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Abstract

Whistlers are naturally occurring Very Low Frequency (VLF)phenomena which are the result
of lightning-radiated electromagnetic waves propagatingin Earth’s plasma environment. Major
research into whistlers and their generation began in 1951 and since then much has been discov-
ered about them. This has allowed whistlers to be used as magnetospheric probes. Many issues
concerning whistlers are still disputed, however, such as the relationship between the lightning
location and the conjugate point of the receiver. A correlation between whistlers detected by the
DEMETER satellite above South Africa and lightning locatedby WWLLN was used to determine
the source region for these whistlers. The whistlers were found to originate from lightning strokes
as far away as10000 km. This result is statistically significant.

During the course of this research an interesting observation of chorus was made on Marion
Island. Since this was the first observation of chorus made onthe sub-antarctic Marion Island,
conditions surrounding the event were studied in great detail. This led to several interesting ob-
servations about the nature of this observation. In particular, during the evolution of the emission,
it transformed to hiss, which makes this observation relevant to recent results suggesting that hiss
is generated by chorus. It was also found that Marion Island was close to the plasmapause during
the observation, which has further implications related tothe chorus-hiss relationship.

A study of the occurrence of twin whistlers received at Rothera and SANAE IV was conducted.
These were whistlers which had propagated from a single ionospheric exit point to both receivers.
Rothera and SANAE IV share the same whistler source region, yet the average number of whistlers
received at Rothera is an order of magnitude greater than that received at SANAE IV. The twin
whistler analysis showed that the most probable reason for this disparity is that whistlers from
the source region enter the waveguide preferentially closer to Rothera, making it more likely for
them to be received at Rothera than SANAE IV. These results have implications on the nature of
sub-ionospheric propagation of whistlers, which is not thesame as that of spherics.

Finally, a method for tracking tropical cyclones using lightning locations from WWLLN was
developed. During the course of this thesis, tropical cyclone Irena was the result of damage on the
east coast of South Africa. This presented an opportunity toinvestigate the ability of WWLLN
data to describe the passage of these destructive phenomenanear South Africa. The details of
this new method are discussed. While the algorithm developed has room for improvement, its
performance was tested on the recent tropical cyclone Irinawhich occurred during 2012.
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Chapter 1

Introduction

1.1 VLF Emissions

Electromagnetic waves in the Very Low Frequency (VLF) rangeare actively studied phenomena
which have numerous applications in Space Physics. These waves, which have both natural and
man made sources on Earth, can be detected at virtually any location within Earth’s atmosphere.
They are also readily observed in space, and propagate within a magnetised plasma (such as that
found within our magnetosphere) as a circularly polarised wave [Tsurutani and Lakhina, 1997].
The VLF band technically covers frequencies from 3 to30 kHz, but more practically in space
physics the range of frequencies considered is between300 Hz and50 kHz.

VLF waves have a large skin depth in water, meaning that VLF communication with sub-
marines is possible while they are still submerged. Variousnavies have taken advantage of this
fact by setting up VLF transmitters around the globe. These transmitters are large, and consume
an incredible amount of energy to radiate VLF signals with powers as high as∼ 1 MW. These
signals are readily observed by VLF antennas on the ground and can also be seen in space. They
have been found to contribute to radiation belt losses [Sauvaudet al., 2008]. These signals provide
a free source for scientific applications, with many uses appearing in the literature, from the de-
tection of solar flares [Thomsonet al., 2005] and energetic particle precipitation [Kulkarniet al.,
2008], to the more controversial prediction of seismic activity [Molchanov and Hayakawa, 1998].

Terrestrial lightning is the most obvious natural source ofVLF waves. Lightning strokes are so
frequent, and radiate with so much power, that the signals produced by lightning dominate most of
the VLF band. These signals, called spherics (from the word atmospherics), are able to propagate
a significant distance in the cavity between the conducting ionosphere and Earth’s surface. This
cavity is called the Earth Ionosphere WaveGuide (EIWG). VLFwaves propagate within the EIWG
with low attenuation rates compared to higher frequencies such as High Frequency (HF).

Other forms of VLF waves are frequently observed in recordeddata as bursts of increased
amplitude at specific frequencies. These bursts are frequently not random, but take on definite
structure. These structured VLF phenomena are called VLF emissions, and they have many forms
and generation mechanisms. These include commonly observed phenomena, like whistlers, cho-
rus, and hiss, and other less commonly observed phenomena such as fallers (emissions whose
frequency decrease with time), risers (emissions whose frequency increase with time) and hooks
(emissions with a sharp “corner” in their structure). Sometimes, noise bursts occur with a fixed
or nearly fixed period. These are referred to as periodic or quasiperiodic emissions. A detailed
description of these and other emissions is presented in Helliwell [1965, Chapter 7.1].

The VLF frequency range largely overlaps with the human audio range, meaning that these
signals can be heard if they are played through a speaker system. For instance, spherics manifest
themselves aurally as short clicks, while a whistler has thesound of a decreasing whistling tone
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lasting one or two seconds. The sound of chorus resembles thechirping of a flock of birds.
The history of VLF observations was discussed by Helliwell [1965, Chapter 2]. The first

observations were on long range communication systems in the late 19th and early 20th centuries.
Since the VLF wavelength is long,∼ 10 − 100 km, telephone and other communication cables
act as antennas for receiving these signals. Operators listening on these communication devices
often heard whistling tones or chirps (or clicks, but these were already known to be produced by
lightning). These were the first VLF listening devices used for scientific study, and from these the
frequency range of whistlers was found to be from300 to 1000 Hz.

In later research distinctions were made between 2 types of whistlers, long and short, referring
to their duration. In long whistlers, the change in frequency was slower than in short whistlers.
It was also noted that sometimes, whistlers were preceded bya spheric. Finally, their occurrence
was linked to magnetic indices, such that more whistlers were observed during periods of higher
geomagnetic activity [Helliwell, 1965, Chapter 2].

From these early beginnings, the field of VLF research has evolved to where it is now. For the
purposes of this thesis, two particular VLF emissions will be introduced: whistlers and chorus.

1.1.1 Whistlers

The basic idea of whistler generation has been around since it was initially introduced by Storey
[1953]. While this mechanism is rather complicated, with several steps, it can be simplified into a
few independent processes.

When lightning strikes it radiates an intense, impulsive burst of electromagnetic radiation
called a spheric. The VLF portion of this signal propagates in the EIWG with little attenuation,
until it reaches a point at which it penetrates through the ionosphere into the magnetosphere. This
signal is then guided by Earth’s magnetic field lines to the conjugate hemisphere, where some
portion of the energy enters back into the EIWG. During its passage through the magnetosphere
the signal is dispersed by the magnetospheric plasma, transforming the initial impulse into a com-
plex tone. The energy which enters into the EIWG travels virtually unhindered, experiencing only
minimal dispersion and low attenuation rates, to the point at which it is detected by the receiver.
The nose frequency arrives first, followed by frequencies above and below the nose frequency. For
low- and mid-latitude whistlers the nose frequency is typically not visible in the spectra, resulting
in a strictly descending tone structure. At high latitudes the nose frequency is visible. Above the
nose frequency, the frequency increases with time.

Since the degree of dispersion is a function of the plasma density and magnetic field strength
along the path traveled through the magnetosphere, as well as the path length, a number of useful
parameters can be extracted from the study of the shape of a whistler trace. One can determine
the integrated plasma density along the guiding field line, the latitude of the field line, and the
magnetic field strength along the field line [Carpenter and Anderson, 1992].

Whistlers are frequently observed at South African VLF receivers at SANAE IV, Antarctica,
and Marion Island. Sample spectrograms are displayed in Figure 1.1. A spectrogram shows the
frequency evolution of a VLF emission, with frequency on they-axis, and time on thex-axis.
Amplitude is shown by the colour scale with black signifyinghigh power, and white little power.
Figure 1.1(a) shows a set of 3 fairly isolated whistlers recorded at SANAE IV. Figure 1.1(b),
a detailed spectrogram of one of these whistlers, shows the complicated internal structure. One
whistler is in fact made up of several whistler traces, each with a slightly different propagation path
through the magnetosphere, resulting in slightly different dispersions. One can also see several
traces which have the nose frequency visible around37 s. Figure 1.1(c) shows a remarkable
period of whistler observations made on Marion Island. There are many different and overlapping
whistler traces, some of which are echoes of preceding ones.This shows the extent to which
whistler activity levels can vary, with only a few whistlersobserved at some times, and nearly
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(c) Many Whistlers

Figure 1.1: Various whistler spectrograms. The top panel (a) shows whistlers recorded at SANAE
IV. The middle panel (b) shows an expanded spectrogram of oneof the whistlers above. The final
panel (c) shows a period of high whistler activity at Marion Island. A number of whistler echoes
are also evident in this spectrogram.

continuous whistlers observed at others. In all these spectrograms, spherics are visible as vertical
lines. These have been generated by lightning in the same hemisphere as the receiver

1.1.2 Chorus

Chorus is described as a “sequence of closely spaced, discrete events, often overlapping in time”
[Helliwell, 1965, Page 207]. They are usually rising tones,with each element lasting a very short
time, on the order of a second. The emission sounds like the chirping of birds, and was thus named
for its unique audio signature.

The current theory of chorus generation suggests that it is the result of Doppler Shifted Cy-
clotron Resonance. This is described by [Tsurutani and Smith, 1974], and references therein.
Counter streaming electrons and VLF whistler mode waves in the magnetosphere resonate, caus-
ing energy exchange between the electrons and the waves, leading to an enhancement of the ampli-
tude of the VLF waves at the resonance frequency. This in turncauses the electrons to be scattered
and ultimately precipitated through collisions in the neutral atmosphere. The chorus waves then
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(b) Chorus at Marion Island
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(c) Expanded Chorus

Figure 1.2: Various chorus spectrograms. (a) shows typicalchorus at SANAE IV, with the chorus
band found below2 kHz while (b) shows chorus recorded at Marion Island, where the chorus band
is at a higher frequency. (c) shows the finer structure of the chorus shown in (a), and the individual
chorus elements can be discerned.

penetrate into the EIWG where they can be detected by VLF receivers. Due to the manner in
which these emissions are generated, observations of chorus are often accompanied by particle
precipitation.

Chorus emissions can be used as magnetospheric probes, as they can yield information about
the particles which were in resonance with the waves. This makes their study as well as the
development of the theory of chorus generation very important.

In Figure 1.2 three samples of chorus are plotted. These spectrograms use a different colour
scale, with red indicating high power, and blue less power. These show fairly typical examples
of chorus which can be observed at either Marion Island or SANAE IV, although the difference
between the SANAE IV and Marion Island chorus is visible. This is to be expected, as the two
receivers sample a significantly different part of the magnetosphere. This will be elaborated on
later.

4



1.2 The Near-Earth Space Environment

The lower layer of the Earth’s neutral atmosphere provides arelatively sheltered environment for
biological life to sustain itself. This layer is called the troposphere and extends to a maximum
altitude of17 km. Above this is the stratosphere, where particle densities are orders of magnitude
lower than in the troposphere, and the ambient temperaturesare well below0◦◦C. In this region
the Ozone layer is found, which protects the atmosphere below it from harmful UV radiation from
the Sun. The stratosphere extends to an altitude∼ 50 km. Still higher is the mesosphere which
extends to90 km, and finally the thermosphere which extends to∼ 600 km altitude[Hargreaves,
1992, Page 98]. Beyond this layer is space, and while it is obvious that space is big, of particular
interest here is the tiny bubble of space which surrounds theEarth, called the magnetosphere.

1.2.1 Ionosphere

Within the thermosphere the concentration of charged particles begins to increase, although the
ratio of charged particles to neutrals remains small. This marks the layer of the atmosphere called
the ionosphere. It extends from∼ 100 km to ∼ 1000km. Within the ionosphere, several layers
are defined based on their peak electron density. The lowest permanent layer of the ionosphere
is called the E-region. Here typical densities of ionised particles are2000 cm−3, although during
the night the absence of the ionising action of the Sun results in densities lower by an order of
magnitude. Next is the F-region (which is further divided into the F1- and F2-regions). Since
this layer receives much more direct radiation from the Sun,it has much higher charged particle
densities, with as much as20 × 105 cm−3 during the day, and as few as2 × 105 cm−3 at night.
During the day, the ionising action of the Sun creates the D-region, which extends from around
60 km to just below the E-region. Densities here during the day are∼ 1000 cm−3. Due to its
low altitude, there is a much higher proportion of neutral atoms here than in the other ionospheric
layers. At night, the charged particles in the D-region quickly recombine to form neutral atoms
once again, and the layer virtually disappears [Ratcliffe,1972, Page 37].

Since the ionosphere contains charged particles, it represents a conducting surface which re-
flects electromagnetic waves. The layer which a particular wave frequency reflects is determined
by the density of charged particles, with higher frequencies requiring higher densities to effect this
reflection. An ionosonde is a sounder, which measures the time it takes for particular frequencies
to be reflected back to the ionosonde. They use the relationship between the reflection frequency
and charged particle density to determine the density profile of the ionosphere. The peak density in
the ionosphere occurs in the F2-region. The ionosphere is transparent to waves of higher frequen-
cies. This maximum reflected frequency is labeledf0F2. For this reason, terrestrial ionosondes
can only measure the profile up to this height, and top side sounders are required to produce the
profile above this height.

