Re (which is the scale size of dayside flank magnetosphere) [De Keyser and

Roth, 2003]. Such a wave is evanescent on either side of the boundary accord-

ing to exp(−kys), where s is distance measured inward from the magnetopause
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[Walker , 1981] and [Allan and Poulter , 1992]. According to the early linear

theoretical works, as the wave occurs on the magnetopause, large ky is ex-

pected. Linear theory predicts the larger the ky, the more unstable the KH

wave becomes and the more rapidly it evanesces. This leads to a negligible

amplitude of the wave in the magnetosphere and raises controversy on how

deep the wave can penetrate into the magnetosphere to excite the observed

FLRs [Allan and Poulter , 1992].

A more realistic KH theory constraining finite thickness and compressible

plasma developed by Walker [1981] showed that when the thickness of the

boundary, ∆, is comparable with the wavelength of the disturbance tangent

to the boundary, ky (i.e., ky∆ ∼ 0.6−0.8), the instability criteria is effectively

met. The condition ky∆ at which the instability is satisfied corresponds to

a maximum in the curve representing the growth rate as a function of ky.

The author suggested that the instability occurs in the low latitude boundary

layer just inside the magnetopause. This implies that the velocity shear is

spread over the low latitude boundary layer of thickness ∆. The repercussion

of this new theory is that a particularly defined wavelength corresponds to the

fastest growing mode. This essentially means a single frequency (f = Vφ/λ)

for the fastest growing mode. According to the new formalism, the wave num-

ber of maximum growth corresponds to ky ∼ 0.6/∆ (if one takes the lower

limit for the fastest growing mode). On the magnetospheric flanks, ∆ varies

roughly between 2 Re and 4 Re [Miura and Prichett , 1982]. The inward am-

plitude fall-off thus becomes considerably less rapid [Allan and Poulter , 1992]

and this results in an e-folding distance of many Earth radii [Walker et al.,

1992]. Consequently, the wave can penetrate deep into the magnetosphere and
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this leads to a resolution to the evanescence controversy. The inclusion of a

boundary of finite thickness and compressibility in the new theory successfully

explains the observation of a single resonant frequency in the Pc4-Pc5 range

[Walker , 1981] and [Allan and Poulter , 1992].

A numerical simulation by Claudepierre et al. [2008] has actually shown

that a flank fast compressional wave mode associated with a KH instability in

its linear phase and Miura [1990] and Hasegawa et al. [2004] in its non-linear

phase can propagate deep into the interior of the magnetosphere. The work of

Pu and Kivelson [1983] and Michael et al. [2011] further supports this claim

that KHI driven compressional waves at the boundary can trigger a significant

energy flux to mode-couple into transverse magnetic standing waves on closed

magnetic field lines and cause the observed FLRs.

1.E Methodology and Data Acquisition

In order to achieve the goals of this research, a case study approach is em-

ployed using the various ground and space instruments listed in section 1.A.

In principle, a statistical analysis of events can be used to characterize the dif-

ferent types of magnetopause instabilities and oscillations based on upstream

solar wind conditions. However, if not impossible, it is very hard to find a

database of such events with simultaneous occurrence of the wave signatures

at the boundary and inside the magnetosphere.Yet, individual case studies

are of paramount importance in providing detailed information and new in-

sights to improve our understanding of ULF waves in the terrestrial magneto-

sphere and associated excitation mechanisms. Detailed individual case studies
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have proven to be incisive in enhancing our understanding of magnetospheric

physics and complementing results from large statistical databases. In this

thesis, three individual case studies were studied in a more detailed way using

a variety of ground and space based instrumentation in characterizing rarely

reported events. For the latter two a 2D ideal MHD model for ULF waves in

a compressed model magnetic field will be used to explain the observations.

In order to examine potential source mechanisms such as magnetopause in-

stabilities and oscillations, several instrumentation were considered. The first

event was found initially with SuperDARN and later observed on GEOTAIL.

The other two case studies which are on the same day were observed first on

SuperDARN and were found to have reasonably good data. In the later two,

CLUSTER was at the boundary observing lots of wave activity. POLAR also

observed a strong and clear wave activity in both magnetic and electric field

data of the second case study.

It is very important to check if the spacecraft are at the right position and

right time. The reason for doing so is because wave activity generated by the

KHI are preferentially located at the magnetopause boundary. Events such

as those with strong northward IMF and very high solar wind speed were of

top priority, because these conditions favour KH instabilities at the magne-

topause. Also considered is the presence/absence of a source mechanism such

as dynamic pressure pulses or MHD waves located inside the solar wind.

Characterizing magnetopause instabilities and oscillations as a source mech-

anism using a single spacecraft is a complicated and often gives an ambiguous

39



result. The CLUSTER multi-satellite mission offers a unique opportunity

to observe wave processes at the magnetopause boundary. Having traced a

possible source mechanism at the magnetopause boundary or within the up-

stream solar wind region, it is important to investigate wave processes in-

side the magnetosphere and study their association with the sources already

identified. To do so, we need the availability of ground-based and satellite

borne-instrumentation inside the magnetosphere. While data from spacecrafts,

magnetometers and HF radars were used in this thesis, SuperDARN is used

substantially in all the events considered.

1.E.1 Principles of Coherent Scatter Radar Techniques

Coherent scatter radars such as SuperDARN operate on a mechanism of vol-

ume scattering whereby the radar detects a backscattered signal from within

a medium. The basis of coherent HF radar scattering is non-thermal, but

enhanced plasma density irregularities due to gradient-drift instabilities. The

scattered signal is coherent because half the radar wavelength matches the

size of the irregularity structures. A good description of an early SuperDARN

HF radar work that discusses the instabilities producing the irregularities, as

well as reports that show irregularities drifting with the bulk plasma, can be

found in Greenwald et al. [1995], Greenwald et al. [1985] and references therein.

Research has shown that much of the ionospheric irregularity structure is

the result of a plasma instability processes (e.g. review by Fejer and Kel-

ley [1980]). In the E-region, plasma streaming instabilities, particularly the

crossed-field two stream [e.g., Buneman, 1963; Farley , 1963] and the gradient
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drift [e.g., Knox , 1964; Reid , 1968], are dominant. Electrostatic ion cyclotron

instability [Fejer et al., 1984] is proposed and thought to be operative in the

E-region plasma. The most prominent plasma instability in the F-region is the

gradient drift instability [Simon, 1963]. In addition, Rayleigh-Taylor [Dungey ,

1956] and Kelvin-Helmholtz [Keskinen et al., 1988] instabilities are believed

to be fairly operative.

For good coherent radar backscatter, the transmitted signal must have a

frequency above the E and F region plasma frequency. The necessary condition

for HF radar backscatter is the availability of ionospheric irregularities, and

the transmitted signal must be orthogonal to the field aligned irregularities.

Employing the principle of conservation of momentum and energy to co-

herent HF radar systems Fejer and Kelley [1980], one finds

h̄~kt = h̄~kb + h̄~ki, (1.38)

h̄ωt = h̄ωb + h̄ωi, (1.39)

where in equations 1.38 and 1.39, h̄ is Planck’s constant, ~k is the wave vector,

ω is angular frequency in rad/sec and t, b, and, i are subscripts that represent

the transmitted, backscattered, and irregularity respectively. For good radar

backscatter where the transmitted signals are orthogonal to the field aligned ir-

regularities, ~kt = −~kb. Then, from equation 1.38 follows, the relation between

the scale size of the the irregularity and the radar operating wavelength. That

is, for a radar backscatter, the scale size of the irregularity (spatial resolution)
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must have a size of half the radar operating wavelength to reinforce construc-

tive interference in the direction of the radar. This is referred to as the Bragg

condition. Also from equation 1.39 follows the difference in the transmitted

and backscatter frequency, which provides information on the radar’s line of

sight Doppler frequency shift as a measurement of the irregularity. These are

primarily used to extract information on the target’s line of sight Doppler

velocity, backscattered power, and spectral width measurements in coherent

radar experiments such as SuperDARN.

HF radars also receive backscattered signal from ground or sea. These

backscatters have a typical characteristic feature of relatively low Doppler

velocity and spectral width [Menk et al., 2003]. These features provide a

very convenient tool to exclude ground (sea) backscatter from ionospheric

backscatter during the process of data analysis.

1.E.2 The Super Dual Auroral Radar Network

The data used in this study is collected mostly by northern hemisphere HF

radars of the international Super Dual Auroral Radar Network (SuperDARN)

[Greenwald et al., 1995]. SuperDARN is a global network of radars operated

by a consortium of 9 nations with 26 identical radars over the Arctic and

Antarctica for studying the mid- and high- latitude ionospheric convection.

Eighteen of the HF radars are deployed in the northern hemisphere whereas the

remaining eight are in the south. The fields of view of the northern hemisphere

radars are shown in Figure 1.6. Each of the radars use a multi-pulse technique

and operate in the High Frequency (HF) band between 8 and 22 MHz. In their
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standard operating mode, each radar is electronically steered into 16 beams

separated by 3.24o in azimuth with a total scan time of 1 min for the entire field

of view. Each beam is divided into 75 range gates of 45 km extent, so in each

full scan each radar covers 52o in azimuth and over 3000 km in range, an area

of over 50,000 km2. In this thesis, we will use the radar back-scattered Doppler

velocities which give the component of the ionospheric plasma convection along

the beam line-of-sight (l-o-s). These l-o-s Doppler velocities can be used to

measure ULF oscillations in F-region plasma flows associated with field line

resonances [Fenrich et al., 1995].

05 J an 2012 22:18:00 UT

Figure 1.6: Field of view of the Super Dual Auroral Radar Network (Super-
DARN) radars from all of the northern hemisphere HF radars in AACGM in
2012. This is the most recent coverage including the mid-latitudes in addition
to the high latitudes [superdarn.jhuapl.edu].

Measurements of ionospheric ~E × ~B plasma drifts obtained from Super-

DARN HF radars show signatures of ULF FLRs. For reasons explicable in

terms of electric and magnetic field perturbations resulting from ULF wave
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oscillations in the ionosphere, periodic oscillations in the ~E × ~B drift are ex-

pected. The shift in Doppler frequency, ∆f of the radar back-scatter associ-

ated with the motion of the ionospheric irregularities is detected by HF radars.

The line-of-sight (l-o-s) Doppler velocity plasma drift VD of the irregularity is

estimated by using the measured ∆f through, VD ' ∆fλr/2. Where, λr is the

operating radar wavelength. Merging the l-o-s Doppler velocities from beams

of overlapping HF radar pairs (common-volume areas) yields the velocity of

the plasma drift in 2D. Global scale convection velocities are derived by re-

peating this procedure for all overlapping field of views in the ionosphere. It

was with this intent and purpose of studying the large-scale ionospheric con-

vection that the international collaborative project of SuperDARN network of

radars was primarily developed [Greenwald et al., 1995].

Sometimes, data from overlapping field of views are not available for dif-

ferent reasons. In regions where there is little or no data, a very powerful

technique called Map Potential [Ruohoniemi and Baker , 1998] is used to fit

the observed l-o-s Doppler velocities to a series of spherical harmonic functions

based on the prevailing upstream IMF conditions. This essentially means that

in regions of little or no data, a statistical model constrains the global electro-

static potential. The global distribution of the electrostatic potential derived

on the basis of ~E = −OΦ is capable of providing information on the current

state and dynamics of the ionosphere.

The success of this technique is contingent on the number of observed l-o-s

Doppler velocities that contribute to the solution. In general, the more radars

that are used, the more the ionospheric back-scatter will be, resulting in a
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more reliable global convection pattern. As discussed above, the data obtained

from HF radars can therefore be used to remotely monitor the dynamics of

the magnetosphere and the ionosphere and provide a convenient tool to study

solar wind-magnetosphere-ionosphere coupling. A global convection pattern

will be used in the next chapter to help us understand a magnetospheric FLR

wave process driven by a direct solar wind driver. The l-o-s Doppler velocities

will also be extensively used in the analysis of the FLRs.

1.E.3 The CLUSTER Multi-Spacecraft Mission

In the past, satellite-borne and ground based instrumentation rarely seem to

be in the appropriate position, at the right time, under the right conditions,

and most importantly in an operational state. The kind of events that are of

interest to this thesis are those that would help to characterize magnetopause

boundary instability/oscillations and ULF wave activity inside the magne-

tosphere. Particular focus is on the ultimate goal of elucidating the causal

relationship between the two. The simultaneous presence of data from multi-

satellite- borne instrumentation, near the magnetopause, is therefore ideal for

identifying a plausible source mechanism at the magnetopause boundary. The

CLUSTER multi-satellite mission along with data from Geotail, ACE, OMNI

database, and magnetometers is ideal to address the objectives of this thesis.

CLUSTER, launched into their final orbits on August 14, 2000, consti-

tutes four identical spacecraft that fly in a tetrahedron constellation [Kronberg

et al., 2011]. Eleven scientific instruments are deployed on each CLUSTER

spacecraft. These instruments are designed to measure space weather inside
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and outside the magnetosphere. In this thesis, measurements particularly

from FGM, EDI, CIS and PEACE instruments will be used [Kronberg et al.,

2011]. The Fluxgate Magnetometer (FGM) instrument measures magnetic

field in high resolution, with up to 67 samples per second along the orbit of

the spacecraft. Electron Drift Instrument (EDI) fires beams of electrons and

the returning electrons which are affected by the electric field in space are used

to measure the strength of the electric field. The Cluster Ion Spectrometry ex-

periment (CIS) is designed to diagnose the composition, mass and distribution

functions of ions in the magnetosphere and solar wind during each four second

spin of the spacecraft. Plasma Electron And Current Experiment (PEACE)

measures the incoming electrons direction of travel and speed. Chapters 3 and

4 will make use of the CLUSTER mission to characterize two different ULF

wave events produced by a KH boundary instability at the magnetopause and

a ULF wave event triggered by a solar wind driven magnetopause oscillation,

with simultaneous data from ground- and space-based instrumentation.
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Chapter 2

SuperDARN observations of the

driver wave associated with

FLRs

1

Ultra-low frequency (ULF) field line resonances (FLRs) cause oscillations

in F-region plasma flows and can be detected in SuperDARN measured line-of-

sight (l-o-s) Doppler velocities. In this chapter, a ULF wave event is character-

ized with coordinated use of SuperDARN HF radars, optical instrumentation,

ground based magnetometers, and spacecraft observations. The SuperDARN

Pykkvibaer radar observes first and second order FLR harmonic signatures at

0.8 mHz, while the Kodiak and Hankasalmi radars simultaneously observe the

driver wave on open field lines at exactly the same 0.8 mHz frequency. These

observations show that SuperDARN can provide a diagnostic of MHD wave

1A version of this chapter has been published. A. Z. Nedie, R. Rankin, and F. R. Fenrich,
SuperDARN observations of the driver wave associated with FLRs, J. Geophys. Res., 117,
A06232, doi:10.1029/2011JA017387, 2012.
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propagation on open field lines and potentially be used to monitor MHD wave

transmission across the magnetopause, and through the outer regions of the

magnetosphere. During the time interval of interest, Geotail was in the solar

wind just outside the dawn flank region and observed clear oscillations in the

IMF Bz component at 0.8 mHz. A high coherence between the Geotail Bz

oscillations and the radar Doppler velocities at 0.8 mHz is shown, confirming

that the 0.8 mHz FLR harmonic and the associated wave on open field lines is

directly driven by the 0.8 mHz oscillation in the solar wind. The observation

of first and second order harmonic FLRs in SuperDARN data supports the

theoretical body of work on expected behaviour of FLRs (higher harmonic

orders maps to higher latitudes), and their potential use in estimating magne-

tospheric properties such as density and magnetic topology.