A useful model for the ionospheric profile, called the International Reference Ionosphere (IRI),
can be used to determine a representative ionospheric profile at a particular location and time of
day. Although there can be large discrepancies in the model results, they do provide a useful
starting point for studying ionospheric densities. Profiles produced by the IRI are shown in Figure
1.3. Panel (a) shows day and night ionospheric profiles for Summer above South Africa and panel
(b) shows similar profiles for Winter. These show that the densities at all heights are higher at
both day and night during the Summer as compared to Winter. Also, the large differences in
densities between day and night ionospheres are evident. InWinter the difference between day
and night ionospheres is also greater than it is during Summer. The importance of these profiles
for the propagation of (HF) waves is in the value of the peak density. At night, the ionosphere is
transparent to a wider range of frequencies than during the day. For reasons which will become
apparent later, propagation of VLF waves below the ionosphere is favoured during the night.
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Figure 1.3: Day (red) and night (blue) ionospheric profiles above South Africa during Summer (a)
and Winter (b).

1.2.2 Magnetosphere

Beyond the ionosphere is the magnetosphere, where the physics is largely governed by the Earth’s
magnetic field. The magnetosphere extends out to the interface between the Earth’s magnetic field
and the solar wind, called the magnetosheath. Here, the solar wind which consists of energetic
charged particles, is largely denied access into the magnetosphere by the Earth’s magnetic field.
Inside the magnetosphere, matter exists in the plasma state, which is defined as “a quasi-neutral
gas, which displays collective behavior” [Chen, 1984]. Typical plasma (proton and electron) num-
ber densities in the magnetosphere outside of the plasmasphere are∼ 10 cm−3.

Basic Plasma Physics

A plasma consists of atoms and molecules which have been fully iononised, and some neutral
particles. As viewed from a sufficiently large distance (given by the Debye length,λD), the plasma
is a neutral body. This defines quasi-neutrality. WithinλD, however, the net charges of each of the
ionised particles act on all the other ionised particles, which means that the plasma has a collective
behavior. The motion of the plasma within the magnetosphereis governed by the Earth’s magnetic
field, via the Lorentz force, which is given by

F = q(E+ v ×B), (1.1)

which is the forceF experienced by a particle with chargeq, traveling with velocityv, through
electric and magnetic fieldsE andB respectively. This force results in several characteristic
motions of the particles. The simplest of these motions to describe is the gyration of particles
about magnetic field lines. Particles will gyrate about a magnetic field line with a frequency given
by

Ω =
1

2π

qB

m
Hz, (1.2)

which is called the gyro-frequency, wherem is the mass of the particle. Obviously, electrons have
a much larger gyrofrequency than protons. Another characteristic frequency is the electron plasma
frequency, given by

Π =
1

2π

√

Nq2

ǫ0m
Hz, (1.3)
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whereN is the electron number density. This frequency arises as electrons oscillate about a static
background of ions.

It is convenient to define particle motions with respect to the magnetic field, since these mo-
tions are so strongly governed by it. Velocities are conveniently broken up into parallel (v‖) and
perpendicular (v⊥) components.v⊥ determines the gyration (Larmor) radius of the particle, which
is given by

rL =
v⊥
Ω

. (1.4)

If the particle has a non-zerov‖, then it will move along the magnetic field line about which it
is gyrating. A useful invariant which exists in the magnetosphere is the magnetic moment

µM =
W⊥

B
=

mv2⊥
2B

, (1.5)

whereW⊥ is the perpendicular energy of the particle.µM is conserved during the motion of
the particle if the magnetic field is roughly constant duringthe period of a single gyration. As a
particle moves towards one of the magnetic poles, the magnetic field experienced by the particle
increases. In order to conserveµM , W⊥ must also increase, thereby decreasingW‖ (= 1

2
mv2‖)

and consequentlyv‖. At some pointv‖ reaches zero, at which point the particle changes direction,
and moves in the opposite direction along the field line. Thisprocess is called magnetic mirroring
magnetic mirroring.

The pitch angleα is defined by

α = arctan

(

v⊥
v‖

)

. (1.6)

In order for a particle to reflect because of magnetic mirroring, it must do so before it encounters
Earth’s atmosphere, or it will be lost by collisions in the atmosphere. This will occur if the pitch
angle is less than a critical value given by

αlc = arcsin

(

Beq

Bh=100

) 1

2

, (1.7)

whereBeq andBh=100 are the equatorial and100 km altitude values of the magnetic field. If the
particle has not mirrored by the time it reaches100 km altitude, then it will be lost to collisions
with neutrals.αlc defines what is called a loss cone. Particles with equatorialpitch angles within
this cone will not be mirrored at their respective mirror points, but rather lost in the atmosphere.

Plasmasphere

The plasmasphere is the high density region which is immediately above the ionosphere and con-
sists mostly of cold (ie: low energy) plasma. Number densities within the plasmasphere are
∼ 100− 1000 cm−3, which are much higher than in the rest of the magnetosphere.The plasmas-
phere is a field aligned bubble which is held together by the magnetic field of Earth, and extends to
about 5 Earth radii in the equatorial plane (the extent of theplasmasphere is better defined in terms
of McIlwain’s Parameter, which is described later). As willbe explained later, the high densities
within the plasmasphere favour the generation of certain VLF emissions, while the generation of
others are favoured outside of it. The outer edge of the plasmasphere is the plasmapause, where
the plasma density rapidly drops off from the high plasmaspheric levels, within about half an Earth
radius. This is of significance for the generation of VLF waves as will become clear later.
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Van Allen Radiation Belts

The Van Allen radiation belts overlap partially with the plasmasphere. These belts are divided
into an inner and outer belt, which are divided by a slot region at around 2.5 Earth radii above
the surface of the Earth. This slot region is mostly devoid ofhot plasma, while on either side of
the slot are the high energy belts. The high levels of energetic radiation within the belts make it
a dangerous environment for astronauts and man-made satellites. The existence of the slot is thus
fortunate, since it provides a space in which the density of harmful electrons is lower than in the
actual belts.

1.2.3 Dipole Field

The intrinsic magnetic field of the Earth is thought to be produced by the flow of molten iron
within the core of the Earth. This field is well approximated by a dipole magnetic field which is
tilted and shifted with respect to the rotation axis of Earth. The actual configuration of the Earth’s
magnetic field, except in close proximity to Earth, is very different from a simple dipole. The solar
wind which impinges on the Earth’s magnetic field compressesit on the day-side, and stretches
it out on the night-side, resulting in a complex magnetic field structure. This complex structure
means that geomagnetic and geographic coordinate systems are significantly different from each
other, and the extent of these deviations change with time. The magnetic field is more accurately
described by the International Geomagnetic Reference Field (IGRF). The IGRF is updated every
few years to incorporate the changes to the magnetic field which take place over time.

Schematics of the plasmasphere, Van Allen belts, and the dipole structure of the magnetic field
can be found in most space physics text books, such as Kivelson and Russel [1995, Page ].

McIlwain’s Parameter

A useful parameter used to identify field lines in the magnetosphere is McIlwain’s parameter,L.
TheL-value of a particular field line is defined by the distance from the Earth, in Earth radii, at
which that field line crosses the equatorial plane. TheL-value tags an entire field line, all the way
to the surface of the Earth, so that a particular location on the Earth has anL-value, determined by
its geomagnetic latitude. Assuming a dipole field, theL-value is calculated using

L =

(

1

cos2 λ

)

, (1.8)

whereλ is the geomagnetic latitude. Since most activity in the magnetosphere is confined to
magnetic field lines, theL-value of a location on Earth tells one what portion of the magnetosphere
is linked to that location. AnL-shell is mapped into the magnetosphere by a given geomagnetic
line of latitude. With the use of theL-value, the extent of the plasmasphere is better defined. The
plasmapause, which is the field aligned outer boundary of theplasmasphere, is found atL = 5
during quiescent periods.

1.2.4 Content of the Thesis

This thesis presents research relating to various aspects of VLF waves. First, the question of the
source region of whistlers is addressed. Recent results using correlation analyses have been able to
identify the source region for whistlers received at terrestrial receivers at three different locations.
Others have used satellite data to determine the maximum range from which an initiating stroke
can launch a whistler into the magnetosphere. DEMETER data from above South Africa are used
to address this question.
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During the course of this research, chorus was observed on Marion Island. This was the first
time which chorus was observed on Marion Island, and so this event was studied in detail. The
analysis of the event showed that both chorus and hiss were observed during the evolution of the
event. It was also found that Marion Island was near to the plasmapause during the event. This
alluded to the possibility that the chorus generated the hiss which was observed. This has particular
relevance in view from recent results showing that chorus was responsible for the generation of
hiss.

Concurrent whistler data from two nearby sites during a period of three months. These pre-
sented a unique opportunity to investigate the differencesin whistler reception at two locations.
Correlation analyses have shown that the source region for whistlers at these two locations are
quite similar, and yet the number of whistlers received at each location was different by an order
of magnitude on average. The research here shows some reasons for this stark difference.

During 2012 a tropical cyclone made landfall in South Africa. This presented an opportunity
to use the lightning data used extensively in other avenues of VLF research to track this tropical
cyclone. The work presented here provides some groundwork for such an automatic tracking
algorithm which could be developed.
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Chapter 2

Background

The above introduction provides a brief overview of some important space physics concepts.
These are of interest in any aspect of space physics research. In this Chapter, a more detailed
description of the behavior of VLF waves within the atmosphere and the magnetosphere is pro-
vided. These should provide adequate background for the understanding of the research results
which are presented in the remainder of the thesis.

2.1 VLF Propagation

2.1.1 Propagation in the Earth Ionosphere WaveGuide

The surface of the Earth and the base of the ionosphere are twoconducting boundaries, separated
by approximately100 km. VLF waves propagate between these two layers, reflecting off each
boundary during the propagation. This ray description provides a very accurate approximation
when dealing with wavelengths shorter than those of VLF waves. However, VLF wavelengths
extend from10 km to 100 km, which means that the waves will propagate within this cavity in
a waveguide mode. ELF and VLF waves propagate within the waveguide with a much lower
attenuation than High Frequency (HF) and higher frequency waves. For a complete understanding
of the propagation of VLF waves within the EIWG, one needs to think in terms of waveguide mode
propagation, which is described in detail in the literature[Wait, 1965; Bernsteinet al., 1974]. For
this study, however, one can generally ignore the waveguidetheory, and use the ray ideas which
are technically only correct when dealing with distances≤ 1000 km [Barr et al., 2000].

A ray treatment of the propagation of whistler mode waves within the EIWG is detailed in
Helliwell [1965, Section 3.10]. Consider a source and a receiver. The waves will travel along the
direct ray, and over several paths which require successively more and more bounces between the
surface of the Earth and the ionosphere. At each reflection the wave must satisfy the boundary
conditions. These boundary conditions which serve to eliminate many possible propagation paths,
and thus the propagated signal is the sum of a finite number of waves. Due to the curvature of
the Earth, at sufficiently large distances the direct ray path is no longer possible. As the distance
increases still further, paths with single bounces, and then two bounces, and so on, are no longer
possible. Thus a particular source and receiver pair will have a finite number of ray paths along
which the wave will propagate. The wave at the receiver will then be a superposition of the signal
propagation along all these paths.

At each reflection along the propagation path, the wave is attenuated. Attenuation at the Earth’s
surface occurs since the Earth is not a perfect conductor. When waves are reflected at the iono-
sphere, the ionised particles are excited by the waves whichthen proceed to re-radiate. During
this period of excitation, if energy is lost to collisions with neutrals, then the power radiated at the
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ionosphere will be less than the incident power. The wave is thus attenuated at this reflection. The
existence of the D-region during the day results in VLF wavesexperiencing much higher attenua-
tion than at night times. This occurs because the waves reflect at a lower altitude during the day,
and at this altitude the higher number of neutrals result in more energy being lost to collisions with
neutrals. At night, lack of ionising radiation from the Sun results in the D-region disappearing,
making the E-region the lowest level of the ionosphere. The E-region has a much lower concen-
tration of neutral atoms, and so VLF attenuation is less severe under the night time ionosphere.
This results in VLF waves propagating significantly furtherat night than during the day.

Typical attenuation rates of VLF waves in the waveguide are discussed by Barret al. [2000].
This summary of other results showed that the attenuation ofVLF waves at night is∼ 10 dB/Mm.
While this value is typical for night time propagation, during the day it is twice as much [Bernstein
et al., 1974]. Work by Crary and Crombie [1972] and Westerlund and Reder [1973] showed that
VLF attenuation was higher over propagation paths which contained ice, due to the lower conduc-
tivity of ice. These studies showed that the attenuation rates over ice were at least17 dB/Mm
higher than those over sea water.

2.1.2 Propagation in the Magnetosphere

The Whistler Mode

The whistler mode is described in detail by Helliwell [1965,Chapter 3]. The whistler mode is a
right hand circularly polarised wave. When VLF waves propagate within a magnetised plasma,
they do so in this mode. The dispersion relation of whistler mode waves in the magnetosphere is
approximated by

n2 =
Π2

ω(Ω cos θ − ω)
(2.1)

whereω is the wave frequency. Typically, a further approximation can be made, in which the wave
is assumed to travel nearly parallel to the magnetic field direction, and soθ ≈ 0, which results in

n2 ≈ Π2

ω(Ω− ω)
. (2.2)

The dispersion relation allows one to identify when there will be a resonance or cutoff during the
propagation. A resonance occurs where the refractive indextends to infinity, and a cut off occurs
when the refractive index is zero. In the whistler mode, there is a resonance whenω = Ω which
will be discussed later.

The group velocityvg for the whistler mode is given by

vg =
2c
√
ω(Ω cos θ − ω)3/2

ΠΩcos θ
(2.3)

where the same quasi-longitudinal approximation can be made as before. An additional approxi-
mation is to assume thatω ≪ Ω. Application of these two approximations yield

vg =
2c
√
ωΩ

Π
, (2.4)

and is called the Eckersley-Storey approximation. (2.4) shows that higher frequencies travel faster
through the magnetosphere. During the formation of a whistler, this results in higher frequen-
cies arriving in the conjugate hemisphere first, and subsequently lower frequencies arrive later.
This results in the characteristic decreasing frequency structure of whistlers. This approximation
however does not explain the existence of the nose frequency.
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Ducting

While magnetic field lines in the presence of a background of charged particles do provide some
guidance for whistler mode waves, the guiding is not sufficient to ensure transmission through
the ionosphere into the EIWG. The probability that a whistler will pass through the ionosphere is
significantly greater if the waves propagate nearly parallel to the magnetic field line, and have their
k perpendicular to the gradient of charge density. This near parallel propagation can be achieved
by a process known as ducting.

Within the magnetosphere, the Lorentz force acts against other forces to bind plasma to mag-
netic field lines. This means that plasma can clump around field lines, creating tubes of enhanced
plasma density along the field line. These tubes are called ducts. Since plasma is being clumped
along some field lines, there are others which have less plasma around them. These too are named
ducts. A duct is defined as a tube of enhanced or diminished plasma density centered along a
magnetic field line. The ducts of density enhancement are called crests, while those that have a
density depletion are called troughs. These ducts act to guide whistler mode waves, in much the
same way that fiber optic guides photons.

Crests are able to trap waves with wave frequency much lower thanΩ, while as the wave
frequency approachesΩ, only troughs are able to trap them. Since the majority of VLFemissions
occur withω ≪ Ω, the ducting discussion will focus on crests.

Consider a simple crest, with a magnetic field line of constant strength at its center, and the
plasma density varying only as a function of radial distancefrom the field line. Ducting is de-
scribed using this simple picture. A wave is propagating within the duct, with a direction at some
angle to the magnetic field. As this wave propagates further along the field line, it moves into a
region of lower plasma density, and consequently a lower refractive index. Application of Snell’s
law here means that the wave is refracted towards the magnetic field line, reducing the angle be-
tween it’s propagation direction and the magnetic field line. This will continue until the wave
reaches the outer layer of the duct, or is turned around. If the wave has not undergone total in-
ternal reflection by the time it exits the duct, then the wave is not trapped. A maximum angleθc
for which trapping can occur is defined as the initial angle within the duct which will propagate
parallel to the magnetic field at the edge of the duct. Waves which enter the duct with initial direc-
tions outside of this angle will not be ducted. Detailed figures depicting this process are shown in
Helliwell [1965, Pages 44 and 47].

With the use of man made VLF transmitters, Clilverdet al. [2008] demonstrated that below
L = 1.5 there was very little evidence of ducted waves. This was attributed to the orientation
of magnetic field lines relative to the ionosphere at lowL being unfavorable for the trapping of
waves. However, atL > 1.5, where the magnetic field line configuration was more favorable, the
presence of ducts allowed the vast majority of the wave powerto be ducted.

LHR reflection of whistler mode waves

Whistler mode waves propagating in the magnetosphere (suchas plasmaspheric hiss and whistlers)
can reach a layer within the ionosphere where their frequency is equal to or below the local Lower
Hybrid Resonance (LHR) frequency. At this layer there is a cut-off, and so the waves are reflected
thus denying access to the EIWG of waves with a frequency lower than the LHR frequency of
the highest density layer within the ionosphere. Waves which are parallel propagating are able to
bypass this cutoff [Kimura, 1985; Jiřı́čeket al., 2001]. The LHR is given by

1

ωLH
=

1

ΩiΩe
+

1

Πi
(2.5)

whereΩi andPii are the ion cyclotron and plasma frequency respectively.
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2.1.3 Ducting action of the plasmapause

Inan and Bell [1977] discussed the ability of the plasmapause to guide whistler mode waves. This
effect is rather similar to the guiding effect offered by ducts. Within the plasmapause exist steep
density gradients. These serve to guide the waves through gradient trapping of VLF energy. This
guiding is possible at both the inner (higher plasma density) and outer (lower density) edges of
the plasmasphere, and is more effective with stronger density gradients. This guiding can allow
waves to propagate all the way to the ground in spite of LHR reflection which might occur, just
as waves propagating within a duct, which makes the plasmapause an important feature when
determining the access of waves into the EIWG. The plasmapause might be considered more
important than ducts here, since the location of the plasmapause can be estimated using simple
models [Carpenter, 1967; Carpenter and Park, 1973], whereas the location of ducts can only be
inferred from experimental data.

This guiding effect was first proposed after the Imp 6 satellite discovered whistler echo trains
guided parallel to the Earth’s magnetic field lines by cold plasma density gradients found along
the plasmapause [Inanet al., 1977a,b]. The authors employed ray tracing models, using various
plasmapause configurations to show that the plasmapause acts as a one sided duct which confined
waves to travel very nearly parallel to the magnetic field direction for an extended period of time.
In certain cases, the guiding was so strong that the waves were confined to6◦ to 7◦ latitude range
during the propagation from one hemisphere to the other. Themechanism for gradient trapping is
described as follows:

• The large density gradients encountered at the plasmapause refract the ray inwards (towards
lowerL).

• As the ray moves towards lower gradients, the guiding effect of the curved magnetic field
dominate, refracting the ray outwards (towards higherL).

• The outward propagating ray is now moving towards higher gradients, and so the refraction
is again towards lowerL.

• The ray is guided as long as the above steps are maintained.

It was found that waves starting with small wave normal angles (The angle betweenmathbfk
andmathbfB), just inside the plasmapause, eventually converge to the plasmapause. Once they
reach the latitude at which they were generated, they are refracted inwards once again towards
lower L. The outer edge of the plasmapause was also able to guide the waves, although the
guiding effect was not as strong in this case. The region to which the waves were confined was
much lower than for the case of inner edge trapping. More detailed analysis of the inner edge
guiding showed that there was a range of initial magnetic latitude51◦ − 58◦ for which the guiding
was most effective [Inan and Bell, 1977].

2.1.4 WWLLN

Reliable lightning locating systems are of both scientific and commercial interest. The commer-
cial benefits extend to aviation, forestry, electric supplyand insurance, all of which are heavily
influenced by occurrence of lightning. The scientific applications include climatology, since light-
ning occurrence is a proxy to climate change, and several lightning generated phenomena such
as Transient Luminous Events (TLEs) and Terrestrial Gamma-ray Flashes (TGFs), and most im-
portantly for this work, whistler studies. This makes an automated lightning location system a
very important tool in studies related to these fields. This section will describe the operation of the
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WWLLN network. Data from WWLLN will be used extensively in the whistler analysis presented
in Chapter 3.

There are two traditional ways of detecting lightning, eachwith their own drawbacks:

• Using a satellite based lightning locater: A sensitive imager records when and where light-
ning occurs. Using this technique provides a very accurate and highly efficient lightning
detector within the field of view of the satellite. However, as with any satellite based mea-
surement, one is dealing with a detector which moves throughspace very quickly. One
can thus only make continuous measurements at one point of the Earth’s surface for a very
short period of time. One could use geo-stationary satellites, but it would require many of
these in order to cover the entire globe completely. Nevertheless, they do provide a useful
measure of average lightning activity on the globe. This type of lightning detection was
employed by Christianet al. [2003] to produce an annualised lightning distribution map.
This required the use of many years of data from the LightningImaging Sensor (LIS) and
Optical Transient Detector (OTD).

• Many countries/ use HF receivers to triangulate the time and locations of lightning strokes.
These systems typically offer very high efficiency (∼ 95%) once the required density of
receiving stations (nodes) is achieved. This allows one to continuously receive lightning
locations from anywhere within the network. HF networks, however, require a relatively
high node density (due to the high attenuation at HF), and thus creating a global network
is virtually impossible. The detection efficiency drops offrapidly as one leaves the area
enclosed by the network. Examples of this network include the NLDN in the USA, EUCLID
in Europe, and South African Lightning Detection Network (SALDN) which is operated by
the South African Weather Service (SAWS). For instance, theNLDN requires a node density
of 1 perMm to effectively cover the continental United States.

The limitations discussed above mean that neither of the twomethods are suitable for pro-
ducing continuous measurements over the entire globe. Thisis where the World Wide Lightning
Location Network (WWLLN) comes into its own. WWLLN consistsof a network of VLF re-
ceivers distributed around the globe. Each sends the Time OfGroup Arrival (TOGA) of each
detected spheric back to a central processing site. A triangulation technique is then employed
on these TOGAs, so that the location and time of the initiating spheric is determined. A more
detailed description of the TOGA method is provided in Dowden et al. [2002]. Due to the low
attenuation of VLF in the EIWG, the density of receivers required for efficient operation of the
network is much lower than that of HF networks. This means that one could detect lightning
strokes anywhere on the Earth with relatively few stations.

An initial case study on the performance of WWLLN was performed by Rodgeret al. [2006a].
In April 2006, the network consisted of 25 nodes. A global distribution of strokes detected during
2004 revealed detection peaks over the 3 equatorial land regions in Africa, Central America and
the Maritime Continent (which are commonly referred to as the chimney regions). There were
also many detections in tropical regions such as over the Amazon and South Africa, where a
great deal of lightning occurs over the highveld. Additionally, the system sees much lightning
over warm ocean currents such as off the east coasts of the USA, South Africa and Australia.
As previously mentioned, these ocean regions would be nearly impossible to monitor using a
HF network. A rough comparison to the results of Christianet al. [2003] show that WWLLN
is seeing lightning in most of the expected places. There are, however, some major differences
between the two distributions. Firstly, the absolute valueof stroke densities differ substantially,
with WWLLN reporting significantly less lightning. The WWLLN network has a much lower
Detection Efficiency (DE) which accounts for these reduced values. This lower DE is, however,
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not the same everywhere on the globe. As of 2006, the MaritimeContinent had a much larger DE
than equatorial Africa and America. This results in the WWLLN data indicating that the largest
lightning contributor is the Maritime Continent, which in actuality is the smallest of the chimney
regions. Christianet al. [2003] revealed that the largest chimney region exists overAfrica, and the
second largest over the Americas. There are other relative efficiency differences in the WWLLN
network. These DE asymmetries all stem from the way the stations are spread out over the globe.
There are many receivers concentrated around the Maritime Continent and Europe, and a good
few spread over the Americas. There was only one station in Africa (in Durban) at that time which
is the reason for Africa having the lowest DE.

A comparison between WWLLN and the New Zealand Lightning Detection Network (NZLDN)
was carried out by Rodgeret al. [2006a]. A number of features of the lightning strokes which
WWLLN detects were determined from this analysis. During the period of this study (1 October
2003 to 31 December 2004)∼ 3% of NZLDN detected events were also detected by WWLLN.
It was found that the mean timing offset of WWLLN from NZLDN was between[−0.2, 0.2] ms.
The distribution of NZLDN peak currents for strokes detected by both systems were plotted. The
shape of this plot resembled a bath tub (or valley), with low number of detected strokes for low val-
ues of absolute peak current, and an increasing number of events at greater absolute peak currents.
This was attributed to the fact that the signals from stronger strokes propagate further within the
EIWG, and are therefore easier for WWLLN to detect. WWLLN detected∼ 10% of strokes with
absolute value of peak current> 50 kA, which again points to WWLLN being more effective for
strokes with higher peak currents. WWLLN also exhibits a higher DE at night, since VLF waves
propagate further under a night time ionosphere.

The distances between strokes and the receiver of the spheric for which a TOGA could be
determined were investigated, and revealed some interesting features. During the day, the majority
of spherics from< 8000 km away could have their TOGAs found. This upper limit is imposed by
the VLF attenuation in the EIWG. At night this range was extended due to the reduced attenuation.
The number of events detected by a station decreases at a distance< 500 km and this reduction
is greater during the night than the day. This might seem counter intuitive, but the reason for this
effect is that nearby signals saturate the receiver, and thereduced attenuation at night means that
this saturation is more probable at night.

Since the commissioning of the system, the DE as a whole has improved significantly. The
status of the system, and the improvements made since 2003, were discussed by Rodgeret al.
[2009]. The number of receivers grew from 11 in 2003 to 30 in 2007. The increase in receiver
density had an immediate effect on the DE, raising the numberof strokes detected annualy from
∼ 107 in 2003 to∼ 3 × 107 in 2007. Despite this dramatic increase, more than half of all
spherics detected by each station could not have a lightninglocation assigned to them due to the
inability of the algorithm to process them in the required amount of time. An improved algorithm
is discussed in Rodgeret al. [2009], the implementation of which led to an additional increase in
detected strokes of63% for all stroke peak currents, which equates to a total globalDE of 3%.
This increase is as much as300% for strokes with larger peak currents.