2.A Introduction

Magnetospheric ULF event, where an FLR is directly driven by an MHD

wave in the solar wind is presented. Measurements from multiple SuperDARN

HF radars in the morning, midnight, and afternoon sectors, show harmonic

FLR wave signatures on closed field lines simultaneous with coherent wave

signatures on open field lines at a frequency of 0.8 mHz. The ground based

observation of coherent wave signatures on open field lines associated with

FLRs is presented as one of a few observations of a driver wave on open field

lines [e.g., Prikryl et al., 1998, 2005, 1998b]. In addition, the 0.8 mHz waves

observed by the radars are found to correlate well with Geotail spacecraft IMF

Bz measurements in the solar wind, suggesting that the observed 0.8 mHz

waves in the magnetosphere are directly driven by MHD waves in the solar
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wind. This type of observation adds to a growing database of observations

that suggest the same conclusion.

50	  

60	  

70	  

80	  

Figure 2.1: SuperDARN convection map showing convection flow velocity and
convection cells in the dawn and dusk sectors in the time interval 01:58-02:00
UT on December 26, 2000. Here K, G, S, P and H respectively stand for
Kodiak, Goose Bay, Stokkseyri, Pykkvibaer and Hanksalami.

2.B Instrumentation and Observations

The SuperDARN observation reported here focuses on the time interval 0000-

0400 UT on December 26, 2000. We use data from the Pykkvibaer and Han-

kasalmi radar pair, which has a common field of view in the morning sector.
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We also use the Kodiak radar in the afternoon sector, and the Goose Bay

and Stokkseyri radars in the midnight sector. Figure 2.1 shows the Super-

DARN convection map at 01:58-02:00 UT on this day, with the Pykkvibaer,

Hankasalmi, Stokkseyri, Goose Bay, and Kodiak radars identified. The Han-

kasalmi and Kodiak radars observe good scatter in the higher latitude regions

of their fields of view, while Pykkvibaer, Stokkseyri and Goose Bay observe

good scatter in the lower latitude region of their fields of view. In this time

interval, both the ACE and WIND spacecraft detect a solar wind speed close

to 415 km/s on average, a dynamic pressure of 3.5 nPa and a Dst value close

to 8 nT (ground based magnetometers are used for Dst estimation). The mag-

netosphere is relatively quiet, implying that any field line resonances occurring

during this interval are most likely independent of a particle driven drift mirror

instability.

For analysis, the ionospheric back-scatter data for a given beam and gate

are selected and interpolated to fill small data gaps. This interpolated data

is then detrended (a continuous, piecewise single linear trend over the cho-

sen time interval is removed) to remove low frequency trends. An exam-

ple of the detrended l-o-s Doppler velocities for selected beams and gates is

shown in Figure 2.2. Included are Hankasalmi (beam 12, range gate 47),

Kodiak (beam 6 and range gate 49), Pykkvibaer (beam 3 and range gate

17) and Pykkvibaer (beam 13 and range gate 16). Also shown here are the

magnetic field GSE Bz component from the Geotail spacecraft, which is sit-

uated upstream of the bow shock just outside the dawnside magnetosheath

at [XGSE, YGSE, ZGSE] ≈ [0.7,−29, 3.8]RE at 01:10 UT, and the Hornsund

(HOR) Z-component of the magnetic field from the IMAGE magnetometer

network. Clear ULF wave oscillations are seen in the SuperDARN, Geotail
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Figure 2.2: a) Geotail Bz, b) -e) de-trended radar Doppler l-o-s velocity and
f) the Hornsund IMAGE magnetometer plots for the time interval 0000 - 0400
UT on December 26, 2000.

and the Hornsund data. Note that other high latitude stations from the IM-

AGE network, including BJN, HOP, LYR, and NAL, also observed similar

ULF wave oscillations. To identify the spectral frequencies present, Figure

2.3 shows the Fast-Fourier-Transform (FFT) of the data in Figure 2.2 for the

00:10 -02:10 UT time interval. Figure 2.3 shows enhanced power around 0.8

mHz in both ionospheric radar, ground magnetometer, and Geotail solar wind

data. Note that in Figures 2.2 and 2.3 we include only the Geotail Bz com-

ponent because it has the largest oscillation at 0.8 mHz. However, signatures

of the driver wave at 0.8 mHz are also present in Geotail Bx and By, and in
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the solar wind magnetic field components measured by both ACE and WIND

(data not shown). This suggests a well defined path of energy transfer from

the solar wind into the inner magnetosphere, a point that will be discussed

later in section 2.C.

In order to investigate the spatial variation in spectral power and phase at

0.8 mHz, FFTs of the 2 hour interval from 00:10-02:10 UT are calculated for

all beams and gates for which good radar back-scatter is observed. Contour

plots of the spectral power density and phase at 0.8 mHz are then plotted

for a given radar as a function of Altitude Adjusted Corrected Geo-Magnetic

(AACGM) coordinates (A brief description and application of AACGM can

be found from Baker and Wing [1989] and Hosokawa et al. [2010]). Examples

of these contour plots are presented and discussed in the following section, and

will be used to identify FLR characteristics as well as other regions of wave

phase coherence.

2.B.1 Field Line Resonance

For the event under investigation, the contour plot of the power spectral den-

sity and phase at 0.8 mHz, as seen by the Pykkvibaer HF radar, is shown in

Figure 2.4 for the interval 00:10 -02:10 UT. In this figure, latitudinally local-

ized enhancements in spectral power can be seen extended azimuthally along

latitudinal contours close to the 67-68o and 71-72o AACGM latitudes. Note

that these latitudinally localized enhancements in power have a nearly 2o lati-

tudinal extent, and are signatures of first and second order field line resonance

harmonics at 0.8 mHz. Associated with the localized enhancements in power

52



0

0.5

1
a) Geot.

0

0.5

1
b) Hank. b=12, g=47

0

0.5

1

No
rm

al
ize

d 
po

we
r s

pe
ct

ra
l d

en
sit

y
c) Kod. b=6, g=49

0

0.5

1
d) Pyk. b=3, g=17

0

0.5

1
e) Pyk. b=13, g=16

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
x 10 3

0

0.5

1

f (mHz)

f) HOR.

Figure 2.3: The FFT of a) Geotail Bz, b) -e) de-trended radar Doppler l-o-s
velocity and f) the Hornsund IMAGE magnetometer plots for the time interval
00:10 -02:10 UT on December 26, 2000. The solid vertical line drawn at 0.8
mHz indicates a quasi-stable frequency around 0.8 mHz with in the range of
the frequency of resolution, 0.14mHz.

are bands of constant phase seen in the phase contour plot around 67-68o and

71-72o.

To determine the overall spectral content in the Pykkvibaer data at this

time, Figure 2.5 presents the contour plot of spectral power density as a func-

tion of frequency and latitude for the interval 00:10-02:10 UT. This plot is

derived from range gate 17 data from all 16 beams of the Pykkvibaer radar,

which corresponds to an approximate latitude profile. Spectral peaks at 0.8

mHz are clearly seen localized at ∼67-68o and ∼71o. To clearly identify the 0.8
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Figure 2.4: a) Contour plot of the spectral power and b) phase at 0.8 mHz
from the Pykkvibaer HF radar in the time interval 0010-0210 UT on December
26, 2000. Note that beams 0-15 and range gates from 15-30 which have good
radar echo were only used to make this 2-D contour plots. The latitudes and
longitudes shown are AACGM coordinates.
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Figure 2.5: Contour plot of the power spectra as a function of frequency and
latitude from the Pykkvibaer radar in the time interval 0010-0210 UT on
December 26, 2000. All the 16 beams and range gate 17 are used here to give
a profile along ∼84o E longitude. Notable are the peaks representing the first
and second order harmonics at 0.8 mHz.

54



mHz peak as a field line resonance, the latitude profile of amplitude and phase

at 0.8 mHz is shown in Figure 2.6. Again, this plot is derived from range gate

17 data from all 16 beams of the Pykkvibaer radar. The peak in amplitude at

67 -68 degrees, and decrease in phase across this peak, are clear signatures of

a 0.8 mHz FLR. The latitudinal phase decrease can be interpreted as a phase

lag (lead) between the driver and the driven damped oscillation of the field

lines that are slightly off-resonance [Mager et al., 2009]. A decrease in phase

with latitude is typical of low-m FLRs [Fenrich et al., 1995].
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Figure 2.6: Plot of the spectral power and phase versus latitude for the 0.8
mHz resonance on December 26, 2000. The data plotted is along gate 17 and
across all beams of Pykkvibaer for the interval 0010- 0210 UT. This profile
helps to identify the 0.8 mHz peak as a field line resonance.

The second 0.8 mHz peak in amplitude at 71-72o is interpreted as a sec-

ond harmonic field line resonance. It is at a different latitude (different field

line) than the first order FLR and it has to be noted that at 71-72o the first

order FLR should be around 0.4 mHz. For this peak, the phase variation is

irregular with an initial decrease followed by an increase. We hypothesize that
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this is because this structure is near the OCB boundary, and the dynamics of

the boundary may have influenced the phase variation. Both the UVI image

shown in Figure 2.7, and the SuperDARN spectral width plot in Figure 2.8,

suggest the open closed boundary in the region of the Pykkvibaer field of view

is near 71-72o latitude, which is collocated with the higher latitude 0.8 mHz

peak. Given that the OCB in Pykkvibaer’s field of view is close to 71-72o, one

could also interpret the power enhancement around 71-72o as the signature of

the solar wind driver wave at the boundary which drives the FLR observed by

Pykkvibaer near ∼67-68o. Details on the use of UVI and SuperDARN widths

for identifying the open-closed boundary are presented in the next section.

The m-values of these FLRs are estimated to be 5 or 6 for the lower latitude

first order FLR and 12 for the higher latitude second order FLR, both with

westward or anti-sunward phase propagation, respectively. Note that anti-

sunward phase propagation is consistent with a solar wind source.

Figure 2.7: A plot of the Polar UVI image which can be used to estimate the
OCB. It is given as a function of both geographic and geomagnetic latitudes
at 02:38 UT on December 26, 2000. Here the blue lines in the geomagnetic
plot depict the open closed boundary in the region of Kodiak’s field of view
in the afternoon sector and (Pykkvibaer’s and Hankasalmi’s) in the morning
sector.
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Figure 2.8: SuperDARNs spectral width estimate in AACGM coordinates
in the time interval 01:58 - 02:00 UT on December 26, 2000. Transitions
to widths > 200 m/s may be used to indicate the OCB. Here K, G, S, P
and H respectively stand for Kodiak, Goose Bay, Stokkseyri, Pykkvibaer and
Hankasalmi.

The global nature of wave activity at 0.8 mHz is also observable simulta-

neously in the night sector by the overlapping Stokkseyri and Goose Bay HF

radars. In the time period 00:10- 02:10 UT, high power and bands of constant

phase structures that appear to be FLRs, are visible from Stokkseyri at 0.8

mHz. The power is localized in latitude from 71-72o with an m-value that is

estimated to around 6 (consistent with Pykkvibaer’s lower latitude FLR obser-

vation), and with westward phase velocity. Although Goose Bay sees coherent

phase at 0.8 mHz in the westward portion of it’s field of view, the amplitude

structure is less clear due to l-o-s effects. Data from the Kerguelen radar,

which is in the Southern hemisphere and conjugate to Hankasalmi, has also
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been examined. Although there is a sporadic presence of the 0.8 mHz wave at

higher latitudes, the data is not as clear as in the Northern hemisphere radars.

The 0.8 mHz wave is not observed on the other radars in the SuperDARN net-

work due to an insufficient amount of ionospheric echoes to work with either

because there was no backscatter at all or there was significant ground scatter

contamination.

2.B.2 Observation of the driver wave on open field lines

Figures 2.9 and 2.10 show contour plots of power spectral density and phase at

0.8 mHz for Kodiak and Hankasalmi, respectively, for the time interval 00:10-

02:10 UT. Although the amplitude structure is irregular, it shows bands of

constant phase in the high latitude regions above 75o latitude for both radars.

In order to get insight into where the coherent phase regions are located rel-

ative to the open closed boundary, we use auroral emissions from the Polar

Ultraviolet Imager to make an estimate of where the OCB is located [Milan

et al., 2003]. The poleward edge of the green-line auroral emissions from the

Ultraviolet Imager is often used as the OCB proxy [e.g., Boakes et al., 2008;

Milan et al., 2003]. The idea behind this estimate is that closed field lines

are characterized by 557 nm green-line auroral emissions, relating to particle

precipitation from the central plasma sheet. The UVI image at 02:38 UT is

illustrated in Figure 2.7 in both geographic and geomagnetic coordinates. The

OCB is estimated by eye from UVI in the regions of the 0.8 mHz wave on Ko-

diak and Hankasalmi to be close to 75o and 73o, respectively. SuperDARN’s

spectral width is also known to provide a good proxy for the OCB, [e.g., Baker

et al., 1995; Milan et al., 2003; Chisham and Freeman, 2004]. In general, a
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transition from low to high spectral widths can be used as an indicator of the

OCB. The SuperDARN spectral widths at 01:58-02:00 UT are shown in Figure

2.8. The spectral width estimate of the OCB in the region of the 0.8 mHz wave

on Kodiak and Hankasalmi places it close to 74 and 75 degrees, respectively.

One should note the differences in OCB estimates in different field of views

(MLTs). The OCB via spectral widths in the region of the 0.8 mHz high-

latitude FLR observed by Pykkvibaer agrees well with the UVI determined

OCB near 71-72 degrees as discussed in Section 2.B.1. In the morning sector,

east of Pykkvibaer (in Hankasalmi’s field of view), the OCB estimate from

both UVI and SuperDARN is in the range of 73o to 75o. Regarding Kodiak’s

field of view, both UVI and SuperDARN estimates show that the OCB falls

with in the range of 74o to 75o.