Rodgeret al. [2009] also presented a plot showing the location accuracy of WWLLN as a
function of position on the globe. This showed that for the vast majority of the globe, that locations
were accurate to within20 km although some well covered areas have location accuracies below
10 km. There are some regions which are outliers where the location accuracy is only within
40 km. Since 2009 the number of receivers (and consequently the DE) have grown significantly,
to roughly 50 receivers at the time of writing this thesis.

In Figure 2.1, global stroke rate density maps for years 2007, 2009 and 2011 are shown. These
annualised maps show the development of the WWLLN network from year to year. Assuming
that lightning activity is constant from year to year, theseplots show the consequent increase in
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WWLLN’s DE with time. These increases are due only to an increase in the number of receivers
in the network, since the historical data has been reprocessed by the newer algorithm discussed
above. One can see that there was a large increase in the number of detections from 2007 to 2009,
especially over the Americas and Africa where many new stations were installed. From 2009 to
2011 the performance increased more or less uniformly across the globe, although Africa is still
severely misrepresented. Figure 2.2 shows the difference between the annualised WWLLN stroke
rate densities from 2007 to 2011. It is clear that the DE is on an upward trend.

Despite the various drawbacks of the WWLLN system, it remains an important tool for re-
search, and the other domains where its data is of importance. Access to continuous, global
lightning coverage allows for many interesting applications.

2.2 Whistlers

Since the discovery of whistlers, there have been many studies about their generation and occur-
rence patterns. The works important to this study are summarised below.

The currently accepted theory for the generation of whistlers was first proposed by Storey
[1953]. Whistlers were described as belonging to two types,either long or short. The long type
were found to always follow a spheric with a short delay (∼ 1s). In these cases, the initiating
spheric was found to come from not further than2000km away, and that the greater this distance,
the lower the resulting whistler’s amplitude. The dispersion of a whistler is the measure of how
slowly the frequency varies with time. The long whistlers have greater dispersion than the short
whistlers (See Figure 1.1(c) for examples of both long and short whistlers). The idea of echo trains
was also introduced by Storey [1953], a regular repetition of whistler occurrence, each one with a
greater dispersion than the last one. The occurrence statistics of whistlers were also discussed. It
was found that whistler occurrence rates were greater at night. The long whistlers occurred more
frequently in summer, while the short whistlers were preferentially observed in winter. It was also
found that whistler occurrence had a small positive correlation with magnetic disturbance.

Based on these observations, the following mechanism was proposed by Storey [1953]. The
radiation produced by a lightning stroke penetrates through the ionosphere into the magnetosphere,
where it is guided by a magnetic field line to the magnetic conjugate point. The waves are only
weakly guided by the magnetic field lines, but additional guiding is sometimes provided by ducts.
The plasma encountered along this path disperses the whistler into its characteristic descending
tone structure. This exact process is suggested to produce short whistlers. Since the initiating
spheric occurs in the opposite hemisphere, the attenuationin the EIWG means that the initiating
spheric is not able to propagate to the receiver, and thus short whistlers are generally not preceded
by spherics. Long whistlers on the other hand are suggested to result from the same process, up to
the point where the whistler arrives at the conjugate hemisphere. Here, instead of propagating into
the EIWG in the opposite hemisphere, they are reflected back to the hemisphere from which they
originated. They are then detected by the VLF receiver in this hemisphere. Since they are detected
in the same hemisphere in which their initiating spheric occurs, the spheric is detected shortly
before the whistler on the same receiver. Also, since they have traveled essentially twice as far
through the dispersive medium, they are dispersed twice as much, and hence are a longer emission
than the short whistlers. Multiple reflections are responsible for the observation of whistler trains,
which exhibit successively more and more dispersion.

This ground breaking work was published even before the presence of the Van Allen radiation
belts was confirmed in 1958, and is well ahead of its time, especially considering that it is still
accepted as the whistler generation mechanism. Many of the ideas put forward in this paper have
been expanded upon.
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Figure 2.1: Anualised WWLLN stroke rate densities for 2007 (a), 2009 (b), and 2011 (c). The
colour scale is chosen to be consistent from year to year. A marked increase in detection efficiency
is visible from 2007 to 2011.
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Figure 2.2: The difference between 2011 and 2007 annualisedWWLLN stroke rate densities. This
shows that larger gains in DE were made in the Americas and Maritime Continent than in Africa.
Nevertheless, the performance of the system improved significantly over the entire globe over the
five years.

2.2.1 The Automatic Whistler Detector and Analyser

The mechanism proposed by Storey [1953] for the generation of whistlers showed that the amount
of dispersion experienced by a particular whistler trace onits journey through the magnetosphere
was proportional to the length of the field line, as well as themagnetic field strength and plasma
density along the propagation path. This dependence makes it possible to determine these param-
eters by measuring the dispersion of a set of whistler traces. This method was employed success-
fully by Carpenter [1967] to empirically determine a model for the location of the plasmapause
for a given level of geomagnetic activity. In fact, the discovery of the plasmapause by Carpenter
[1963] was made possible by this relationship. This relationship then provides a simple method
for determining plasma densities in the magnetosphere. Thesteps to determine the plasma density
from broadband VLF data source are:

1. Locate whistlers in the data.

2. Obtain frequency-time pairs of the whistler traces in thespectrogram (this is called scaling).
This is done by marking points along each whistler trace on the spectrogram.

3. Apply a model using the scaled frequency-time pairs to determine theL-value of the duct
through which the whistler traveled, the equatorial electron number densityneq, and the
integrated plasma density of the ductnT [Bernard, 1973].

Since whistlers occur naturally, and the equipment required to record a whistler and show its
f − t profile is relatively cheap, this method for determining magnetospheric plasma densities is a
rather attractive one. However, the problem is not as simpleas one might imagine for two reasons:

1. It is a rather laborious, time intensive task to wade through numerous spectrograms looking
for suitable whistlers, and

2. although it takes a single person a few minutes to determine the plasma density from a
single whistler trace, it is another matter altogether to perform this task for the thousands of
whistlers which may be recorded at a particular station, on agiven day.
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The Automatic Whistler Detector and Analyser (AWDA) systemis described by Lichten-
bergeret al. [2008], and Lichtenbergeret al. [2010]. The AWDA system was designed with
exactly this notion in mind. The FP7 funded PLASMON project aims to set up a global AWDA
network, to provide real time, global magnetospheric densities to researchers. The first step in
determining plasmaspheric densities from VLF data is performed by the Automatic Whistler De-
tector (AWD), while the second two are performed by the Automatic Whistler Analyser (AWA).
The AWD [Lichtenbergeret al., 2008] has been implemented since 2002 in Tihany, Hungary. The
AWD network has several AWDs set up around the world, but initially the data were only analysed
by a single AWA in Hungary, since this is a far more computationally intensive process, and it was
not yet feasible to install the computer systems required toperform the task at each AWD site.
Within the PLASMON project, a new method for analysing whistlers has been developed, using
off the shelf GPU processors. This has allowed for full AWDA systems to be installed on location
with VLF receivers. The SPRI’s involvement in the PLASMON project has led to two AWDA
installations, one on Marion Island and another at SANAE IV.A third is planned for installation
in the KZN midlands, in South Africa, in 2013.

Automatic Whistler Detector

The details of the AWD are described by Lichtenbergeret al. [2008]. The AWD can currently
run on an off-the-shelf desktop computer. It logs the times of whistler detection and stores a high
resolution broadband VLF data snippet of the whistler for later processing by the AWA.

The AWD requires the signal to be free of man-made noises suchas power line harmonics and
VLF transmitter signals, as well as naturally occurring noises, the major one being spherics. The
presence of noise can often lead to false positives manifesting in the data. The AWD removes the
power line harmonics and transmitter signals by using a subset of the available20 kHz which usu-
ally does not contain these signals,4.5−11.5 kHz. The spherics are, however, harder to eliminate,
since they occur in the same frequency band as whistlers. Thespherics are removed by setting the
data which contains spherics to zero, thereby removing a vertical slice in the spectrogram. While
this removes 100% of the spherics, it also removes the information of any whistlers contained in
that slice. Thus, a whistler which has too many spherics overlapping it, will have enough of the
whistler information removed for the AWD to miss that particular whistler. This is called a missed
detection, and its occurrence is preferred to false detections.

The whistler detection algorithm employs a 2-D moving imagecorrelation. A reference
whistler image is generated, where every pixel belonging tothe whistler is assigned a value of
one, and all other pixels are zero. The shape of this whistleris based on the expected shape of
whistlers received at the given station using the Bernard [1973] approximation. This image is then
correlated with the VLF spectra and the image is “moved across”, and the correlation repeated. A
dynamically determined detection threshold is also computed. This detection threshold is propor-
tional to the total averaged signal strength of the VLF recording. If the value of the 2-D correlation
exceeds the detection threshold, then the system records a whistler at that time.

It is of course important to know the efficiency of the system.To this end, two different
types of efficiency are introduced. First is the efficiency related to false detection, ie: detection of
whistlers which do not actually exist in the data. This equals one minus the false detection rate,
which means that a high false detection efficiency implies fewer false detections. Second is the
missed detection efficiency, which is related to whistlers which are in the data, but are missed by
the detector. This equals one minus the missed detection rate, which means that a high missed
detection efficiency implies a low number of missed detections. The missed detection efficiency
can be improved by lowering the detection threshold, but this will in turn reduce the false detection
efficiency. This presents a balancing act, where the two efficiencies need to be optimised. At the
time Lichtenbergeret al. [2008] went to print, the misdetection efficiency for countable whistlers
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(whistlers which are detected, but are not necessarily possible to scale) was ~80− 85%, while for
false detection it was ~50− 80%.

During the 6 years between 27 February 2002 and 26 February 2008, 911328 whistlers were
detected at Tihany, Hungary. Statistics of these whistlersare discussed by Lichtenbergeret al.
[2008]. The annual and diurnal variations of whistler activity recorded at Tihany are shown in
Figure 2.3.

These two plots are in basic agreement with the ideas which Storey put forward, namely that
whistlers are more common at night (Local Time at Tihany is UT+2), and when there is signifi-
cant conjugate lightning, ie: during the Austral summer (there will be further discussion pertaining
to these data in Chapter 4). 94 325 of these automatically detected whistlers were automatically
scaled, and from this theL-value at which they traveled through the magnetosphere wasdeter-
mined. It was found that calculatedL-values were somewhat higher than that of Tihany, which
means the whistlers would have to propagate a significant distance (∼ 1000km) in the EIWG
before arriving at Tihany.

Lichtenbergeret al. [2008] showed that large statistical whistler data sets canbe gathered by
the AWD, and are useful for whistler studies. The AWD at Tihany was only the first, and to date
many more have been set up and operated nearly continuously.

Automatic Whistler Analyser

The Automatic Whistler Analyser (AWA) described by Lichtenbergeret al. [2010] outlines the
automated procedure of determining plasmaspheric electron densities and magnetic field strengths
from whistler dispersions. Measuring these parameters from whistler dispersions led to the dis-
covery of the plasmapause [Carpenter, 1963], and could be a useful remote sensing tool. However,
the analysis required to extract these parameters from a whistler trace (even when the whistler is
automatically detected in broadband data using the AWD) is an extremely time consuming task.
The AWA automates this process moving the burden from humansto machine. The algorithm
assumes a simple plasmapause independent model for the equatorial electron density,neq, given
by [Lichtenbergeret al., 2010]

log10 neq = A+BL, (2.6)

where1.4 < L < 8. TheL-value is determined from the whistler’s dispersion. The parameters
A andB are then recursively varied, giving many possible values for neq. For each set ofA
andB obtained, a reverse dispersion proportional to the resulting neq value is applied on the
original spectrogram. This transforms the whistlers into more vertical structures. When the correct
combination ofA andB are selected, the whistlers are transformed into perfectlyvertical lines
(resembling spherics), and the spherics transform into mirror images of the original whistlers.
This process is called Vertical Trace Transform (VTT). At this point one can calculateneq from
(2.6). This system is implemented in parallel, so that it canbe run alongside the pre-existing AWD
systems.

The combination of these two systems forms the AWDA system. The implementation of this
system forms one component of the PLASMON project, which aims to create a data assimila-
tive model of the plasmaspheric plasma densities, across all L-values and Magnetic Local Times
(MLTs). The density values are obtained from a network of AWDA stations (AWDAnet) and are
fed into a data assimilative model, along with mass densities obtained from Field Line Resonance
(FLR) measurements (see Menk [1999, 2004] for a descriptionof this method), to produce the
plasmaspheric model.
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Figure 2.3: Diurnal and annual variation of whistlers received at Tihany from 2002 to 2008 after
Lichtenbergeret al. [2008].