A point that warrants comment is the discrepancy between the night side

OCB (which is close to 65o) with that of the UVI OCB proxy at around

(70o). There were reports of this discrepancy between ground and spacecraft

data in Woodfield et al. [2002] and Blanchard et al. [1997]. A more precise

determination of the OCB boundary is, however, provided by spacecraft data

[e.g., Blanchard et al., 1997; Brittnacher et al., 1999; Kauristie et al., 1999;

Boakes et al., 2008]. Based on the above estimates of the OCB, it appears that

the coherent phase observations of 0.8 mHz at high latitudes observed on both

Kodiak and Hankasalmi simultaneously, are outside the OCB on open field

lines. This confirms the existence of ULF waves outside the magnetosphere

and is consistent with a source in the solar wind at 0.8 mHz.
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Figure 2.9: Contour plot of the coherent wave spectral a) power and b) phase
at 0.8 mHz from the Kodiak HF radar in the time interval 0010 - 0210 UT on
December 26, 2000. Note that beams 0 - 10 and range gates from 35-50 which
have good radar back scatter were only used to make this 2-D contour plots.
The latitudes and longitudes shown are AACGM coordinates.

2.B.3 Sources in the Solar Wind

Previous studies have shown that the wave packet structure from ground based

measurements of FLRs is consistent with the wave packet structure of so-

lar wind pressure oscillations [Stephenson and Walker , 2002]. A decade ago,

Walker [2002] suggested that FLRs can be driven by MHD waves in the so-

lar wind. The idea behind this hypothesis is that the compressional waves

that are generated in the solar wind propagate through the bow shock and

the magnetopause. Kepko et al. [2002] have presented observations relating

ULF oscillations in the solar wind to ULF pulsations at geosynchronous orbit,
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Figure 2.10: Contour plot of the spectral a) power and b) phase of the ULF
wave at 0.8 mHz from the Hanksalami HF radar in the time interval 0010
-0210 UT on December 26, 2000. Note that beams 5-15 and range gates from
38-55 which have good radar echo were used to make this 2-D contour plots.
The latitudes and longitudes shown are AACGM coordinates.

lending further support to a direct solar wind source of ULF waves.

Figure 2.11 shows an overlay between the Doppler l-o-s velocity of the

Pykkvibaer radar and Geotail Bz. A time delay of ∼15 min for the Geotail

data is employed here to take into account the propagation time from the

dawn side flank solar wind through the magnetosheath and magnetosphere to

the ionosphere. The corresponding cross power spectral density and coherence

between the Pykkvibaer radar and Geotail data are shown in Figure 2.12. To

facilitate the cross power and coherence analysis, the 60 second sampled radar

data for beam 13 and range gate 16 of Pykkvibaer was linearly interpolated

to the same 64 second time points as the Geotail data. As can be seen from

Figures 2.11 and 2.12, the radar data and spacecraft data at 0.8 mHz are
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Figure 2.11: An overlay between Pykkvibaer HF radar Doppler l-o-s velocity
plot of beam 13 and range gate 16 and Geotail Bz for the time interval 0030
- 0400 UT on December 26, 2000. The 0.8 mHz frequency ULF wave can be
seen in both data sets.

correlated and coherent. The coherence between SuperDARN and Geotail

data at 0.8 mHz is found to be close to 0.7, which is high and significant.

The IMAGE magnetometer data are also found to show a similar cross-power

spectral density and a coherence value close to 0.6 with the Geotail data at 0.8

mHz. This strongly suggests that the FLRs on closed geomagnetic field lines

are directly driven by MHD waves in the solar wind. Radar data from Kodiak

and Hankasalmi in the regions of the 0.8 mHz coherent phase show similar

cross-power spectral density, and coherence with the Geotail data at 0.8 mHz,

which is evidence of a well defined path of energy transfer from sources in the

solar wind to the outer magnetosphere/magnetosheath region into the inner

magnetosphere and ionosphere.
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Figure 2.12: Plots of the cross power spectral density and and coherence of
Pykkvibaer (beam 13 and range gate 16) HF radar and Geotail spacecraft Bz
in the time interval 0100 - 0340 UT on December 26, 2000.

2.C Discussion

In this chapter, we have presented observations of first and second order FLR

harmonics, which show evidence of a solar wind driver that excites global Pc5

oscillations propagating through the magnetosheath. Of particular interest in

Figures 2.4, 2.5 and 2.6 is the somewhat unusual situation where the 0.8 mHz

FLR extends all the way down to 67 -68o AACGM latitudes, which maps out

close to the geosynchronous region. In section 2.B.1, this FLR is referred to

as the low latitude FLR to distinguish it from the second order harmonic, also

referred to as the high latitude FLR. The typical latitude for localization of

the first order 0.8 mHz FLR is reported to be around 70o in Walker et al.

[1992] and 72.5o in Fenrich et al. [1995]. The observation of the first order

0.8 mHz oscillation at lower than typical latitudes can be explained in terms

of mass loading as follows. The plasmasheet density observed by the Polar
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spacecraft approximately 10 hours prior to the interval of interest was signif-

icantly enhanced at ∼ 7-10 cm−3 which implies a lower frequency oscillation

on associated field lines. Joseph et al. [1997] have reported that two to three

times per month the plasmasheet density is several times higher than its aver-

age value (0.5-1.2 cm−3) at geosynchronous orbit, and lasts about 12-18 hours.

Thus, higher than normal plasma sheet density is the most probable reason to

account for this anomalous observation.

The observed phase coherence of the driver wave in the dusk (Kodiak)

and dawn (Hankasalmi) sectors is illustrated in panel (b) of Figures 9 and

10, respectively. The variation of phase vs longitude in these plots can be

used to determine the azimuthal phase velocity of the 0.8 mHz driver wave.

Following Oslon and Rostoker [1978] the wave phase velocity is given by Vφ =

2πfRecosλ/m, where f is the ULF wave frequency, λ is the latitude, Re is

Earth’s radius and m is the azimuthal wave number, which is determined by

the ratio of the change in phase to the change in longitude. The direction of the

azimuthal phase velocity is observed to be from high to low phase. Using this

relation, the phase velocity of the 0.8 mHz driver wave is 670 m/s and 1400

m/s on Kodiak and Hankasalmi, respectively. Both are directed westward,

which is sunward for Kodiak and anti-sunward for Hankasalmi. Anti-sunward

phase velocity is consistent with an external wave source in the solar wind.

However, the sunward phase velocity observed by Kodiak does not exclude an

external solar wind source. The sunward phase velocity might be explained by

considering the background convection flow velocities. Referring to Kodiak’s

field of view in Figure 2.1, the background convection flow in the region of the

observed 0.8 mHz wave is on the order of 1000 m/s in the sunward direction,
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which is greater than the 670 m/s phase velocity. Thus it can have a significant

effect on the observed phase velocity due to the fact that MHD waves are

carried by the bulk plasma flow. Note that sunward convection flow on open

field lines is known to occur during intervals of lobe convection [Eriksson et al.,

2005] and [Marcucci et al., 2006]. For comparison, Hankasalmi’s convection

flow in the region of the 0.8 mHz wave is predominantly in the north-south

direction, with a sunward component no greater than ∼700 m/s during the

interval of interest, and thus not large enough to impact the anti-sunward

direction of the wave phase velocity.

2.D Summary

The Geotail and SuperDARN radar observations presented in this chapter are

evidence of a coherent 0.8 mHz MHD wave from the solar wind that prop-

agates through the magnetosheath and outer magnetosphere into the inner

magnetosphere, where it couples to FLRs. The Hankasalmi and Kodiak radar

observations of coherent phase on open field lines corresponds to the iono-

spheric signature of the driver wave as it propagates in the magnetosheath

and outer magnetosphere. MHD waves in the outer magnetosphere, which

couple to FLRs, are seldom observed, and as far as we know this is the first

report of a ground based observation of the driver wave using superDARN.

It’s occurrence in both the dawn and dusk sectors classify this as a global ULF

wave event.

The observation of coherent phase on open field lines indicates that Su-

perDARN can provide a diagnostic on the transmission of solar wind MHD
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waves across the magnetopause and through the outer regions of the magne-

tosphere. Diagnostics of transmission can be accomplished by continuously

monitoring amplitude and phase structures of the wave across the boundary.

Such transmission has not been measured with ground based instrumentation

before, and provides new insight into MHD waves in the outer magnetosphere

that are responsible for driving FLRs.
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Chapter 3

A Magnetopause Surface Mode

Excited During a High Solar

Wind Speed and an Interval of

Strong Northward IMF

Coordinated ground and space-based observations of ULF waves in the mag-

netosphere in the range of mHz frequencies are primarily used to enhance

our understanding of MHD wave propagation and coupling in the Earth’s

magnetosphere. This chapter focuses on characterization of a KHI generated

magnetopause boundary instability and it’s association with ULF waves in

the magnetosphere, with the ultimate goal of demonstrating how the global

nature of MHD waves links them together. ULF wave event observational

case study from coordinated measurements of HF radars, multi-satellite-borne

instrumentation and ground-based magnetometers will be analyzed.
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3.A Introduction

In-situ observations of the flanks of the magnetopause boundary (magne-

topause and boundary layer) sometimes show periodic surface waves to be

present [Kivelson and Pu, 1984]. A recent work by Rae et al. [2005] has shown

that the observed surface perturbations are due to the boundary motion of the

magnetosphere. These boundary motions produce surface waves that are con-

vected tailward with the obvious anti-sunward magnetosheath plasma flow.

Rae et al. [2005] present the evolution of an extremely long-lasting narrow

band Pc5 pulsation of 1.5 mHz during a high solar wind speed interval using

CANOPUS, CLUSTER, POLAR, GOES and HF radar data. The pulsations

are observed in both electric and magnetic field data while CLUSTER is in the

vicinity of flank magnetopause. In their study the POLAR spacecraft outside

geosynchronous orbit observed significant electric and magnetic perturbations

around a frequency of 1.5 mHz. Considering the strong field-aligned oscilla-

tions in the Poynting vector, the authors argued that this is the characteristic

feature of standing Alfvén waves. The nonzero azimuthal component of the

Poynting vector is interpreted to indicate a downtail energy propagation. In

characterizing the source mechanism for this global Pc5 pulsation event, they

used the following argument: Changes in the observed dynamic pressure of

the solar wind is long known to cause boundary motion that would trigger pe-

riodic surface waves on the magnetopause boundary. However, in the absence

of changes in the solar wind dynamic pressure, the observed discrete frequency

pulsations in the magnetosphere could be excited via the the Kelvin-Helmholtz

instability or via over-reflection at the flank magnetopause [Mann et al., 2002].
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We consider a magnetospheric ULF wave event 3 hours after the 25 Novem-

ber 2001 event of Rae et al. [2005]. We present a magnetospheric ULF event

directly driven by a magnetopause surface mode under conditions of very high

solar wind speed and strong northward IMF interval. We demonstrate conclu-

sive proof that the FLRs and the global wave activity observed in our event are

indeed driven by a KHI. Analysis shows that the radial Poynting flux struc-

tures, the propagation time delay, and the observed growth time of the surface

wave are all consistent with KHI theory. Furthermore, the condition for the

most unstable KH mode is met and the estimated magnetopause boundary

thickness is within the range of those in the literature. This type of detailed

analysis was not performed by Rae et al. [2005] in their event analysis and

thus is presented here as a new result.

The event considered in this study uses measurements from two Super-

DARN HF radars in both the dawn and dusk time sectors to show FLR

structures on closed field lines at a frequency of 1.7 mHz that matches the

enhanced wave activity at the flank magnetopause observed by CLUSTER.

Furthermore, measurements from the combination of multi-spacecraft instru-

mentation (POLAR and GOES-8) and the IMAGE chain of magnetometers

(Fennoscandia, Svalbard) and CANOPUS(DAWS) ensures an almost global

coverage of observations in both time sectors and hemispheres. The observa-

tions provide evidence for strong coupling between a surface wave mode, fast

compressional wave in the outer magnetosphere, and a shear Alfvén FLR.
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Figure 3.1: The position of some of the spacecrafts used in this study in
geocentric solar ecliptic (GSE) (a) X-Y plane and (b) the X-Z plane be-
tween 0800UT to 0819UT for 25 November 2001. Also shown here are the
paraboloic solid black lines representing the magnetopause and the bowshock
for the relevant IMF and solar wind conditions. The satellite graphic locator
in http://sscweb.gsfc.nasa.gov/cgi-bin/Locator˙graphics.cgi is used to gener-
ate this plot.

3.B Instrumentation and Observations

Satellite-borne and ground based instrumentation are rarely in the appropri-

ate position at the right time under the right conditions and most importantly

in an operational state. Luckily, we have no such constraint in this study as

CLUSTER is very close to the dusk flank magnetopause, as shown in Figure

3.1. The data to be presented provide an observational link between wave

activity at the magnetopause boundary (CLUSTER), in the magnetosphere

(POLAR and GOES-8), in the ionosphere (SuperDARN) and in the IMAGE

magnetometer network and CANOPUS(DAWS).

Cluster is a set of four identical spacecraft that fly in a tetrahedral con-
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figuration [Kronberg et al., 2011]. Eleven scientific instruments are deployed

on each Cluster spacecraft. These instruments are designed to measure space

weather inside and outside the magnetosphere. In this study, measurements

from Fluxgate Magnetometer (FGM), Electron Drift Instrument (EDI), Clus-

ter Ion Spectrometry experiment (CIS) and Plasma Electron And Current

Experiment (PEACE) instruments will be used [Kronberg et al., 2011]. On

November 25, 2001 from 0600 - 1000 UT the CLUSTER spacecraft skimmed

through the dusk flank magnetopause in its outbound pass throughout the in-

terval. It was the motion of the magnetopause outward and then inward that

caused the spacecraft to pass into the magnetosphere. Figure 3.1 shows the

positions of some of the spacecraft used in this study in the GSE X-Y plane

(Figure 3.1a) and X-Z plane (Figure 3.1b) from 0800UT to 0819UT.