22



2.2.2 Correlation Studies

The mechanism proposed by Storey [1953] predicts that a whistler detected on the ground should
have its initiating lightning stroke somewhere near the geomagnetic conjugate point. There is of
course room for some deviation from this prediction. Due to the low attenuation of VLF in the
EIWG the spheric can travel a significant distance in the waveguide before passing through the
ionosphere. The whistler which re-enters the EIWG in the conjugate hemisphere can also travel
some distance before being detected by a VLF receiver. For this reason, the source region for
whistlers received at a particular location has been a hotlydebated issue for some time now. Some
recent whistler-lightning correlation studies which attempt to settle this dispute are presented on
the following pages.

Tihany

Collier et al. [2009] performed a correlation between global lightning and whistlers received at
Tihany, Hungary. This revealed that the highest concentration of initiating strokes occurred within
1000 km of Tihany’s conjugate point, which is off the south eastern coast of South Africa. This
region, which is over a warm ocean current, exhibits moderate levels of lightning activity all year
round. The overland region of South Africa, which is still inclose proximity to the conjugate
point, experiences its peak lightning activity during the Austral summer, and a minimum during
the winter [Christianet al., 2003; Collier and Hughes, 2011]. The net effect of these twolightning
sources is a moderate level of lightning during the Austral winter, and higher levels during the
summer. The peak in conjugate lightning activity corresponds rather well to the peak in whistler
reception at Tihany, which is during the Boreal winter. In addition to this the majority of whistlers
are received during the local night hours at Tihany, which corresponds to the time of peak lightning
activity of the over-sea region near the conjugate point. Even though the daytime Austral summer
lightning activity is far higher than the night time values,the peak in whistler activity at Tihany is
during the night. This is most likely due to increased trans-ionospheric attenuation on both sides
of the field line when the ionosphere is illuminated. This is compelling evidence that Tihany’s
conjugate point is one of the main sources of whistler producing lightning strokes. In addition to
the conjugate point, however, the authors found secondary regions of positive correlation in central
Africa, South America and the Maritime Continent. These last two regions are∼ 10000 km away
from Tihany’s conjugate point. This suggests that the signals are able to travel these great distances
within the EIWG, and still excite ducts to propagate to the conjugate hemisphere.

Dunedin

In a similar study, Collieret al. [2010] performed a correlation analysis between global lightning
and whistlers received at Dunedin, New Zealand (L = 2.75). The conjugate point of Dunedin,
which is over the Aleutian Island Chain, (west of Alaska) does not experience much lightning.
This presents a stark contrast to the conjugate point of Tihany, which experiences significant light-
ning activity. Another anomaly of Dunedin whistlers is thatthe majority of whistlers received at
Dunedin occur during the daylight hours, in spite of increased trans-ionospheric attenuation. As
expected, since there is no lightning there, the conjugate point is not found to be a source region
for whistlers at Dunedin. The primary source of whistlers was found to be over the western coast
of Central America. There were other regions of positive correlation smeared out over the north-
ern Pacific Ocean. This indicates that spherics are able to travel a significant distance within the
EIWG before exciting ducts.
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Rothera

A third and final correlation analysis was conducted by Collier et al. [2011]. In this work, the
source region for whistlers occurring at Rothera, Antarctica (L = 2.71) was investigated. The
conjugate point of Rothera is on the east coast of the USA nearBoston, Massachusetts. Rothera ex-
periences an extremely high whistler occurrence rate, in contrast to Tihany and Dunedin. Rothera
experiences a daily average of 18309 whistlers, while Tihany and Dunedin experience average
daily rates of 575 and 504 respectively. The average daily whistler rate at Rothera may be skewed
due to the presence of a few days which produced enormous quantities of whistlers. The day of
highest whistler occurrence followed a few days after a moderate geomagnetic storm on 22 July
2009 (The mechanism for a relation between whistler occurrence and geomagnetic activity is not
yet understood). However, even if these days of extreme whistler activity are excluded from the
average calculation, the average rate is only reduced to 15372, which is still∼ 30 times greater
than the other two stations.

The seasonal and diurnal variations of whistlers observed at Rothera are discussed by Collier
et al. [2011]. The majority of whistlers are observed during July and August, which is during
the peak of the Boreal summer, when lightning is more prevalent in the northern hemisphere.
This period corresponds to the Austral winter, and during this time, the base of the ionosphere
(∼ 100 km altitude) at Rothera is illuminated by the Sun for only a few hours per day. During
the Austral winter, the peaks in the diurnal distribution occur when both ends of the field line
are illuminated. One expects that this would hamper trans-ionospheric propagation of whistlers
into the EIWG in the southern hemisphere. However, given thewhistler reception rates, this does
not seem to be a major factor. The peak extends until after theSun has set, so that it appears
that illumination of the base of the ionosphere above Rothera does little to lessen the detection
of whistlers there. This seems contradictory to the generally accepted occurrence of whistler
observation.

Lightning rates are considerable near Rothera’s conjugatepoint, but in addition to this, there
is a region of intense lightning activity not far from the conjugate point, over the Gulf Stream. The
annual variation of lightning over the conjugate point follows the same pattern as the annual vari-
ation of whistlers at Rothera. A correlation analysis similar to the ones performed at Tihany and
Dunedin was conducted for Rothera. The correlation showed aregion of moderate positive corre-
lation centered on the conjugate point, and a higher correlation extending over the Gulf Stream.
Unlike the correlation analysis for Tihany, the chimney regions which are active lightning produc-
ing regions actually show a negative correlation. There is also a region of positive correlation over
the Far East.

A negative correlation was found for a grid cell when there was consistent periods of whistlers
at Tihany and no lightning in the cell, or consistent periodsof lightning when no whistlers were
detected at Tihany. A negative correlation is thus expectedin locations whose peak lightning
season is different from the peak in whistler reception at Tihany (the Austral summer), or Rothera
(the Boreal summer).

In addition to the correlation analysis used in the two otherstudies, a more direct technique was
employed. Only lightning strokes which occurred between1.3 s and0.2 s before a whistler were
considered. This yielded a very interesting result, that there were only 2 regions of significance.
The first is the same region which displayed positive correlation from using the first method. The
second is a narrow band off the west coast of Mexico. As in the case of Dunedin, this source which
is distant from the conjugate implies that there is significant EIWG propagation before ducts are
excited.

Both of the correlation techniques indicate that there are higher correlations between Rothera
whistlers and the oceanic lightning near the conjugate point, despite the nearby continental region
which exhibits a high level of lightning activity. This provides the interesting possibility that
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lightning which occurs over oceans is favoured for producing whistlers at Rothera when compared
to lighting over land. It has been determined that oceanic lightning is on average brighter than
terrestrial lightning, which might be attributed to higherstroke energies [Boccippioet al., 2000;
Lyonset al., 1998]. Higher stroke energies would certainly account forthe bias towards oceanic
lightning found in the correlation analyses.

These correlation analyses indicate that when a conjugate point is a lightning producing region,
then this will be a significant source region for whistlers, but when there is not much lightning
around the conjugate point, then the source region is more dispersed. Additionally, lightning from
a significant distance away from the conjugate point can result in whistlers.

2.2.3 Other Observational Studies

Satellite Observations

In another attempt to determine the source region for whistlers, Chumet al. [2006] used a novel
method to link lightning strokes, on a one-to-one basis, to whistlers detected on the DEMETER
satellite. They used lightning data from a European lightning detection network, EUCLID, and
broadband VLF data from DEMETER. An automatic detection algorithm similar to the one em-
ployed by the AWD was used to automatically detect the times of whistler occurrence. With a
whistler and lightning time series they then use an empirical method to determine the delay be-
tween the initiating stroke and the whistler detected on DEMETER. This method is as follows:

• For each whistler time (twi), the delay between it and every lightning stroke time (tlj) is
computed, and using all whistlers in this way, an arraytij is constructed.

• A histogram of thesetij is plotted, with25 ms resolution.

• the peak of this histogram is then the delay between the lightning strokes and whistlers.

During the construction oftij, any unreasonably large delays (those which are obviously not
of a lightning-whistler linked pair) are discarded. The above assumes that sub-ionospheric prop-
agation time is negligible, which is the case for close lightning strokes as used in this study. This
delay is attributed to ionospheric propagation delay, and timing offsets between DEMETER and
EUCLID (which is GPS-time synced). The ionospheric delay isa function of ionospheric density,
which changes with time of day and day of year. It can be assumed to be constant for the period
of a DEMETER half orbit. An analogous method was used for the MAGION-5 satellite. It was
found that energy from lightning up to1500 km away could penetrate through the ionosphere to
be detected by satellites. It was also found that the number of these events which were able to
launch energy through the ionosphere was inversely proportional to distance from the footpoint
of the satellite, ie: the further the energy propagated through the EIWG, the less likely it was to
penetrate through the ionosphere.

In a follow up study, Fiseret al. [2010] correlated whistlers on DEMETER to lightning de-
tected by EUCLID, for periods when DEMETER was above active thunderstorms. They found
that the highest number of detected whistlers were from lightning strokes directly below the satel-
lite, and that this number fell off at points further from thesatellite. It was also found that the
amplitude of the detected whistlers was inversely proportional to the distance between the satellite
and the lightning stroke location. They also found that the number of whistlers launched through
the ionosphere was greater (at all distances) for strokes with higher peak currents. Finally, it was
found that whistlers detected at night had higher amplitudes than those detected during the day (for
whistlers from strokes of comparable peak current and distance away from the satellite footpoint).

The above mentioned satellite studies used regional lightning data, and thus the maximum
range from an initiating stroke which whistlers could be detected from is limited by the extent
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of the regional network. Another such comparison between fractional hop whistlers and global
WWLLN lightning comparison was made by Jacobsonet al. [2011]. They matched WWLLN
lightning strokes to whistlers received by the C/NOFS satellite. The number of initiating strokes
versus the distance of those strokes from the footpoint of the satellite was computed. This showed
that as the distance increased from0− 4000 km, the number of detected whistlers increased, and
that this number decreased again as distance increased up to10000 km. These results suggest that
the majority of fractional hop whistlers are not initiated by strokes directly below the satellite, but
by those which are significantly far away. This differs significantly from those results presented
here. One reason for this apparent difference may be that thelocations of the C/NOFS satellite
were not subset to a particular area of the globe, which is notthe case for those studies mentioned
above, and so the distance to matched strokes would vary greatly as the satellite moved over
regions of typically high or low lightning activity.

Another fractional hop whistler and lightning comparison was made by Jacobsonet al. [2011].
Here, WWLLN data was used, so that initiating stroke locations were not artificially limited to a
geographical location by the data used. They matched WWLLN lightning strokes to whistlers
received by the C/NOFS satellite. The number of initiating strokes versus the distance of those
strokes from the footpoint of the satellite was computed. This showed that as the distance in-
creased from0− 4000 km, the number of detected whistlers increased, and that this number de-
creased again as distance increased up to10000 km. These results suggest that the majority of
fractional hop whistlers are not initiated by strokes directly below the satellite, but by those which
are significantly far away. It should be noted however, that the orbits of C/NOFS were not subset
in any way.

Whistlers, Trimpis and Triggered Lightning

Trimpis (also referred to as lightning-induced electron precipitation or LEP) are the modification
of a VLF transmitter’s amplitude or phase resulting from changes in the ionisation of the iono-
sphere, which modifies the propagation conditions in the EIWG. These ionisation changes result
from particle precipitation caused by wave-particle interactions between whistlers and electrons
[Helliwell et al., 1973].

A study of Trimpis received on Marion Island was conducted byRice and Hughes [1998].
These were detected through recording of the naval transmitter signal originating from the North
West Cape of Australia (aptly named NWC). The initiating spheric, resulting whistler and the
Trimpi event were all detected by VLF recording instrumentson Marion Island. The mechanism
for this set of circumstances is as follows:

• A lightning stroke occurs in the northern hemisphere, and the spheric from this propagates
on to Marion Island.

• This spheric also launches a whistler into a magnetospheric duct in the northern hemisphere,
propagating towards the south.

• The whistler interacts with northward traveling electrons via the Doppler Shifted Cyclotron
Resonance interaction, reducing their pitch angle, beforeentering the EIWG in the southern
hemisphere.

• The particles mirror in the northern hemisphere and precipitate in the southern hemisphere,
resulting in the Trimpi observed there.

A total of 11 such Trimpi-whistler pairs were found on the Marion-NWC transmitter path.
Signals from transmitters in France (HWU) and Great Britain(GQD) also showed a good signal
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to noise ratio, although no Trimpis were evident in these data. These transmitter paths originate
from the north, and run through the northern hemisphere, andso this may indicate that particle
precipitation was only experienced in the southern hemisphere. During the period of Trimpi ob-
servations, whistlers were recorded at a rate of 10 per minute, however, those whistlers which
were associated with Trimpis exhibited a significantly higher amplitude than the others. This may
indicate that the whistlers which produced Trimpis were amplified via wave-particle interactions.