3.C Observations

3.C.1 Upstream IMF conditions

Magnetic field, flow pressure (follows plasma density almost exactly) and solar

wind flow data from the ACE spacecraft are shown in Figure 3.2. Upstream

ACE magnetic field, ion plasma density, and solar wind velocity data in GSE

coordinate for 25 November 2001 in the time interval from 0630 - 1000 UT

were analyzed. A time delay of nearly 38 minutes is calculated between the

ACE and CLUSTER spacecrafts. The wave that we focus on in the next

section (1.7 mHz) can not be seen in the upstream plasma and magnetic field

data. Geotail and Wind (Figures not shown), which were also in the upstream

solar wind region, were not able to trace any signature of a wave of 1.7 mHz
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frequency. The absence of this wave in the magnetic field, solar wind dynamic

pressure variation and plasma velocity data in the solar wind is suggestive of

the lack of a monochromatic source mechanism in the upstream solar wind

region [Rae et al., 2005]. From the upstream data, it can be seen that the

IMF is dominantly northward as Bx varies from 5 to -5 nT and By from 2

to -8 nT and the plasma speed on average exceeds 640 km/s in this time

interval. The considerable velocity shear at the magnetopause makes a KHI

mechanism a possible candidate for driving ULF waves on the boundary of the

magnetosphere. Throughout this event, we will comment on a KHI mechanism

in driving ULF pulsations deep inside the terrestrial magnetosphere and at

auroral altitudes when appropriate.

3.C.2 Dusk-Sector Magnetopause Measurements

The CLUSTER Spacecraft FluxGate Magnetometer provides three dimen-

sional magnetic field measurements. Figure 3.3 is a plot of CLUSTER C1

FGM raw magnetic field and C1 PP CIS proton bulk velocity data in GSE

coordinates for 25 November 2001 in the time interval from 0630-1000 UT.

This interval corresponds to an outward and sunward motion of the CLUS-

TER spacecraft during which time the four spacecraft were totally outside

the magnetopause from 0630-0830 UT. During the interval 0840-0910 UT the

magnetosphere expands due to a decrease in the solar wind dynamic pressure

from 3 nPa to 0.6 nPa as can be inferred from the ACE data of 0752-0822 UT.

This caused the magnetopause to move outwards past the CLUSTER space-

craft leaving them inside the magnetopause. The interval from 0910-1000 UT

is a period where the magnetopause has moved inward and the spacecraft are
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Figure 3.2: ACE raw magnetic field and solar wind proton number density
data along with solar wind flow speed data in GSE for 25 November 2001
in the time interval from 0630-1000UT. It takes approximately 38 minutes of
propagation time for this fluctuation to be felt at the magnetopause.

again outside the magnetopause, but inside the magnetosheath.

An FFT analysis of the magnetic field data in Field-Aligned-Coordinate

system (FAC) in the time interval from 0630-0830 UT when the CLUSTER

spacecraft are outside the magnetosphere is shown in Figure 3.4. A FAC coor-

dinate system was set up on the basis of a moving average filter implemented
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Figure 3.3: Cluster C1 FGM raw magnetic field and C1 PP CIS proton bulk
velocity data plots in GSE for 25 November 2001 in the time interval from
0630-1000 UT.

in the magnetic field direction of 20 minute window. Employing a moving av-

erage filter helps to eliminate variations in the signal due to long period trends
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Figure 3.4: An FFT analysis of Cluster C1 FGM magnetic field perturbation
plot in FAC for 25 November 2001 in the time interval from 0630-0830 UT.

and short period waves. In this system of coordinates, the direction of ZFAC is

defined to be the direction of the ambient magnetic field. The YFAC direction

of the FAC is obtained by the vector product of the spacecrafts position vec-

tor (directed Earthward from the spacecraft) and ZFAC . The XFAC direction

completes the orthogonal right-hand system and is directed away from Earth.

Figures 3.3 and 3.4 clearly illustrate the presence of a quasi-stable, discrete

and periodic ULF wave of 1.7 mHz both in time and frequency domain in all

the three components of the magnetic field. Notable from Figure 3.4 is the

dominance of the magnetic field wave in Bx. This interesting feature is also

observed in magnetic field data of the remaining three CLUSTER spacecrafts

C2, C3 and C4. Furthermore, this discrete 1.7 mHz wave is also observed in

the plasma density (Figure 3.5), velocity (Figures 3.3), and electric field mea-

surements (Figure 3.6) on each of the four Cluster spacecraft. The extremely
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clear presence of this wave in the magnetic field, plasma density, plasma flow

and electric field data, with the lack of such a wave in the upstream solar wind

data, is suggestive of a coherent source mechanism at the location of the dusk

flank magnetopause.
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Figure 3.5: CLUSTER PP CIS Proton Density from each of the different
CLUSTER (top panel) and their corresponding FFT (bottom panel) from each
of the four CLUSTER spacecraft for 25 November 2001 in the time interval
from 0630-0830 UT.
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Figure 3.6: Magnitude of CLUSTER PP EFW duskward electric field (top
panel) and their corresponding FFT (bottom panel) from each of the four
CLUSTER spacecraft for 25 November 2001 in the time interval from 0630-
0830 UT.

3.C.3 Space and Ground-Based Measurements

Comparison of ionospheric HF radar measurements with spacecraft measure-

ments at the boundary will help us to fully characterize the driving mechanism
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of the ULF wave at the magnetopause boundary. For analysis, a 1-D [Panels 2

and 3 of Figure 3.9] ionospheric back scatter data for a given beam and range

gate are selected and interpolated to fill small data gaps. These interpolated

data are then detrended (a continuous, piecewise single linear trend over the

chosen time interval is removed) to remove low frequency trends.
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Figure 3.7: a) Contour plot of the spectral power and b) phase at 1.7 mHz from
Kodiak radar on 25 November 2001 in the time interval from 0637-0837UT.
Beams 0-15 and range gates 30-42 are used to generate this 2D plot. The
latitudes and longitudes shown are AACGM coordinates.

In order to investigate the 2-D spatial variation in spectral power and

phase of this wave activity, FFTs of the 2 hour interval for a given HF radar

are calculated for all beams and gates for which good radar backscatter is
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Figure 3.8: a) Contour plot of the spectral power and b) phase at 1.7 mHz
from Goose Bay radar on 25 November 2001 in the time interval from 0637-
0837UT. Beams 0-15 and range gates 17-30 are used to generate this 2D plot.
The latitudes and longitudes shown are AACGM coordinates.

observed. Contour plots of the spectral power density and phase of the wave at

1.7 mHz [Figures 3.7 and 3.8] are then plotted for a given radar as a function of

Altitude Adjusted Corrected Geo-Magnetic (AACGM) coordinates. A detailed

note on the discussion and application of the revised AACGM can be found

from Gustafsson et al. [1992] and Baker and Wing [1989].

An example of the use of auroral radars in the study of ULF waves is illus-

trated in Figure 3.7, which shows the 2-D spectral power density and phase

of a 1.7 mHz field line resonance observed by the Kodiak HF radar, which is

located between the dusk and mid-night time sectors. In this figure, Kodiak

observes enhanced wave activity in it’s field of view from 71 to 75o latitudes in

AACGM. The wave is found to have an m value of m ∼ 10 with anti-sunward
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Figure 3.9: A panel showing the time series for a) the POLAR spacecraft Bz

b) Kodiak HF radar Doppler line-of-sight velocity of beam 4 and range gate
37 c) Goose Bay HF radar Doppler line-of-sight velocity of beam 10 and range
gate 21 d) DAWS/CANOPUS magnetometer Bx on 25 November 2001 in the
time interval from 0637-0837UT.

and little poleward phase propagation. Also shown in Figure 3.8 is the spec-

tral power density and phase of a 1.7 mHz FLR structure observed by the

Goose Bay HF radar, which is located in the dawn time sector. In the field of

view from 69 to 72o latitudes in AACGM, the Goose Bay HF radar observes

very clear bands of constant phase with strong latitudinally localized power

enhancement. For the event at hand, Goose Bay is again found to have an

observed m-value of m ∼ 10 with anti-sunward phase propagation. Note that
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Figure 3.10: A panel showing the FFT for a) the POLAR spacecraft Bz b)
Kodiak HF radar Doppler line-of-sight velocity of beam 4 and range gate 37
c) Goose Bay HF radar Doppler line-of-sight velocity of beam 10 and range
gate 21 d) DAWS/CANOPUS magnetometer Bx on 25 November 2001 in the
time interval from 0637-0837UT. Notable on each panel is a quasi-stable and
sharply peaked 1.7 mHz wave presence from in-situ, ionospheric and ground-
based measurements.

the radars observe this ULF wave in different MLT sectors (Kodiak at dawn

and Goose Bay at dusk) in the northern hemisphere, which is strong evidence

for the global nature of the wave.

Raw time series and the Fast Fourier Transform (FFT) corresponding to
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Figure 3.11: A panel showing the time series: for POLAR PO K0 EFI instru-
ment a) E-field magnitude b) Exy-field in xy plane c) Ez-field in z plane and:
for POLAR PO 6SECEDSC EFI instrument d) X component of the electric
field Ex e) d) Y component of the electric field Ey on 25 November 2001 in
the time interval from 0630-0830 UT.

POLAR Bz, Kodiak HF radar of beam 4, and range gate 37, Goose Bay

HF radar of beam 11 and range gate 21, and Bx of the DAWS/CANOPUS
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magnetometer, are plotted in Figures 3.9 and 3.10. The z-component of the

magnetic field on POLAR is dominant because the wave is compressional. The

x-component of the magnetic field on DAWS (at a latitude of 65.90, but cer-

tainly within the field of view of Kodiak) is shown because it was found to

be maximum, which implies a toroidal mode [Kivelson and Southwood , 1988].

The fact that the x-component is dominant over the y-component is due to

the 90o rotational effect of the ionosphere [Hughes , 1983]. This is a char-

acteristic feature of toroidal mode FLRs with magnetic perturbations above

the ionosphere in the azimuthal direction. Although there are other CANO-

PUS magnetometers that observed the wave, it is not as strong as in DAWS.

This makes the magnetometer measurement consistent with the radar mea-

surement. Figures 3.9 and 3.10 imply the ground-based fluctuations have the

same period/frequency as the waves seen at CLUSTER.

Interestingly, measurements from POLAR’s magnetic field from PO K0

MFE (Figure 3.9), POLAR’s electric field from PO KO EFI, and PO 6SE-

CEDSC EFI (Figure 3.11), and the G8 KO MAG magnetometer of Geostation-

ary Operational Environmental Satellite (GOES-8) (Figure not shown because

the wave is weak), magnetometers like DAWS/CANOPUS magnetometer, ob-

served 1.7 mHz ULF wave inside the magnetosphere. During this time period,

the DAWS magnetometer is located in the afternoon sector (65.90, 273.89) in

CGM coordinates. We choose to show the plot from the DAWS magnetometer

(DAWS falls within the field of view of Kodiak), which observed the wave in

all the components of the magnetic field data very clearly. In this time period

the POLAR trajectory is found to map from L ∼ 7.3 Re to L∼4.5 Re in the

equatorial plane (range of Z GSE values varies from ∼ 2.5 Re to L∼3.5 Re)
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in the afternoon sector, but on the northern hemisphere. GOES-8 is found to

map from L ∼-2 Re to L∼-3 Re in the equatorial plane (range of Z GSE values

varies from ∼ 2.5 Re to L∼3.5 Re) in the morning sector. The IMAGE chain

of magnetometer (Fennoscandia, Svalbard) data (Figure not shown) are also

found to have enhanced wave activity at the same frequency as that of the

CLUSTER measurement at the magnetopause. These stations have a spatial

coverage ranging from Kiruna (KIR) station of (64.69N, 102.64) to Ny Alesund

(NAL) station of (75.25N, 112.08) in CGM coordinates. That is, the wave ac-

tivity has a signature in the post-midnight sector where 2.5 hours ≤ MLT≤

5 hours. The fact that multiple instrumentation observed the same wave ac-

tivity at different Magnetic Local Times (MLT) confirms that the wave has a

global scale. Consequently, wave activity at the magnetopause boundary has

an influence on coherent fluctuations in space, at auroral latitudes and on the

ground.

3.D Discussion

If the signature of magnetopause disturbance is related to the F- region plasma

oscillations in the ionosphere, then this implicates a well defined path of en-

ergy transport mechanism from the boundary to the ionospheric heights. This

is consistent with the hypothesis that a localized monochromatic source at the

magnetopause launches a fast wave mode into the magnetosphere that couples

to a standing shear Alfvén wave on closed geomagnetic field lines. The Goose

Bay HF radar observations of the wave in the morning section suggest this

mechanism is operating on the dawn flank as well. The results above present

an excellent conjuncture where CLUSTER and SuperDARN can be used to-
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gether in witnessing the global nature of MHD waves.

This work has used measurements from several instruments to characterize

a ULF wave at 1.7 mHz. The present observations show evidence that the

source mechanism is consistent with a global wave mode. One piece of evi-

dence supporting a global wave interpretation is found from the magnetic field

measurement of POLAR and GOES-8 (weak, yet detectable from the magni-

tude of B) spacecrafts in different local times and hemispheres. Another piece

of evidence to support this claim is again the clear presence of this ULF wave

at Kodiak and Goose Bay HF radars in different MLTs, with anti-sunward

phase propagation. The observations shown above indicate a global wave is

present and thus the source mechanism must be consistent with a global wave

mode.

In this study, in the time period 0600-0830 UT the multi-satellite CLUS-

TER mission were located in the dusk sector magnetosheath. Their radial

location across magnetopause is found to be in the sequence C1, C3, C2, and

C4 as one moves from the magnetopause radially out into the magnetosheath

region. A schematic of their position in the equatorial plane can be seen from

Figure 3.12.

Figure 3.13 shows a color coded overlay of the filtered Bz field component

at 1.7 mHz of the CLUSTER measurement in the time period considered. The

field components are band passed filtered in the 1.5-1.9 mHz band. A similar

result is found for the electric field data (calculated from ~E = −~v× ~B) during

this period. From the color coded signals in Figure 3.13, it is evident that
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the wave phase is seen by C1 earlier, followed by C3, C2 and finally by C4.

This implies that there is a finite propagation time delay in seeing the wave

among each of the different CLUSTER spacecraft. The propagation time delay

of the wave phase as seen by each of the spacecraft is clearly related to the

equatorial position of each spacecraft across the magnetopause (along positive

XFAC). Thus, the plot in Figure 3.13 clearly indicates that the wave phase

is propagating outwards from the boundary. Also notable from Figure 3.13

is the decay in the amplitude of the wave as one traverses outwards from the

boundary in the equatorial plane. The two main features that prevailed here

are: the propagation time delay and decay in amplitude of the wave supports

an interpretation of a source mechanism situated at the boundary.

Figure 3.14 shows the x-component of Poynting flux for C1, C3 and C4.