The particles have their pitch angles changed while traveling northward, but are reflected in
the northern hemisphere, and precipitated in the southern hemisphere. This can only occur if there
is a sufficient asymmetry in magnetic field strength between the two hemispheres at the longitude
of Marion Island. This is the case, due to the South Atlantic (Magnetic) Anomaly (SAA). Another
interesting observation made by the broadband receiver wasthat each of the 11 whistlers which
were received was followed by a second weaker whistler, which were called ghost whistlers. These
ghost whistlers were different from echoes, where each subsequent whistler group exhibits greater
dispersion than the previous one in the train. The ghost whistler group exhibited dispersions
nearly identical to the leading whistler group, which meansthey had likely traveled along the
same duct, but were initiated by an independent spheric. Furthermore, the delays between each
ghost and its preceding whistler were the same (within a10 ms window). This suggests that
there was a common delay between the initiating spheric of the first whistler group, and that of
the ghost whistler group. It was postulated that particle precipitation from the first whistler group
triggered the initiating stroke of the ghost whistler group. Armstrong [1987] suggested that particle
precipitation could cause lightning discharges to occur.

2.3 Chorus

Chorus is a naturally VLF emission which can be recorded withthe same VLF instruments which
record whistlers. During the course of this Thesis, receivers on Marion Island recorded chorus for
the first time. this prompted an in-depth study of the chorus.Relevant literature on the subject is
abundant, and so the most important and relevant aspects of chorus are described below.

2.3.1 Characteristics

A review of Chorus Emissions

Sahzhin and Hayakawa [1992] reviewed the literature of chorus emissions. Chorus was defined
as a VLF phenomena which had a spectrum of close or overlapping small bandwidth emissions.
The frequency range in which the chorus band can typically beobserved extends from a few
hundred hertz up to5kHz. The individual elements can be risers, falling tones, hooks (falling
tone joined to a rising tone), inverted hooks, or have some more complicated structure. Chorus
has been observed in the magnetospheres of other planets, such as Jupiter [Inanet al., 1983].
The term chorus comes from the aural sound of the emission, which resembles the chirping of
birds. Initial results concluded that chorus activity was highest at 06:00 LT, but more detailed
analysis by the same authors revealed that, while this was true of mid-latitude stations, the peak
shifted towards 12:00 LT at higher latitudes. Later, othersinvestigated the occurrence of auroral
chorus, and found that the peak in activity was in the post midnight hours [Hayashi and Kokubun,
1971]. Another type of chorus was observed in the auroral zone spanning the frequency range
from 6 − 9kHz [Franciset al., 1983]. Observations of chorus are divided into ground based and
satellite observations.
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Ground based observations

Mid-latitude chorus is observed on the ground in the sub-auroral zone, although it can be observed
outside of this zone, atL-values as high as5. It is mainly observed in the frequency band2−4 kHz,
but sometimes this range is extended to1.5 − 5 kHz [Kokubun et al., 1981]. These frequency
ranges tended to decrease from dawn to noon, and increase from noon to dusk, and be lower
during summer, and higher during the equinoxes [Pope, 1963]. The first evidence of the electron
precipitation caused by chorus emissions was the simultaneous observation of X-ray bursts by
balloons, and simultaneous observation of chorus [Rosenberg et al., 1971]. A further link between
chorus and particle precipitation was attributed to a correlation between chorus and pulsating
aurora. The frequency-time steepness of individual choruselements was found to increase with
ΣKp (the sum ofKp values for a given day) [Allcock and Mountjoy, 1970]. Chorusis often
observed with associated hiss [Helliwell, 1969].

Polar chorus is most commonly observed in the noon sector, withKp ∼ 2− 3, during periods
of increased solar wind speed and pressure. Polar chorus, like mid-latitude chorus, is closely con-
nected to hiss, and often appears at the highest frequency ofthe hiss. Polar chorus occurs at lower
frequencies than mid-latitude chorus, namely400 − 1500 Hz, with a bandwidth up to500 Hz
[Egelandet al., 1965]. The top edge of the frequency envelope of individualchorus elements in-
creases from noon to dusk, and also asKp increases. Compression of the magnetosphere (shown
by an increasedDst index) during a Storm Sudden Commencement (SSC), often triggers, or in-
tensifies existing chorus, while a decrease inDst during the main phase of the storm decreases
the intensity, or completely ends the chorus emission. Polar chorus is usually observed simultane-
ously at conjugate stations. Direction finding showed that in the morning sector, chorus originated
from the west and east with equal probability, while in the noon sector the emissions came almost
exclusively from the west. The chorus generation region wasto the north in the morning, shifting
to the south, while shifting back to the north in the afternoon [Sahzhin and Hayakawa, 1992].

Auroral chorus is considered different from polar chorus, mainly because it is observed pre-
dominantly during the midnight hours. The typical frequency range of auroral chorus is0.5 −
2 kHz. It is observed much less frequently than the other two types, mainly because it has a
relatively low power flux [Sato and Kokubun, 1981].

6 − 9 kHz chorus is observed atL ∼ 4. These high frequency chorus elements occur in two
frequency bands,6.0 − 7.7 kHz and7.8 − 9.4 kHz, with a clear500 Hz gap separating the two.
Chorus was observed in both bands simultaneously [Sahzhin and Hayakawa, 1992].

Satellite Observations

Chorus observations by satellites provide unique insight into generation and propagation mecha-
nisms, which greatly augment ground based observations. The chorus observed on board satellites
is not subjected to ionospheric losses, but time evolutionsin a single location are practically im-
possible to record.

In space chorus often occurs in two frequency bands, split at0.5Ωe (whereΩe is the equa-
torial electron gyrofrequency). Only lower band chorus is observed on the ground [Sahzhin and
Hayakawa, 1992]. The extent of the magnetosphere in which chorus exists during solar minimum
was investigated by Bunchet al. [2011] using data from the Polar satellite, who showed that the
chorus was generally confined outsideL = 4, with small excursions to lowerL in the equatorial
plane. They also showed that chorus is found at all MLTs, but is most prominent in the noon and
midnight-dawn sector (albeit over a smaller latitude range), and that apart from in the dusk sector,
chorus activity was found to increase with increasing geomagnetic activity.

Observations in the topside ionosphere up to0.5RE were made by several satellites [Bullough
et al., 1969; Hayakawaet al., 1977]. A good correlation between chorus and increased40 keV
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electron flux was observed [Oliven and Gurnett, 1968]. It wasobserved that peaks in chorus inten-
sity do not coincide with electron flux peaks, which can be attributed to the asymmetry required
for wave growth. Put simply, wave growth is favoured when theelectronT⊥ > T‖, which results
in lower electron fluxes [Kennel and Petschek, 1966]. Both the lower and upper boundary of the
frequency envelope of dayside chorus were found to decreasewith L, and are almost always below
0.5Ωe. This trend was not evident for dawn, evening or midnight chorus occurrences [Ondohet al.,
1982]. It was also found that the frequency band was higher outside the plasmapause than inside
it, and that a gap existed between these two frequency regimes. The intensity of the emissions was
many times greater on satellite than on the ground.

Observations by the OGO-5 satellite in the magnetosphere equatorial plane revealed that post-
midnight chorus was generated within2◦ of the magnetic equator, while for dayside chorus the
generation region was as far as25◦ from the magnetic equator [Tsurutani and Smith, 1977]. Cho-
rus emissions were found to be accompanied by high energy electrons (at least∼ 10 keV) [Ander-
son and Maeda, 1977]. The GEOS-1 satellite was the first to simultaneously observe chorus and
hiss emissions [Cornilleau-Wehrlinet al., 1978]. OGO-3 data showed that chorus frequency was
approximately proportional toL−3. The occurrence of the upper band chorus was more common
in the vicinity of the equatorial plane. The frequency gap was always at a lower frequency than
the local0.5Ωe, which implies that the chorus originates from an area of lower magnetic field
strength such as in the equatorial plane. Chorus emissions were often accompanied by bursts of
electrostatic waves at frequencies below the electron plasma frequency. These were thought to be
generated by the electrostatic two stream instability. Risers were the most commonly observed
chorus elements (77%), followed by falling tones (16%) [Burtis and Helliwell, 1969].

These early observations of chorus have all added to the understanding of chorus emissions,
and have led to chorus being a well understood VLF emission. Despite all these observations
however, there are a few aspects of the emission which are notproperly understood.

Ground Based VLF Observations nearL = 2.5 During the Halloween Storm in 2003

A very unusual observation of chorus was made at Palmer Station, Antarctica, after the the dra-
matic reconfiguration of the outer radiation belts caused bythe Halloween Storm in 2003 [Baker
et al., 2004]. SAMPEX data showed that for3 ≤ L ≤ 4 there was considerable depletion in
the Earth’s radiation belts. Using the knowledge that the frequency range of chorus typically lies
between0.1Ωe and0.45Ωe, an estimate was made of the source region of the chorus.

The evolution of the chorus event was described in detail by Spasojevic and Inan [2005].
Some important aspects of its evolution are detailed here for later reference. It was found that
on 29 October 2003 the chorus which spanned∼ 7 − 11 kHz originated from the range between
L = 2.25 − 3.25. Chorus was observed from 03:00 to 07:00 LT, after which it changed to hiss.

On the 30 October 2003, whileDst was in the recovery phase, the calculated range of gener-
ation was betweenL = 3 − 4 for lower band chorus. The chorus activity peaked at∼ 00:00 LT,
and by 01:00 LT, it had converted to hiss. The hiss then expanded to higher frequencies, while the
chorus remained at a low frequency. The hiss had faded out by 02:35 LT, and the chorus by 08:05
LT.

On the 31 October, after theDst index reached a second minimum, the plasmasphere was
highly eroded, with the plasmapause moving inwards toL = 1.5. VLF observations showed
minimal activity on this day. Activity increased again on 1 November, seeming to originate from
between 02:20 - 04:20 LT. However, at this time there was an increase in wave activity received
at Halley Bay, Antarctica (L = 4.3), for which the calculated generation region is betweenL =
2.75 − 4.0. IMAGE EUV data showed that the plasmapause was at∼ L = 2.75. After this, no
further chorus was observed at Palmer over the next few days.
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The depletion of the Van Allen radiation belts which occurred as a result of the Halloween
Storms was investigated by Bakeret al. [2004]. The Halloween Storms were the result of a series
of Coronal Mass Ejection (CME) impacts on the Earth’s magnetosphere. At its peak, the storm
pushed the outer radiation belts, which are usually found at20000 km altitude, to within10000 km
of Earth’s surface. Satellite data showed that the peak of electron fluxes, which are found near
L = 4 during quiescent conditions, had moved toL = 2.5. They remained at this level for a
period of 2 weeks before moving back to their regular location. Following this return to their
normal configuration, particle flux enhancements appeared belowL = 2, and endured for months.
This redistribution of plasma density made the unusual observation of chorus at Palmer possible.

Statistics From 10 Years of Automatic Chorus and Hiss Detection

Goldenet al. [2011] employed an automatic detection algorithm using a neural network to identify
chorus and hiss in terrestrial broadband data received at Palmer Station, Antarctica (L = 2.5) over
the ten years from May 2000 to May 2010.

The diurnal and seasonal variation of chorus and hiss at Palmer Station are studied using the
automatically detected events from the ten years of data. The diurnal variation of chorus shows
that it occurs only in the morning, between3− 9 MLT. The typical frequency range of this chorus
is between1− 4 kHz, with some chorus extending up to5 kHz. The diurnal variation shows that
hiss occurs throughout the day, but with peaks near dawn and dusk. In addition to this, the peak
in activity around dusk extends to a higher frequency range (3 kHz) than the dawn occurrences
(1 kHz).

The variation of chorus and hiss occurrence per month showedthat there is more chorus and
hiss detected when levels of geomagnetic disturbance (as measured byKp andAE indices) in-
crease. Chorus occurrence seems more sensitive to the changes in these indices. Finally, the
seasonal variation of chorus and hiss showed that even though there was not a strong seasonal
variation in geomagnetic activity, there was a strong seasonal effect visible in both the chorus
and hiss variations. The hiss showed only a slight seasonal variation (50% change over the year),
while chorus showed quite a drastic change (400% change over the year). Both of these changes
are attributed to the extent of the day night terminator during the various seasons. The general
trend was that when there were more hours of darkness (towards winter) more emissions were
observed. This is consistent with the fact that trans-ionospheric and EIWG attenuation are greater
when the ionosphere is illuminated. This is further reinforced by plots showing monthly averaged
spectrograms. There are virtually no chorus observations at Palmer after sunrise. The automated
identification method employed by Goldenet al. [2011] may easily be modified to work at a dif-
ferent site, or even to detect the presence of whistlers, although no mention is made of what these
modifications might be for the latter case.

The Latitudinal Extent of Chorus Observed in Space

Chorus observations were made by the Sweep Frequency Receiver (SFR) of the Plasma Wave
Instrument (PWI) on board the Polar spacecraft [Bunchet al., 2011]. Their results built on previ-
ous work by Dunckel and Helliwell [1969], Russelet al. [1969] and Moiseret al. [1973], among
others.

The SFR observes chorus outside the plasmasphere in the off-equatorial region. The chorus is
confined between0.05Ωe and0.65Ωe. Between 25 March 1996 and 16 September 1997 chorus
was observed on 459 of 1388 half orbits. Plots are made in the meridional plane, of the mean
chorus power spectral density received as a function of magnetic latitude and radial distance. Due
to the nature of the orbit, a range ofL-values are only sampled in the northern hemisphere, but
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one can safely assume that chorus observed in the northern hemisphere will travel to the conjugate
regions.

The region in which chorus is observed is smallest in the midnight sector, and largest is the
morning to noon sector (03-15 MLT), and somewhere between inthe dusk sector. The chorus
is mainly observed atL ≥ 4, with small excursions beneath this value in the equatorialplane.
The variation of chorus activity with geomagnetic activityis also discussed, with 3 regimes used:
AE < 100 nT, 100 nT < AE < 300 nT andAE > 300 nT. There is an increase in chorus
activity asAE increases, except for the dusk case, where the activity decreases asAE increases.
In addition to a comparison withAE, the level of chorus activity is compared between cases
where solar wind speed (VSW ) is either above or below450 km/s. The data showed that there
was slightly less chorus activity withVSW > 450 km/s for midnight and dawn, and a marginal
increase for dusk, with a substantial increase for noon, when compared to theVSW < 450 km/s
case.

Meredithet al. [2003] presented results of an analysis looking for favourable regions of the
magnetosphere for chorus enhancement, and comparing theseto actual chorus observations by
CRRES at different geomagnetic activity levels. This revealed that at moderate levels of geomag-
netic activity, the dayside region of chorus generation waslimited inL and MLT. Additionally, the
latitudinal extent of this region extended to latitudes of∼ 30◦ north and south on the dayside. A
pronounced symmetry between the northern and southern hemisphere chorus generation regions
in the equatorial plane was also evident.

2.3.2 Generation of Chorus

Particle Injections

Particles can be transferred from the solar wind into the magnetosphere by a number of processes.
Interactions between the solar wind and the magnetosphere are described by Schindler [2007,
Chapter 13]. Two of these injection events which are often associated with chorus are geomagnetic
storms and substorms. A geomagnetic storm has three phases:the Storm Sudden Commencement
(SSC), main and recovery phase. A geomagnetic storm occurs after a sudden enhancement in
solar wind dynamic pressure (such as from a coronal mass ejection). This increase of pressure
compresses the magnetic field on the dayside, briefly increasing the equatorial magnetic field
strength. This also injects electrons and protons into the radiation belts, increasing the ring current
density. The ring current flows westward around the Earth in the equatorial plane. This current
generates a magnetic field which opposes the Earth’s intrinsic magnetic field, which results in
a decrease in magnetic field strength at the surface of the Earth [Ebiharaet al., 2008]. The ring
current subsides to normal levels during the following days, and the magnetic field strength returns
to normal levels. This is called the recovery phase.

The second injection mechanism is a substorm. At times the Interplanetary Magnetic Field
(IMF) is directed southward. This opposes the direction of the Earth’s magnetic field, which is
always northward pointing. This allows for field lines in theIMF and the Earth’s dipole field to
merge, creating an open field line configuration. This creates a hole into which solar wind plasma
can flow. The flow of the solar wind drags field lines from the dayside to the nightside, into
the magnetotail. Once on the nightside, the field lines originating on Earth reconnect, trapping
the excess plasma on the Earth side of the reconnection. Thisplasma is then injected into the
magnetosphere at midnight, at the onset of the substorm. This model was proposed by Dungey
[1961].

These particle injections supply a source of free energy forthe amplification of chorus (and
other) waves.
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Doppler Shifted Cyclotron Resonance

Chorus and other VLF emissions are generated in the magnetosphere by Doppler Shifted Cy-
clotron Resonance [Brice, 1964; Tsurutani and Lakhina, 1997]. The whistler mode is a right hand
circularly polarised wave, and electrons gyrating about a magnetic field line do so in a right handed
sense. This means that electrons traveling along a magneticfield have the possibility of being in
resonance with whistler mode waves traveling along the samefield line, in the opposite direc-
tion. In Figure 2.4, a schematic showing a whistler mode waveand counter streaming electron is
plotted. The resonance will occur if there is a constant phase relationship between the waves and
particles. However, since whistler mode waves can only propagate withω less thanΩ, the waves
must be Doppler shifted up to the electron gyrofrequency.

Figure 2.4: Schematic showing whistler mode waves (red) counter streaming electrons (blue).

Since the waves and particles are traveling towards each other, the required Doppler shift can
occur if the electron parallel velocity is large enough. Thecondition for Doppler Shifted Cyclotron
Resonance is,

nΩ = ω − k ·v, (2.7)

wherek is the wave vector, andn the order of the resonance. One can consider only parallel
components, and thus calculate the amount of parallel electron velocity required for first order
(n = 1) resonance with waves of a particular frequency. This is given by

v‖ =
Ω− ω

k‖
, (2.8)

and shows that the larger the gap betweenΩ andω, the greater the parallel velocity that is required
to fulfill the condition. Furthermore, the closer the waves are to parallel propagating, the lower
the electron parallel velocity required for resonance. Thus, at a givenL-value (fixing the value
of Ω), higher parallel velocities are required to resonate withlower frequency waves. The above
equation assumes non-relativistic velocities, and waves which are propagating nearly parallel to
the magnetic field lines. Using (2.8), one can calculate the parallel energy required for resonance
with waves of a particular frequency,

W‖ =
1

2

B2Ω

µ0Nω

(

1− ω

Ω

)3

, (2.9)

where hereN is the electron number density. From (2.9), one can see that along a particular
magnetic field line, the energy requirements are minimised in the equatorial plane whereB obtains
its minimum value. This is the reason why Doppler Shifted Cyclotron Resonance interactions
are thought to take place in the equatorial plane. As the generation region moves to higherL,
the ambient equatorial magnetic field and consequentlyΩ decrease, resulting in a decrease in
energy required for resonance. This change in the resonant energy required for resonance in the
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Figure 2.5: The variation of resonance energy withL-value, calculated in the equatorial plane, for
a wave withω = 2 kHz. The blue curve represents a magnetosphere with no plasmapause, and
the red curve includes a plasmapause atL = 3.75.

equatorial plane is plotted in Figure 2.5. Here, the blue curve represents a magnetosphere with no
plasmapause (ie: density values vary smooth withL). Energy changes are due only to the change
in L, and decrease monotonically. The inclusion of the plasmasphere is shown by the red curve,
which merges with the blue curve outside the plasmasphere. This curve includes a plasmasphere
where the density is two orders of magnitude higher than those outside the plasmasphere. The
plasmapause is located atL = 3.75, with a width of0.5L (a typical value as shown by Carpenter
and Park [1973]). A simple linear relationship betweenN andL is assumed.

This figure shows the effect which the rapid density variation within the plasmapause has on
the resonance energy. As already mentioned, the resonance energy decreases as wave frequency
increases. This variation is shown in Figure 2.6. This figureis plotted forL = 2.60, and shows
the decrease of resonance energy asω increases. The effect of the plasmasphere is shown as two
curves are plotted, where the blue curve represents resonance without a plasmasphere, and the red
curve resonance with a plasmasphere included.

Particle Anisotropy

Kennel and Petschek [1966] showed how the direction of net energy flow between waves and
particles is affected by the anisotropy, defined as

A =
T⊥

T‖
− 1. (2.10)

The parallel temperature (T‖) of a distribution of particles is proportional to the averagev2‖ of the

particles. Perpendicular temperature, (T⊥), is similarly defined usingv2⊥.
The direction of net energy flow is determined usingA. A > 0 results in energy being trans-

ferred from the particles to the waves, resulting in wave growth, whileA < 0 results in energy
flowing from the waves to the particles, damping the waves. These energy exchanges always serve
to homogenise the particle distribution, movingA towards zero. These various energy distribu-
tions are depicted graphically in Figure 2.7.
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Figure 2.6: The variation of resonance energy with wave frequency. The blue curve represents
resonance outside the plasmasphere, and the red curve resonance inside it. These plots are made
usingL = 2.60.

Figure 2.7: Graphical representations of particle distributions with (from left to right)A = 0,
A > 0 andA < 0. These distributions are commonly referred to as isotropic, pancake and cigar
distributions.
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Summerset al. [1998] showed that significant energy exchange can occur between electrons
and waves, resulting in a reduction of the parallel to perpendicular velocity ratio. This energy
exchange is favoured in regions with low electron densities. This increase in Doppler Shifted
Cyclotron Resonance efficiency in lower densities explainswhy chorus is generated outside the
plasmasphere.

Chorus Generation

Prior to the observation of chorus, energetic particles areinjected into the magnetosphere. These
particles provide a source of free energy for the amplification of chorus waves. A background
continuum of whistler mode waves exists. Those waves which satisfy the condition (2.7) are then
involved in the energy exchange. If the particles have positive anisotropy, then energy will be
given to the waves, causing amplification of those frequencies which satisfy (2.7).

This patch of resonant particles makes up the chorus generation region. These particles will
be affected by gradient and curvature drifts, and so the generation region is expected to move.
Once the wave enhancement has occurred, the waves must be guided to the ground for them to
be observed by a terrestrial receiver. Since chorus waves propagate in the whistler mode, they
are weakly guided by magnetic field lines from their generation region towards the ionosphere.
Chorus would be subject to LHR reflection as discussed above,but it can penetrate through to the
ground if appropriate guiding is achieved, either by the plasmapause or ducts.

The energy range of the particles and theL-value of the field line determine the frequency
band of the chorus. The expected frequency of the chorus can be calculated using (2.9). This
relationship means that chorus can be used as a magnetospheric probe, by inverting the calculation.
The frequency of the chorus, and theL-value of the receiver can be used to estimate the energy of
the particles in the generation region. Particle energies are usually assumed to obey a normal (or
similar) distribution. This is seen in chorus spectra, as chorus typically spans a frequency band.
The minimum frequency of the chorus corresponds to the highest energy particles.

Doppler Shifted Cyclotron Resonance interactions with whistler mode waves can scatter elec-
trons into the bounce or drift loss cones [Koonset al., 1981]. When the waves and particles are
in resonance, energy is transferred either from the waves tothe particles, or vice versa. The di-
rection of net energy flow is determined byA of the electrons. Early observations associated
chorus observations with particle precipitation [Rosenberg et al., 1971; Foster and Rosenberg,
1976; Rosenberget al., 1981]. Parallel propagation is most readily realised withducted waves
[Tsurutani and Lakhina, 1997]. Some observations of high amplitude (with amplitudes an order
of magnitude greater than the mean amplitudes) whistler mode waves were made by Culleyet al.
[2008]. These large amplitude waves can rapidly thrust particles into the loss cone [Kerstenet al.,
2011].

Oblique propagation of whistler mode waves in the chorus source region

Observations of chorus near the equatorial plane atL ∼ 4.25 by CLUSTER satellites were pre-
sented by Santoĺıket al. [2009]. These observations showed a case where chorus waveswere
not parallel propagating, as is assumed by most wave propagation and interaction models. It was
noted that oblique propagation was not always the case, and that parallel propagation was still
more commonly observed. Furthermore, it was found that hisswas also recorded on CLUSTER,
a few minutes after the cessation of chorus observations. This indicated that both chorus and hiss
could be generated in the chorus source region, or result from other sources.

Role of the Plasmapause in Dictating the Ground Accessibility of ELF/VLF chorus
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Goldenet al. [2010] studied the relationship between the occurrence of chorus at Palmer Station
(L = 2.4) and theL value of the plasmapause (Lpp). Ground based observations are limited
to those VLF signals which are able to penetrate through the ionosphere. These are either waves
which have propagated naturally and have their wave normalsinside the transmission cone, ducted
waves whose wave normals are tightly bound to field lines, or waves that are scattered off irreg-
ularities into the transmission cone. The transmission cone is defined by the largest wave normal
angle which will pass through the ionosphere. One might expect that since chorus is generated
outside of the plasmasphere, that it should not be regularlyobserved within it. Recent results
showed that chorus was routinely observed at Palmer Station, even during geomagnetically quiet
periods when the plasmapause was far beyond Palmer [Goldenet al., 2011].

This study used 3 months of data in 2001, which was during solar maximum. The extent of
the plasmapause was determined from IMAGE EUV data, and chorus data were obtained from
the automated chorus detection system developed by Goldenet al. [2011]. TheAE activity index
was used to determine the level of geomagnetic activity. Since the study was only concerned with
Palmer Station, the location of the plasmapause was only determined at Palmer’s MLT (MLT =
UT - 4). After removing data gaps, approximately 230 hours ofdata were available.

Initial analysis of the data led immediately to the conclusion that chorus was most prevalent
whenAE was high, andLpp low. A more in-depth analysis showed that for all frequencies the
probability of receiving chorus was peaked whenLpp ∼ 2.6. For lower frequencies the tail of
the probability extended out toLpp ∼ 5, while for higher frequencies there was a narrow peak.
Reverse ray tracing models were used to determine for which values ofLpp chorus can propagate
to Palmer. These revealed that whenLpp ≥ 4.3 no chorus was able to propagate from the source
(outsideLpp) down to Palmer. The waves were either reflected off the plasmapause or heavily
damped after crossing the plasmapause. ForLpp = 2.9 waves from as far asL = 7 were able to
reach Palmer, although damping caused the peak chorus intensity to originate from4.2 ≤ Lpp ≤
4.6. The maximum in total chorus waves was received whenLpp = 2.9. It was concluded that
the instantaneous value ofLpp has a significant effect on the probability of chorus observation at
Palmer.