The Poynting flux from C2 is not included here as there was no plasma data in

this time period. The field components used to calculate the Poynting flux are

again band passed filtered in the 1.5-1.9 mHz band. Calculation of electromag-

netic Poynting vector ~S from CLUSTER electric and magnetic measurements

is a significant aspect of this work to diagnose energy propagation across the

magnetopause [Walker et al., 1992]. The Poynting vector is calculated by the

cross product of the two filtered fields,

~S = δ ~E × δ ~B/µo (3.1)

The x-component of electromagnetic Poynting flux shown in Figure 3.14

oscillates with a frequency that is twice the 1.7 mHz frequency of the Alfvén

wave as Rae et al. [2005]. Here, the x-component of electromagnetic Poynting

flux is positive and this, according to our FAC system of coordinate, indicates
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C4,C2,C3,C1	  

Figure 3.12: A schematic of X-position of CLUSTER in FAC (XFAC) on
November 25, 2001 between 0600-0830 UT. The dots are locations where the
spacecraft are situated. The dots are locations where the spacecraft are situ-
ated. Positive XFAC is directed radially away from the Earth and is perpen-
dicular to the dusk flank magnetopause. Note: CLUSTER locations are not
to scale. Adopted from Poulter [1982].
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Figure 3.13: Band passed filtered z-component of the CLUSTER magnetic
field data in FAC on November 2001 between 0600-0830 UT.
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Figure 3.14: Band passed filtered X-component of the CLUSTER Poynting
flux data in FAC on November 2001 between 0600-0830 UT.

an outward propagating Poynting flux away from the boundary. The wave

is clearly evanescing radially away from the boundary, i.e. the amplitude is

decreasing as one moves away from the magnetopause. This is a feature one

would expect to see outside the boundary for a surface mode driver located on

the magnetopause boundary that is possibly excited by a KH instability [e.g.,

Pu and Kivelson, 1983; Miura, 1990; Walker et al., 1992; Allan and Poulter ,

1992]. If the wave at the boundary is a surface mode, by the same token

one would expect an Earthward penetration of the radial energy flux from the

magnetopause flanks to drive FLRs in both time sectors such as those observed

by the Kodiak and Goose Bay HF radars.

For the event at hand, the flank magnetosheath flow speed is on average
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600 km/s and the ambient magnetic field is positive throughout the interval.

According to Mathie and Mann [2000], there is a clear correlation between the

existence of FLRs and the presence of fast magnetosheath flow speed > 500

km/s. This is consistent with our observation of discrete frequency FLRs at

ionospheric altitudes and ULF wave signatures from POLAR spacecraft inside

the magnetosphere.

Inner mode KHI-driven waves, which are predicted to be unstable most of

the time, have phase velocities roughly equal to half the plasma flow velocity

in the magnetosheath (∼ 620 km/s) [e.g., Couzens et al., 1985; Lee et al.,

1981; Walker , 1981]. The wavelength λy of the wave can be estimated from

the observed values by λy = Vsheath/2
f

∼ 28Re, where f = 1.7 mHz is used. The

wavenumber along the boundary is ky = 2π/λy = 4 × 10−8 /m. Upon using

v1 = 620 km/s, B1XGSE = −5 nT (estimated when the spacecraft are inside the

magnetosheath from 0630-0830 UT) and n1 = 8 /cm3 for the magnetosheath

side of the boundary and v2 ∼ 0, B2XGSE = −23 nT (estimated when the

spacecraft appeared to have crossed the magnetopause from 0830-0910 UT)

and n2 = 0.5/ cm3 for the magnetospheric side of the boundary, the necessary

condition for the onset of KHI, equation (1.37) reads 9×10−4/s2 > 6×10−4/s2.

Although the KHI onset criteria appears to be satisfied, LHS and RHS expres-

sions are of same order. Given that this is the condition for a non-realistic

magnetopause boundary (tangential discontinuity), much weight could not be

given if this condition is not met satisfactorily.

The thickness of the boundary layer can be approximated by identifying

a time interval when the magnetopause intercepts CLUSTER. This can be
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achieved by noting an abrupt change in the orientation of the magnetic field

[Couzens et al., 1985], a condition when Bz drops from 40 nT to 20 nT. This

condition happens for C2 at 08:37:09 UT and Ygse = 120, 053 km and for

C3 at 08:37:00 UT and Ygse = 119, 752 km. The speed of the magnetopause

in the Ygse direction is then vmy = ∆Ygse/∆t ∼ 120, 400 km/h. In this

time interval ∆t, the velocity of reference spacecraft C3 in GSE from CLUS-

TER Auxiliary Parameters(CL SP AUX) is vC3 ∼ 1440 km/h. Considering

the fact that both C3 and the magnetopause are moving in the same direc-

tion along positive Y gse, the relative speed is the difference between vmy and

vC3. The thickness of the magnetopause boundary can thus be estimated by

∆ = (vmy − vC3)∆T
2
∼ 4.67Re, where ∆T ∼ 30 min of two way back and forth

travel time of the magnetopause is used here. The estimated thickness of the

boundary layer of ∼ 4.67Re ∼ 29, 785 km is found to be close to the range of

those reported for a KHI generated surface wave [Miura and Prichett , 1982],

2Re − 4Re. The boundary layer estimate is very close to the 20, 000− 28, 000

km range reported in Hasegawa et al. [2004] for the most KH-unstable low-

latitude regions based on numerical simulations.

The thickness of the boundary can be used together with ky to determine

if the KHI criteria for the fastest growing mode is met. According to the

theory of KHI generated waves, the observed wave frequency at the boundary

estimated the wavelength of the surface wave to be ∼ 28.5Re. The condition

for the fastest growing mode then reads ky∆ ∼ 1.05. This is in very good

agreement with the theory of a KHI driven ULF wave frequencies [Walker ,

1981] for which the occurrence of the fastest growing mode is reported to

be ky∆ ∼ 0.5 − 0.8 for several geometric configurations. Also, results from

90



similar studies by Miura and Prichett [1982] and Claudepierre et al. [2008]

found the condition for the fastest growing mode to be ky∆ ∼ 0.5 − 1.0 and

ky∆ ∼ 0.6− 1.0, respectively.

3.E Summary

The data presented in this chapter provides evidence for an observational link

between ULF wave activity at the magnetospheric boundary, in the magneto-

sphere, in the ionosphere at auroral altitudes and on the ground. In this study,

the simultaneous presence of satellite-borne and ground based instrumentation

offered a unique opportunity to diagnose the properties of the observed ULF

waves in different parts of the magnetosphere and identify a plausible source

mechanism at the boundary.

The decay in the electromagnetic Poynting vector and the propagation time

delay in the phase of the ULF wave away from the magnetopause, along with

the underlying upstream solar wind conditions of strong northward IMF and

supersonic flow exceeding 640 km/s, solidly point to a KHI generated surface

mode as a sole mechanism driving the observed global ULF wave event. The

fact that we have observed a relatively small azimuthal wavenumber, m = 10,

with anti-sunward phase propagation in both dusk and dawn sectors, along

with the absence of monochromatic dynamic pressure variations or solar wind

buffeting, is further evidence to support the hypothesis of a KHI generated

surface mode as a source mechanism. This demonstrates a well-defined path

of energy transfer from the magnetopause into the inner magnetosphere and

ionosphere and is reliable evidence for magnetosphere-ionosphere coupling.
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Chapter 4

A Field Line Resonance Excited

by a Solar Wind-Driven

Magnetopause Oscillation

4.A Introduction

In this chapter, CLUSTER is used to study a discrete oscillation at the bow

shock, which propagates into the dusk flank. The spacecraft data is compared

with observations of the wave in the ionosphere made by the Saskatoon HF-

radar. We present magnetic field and Poynting flux structures [e.g., Junginger ,

1985; Kouznetsov and Lotko, 1995] in the radial direction in a Field Aligned

Coordinate (FAC) system [Baker and Wing , 1989] and [Gustafsson et al., 1992]

discuss how the driver wave behaves at the magnetopause. We attempt to pro-

vide an explanation of the most probable source mechanism. This is a unique

measurement provided by the CLUSTER multi-spacecraft mission which oth-

erwise could not have been fulfilled by a single spacecraft mission.
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Figure 4.1: Panel of OMNI HRO 1MIN: (a)-(c) magnetic field (d) flow speed
(e) flow pressure and (f) estimate of bow shock nose location in the X GSE
direction for 1100 - 1400 UT on November 25, 2001.
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Figure 4.2: FFT panel of(a) OMNI By and (b) OMNI’s estimate of bow shock
nose location in the X GSE direction on November 25, 2001. It can be seen
that both the By and the X location of the bow shock data have a 2.5 mHz
frequency wave presence. The frequency resolution is 0.28 mHz.

4.A.1 In situ spacecraft Observation

The event presented in this chapter is chosen based on a visual inspection of

oscillations in magnetic field and plasma flow measurements at the location

of the bow shock and the magnetopause. Enhanced wave activity is found to

occur at 1100-1300 UT on November 25, 2001, which is 2.5 hours after the event

studied in chapter 3. Figure 4.1 shows a 3-hour interval of OMNI magnetic

field data, flow data and, an estimate of the bow shock nose X location from

OMNI HRO 1MIN. The FFT of these is shown in Figure 4.2. Note that in

the interval 1100 - 1400 UT there is a quasi-periodic 2.5 mHz wave present in

the OMNI By measurement and bow-shock location data; however, there is no

signature of this wave in the flow pressure. This excludes a dynamic pressure

source mechanism for the 2.5 mHz wave. We do not at this point have an

94



estimate of how many solar wind driven ULF pulsations have quasi-periodic

bow shock oscillations such as the one we present in this section. More work

needs to be done to quantify how many solar wind driven ULF pulsations have

quasi-periodic bow shock oscillations.

The CLUSTER Spacecraft FluxGate Magnetometer (FGM) provides three

dimensional magnetic field measurements. Figure 4.3 is a plot of CLUSTER

C3 FGM raw magnetic field and C3-PP-CIS proton bulk velocity data in

GSE coordinates for 25 November 2001, in the time interval from 1030 - 1400

UT. The time period 1030-1100 UT corresponds to CLUSTER skimming the

magnetosheath, which can be seen from the Vx component, which is on average

-500 km/s during this interval, as is consistent with magnetosheath flows.

From 1100-1130 UT or so, the magnetopause moves outward over CLUSTER

(because of a change in flow pressure from ∼ 1.5 nPa to ∼ 0.5 nPa that

uncompressed the magnetosphere, see Figure 4.1), leaving CLUSTER at the

inner edge of the magnetopause boundary layer from 1130-1310 UT at which

point the magnetopause again moves inward over CLUSTER, putting it back

in the magnetosheath after 1310 UT (because of a change in flow pressure

from ∼ 0.5 nPa to ∼ 1.0 nPa that compressed the magnetosphere). In these

time periods, inward-outward motion would correspond to velocity oscillations

predominantly in the Y-GSE direction (dawn to dusk direction). However,

the flow data shows similar amplitude oscillations in all three directions on

the order of 200 km/s peak to peak between 1130 and 1300 UT when the

2.5 mHz wave is observed. This means the spacecraft is moving outward

and the magnetopause is moving over it periodically. There is some sampling

of both the magnetosheath and boundary layer between 1100 and 1130 UT;

however after 1130 UT when CLUSTER sees the 2.5 mHz wave we don’t see
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Figure 4.3: CLUSTER Spacecraft C3 CP-FGM SPIN FluxGate Magnetometer
(FGM) raw magnetic field and C3-PP-CIS proton bulk velocity data from 1030
- 1345 UT on November 25, 2001.
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Figure 4.4: FFT of CLUSTER C3 CP-FGM SPIN FluxGate raw magnetic
field data from 1100 - 1300 UT on November 25, 2001 of Figure 4.3. The 1.7
mHz wave in Bx is seen to be dominant over the others and this is found to be
true for all of the CLUSTER spacecrafts. Notable also is the presence of this
wave in the estimate of the bow shock nose location in the X GSE direction.

a sampling of magnetosheath conditions, i.e. parameters such as Vx and Bx

don’t reach values seen in the magnetosheath prior to 1100 and post 1330 UT.

This is a clear indication of a quasi-periodic oscillation of the magnetopause

and magnetospheric boundary layer between 1100-1130 UT. This could give an

indication of the magnitude of the magnetopause oscillations. 1310-1345 UT is

an interval where CLUSTER has found itself outside the boundary layer and

inside the magnetosheath, because during this interval it can be clearly seen

that the plasma flow data takes magnetosheath values (∼ 400 km/s) followed

by solar wind values (∼ 600 km/s).

Focus on the second time interval from 1100-1310 UT when CLUSTER

appears to be inside the boundary layer. Figures 4.4 and 4.5 show the FFT of

the magnetic field data and the bulk plasma flow data Vy of Figure 4.3, and

97



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

1000

2000

3000

4000

5000

6000

7000

8000

f (mHz)

P
ow

er
 s

pe
ct

ra
l d

en
si

ty

 

 
C1
C3
C4

Figure 4.5: FFT of CLUSTER C-PP-CIS proton bulk velocity Vy data of
C1, C3, and C4 from 1100 - 1300 UT on November 25, 2001 of Figure 4.3.
Although the wave is present on other components of ~V , Vy is chosen because
it is dominant over the others in all of CLUSTER.

clearly illustrate the presence of a 2.5 mHz ULF wave. It is very interesting

that this wave in the magnetic field and plasma flow data at the magnetopause

boundary layer is at the same frequency as the oscillations in the solar wind

IMF By component and in the bowshock nose location shown above in Figures

4.1 an 4.2. In the following section, we will consider ionospheric echoes from

the Saskatoon HF radar to diagnose the signature of this wave activity at

ionospheric heights.

4.A.2 Ground-based Ionospheric Observation

Data from the SuperDARN system of radars, mainly from Saskatoon, will be

used to demonstrate ionospheric signatures of a FLR during the same time

period as the boundary oscillations. In addition to a 1-D time series and FFT

analysis, we consider a 2-D analysis of ionospheric HF radar measurements, to
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investigate the response of the ionosphere as a result of the solar wind driven

magnetopause oscillation.

Observations of waveforms in the time domain and their power spectra in

the frequency domain help to provide insight into the probable energy trans-

port mechanisms. Sample raw time series from Saskatoon and their corre-

sponding Fast Fourier Transform (FFT) are shown in Figures 4.6 and 4.7.

Figure 4.6 shows a panel of Saskatoon measured line-of-sight velocity fluctu-

ations along beam 9 (range gates 27-30) which show similar oscillations to

those seen at the magnetopause. Figure 4.7 presents the FFT of the Doppler

line-of-sight velocity shown in Figure 4.6. The FFT spectra indicate a clear

2.5 mHz wave in response to the driver observed at the location of the bow-

shock and the magnetopause. The observation of wave power at a discrete

frequency suggests that there is a direct link between the coherent oscillation

of the field lines within the Saskatoon field of view and the discrete frequency

magnetopause oscillation. If the signature of magnetopause disturbance is re-

lated to the F-region plasma oscillation in the ionosphere, then this provides

evidence of a well defined path of energy transport from the magnetopause to

the ionosphere.

Figure 4.8 shows the 2-D power spectral density and phase of a 2.5 mHz

field line resonance observed by the Saskatoon HF radar located in the pre-

dawn sector. In this figure, Saskatoon observes enhanced wave activity in it’s

field of view from 71.5 to 75o latitudes in AACGM. We note from this 2-D plot

that the latitudinally localized power enhancement, and the decrease in phase

with latitude, are signatures of a FLR. The m value of this wave activity is

found to be m ∼ 12 with anti-sunward phase propagation. It is important to
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Figure 4.6: De-trended radar Doppler line-of-sight velocity from Saskatoon
HF radar in the time interval 1100-1400 UT on November 25, 2001. Note that
beam 9 and range gates from 27 - 30 are used in this plot.

note that Saskatoon observed this wave activity in the pre-dawn sector while

the magnetopause oscillation is observed at the dusk flank. However, the

original wave source is in the solar wind and thus could be causing oscillations

of the dawn flank as well.

It is worth mentioning that there were other less dominant frequencies in

the range 0.6-0.7, 1.0-1.1 and 1.6-1.7 mHz in OMNI By, in CLUSTER magnetic

fields and flows, and in the SuperDARN Doppler l-o-s velocity data. The
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Figure 4.7: The FFT of de-trended radar Doppler line-of-sight velocity from
Saskatoon HF radar in the time interval 1100-1400 UT on November 25, 2001
showing sharply peaked structure at 2.5 mHz. Note that beam 9 and range
gates from 27 - 30 are used in this plot.

spectral resolution in the observed frequencies is ∼ ±0.1 mHz. Considering the

fact that these oscillations are observed at nearly the same time and location,

with similar phase variation as the 2.5 mHz oscillation, we believe that they are

driven by the same source mechanism that is driving the 2.5 mHz oscillation.

The reason why we have placed emphasis on the 2.5 mHz wave is because

in the time period we have chosen to study this event, the 2.5 mHz wave is

dominant and clear at the location of the bow shock, magnetopause and the

Saskatoon HF radar field of view.

101



a). Power spectral density (arbitrary units)

  60 oW 

  50 oW 

  40 oW 

  30 oW 

  6
6o

N 

  6
9o

N 

  7
2o N   75o N 

  7
8o N 

  8
1o

N 

 

 

0.2 0.4 0.6 0.8 1.0

b). Phase (deg)

  60 oW 

  50 oW 

  40 oW 

  30 oW 

  6
6o

N 

  6
9o

N 

  7
2o N   75o N 

  7
8o N 

  8
1o

N 

 

 

100 0 100

Figure 4.8: a) Contour plot of the spectral power and b) phase at at 2.5 mHz
from the Saskatoon HF radar in the time interval 1223-1323 UT on November
25, 2001. Note that beams 0-10 and range gates from 23-33 which have good
radar echo were only used to make this 2-D contour plot. The latitudes and
longitudes shown are AACGM coordinates.

4.B Results and Discussion

This work has used measurements from several instruments to characterize

a 2.5 mHz ULF wave event. The present observations provide evidence that

appears to support the hypothesis of a solar wind driven magnetopause os-

cillation exciting an FLR. The details of how energy is transported from the

solar wind driven magnetopause oscillation to the ionosphere will be discussed

below.

In the time period 1100 - 1310 UT, the multi-satellite CLUSTER spacecraft

were seen to skim through the boundary layer between the magnetosphere and

magnetosheath. The exact sequence of their radial location is found to be C4,
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C2, C3, and C1 as one moves Earthward from the magnetosheath. A schematic

of the CLUSTER location is shown in Figure 4.9. Figure 4.10 shows a color-

coded overlay of the filtered Bx at 2.5 mHz in field aligned coordinates (FAC)

of the CLUSTER measurement in this time period. The field components are

band pass filtered in the 2.3-2.7 mHz frequency band. From Figure 4.10, it

is evident that the wave peaks nearly at the same time at all four spacecraft.

The FAC system is discussed in Chapter 3, which also states the direction of

XFAC to be away from Earth. The particular merit of this technique, when

used in a FAC, is that it provides information on the radial profile of energy

and field measurements.

	  
C4,C2,C3,C1	  

Figure 4.9: A schematic of X-position of CLUSTER in FAC (XFAC) on Novem-
ber 2001 between 1100-1300 UT. The dots are locations where the spacecraft
are situated. Positive XFAC is directed radially away from the Earth and is
perpendicular to the dusk flank magnetopause. Note: CLUSTER locations
are not to scale. Adopted from Poulter [1982].

Figure 4.11 depicts a panel of the radial Poynting flux vector from C1 in
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the FAC system. Components of the radial Poynting flux vector from C3 and

C4 also show similar features. This feature can’t be checked for C2 for there

was no plasma flow data. The field components used to calculate the Poynting

flux are again band pass filtered in the 2.3-2.7 mHz frequency range. Panel (a)

of Figure 4.11 shows that the time averaged radial energy flux Sx is outwards

pointing away from the boundary. Given that the source of the wave is in

the solar wind, a positive X directed energy flux is unexpected. This can be

explained in terms of the wave fields that are used to calculate this component

of the Poynting flux. From Sx = EyBz − EzBy, since Ez is negligible, Sx can

be approximated by Sx ≈ EyBz, implying that the sign of Sx is dependent

on the phases of Ey and Bz. If Ey and Bz are in phase, Sx becomes positive,

leading to a net outward energy propagation. However, if Ey and Bz are out

of phase, Sx becomes negative, leading to a net inward energy propagation.

In our case, in the interval 1100-1300 UT, Ey and Bz are found to be more in

phase than out of phase. This allows the net time averaged radial energy flux

Sx to point outwards from the boundary.

According to the FAC definition of Chapter 3, positive Y is downtail and

positive Z is along the direction of the ambient magnetic field (however here

inside the boundary layer the background field is dominant in the negative

x-gse direction). Panel (b) of Figure 4.11 shows a down-tail energy propaga-

tion, Sy supporting our interpretation of a source located in the solar wind.

Panel (c) of Figure 4.11 shows the Z-component of the wave Poynting vector,

Sz. The net Sz is in the negative Z-FAC direction, i.e, directed away from the

equatorial plane and toward the southern hemisphere. Given that during this

time CLUSTER is located between ZGSM of −6Re and −7Re, a net negative

Sz is expected. Considering the fact that the Z-component of the Poynting
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Figure 4.10: 2.5 mHz band passed filtered x-component of the CLUSTER
magnetic field data in FAC on November 25, 2001 between 1100-1300 UT.

vector is the dominant one, this suggests standing Alfvén waves at the mag-

netopause [Plaschke et al., 2009].

The above observations can be summarized as follows: discrete By fluc-

tuations observed in the solar wind at ACE directly trigger a magnetopause

oscillation at exactly the same discrete frequency, which in turn excites a FLR

resulting in the spatial and temporal behaviour of the observed oscillations by

the Saskatoon HF radar.

The pulsation observed in this work is very close to one of the frequen-

cies (2.6 mHz) reported by Samson et al. [1991]. It’s discrete spectrum and

stable nature have led them to suggest a global waveguide/cavity mode inter-

pretation[e.g., Samson et al., 1992; Michael et al., 2011]. In a cavity mode,

however, the frequency is determined by the conditions in the cavity and it re-

quires the magnetopause boundary to grow. In this event, given that the wave

frequency is present in the solar wind and the magnetopause is oscillating, a
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Figure 4.11: Components of the wave Poynting flux vector S of CLUSTER
C1 in FAC on November 25, 2001 between 1100-1300 UT.

waveguide/cavity mode interpretation is ruled out.

Although we have identified that there is a direct link between solar wind

and magnetospheric wave activities, what ultimately determines the frequency

of the solar wind oscillation remains unexplained. According to Kepko et al.

[2002] and the references therein, one possibility for the discrete, stable, and re-

producible nature of the spectrum is an instability generated in the solar wind
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during it’s passage through the interplanetary space. Another possibility is

the discrete frequency ULF oscillation of waves in the solar wind is related

to solar oscillations. The discrete frequency oscillation of solar wind particles

and magnetic fields observed by Ulysses spacecraft were found to closely match

pressure (p) and gravity (g) mode frequencies of the Sun Thomson et al. [1995].

During times of northward IMF Bz and very large flow speed, such as in

the event at hand, where Bz > 9nT and Vsw ∼ 630 km/s, is observed in the

absence of dynamic pressure oscillations, the Kelvin Helmholtz instability in

particular is believed to be operative preferentially at the flanks. This may

be the source generating periodic magnetopause surface modes and eventually

resulting FLR observations inside the magnetosphere. The results of this ob-

servational work however show that this is not the case, as solar wind driven

magnetopause and bow shock oscillations could also be responsible for such

magnetopause oscillations under similar solar wind conditions. So, a careful

analysis needs to be done before such a conclusion is drawn.

4.C Summary

Understanding how the solar wind interacts with the magnetopause and how

energy is transported across this boundary is an important question in magne-

tospheric physics. In this chapter, a 2.5 mHz ULF quasi-monochromatic wave

in IMF By is observed in the OMNI database and is subsequently observed

at the magnetopause with CLUSTER and at ionospheric altitudes with Su-

perDARN. A FAC system at the location of CLUSTER is used to examine

the radial Poynting flux and the components of the measured ~B profile. It is
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found that the wave peaks at nearly the same time on the different spacecraft,

accounting for the very close proximity of the spacecrafts. The outward prop-

agation direction of Sx is explained in terms of the relative phase difference

of Ey and Bz. Furthermore, the fact that the Z-component of the Poynting

vector is dominant is suggestive of a standing Alfvén wave driven at the mag-

netopause. Plasma and field measurements at the boundary have shown an

unambiguous signature of magnetopause oscillations at a 2.5 mHz discrete fre-

quency.

A 2-D analysis of spectral power density and phase measurements was also

done with the SuperDARN Saskatoon radar in the pre-dawn sector and is

found to demonstrate the classical characteristic signature of a FLR structure,

with anti-sunward phase propagation. The anti-sunward phase propagation,

along with the estimated relatively small m-value (m ∼ 12), supports interpre-

tation of an external driver as a source mechanism. One possible explanation is

that the solar wind wave enters the magnetosphere on the dayside and propa-

gates globally through the magnetosphere, possibly causing oscillations on the

dawn flank as well. This is the first work in which an FLR oscillation has been

shown to have been excited by a solar wind driven magnetopause oscillation

at exactly the same discrete frequency. The result of this work sheds new light

on our understanding of how the solar wind interacts with the magnetopause

and how energy is transported across this boundary to produce FLRs deep

inside the magnetosphere.
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Chapter 5

A 2D ideal MHD model for

ULF waves

5.A Equatorial MHD ULF wave model

This chapter presents results of a linear model for global scale MHD waves that

is based on the set of linearized ideal MHD equations in a collisionless plasma

[Degeling et al., 2011]. The MHD model incorporates a background magnetic

field model with the inclusion of day/night asymmetry and a parabolic mag-

netopause boundary. The rationale and motive for using the wave model is

to diagnose whether the spatio-temporal analysis of the observations made in

chapters 3 and 4 can be qualitatively reproduced. In order to do that, we

consider two distinct cases: 1) where a localized monochromatic source along

the model magnetopause boundary launches fast compressional waves mimick-

ing a KH source mechanism scenario. 2) where a driver is applied at the day

side noon-magnetopause that represents a direct source inherent in the solar

wind. The objective is to investigate whether the observed ULF source mech-

109



anism and the resulting FLR structure can persist under a realistic magnetic

field geometry and source location imposed by the model. In addition, this

will provide an opportunity to qualitatively examine the difference in wave

propagation behaviour inside the magnetosphere of a fast compressional wave

launched from the magnetopause flanks, against those launched from within

the solar wind region.

Comparison of perturbation amplitudes of waves with the background

plasma and field parameters of CLUSTER measurements of Chapters 3 and

4 revealed that amplitudes are much less than the background values. Thus,

waves can be considered as small perturbations and the linear MHD model

approximation is justifiable; higher order terms can be dropped to a good ap-

proximation.

The modelling framework of Degeling et al. [2011] upon which this section

is based, starts with linearized ideal MHD equations. In this regime, low

frequency waves are describable by equations

∂~b

∂t
= −∇× ~E, (5.1)

1

V 2
A

∂ ~E

∂t
= (O×~b)⊥ −

µo( ~J ×~b)× ~B

B2
+ µo ~J

ext (5.2)

where ~b and ~E are first order perturbations in magnetic and electric field re-

spectively, ~J is the background current density eminent in Ampere’s law, VA

is the Alfvén speed of the plasma medium, and ~Jext is a perpendicular current

source term for launching monochromatic waves in the model.
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In Degeling et al. [2011], the authors used the "box model" magnetic field

geometry of Zhu and Kivelson [1988] to help them simplify the model. In

other words, the treatment of the complexity in the shear Alfvén wave eigen-

functions along the magnetic field lines (equatorial polarizations) is simplified.

That is, straight and constant magnitude magnetic field lines terminating at

the conducting ionospheres are used everywhere in the wave model. The Stern

[1985] model that is used allows gradients in ~B perpendicular to ~B, such that

~Bo = Bo(x, y)ẑ. This is an approximation of the equatorial magnetic field

inside the magnetosphere, but gradients in the Alfvén speed perpendicular to

the magnetic field facilitate energy transfer from the fast compressional mode

into the field aligned shear Alfvén mode as in the linear theory of mode cou-

pling. As the Alfvén wave is mainly influenced by the density and magnetic

field in the vicinity of the equatorial plane, the model captures enough physics

to allow a qualitative comparison with observations.

Employing a rectangular system of coordinates (x,y,z), and also assuming

a magnetic field parallel to z and normal to the equator, with ~Bo = Bo(x, y)ẑ

(Stern [1985] magnetic field model in the equatorial plane is used here), equa-

tions 5.1 and 5.2 in component form reduce to

(
∂2

∂z2
− 1

V 2
A

∂2

∂t2

)Ex
Ey

 =
1

Bo

−∂/∂y
∂/∂x

[Bo

(
∂Ex
∂y
− ∂Ey

∂x

)]
+µo

∂

∂t

Jextx

Jexty


(5.3)

Within the framework of the box model, all field aligned eigenfunctions
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are decoupled, leading to linearly independent solutions, which along with

conducting ionospheric boundary conditions, express the electric field, ~E as

~E = ~En(x, y)cos(knz)e−iωt, (5.4)

where kn = nπ/zfl, (n=1, 2,...) and zfl is the field line length between the flat

conducting surfaces (representing the north and south ionospheres). This de-

scription of the electric field reduces equation 5.4 to a pair of coupled elliptical

partial differential equations for Enx and Eny which are solved by using the

MATLAB two dimensional finite element method (FEM) solver of the Partial

Differential Equation (PDE) toolbox. The FEM solver uses an adaptive mesh

refinement technique. In regions where the source is located and the FLR is

localized, the grids have been refined to scale sizes of about 0.03Re. In regions

of no interest the the scale size is course and has a grid scale close to 1.2Re.

The singularity in the linear MHD equations in the simulation is avoided

by assuming that ω of the driver frequency (ω = ωr− iωi) has small imaginary

part with a sign that allows a solution that damps with time. The sign of ωi

is made negative such as to ensure energy transfer irreversibly. In regions of

interest, this can be done by setting ωi/ωr = 0.1, which ensures damping in the

form of finite ionospheric Pederson conductivity. Outside regions of interest,

strong damping is introduced by setting ωi/ωr >> 1.

The details of the source of waves in the model is described as follows. The

external current, ~Jext (perpendicular to ~B) that gives rise to ULF waves in
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the model has the following functional form:

~Jext(~r, t) = A(t)Q(~r)e−i(
~k.~r−ωt)N̂(~r) (5.5)

where:

• ~r is the 2D position vector in the equatorial plane

• A(t) (scalar) is a time-dependent envelope amplitude

• Q(~r) (scalar) describes the amplitude and spatial extent of the ULF wave

source

• ~k is a wave vector for specifying any phase propagation in the source

• ω (scalar) is the wave frequency

• N̂ is a unit vector specifying the direction of the source current

with A(t) and Q(~r) defined by

A(t) = e−t/τd
(
1− e−t/τr

)
, (5.6)

Q(~r) = Q(λ, µ) = e−

([
λ2 − λo2

(∆λ)2

]2

+

[
µ2 − µo2

(∆µ)2

]2
)
, (5.7)

where τd and τr are rise and decay time constants of the envelope function, and

λ and µ are the coordinates defining the parabolic system as in Stern [1985].

With L being the length scale measured in Earth radii of the equatorial plane,

note that (λ, µ) have dimensions of L1/2. Defining xo to be the locus of all

the parabolas in this coordinate system, a point in the equatorial plane can
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be described in rectangular coordinates (x, y) by x − xo = (λ2 − µ2)/2 and

y = λµ. Here, r2 = x2 +y2 defines distance to the center of the Earth from the

origin, λo describes the magnetopause boundary in this paraboloid coordinate

system, and µo is invoked for the purpose of defining the source parametrized

by this system of coordinate, i.e., (λo, µo) is a point where the source of the

wave is located.

The functional form of the terms in equation 5.5 depends on the specific

scenario that is chosen. For example, for a magnetopause source, Q(~r) has

a 2D Gaussian profile described in the parabolic coordinate system used to

define the magnetopause, such that the source is draped in a crescent shape

following the magnetopause boundary (and has a defined thickness across the

boundary). The unit vector N̂ specifies the direction tangent to the mag-

netopause boundary in this case, and the wave vector is directed in the -x

(anti-sunward) direction.

In mapping the ionosphere into the equatorial magnetospheric region, the

magnetic field model of Stern [1985] is used. This model assumes a con-

ducting paraboloid magnetopause and attempts to solve Laplace’s equation in

parabolic coordinates for a zero curl magnetic field corresponding to ~B = −∇γ.

The location and shape of the the model magnetopause boundary is approxi-

mated using typical values of the noon and the dawn/dusk meridian and are

set to 10 Re and 15 Re, respectively.

Figure 5.1a shows the the equatorial magnetic field profile used in the

model. The equatorial plasma density inside and outside the plasmapause

is based on a parametric model where a power law scaling with L-shells is
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Figure 5.1: The equatorial plane view of the ULF wave model and input
parameter profiles of: a) magnetic field strength; b) plasma density; c) Alfvén
speed times Bo. Here the solid parabolic line signifies the model magnetopause.

employed as in Degeling et al. [2011]. The density across the width of the

plasmapause or transition region is specified by smoothly joining the model

solutions from inside to outside the plasmapause. In this study, we considered

inner and outer edges of the plasmapause to be located at L-shells of L = 3 and

L = 6, with plasma density ρ = 1200 and ρ = 20 amu/cm3 where scaling pow-

ers of n = −2 and n = −1 respectively are used at these edges. Figures 5.1b

and 5.1c also show the equatorial plasma density and Alfvén velocity profiles

used in this model. Because of the fact that the density gradient across the

plasmapause is weak, the radial profile in the Alfvén speed lacks the expected

bump across the transition region. This results in a decrease in the radial pro-

file of the local Alfvén frequency gradient with radial distance. Subsequently,

for a monochromatic MHD fast wave driver launched from outside the magne-

tosphere, coupling with the standing shear Alfvén mode to produce a FLR is
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the ultimate expectation. The strongest coupling occurs when the frequency

of the fast mode matches the standing shear Alfvén wave frequency. In the fol-

lowing two sections, the linear and ideal 2D model for global scale MHD waves

in the equatorial plane will be studied by constraining the characteristics of

the ULF wave source mechanisms.

5.B FLRs driven by a dawn-dusk flank mag-

netopause source

In this section, a localized MHD fast compressional wave with a frequency

of 1.7 mHz that mimics a KH wave source scenario is launched along the

magnetopause boundary. The driver frequency is imposed on an external os-

cillating current directed along the flank magnetopause and perpendicular to

the meridional plane containing the magnetic field. Defining the external cur-

rent in this way introduces displacement in the meridional plane which is the

characteristic feature of a MHD fast wave mode propagating both inward and

outward from the magnetopause. A driver defined in such a manner helps to

reasonably model a source launched from the dayside flank magnetopause in

characterizing FLR wave structures such as those observed by the Kodiak and

Goose Bay HF radars in Chapter 3.

Figures 5.2 and 5.3 show the ULF wave model outputs of the ratio of the

wave magnetic field to the background field, the radial and azimuthal electric

fields for a source located at the flank magnetopause to make model predic-

tions for the areas where pulsations could have been observed by the Kodiak
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and Goose Bay radars. In this scenario, bz/Bo ≈ 0.3 is considered because

we are working on the linear MHD regime where small scale perturbations are

assumed from the outset. The white dashed lines are the traces of the field

line mapping from the ionosphere (Kodiak’s and Goose Bay’s field of views in

the dusk and the morning sectors, respectively) to the outer parts of magne-

tosphere. Notable in both figures is the down-tail propagation direction of the

wave phase as indicated by the direction of the change in phase from positive

to negative, radially localized large amplitude wave power along with a phase

change (decreasing radially outward) of close to π radians across the peak in

Er, and the absence of azimuthally localized large amplitude wave power in

Eφ. These interesting features will be explained in detail in section 5.E.

5.C FLRs driven by a source placed on the

dayside noon-magnetopause

In this section, we consider the effect of exciting a wave that decays evanes-

cently from the dayside noon-magnetopause. Once again, a monochromatic

source is defined in a manner similar to the previous section, but placed on

the dayside noon-magnetopause. The frequency of the MHD fast mode driver

is taken to be 2.5 mHz to mimic our observation of the Saskatoon HF radar in

Chapter 4. The objective here is to compare the effect of exciting an evanes-

cent wave from the dayside noon-magnetopause with the spatio-temporal FLR

structures observed by the Saskatoon HF radar that resulted from a solar wind

driven magnetopause oscillation in Chapter 4.
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Figure 5.2: The amplitude (top) and phase (bottom) of ULF wave model
outputs for a 1.7 mHz wave source launched from the dawn-dusk flanks. a)
the ratio of the wave magnetic field to the background field, 1 + bz/Bo b)
radial, Er and c) azimuthal, Eφ electric fields in mV/m. The white dashed
lines represent the field line mapping from Kodiak’s field of view in the dusk
sector to the equatorial magnetosphere. Note: The X- and Y- axes are in units
of Re.

Figure 5.4 shows the ULF wave model outputs of the ratio of the wave

magnetic field to the background field, the radial and azimuthal electric fields

for a source placed on the noon-magnetopause. In this situation, bz/Bo ≈ 0.3

is again considered. The white dashed lines are traces of the field line mapping

from the ionosphere (Saskatoon’s field of view between dawn and midnight)

to the equatorial magnetosphere.

Notable from Figure 5.4 is the down-tail propagation of the phase of the
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Figure 5.3: The amplitude (top) and phase (bottom) of ULF wave model
outputs for a 1.7 mHz wave source launched from the dawn-dusk flanks. a)
the ratio of the wave magnetic field to the background field, 1 + bz/Bo b)
radial, Er and c) azimuthal, Eφ electric fields in mV/m. The white dashed
lines represent the field line mapping from Goose Bay’s field of view in the
dawn sector to the equatorial magnetosphere. Note: The X- and Y- axes are
in units of Re.

driver wave, the penetration of wave power across the dayside magnetopause,

a radially localized large amplitude wave power in Er, and the absence of

radially localized wave power along with a phase change of close to π radians

across the peak in Er. Direction of propagation of the phase of the driver wave

is also shown to be down-tail in Figure 5.4. These interesting features will also

be discussed in detail in section 5.E.
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Figure 5.4: The amplitude (top) and phase (bottom) of ULF wave model out-
puts for a 2.5 mHz wave source launched from the dayside noon magnetopause.
a) the ratio of the wave magnetic field to the background field, 1 + bz/Bo b)
radial, Er and c) azimuthal, Eφ electric fields in mV/m. The white dashed
lines represent the field line mapping from Saskatoon’s field of view in the
morning sector to the equatorial magnetosphere. Note: The X- and Y- axes
are in units of Re.

5.D Spatial and Temporal Characteristics of a

ULF wave Source

Depending on the source a fast compressional wave mode might decay spatially

inwards from the magnetopause or propagate radially into the magnetosphere.

This section investigates this subject from the stand point of an MHD model

for ULF waves. For both source mechanisms, once the compressional wave
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Figure 5.5: The temporal evolution of a time-dependent envelope amplitude
as a function of wave period (T = 9.8 min) for a source launched from the
flank magnetopause.
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Figure 5.6: The spatial and temporal evolution of a model ULF wave source
magnetic field bz inside the magnetosphere for the case where the source is lo-
cated at the magnetopause flank. Points C1 through C4 represent multi-point
measurements from stationary synthetic spacecrafts. Note that C4 is the clos-
est to the magnetopause while C1 is the furthest away from the magnetopause
(closest to the Earth) in the radial direction to the flank magnetopause. No-
table here is the spatial evanescent penetration of the fast compressional mode.
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Figure 5.7: The spatial and temporal evolution of a model fast compressional
wave radial energy transport Sy through the magnetosphere for the case where
the source is located at the magnetopause flank. The points C1 through C4
represent multi-point measurements from stationary synthetic spacecrafts. No-
table here is the radial evanescent penetration of the driver wave.

has made its way into the magnetosphere, we will try to distinguish between

KHI generated and noon-magnetopause evanescent waves by using stationary

multi-point measurements representing synthetic spacecrafts. Then, compar-

isons will be made between the results of the model and the observations made

in Chapters 3 and 4.

In examining the spatial and temporal characteristics of compressional ULF

wave power using the ULF wave model, we placed 4 probes into the simulation

at various positions. Placing these probes at the radial locations C1 (farthest

from the flank magnetopause, and nearest to the Earth) through C4 (nearest

to the magnetopause, and farthest from the Earth) across the magnetopause

flank provides an opportunity to examine the propagation time delay in the

wave phase and the radial Poynting flux profile. The probes C1 through C4
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are placed at (8.25, 8.5, 8.75, 9)Re along the line joining the center of the

Earth to the dusk flank magnetopause.

Figure 5.5 shows the temporal evolution of the time-dependent amplitude

(equation 5.6) of a wave that is launched in the vicinity of the flank magne-

topause. The horizontal axis is in units of the wave period. Figure 5.6 shows

the wave signature of a 1.7 mHz driver wave launched from the dusk flank mag-

netopause as measured from the location of the probes. As can be seen from

the color-coded overlay of Figure 5.6, the evanescence of the wave’s parallel

magnetic field bz is seen in traversing from C4 (closest to the magnetopause)

to C1 (farthest to the magnetopause). Figure 5.7 also shows a color-coded

overlay of the radial Poynting flux profile, Sy. Notable is the evanescent bar-

rier penetration of the 1.7 mHz (flank magnetopause driver) wave energy in

the radial direction, i.e. the amplitude is decreasing as one moves away from

the magnetopause. This characteristic feature of decay in the radial Poynting

flux profile is the feature that we observed for a flank magnetopause driver in

Chapter 3. It is also interesting to note that bz, Sy inside the magnetosphere,

and Sy at the location of the resonance (Figure 5.8) almost follow the time evo-

lution of the envelope profile of Figure 5.5. This implies that the resonance is

driven only when the source exists. Similar results are found when the source

is launched from the dayside-noon magnetopause.

In this study, it has been found that once the source has made its way into

the magnetosphere, analysis did not distinguish between KHI-like and dayside

noon-magnetopause drivers (figure not shown). This conclusion is drawn due

to the fact that the wave amplitudes from the model in both cases were found to

decay spatially as one traverses earthward from the magnetopause flank. This
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Figure 5.8: The temporal evolution of the component of the Poynting flux
along y (Sy) as a function of wave period (T = 9.8 min) for a source launched
from the flank magnetopause at the location of the resonance, y ∼ 6.2Re.

is not surprising since in both cases the same source generation method was

used in the model. Although evanescence is found to be observationally true

for a KH driven surface mode (on the magnetosheath side of the boundary), it

was not possible to examine this scenario experimentally in the magnetospheric

side of the boundary for the spacecraft were located outside the boundary in

the time interval considered.

5.E Discussion of the ULF Wave Model

Evident from Figures 5.2, 5.3 and 5.4 are the down-tail (anti-sunward) prop-

agation of an oscillatory driver wave towards the nightside and the radial

evanescent plasma penetration of the driver wave electric field. The direction

of propagation of the driver wave is consistent with the Kodiak and Goose Bay

HF radar observations and the evanescent barrier penetration is in agreement

with CLUSTER observation of Chapter 3. Figure 5.4 also shows the evanes-
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cent penetration of the wave electric field through the dayside magnetopause

for a solar wind like driver.

The FLR structures which are characteristic signatures of mode coupling

between the fast compressional driver wave and the shear Alfvén mode are

also clearly discernible in both cases. As expected, the FLRs from both source

mechanisms are localized at constant L shells and are evident from the en-

hancement of the radial electric field along with a phase change of π radians

across the peak in electric field. The lack or weak FLR signatures in the az-

imuthal component of the electric fields suggest a relatively small-m toroidal

FLR event where the driver could be located from external to the magne-

tosphere, which actually is the situation for both cases at hand (from our

observations of Chapters 3 and 4, m ∼10 and 12, respectively). The ULF

wave model employed here has qualitatively reproduced the spatio-temporal

features of the observations made by the Kodiak and Goose Bay HF radars

in Chapter 3 and the Saskatoon HF radar in Chapter 4. Comparison of the

FLR structures from both cases clearly demonstrate that when the source is

located on the dayside noon-magnetopause, the FLR peak location tends to

move towards the local noon as expected than when the source is located at

the magnetopause flank. This is strong evidence that the accessibility of the

driver wave power at a given frequency inside the magnetosphere is dependent

on the Magnetic Local Time (MLT) location of the driver wave, which in turn

determines the location of the FLR mode coupling.

The localization of the source mechanisms in the model representing a

source along the flank magnetopause (section 5.B) and a dayside noon mag-
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netopause (section 5.C) appeared to have qualitatively reproduced the FLR

structures in Chapters 3 and 4, respectively. The one case (section 5.B) cor-

responds to the observation in Chapter 3, the other case (section 5.C) corre-

sponds to a scenario where the solar wind driven magnetopause oscillation is

replicated by a dayside noon-magnetopause evanescent driver in Chapter 4.

In addition to that, the spatio-temporal characteristics of the model FLRs are

found to be in good agreement with the observed FLRs and their suggested

source mechanisms. Given that the model does not have a solar wind in it, it

does not provide an understanding of how the solar wind interacts with the

magnetopause. It also does not deal with energy transport across the bound-

ary. It however provides information on how the wave behaves once inside the

magnetosphere when generated at different locations on the magnetopause.
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Chapter 6

Conclusions

ULF waves in the Earth’s magnetosphere are considered to be electromagnetic

(em) wave disturbances with frequencies in the mHz range. Particularly, those

wave processes in the range between the lowest a magnetospheric cavity mode

oscillation can support (the scale size of the magnetosphere ∼ 1 mHz) to the

natural plasma frequency and the ion gyro-frequency (∼ 1 Hz) are of interest to

magnetospheric physics. Much of our focus in this thesis was on the so-called

Magneto-hydro-dynamic (MHD) waves, and also on the special class of them

referred to as geomagnetic pulsations. In contrast to MHD waves, the term

"ULF waves" is broader and should be used with caution since it refers to all

electromagnetic disturbances in the same frequency range. ULF also includes

waves of non-MHD origin such as magnetic signals in the ionosphere generated

by acoustic processes and atmospheric electromagnetic waves Pilipenko [1990].

The mechanism of how standing MHD Alfvén waves are excited has been a

subject of much study for decades. Despite decades of intense work on theory,

numerical modelling and data analysis from coordinated ground and in-situ
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space-based instrumentation, the discrete nature of the source of oscillations

driving these FLRs remains unexplained. Potential driving mechanisms in-

clude: Kelvin Helmholtz Instability (KHI) surface waves on the magnetopause,

magnetospheric waveguide/cavity modes driven by a pressure pulse in the so-

lar wind and a direct driving via entry of the solar wind MHD waves across

the magnetopause.

Although there is observational evidence in support of the hypothesis that

both pressure pulses in the solar wind and direct entry of MHD waves driving

FLRs across the magnetopause, to date no solid observational evidence has

been presented to prove or disprove the existence of KHI generated surface

waves and/or magnetospheric boundary perturbations/oscillations as drivers

of FLRs. Previous work suggests a KHI generated surface wave as a source

mechanism based on upstream solar wind conditions such as: very high flow

speed, direction of the IMF Bz (positive) and absence of monochromatic and

quasi-periodic oscillations in the solar wind. These conditions are insufficient

to be presented as compelling evidence for a KHI source. An in-depth inves-

tigation of ULF wave activity near the magnetopause is therefore imperative

to improve our understanding of magnetopause generated waves as drivers

of standing geomagnetic Alfvén waves and the physical interrelationships be-

tween them. It was the very objective of this thesis to regard or disregard these

boundary instabilities/oscillations as drivers based upon substantial multi-

point observations of ULF waves near the magnetopause and deep inside the

magnetosphere using data from both ground and space-based instrumentation.

Results from observations were then compared with a 2D ideal MHD model

for ULF waves to see if the spatio-temporal features of the observations can
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be qualitatively reproduced.

Given proper spacecraft orientation and trajectories, the CLUSTER multi-

satellite mission offered opportunities to observe plasma boundary instabili-

ties/oscillations. This allowed a much better characterization of magnetopause

instability and/or oscillation. This mission provided a direct means to accu-

rately measure magnetic field and plasma velocity that was used to investigate

the radial energy profile of a KHI generated magnetopause surface wave or

boundary oscillation. This provided a reliable means of identifying time vary-

ing boundary wave processes such as magnetopause instability and oscillation.

Publicly available data from solar wind monitors such as ACE, WIND,

OMNI and GEOTAIL were also used to characterize upstream solar wind

conditions. Multi-point observation of ULF waves were important and funda-

mental to fully diagnose magnetospheric ULF waves excited during times of

magnetopause oscillation and instability. Ground-based SuperDARN observa-

tions were substantially used in conjunction with the CLUSTER multi-satellite

mission and were found to be ideally suited to monitor the spatio-temporal

evolution of the ionospheric signatures of these wave activities. The studies

that were undertaken in this thesis were also augmented by analysis of data

from other satellite missions such as POLAR, GOES and GEOTAIL whenever

appropriate and possible. Data from the array of ground-based magnetome-

ters such as CARISMA, CANOPUS and IMAGE were an integral part of this

study too.

In this thesis, three different ULF wave events were analyzed and char-
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acterization of the wave process was made. Analysis was made using data

from coordinated and simultaneous measurements from HF radars, optical in-

strumentation, ground-based magnetometers and in-situ satellite-based instru-

mentation. A global ULF wave model was also used to qualitatively reproduce

the spatio-temporal features of the FLRs in response to a KHI-like driver and

a solar wind driven magnetopause oscillation.

Chapter 2 presented a unique event where a completely new feature of

phase coherence on open field lines at exactly the observed resonant frequency

(0.8 mHz) was exhibited. There are a number of key results presented in

chapter 2 which justify novelty. First, this is one of the few observations of

MHD driver wave on open field lines by SuperDARN. MHD waves in the outer

magnetosphere which couple to FLRs are seldom observed and this is one of

only a few ground based observations of the driver wave. Second, the ob-

servation demonstrates that SuperDARN has the capability to monitor MHD

wave transmission across the magnetopause and through the outer regions of

the magnetosphere. Third, the observation that the FLR and driver wave on

open field lines are directly driven by a discrete oscillation in the solar wind

is important. Discrete ULF oscillations in the solar wind as direct drivers of

ULF waves in the magnetosphere is a controversial topic. These results add to

the growing body of evidence in support of direct solar wind drivers of ULF

waves. Finally, the observation of first and second order harmonic FLRs in

SuperDARN data is a unique observation. The observation of first and second

order harmonic FLRs in SuperDARN data supports the theoretical body of

work on expected behaviour of FLRs, and their potential use in estimating

magnetospheric properties such as density and magnetic topology.
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The observation in Chapter 3 focused on the characterization of magne-

topause boundary instability and a global ULF wave mode in the magneto-

sphere, with the ultimate goal of elucidating the causal relationship between

the two. In this study, we analyzed a ULF wave event and characterized the

observations with simultaneously coordinated measurements from HF radars,

multi-satellite-borne instrumentation and ground-based magnetometers. The

simultaneous presence of data from various instrumentation offered a unique

opportunity to diagnose the properties of the observed ULF wave in differ-

ent parts of the magnetosphere and identify a plausible source mechanism

at the boundary. In this event, we observed a clear wave activity in elec-

tric, magnetic, density and plasma flow data outside the magnetopause using

CLUSTER data and compared it with fluctuations inside the magnetosphere,

at ionospheric altitudes and on the ground. Comparisons clearly revealed that

ULF fluctuations at the magnetopause coincide with the discrete frequency

oscillations observed by HF radars, magnetometers and spacecrafts inside the

magnetosphere.

The decay in the outward-directed electromagnetic Poynting vector and

the propagation time delay in the phase of the driver wave radially outward

from the magnetopause along with the underlying upstream solar wind condi-

tions of strong northward IMF and supersonic flow exceeding 640 km/s, solidly

point to a KHI generated surface mode as a sole mechanism driving the ob-

served global ULF wave activity. The fact that we have observed a relatively

small azimuthal wavenumber, m = 10, with anti-sunward phase propagation

in both dusk and dawn sectors along with the absence of monochromatic dy-
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namic pressure variations or solar wind buffeting is further evidence to support

the hypothesis of a KHI generated surface mode as a source mechanism. The

result of this work demonstrates a well-defined path of energy transfer from

the magnetopause into the inner magnetosphere, and ionosphere, and is reli-

able evidence for magnetosphere-ionosphere coupling. Analysis showed that

the observation is consistent with the theory of a KHI driven FLR. This ob-

servation provided evidence on how the global nature of MHD waves combines

two areas of study: magnetopause instability and magnetosphere-ionosphere

coupling.

Chapter 4 presents another case study where a solar wind driven mag-

netopause oscillation is found to excite an FLR at 2.5 mHz deep inside the

magnetosphere. In this chapter, a quasi-periodic 2.5 mHz discrete wave oscil-

lations in By is observed in the solar wind and the multi-spacecraft CLUSTER

mission at the dusk flank magnetopause is used to fully characterize the wave’s

imprint near the dusk-sector magnetopause. Interestingly, the OMNI derived

bow shock location was found to have a discrete frequency oscillation of 2.5

mHz along the sun-earth line. A detailed analysis of this wave at the dusk flank

magnetopause has been carried out and showed an intriguing feature in the

radial energy profile. The outward propagation direction of the Poynting flux,

Sx, is explained in terms of the relative phase difference of Ey and Bz. Fur-

thermore, the fact that the Z-component of the Poynting vector is dominant

is suggestive of a standing Alfvén wave driven at the magnetopause. Plasma

and field measurements at the boundary have shown unambiguous signatures

of magnetopause oscillation at a 2.5 mHz discrete frequency.
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Also worth discussing from the event in Chapter 4 is, the fact that the

SuperDARN Saskatoon radar located in pre-dawn sector demonstrated a very

clear and unambiguous characteristic footprint of an FLR oscillation at the

same discrete frequency, 2.5 mHz. The observed anti-sunward phase propaga-

tion within the field of view of Saskatoon is consistent with an external source

mechanism, the solar wind-driven magnetopause oscillation in this case. With

the help of coordinated multi-instrumentation inside and outside magneto-

sphere, the following conclusion can be drawn. A discrete frequency oscillation

in the solar wind By is found to drive a magnetopause oscillation resulting in

the spatio-temporal features of the observed discrete frequency FLR at 2.5

mHz by the Saskatoon HF radar. This is the first observational work that

has shown an FLR oscillation be excited by a solar wind driven magnetopause

oscillation.

Furthermore, the success of the Degeling et al. [2011] ideal MHD model for

ULF waves used in this thesis was fairly successful in explaining the ground-

based FLR observations. The main aim of the model was to qualitatively re-

produce the the spatio-temporal structures of the observations made in Chap-

ters 3 and 4. The model used was a 2D ideal MHD numerical model for ULF

waves in the equatorial plane intended to mimic a monochromatic wave source

launched at the flanks of the magnetopause for the observation in Chapter 3.

For Chapter 4, the model was run in such a way that a monochromatic driver

wave was launched from the dayside noon magnetopause and comparison was

made with the solar wind-driven magnetopause oscillation. Interestingly, in

both cases, the ULF wave model qualitatively reproduced the spatio-temporal

structures of observations made by the SuperDARN HF radars. That is, the
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detected radial and azimuthal structure of the FLR wave activities of both

the observations and the model have been found to be localized in L-shells

and exhibit the theoretically expected structures in the FLR regions. This

implies the source parameters represented in the model can approximately

mimic the sources represented and are in agreement with the hypothesis that

the observed FLRs may be driven by a KH instability and a solar wind driven

magnetopause oscillation for Chapter 3 and 4, respectively.

In employing the ideal 2D model for ULF waves, comparison of the FLR

structures from both source locations clearly demonstrated that when the

source is located at the dayside noon-magnetopause, the FLR location moved

slightly towards the local noon compared to when the source is located at

the flank magnetopause. This demonstrates that the accessibility of the driver

wave power at a given frequency inside the magnetosphere is dependent on the

MLT location of the driver, which in turn determines the ultimate location of

the FLR.

Insight into how a fast compressional wave behaves inside the magneto-

sphere can be found from the results of the ULF wave model in this thesis.

Depending on the source the fast compressional driver wave may decay spa-

tially earthward from the magnetopause or propagates radially into the mag-

netosphere. The ULF wave model has shown that once the source has crossed

the magnetopause, analysis was incapable of distinguishing between a KHI-like

driver and a noon-magnetopause driver (proxy to a solar wind driver). It has

been found that the model wave amplitudes for both cases were found to decay

spatially as one moves earthward from the magnetopause. This is proven to
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be observationally true in this case study for a KHI driven surface mode (on

the magnetosheath side of the boundary). It however was impossible to ex-

amine this scenario experimentally for a solar wind driven source mechanism,

because during the time period of interest the spacecrafts were located inside

the magnetopause boundary.

The primary goals of this thesis have been achieved. Observational evi-

dence consistent with a 2D global ULF wave model is found to be in good

agreement with the main features of the theory for drivers launched from

the boundary. This study has demonstrated how the global nature of MHD

waves combines two areas of study: magnetopause instability/oscillation and

magnetosphere-ionosphere coupling. The results of this thesis help to clarify

and extend our understanding of the ULF wave source mechanism, propaga-

tion and coupling in the terrestrial magnetosphere. It has provided a better

understanding of a KHI-like source mechanism, a source inherent in the solar

wind, and a solar wind driven magnetopause oscillation, in the excitation of

FLRs. This gets us one step closer to fully understanding the dynamics of the

magnetosphere and the physical interrelationship between the magnetosphere

and ULF waves.

Future studies are encouraged as a continuation of this work to investigate

wave transmission across the magnetopause boundary using SuperDARN, in

order to examine whether the event reported in Chapter 1 is a common oc-

currence in the magnetosphere.
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