Prevalence at Dawn

Chorus is most often observed in the dawn sector, although itcan sometimes be observed in
other MLT sectors [Sahzhin and Hayakawa, 1992]. Chorus typically occurs after a geomagnetic
substorm, where particles are injected into the inner magnetosphere at around midnight. Gradient
and curvature drifts cause the electrons to drift towards dawn. This accounts for the preferential
observation at dawn. The drift itself is dispersive, meaning that higher energy electrons drift faster.
These higher energy particles resonate with lower frequency waves. As successively lower energy
particles arrive in the source region, higher wave frequencies satisfy the resonance condition,
resulting in the often observed increase in maximum frequency [Smith et al., 1996; Collier and
Hughes, 2004].

2.3.3 Relationship to Hiss

Hiss is often observed simultaneously with chorus [Koons, 1981]. There is good reason that the
two are so closely linked, namely that plasmaspheric hiss isbelieved to be generated by chorus
waves which have refracted into the plasmasphere where theyevolve into hiss [Bortniket al.,
2008, 2009].

Hiss appears as a homogeneous band of waves in a VLF spectrogram. There are three varieties
of hiss, each with its own spectral properties and occurrence pattern: auroral hiss [Sazhinet al.,
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1993] observed in the auroral zone, mid-latitude hiss observed at mid-latitudes outside the plasma-
sphere, and plasmaspheric hiss observed inside the plasmasphere [Sahzhin and Hayakawa, 1992].
Plasmaspheric hiss is typically observed at lower frequencies, from several hundred to a few thou-
sand hertz, while mid-latitude hiss extends up to more than10 kHz. Simultaneous observations of
chorus and hiss in the same frequency range were first found inGEOS-1 data [Cornilleau-Wehrlin
et al., 1978]. Both chorus and hiss fell within the expected 0.05Ωe − 0.5Ωe frequency range of
chorus.

The origin of plasmaspheric hiss has long been debated, but recently chorus has been identified
as a likely candidate. Church [1983] first suggested that chorus may be the source of plasmaspheric
hiss, and a satellite observation supporting this idea was discussed by Parrotet al. [2004]. These
small case studies were followed later by theoretical analysis.

Bortnik et al. [2008] employed ray tracing models to investigate the propagation of chorus
waves in the magnetosphere. Waves were launched with a rangeof wave normal angles from a
point outside the plasmasphere. Only waves with a particular range of wave normal angles were
able to penetrate through the plasmapause. The lower damping rates inside the plasmasphere ex-
tended the lifetime of these waves, which allowed them to magnetospherically reflect many times,
filling the plasmasphere with their energy, generating a wave signature strongly resembling hiss.
Using data from two THEMIS satellites, Bortniket al. [2009] presented simultaneous observa-
tions of hiss inside the plasmasphere and chorus outside of it, concluding that chorus elements,
after crossing the plasmapause and becoming dispersed, smear out to form hiss. These papers
appear to provide a plausible explanation for the generation of plasmaspheric hiss.

2.4 Findings on the Nature of the Ionosphere and Plasmasphere

As is made clear by the above theory, the ionosphere and plasmasphere both play incredibly im-
portant roles in the generation and observation of VLF waves. Each of these topics warrant an
in-depth study which is beyond the scope of this thesis. There are however a few aspects of these
regions of space which should be discussed.

2.4.1 Ionosphere

Response of the D-region to the Total Solar Eclipse of 22 July2009 in the Indian Sector

Singhet al. [2011] presented measurements of ionospheric reflection height and corresponding
electron density at that height during the total solar eclipse of 22 July 2009. These values were
obtained from tweek observations made during the solar eclipse, and compared to normal values
obtained just before sunrise 30 minutes before the commencement of the eclipse. Observations
were made at Allahabad (which experienced total solar eclipse), and Nainital, (which experienced
80% eclipse). The eclipse started at 00:00 UT (LT = UT + 5:30), peaked at 00:55 UT, and was
over at 01:57 UT as viewed from Allahabad. The observation ofionospheric parameters during
eclipse, just after sunrise has not been done before. These allow for the comparison of nighttime
values with those achieved during eclipse. Typical values for the reflection height are60− 75 km
during the day, and75−95 km at night. During an eclipse, the blocking of radiation from the Sun
by the Moon, in particular Lyman-α 1215 Å radiation, results in the ionosphere moving quickly
towards night time levels.

Tweeks observed during the eclipse had a lower amplitude than their nighttime counterparts,
and there was greater dispersion in the tweeks for the nighttime cases. The tweeks were observed
between 00:30 – 01:30 UT, and higher order harmonics were visible for a 20 minute period cen-
tered on totality (only at Allahabad). The reflection height, and the electron density at that height
was calculated from the tweeks recorded at Allahabad. Thesevalue were found to have stable
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nighttime values until 23:00 UT, where the density began to increase, and the reflection height
began to decrease. Leading up to totality this trend reversed, with reflection height increasing and
density decreasing. These remained stable for 15 minutes either side of totality before moving
sharply towards daytime values again between totality and the end of the eclipse. An interesting
feature of these two periods is apparent, that the pre-totality increase of density (and correspond-
ing decrease of reflection height) is significantly slower than the post totality decrease of density
(and increase of reflection height). This indicates that recombination is a faster process than ioni-
sation, at least during these periods of partial eclipse. Attotality, the value of reflection height was
∼ 2− 3 km lower than normal nighttime conditions, and there was a∼ 5 km change in reflection
height between totality and the beginning or end of the eclipse.

A study on the effect of the ionosphere near the conjugate location of an eclipse was performed
by Le et al. [2009]. During a solar eclipse in the northern hemisphere they examined ionosonde
and GPS Total Electron Content (TEC) data around the geomagnetic conjugate point of the solar
eclipse. They found an increase inf0F2, as well as an increase in TEC during this period. Sim-
ulations showed that this was attributed to a lowering of electron temperatures near the eclipse
location.

Two important features of the ionosphere can be extracted from these studies:

• The change of the ionosphere from daytime to nighttime conditions occurs rapidly, so that
the terminator forms a sharp boundary between nighttime anddaytime ionospheres.

• When two ends of a field line are on different sides of the terminator, the day side exhibits
higher levels of ionisation in its ionosphere. This is of particular importance near the geo-
graphic poles, where there is constant daylight in one hemisphere, and constant night in the
other.

The above two facts may help explain the the ability of spherics to readily penetrate a daytime
ionosphere in some exceptional cases.

2.4.2 Plasmapause Location

The most direct means of determining the location of the plasmapause is byin situ measurements.
Satellites with means of detecting particle densities can determine the location of the plasmapause
using these data. Other satellites, such as IMAGE, can view the plasmasphere from a position over
the poles, by using imagers looking for extreme ultra-violet radiation emitted by plasmaspheric
ions. While these observations are easy to use, satellites generally do not provide a continuous
view of the plasmasphere. Since the plasmapause representsa boundary between two VLF wave
generation regimes, its location is of great interest in VLFresearch.

Whistler Evidence of a Knee in the Magnetospheric Ionization Density Profile

The plasmasphere was discovered not by satellite, but by ground based measurements, namely
the observation and inversion of whistlers. Carpenter [1963] presented his observation of knee
whistlers. These whistlers are identified based on the distribution of whistler traces in a whistler
group. A normal whistler group has traces whose nose frequencies decrease with successive traces,
such that a smooth locus can be drawn through all the frequency-time pairs of nose frequencies.
A knee whistler is different as there appear to be two superimposed whistler groups, such that
the locus through nose frequencies is jagged. The knee whistlers were typically observed during
geomagnetically disturbed condition (Kp ≥ 5). The mechanism proposed for the generation of
knee whistlers, is that one group travels along a particularfield line in a high density region of the
magnetosphere, while the second along a nearby field line which has a significantly lower density.
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Since the separation inL between the two groups is small, it can be concluded that kneewhistlers
occur when they propagate near a sudden decrease in plasma density. This sudden decrease in
plasma density has since been identified as the plasmapause,and so analysis of knee whistlers
allows one to ascertainLpp.

2.4.3 Models of the Location of the Plasmapause

Various empirical models have been developed for determining the location of the plasmapause at
any given time. Carpenter [1967] discussed the relationship between the dawn minimum location
of the plasmapause, and geomagnetic activity via indicesKp, Dst and localK. This showed that
the plasmapause moved to lowerL as the geomagnetic activity levels increased. A simple model
usingKp was discussed by Carpenter and Park [1973].,

Lpp = 5.7− 0.47Kpmax, (2.11)

whereKpmax is the maximalKp experienced during the preceding 24 hours. This model calculates
Lpp for the dawn minimum position of the plasmapause, and uses that value as the representative
value for the entire plasmapause.

This model was adjusted, and included an uncertainty measurement, by Moldwinet al. [2002],

Lpp = 5.39 ± 0.072 − (0.382 ± 0.019)Kpmax. (2.12)

A set of models derived from CRRES data, each based on different geomagnetic indices, were
described by O’Brien and Moldwin [2003]. These models included a local time parameter, and
were able to reproduce the bulge at dusk. The models based onAE, Kp andDst respectively are
given by

Lpp = −2.6(1 + (−0.30) cos(φ− 4.39))AEmax + 11.6(1 + 0.20 cos(φ− 1.046)), (2.13)

Lpp = −0.39(1 + (−0.34) cos(φ− 4.34))Kpmax + 5.6(1 + 0.12 cos(φ− 0.7854)), (2.14)

Lpp = −1.54(1 + (−0.04) cos(φ− 5.38))Dstmax + 6.2(1 + 0.04 cos(φ− 5.751)), (2.15)

whereφ is 2π(MLT/24) andAEmax, Kpmax andDstmax are the maximal value of each geomag-
netic index obtained in the past 24, 36 and 36 hours respectively.

Finally, models of plasmaspheric equatorial density variation withL, from which the location
of the plasmapause could be determined, were provided by Sheeley et al. [2001] and Carpenter
and Anderson [1992]. The model described by Sheeleyet al. [2001]is given by

neq = 1390(3/L)4.8 ± 440(3/L)3.6cm−3, (2.16)

which is applicable for3 < L < 7. This model does not contain any geomagnetic activity or local
time dependence.
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Chapter 3

The Unresolved Issue of the Whistler
Source Region

3.1 Introduction

Since the mechanism for whistler generation was first proposed by Storey [1953], research related
to these VLF phenomena have uncovered much about their nature. Storey’s initial theory came be-
fore man understood the near Earth space environment and before the discovery of the Van Allen
radiation belts. The original theory put forward by Storey are now known to be an incomplete
picture of whistler generation, but none the less his ideas were ground breaking, and the majority
of his theory is still widely accepted as truth today. He put forward that whistlers are the result
of lightning occurring at the geomagnetic conjugate point.The magnetic field of the Earth guides
the waves to the magnetic conjugate point, although he also surmised that field aligned charged
particle distributions are needed for this guiding to take place. Finally, he showed that the dis-
persion of a whistler is related to the density of charged particles in these field aligned structures.
Storey proposed that these charged particles are from the ionosphere, which still has finite density
at several Earth radii altitude.

Storey was also able to identify that two-hop whistlers werea result of the reflection of
whistlers in the conjugate hemisphere. These are those whistlers that are received in the same
location as the initiating spheric. The mechanism proposedfor these whistlers was that upon
reaching the conjugate hemisphere, whistlers undergo reflection off the ionosphere, and are then
observed back at the spheric source location. These whistlers are always more dispersed that the
single hop variety, and this fact means they have traveled further through the dispersive medium.

Storey originally stated that spherics from the exact geomagnetic conjugate point are most
likely to produce a whistler. He went on to state that the source for whistlers at a particular
location could possibly be a region with a radius of about2000 km centered on the conjugate
point. Studies by Fiseret al. [2010] showed that fractional hop (detected at LEO) whistlers were
launched upwards from lightning strokes that occurred within a few degrees latitude and longitude
of the satellite footpoint. There were far fewer whistlers which were found to originate from
strokes as far as2000 km away, but no further than this. This fits very well with Storey’s theory.
The data used by Fiseret al. [2010] was confined only to those which occurred above active
thunderstorms.

Correlation analyses of the most probable source region forwhistlers received at Tihany, Hun-
gary; Dunedin, New Zealand; and Rothera, Antarctica, were performed by Collieret al. [2009],
Collier et al. [2010] and Collieret al. [2011] respectively. The findings of these studies have been
discussed already, but can be summarised as follows:
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• If there was considerable lightning activity near the geomagnetic conjugate point, then this
region was found to be the primary source of whistlers.

– If there was considerable lightning activity near the geomagnetic conjugate point, and
there were secondary sources of whistlers then the distanceof these sources from the
conjugate point ranged from∼ 2000 km to∼ 10000 km.

• If there was very low lightning activity near the geomagnetic conjugate point, then the pri-
mary source of whistlers was found to be at another region of high lightning activity. The
distance of this region was comparable to that of the secondary sources described above.

– Even in this case, there were other secondary sources∼ 2000 km to 10000 km away.

These findings agree with Storey’s source region ideas to a point, in that the source location
should be centered around the conjugate point. If there is nolightning near the conjugate point,
then obviously Storey’s mechanism cannot work. Also, thesefindings show that the location for
whistler source lightning is much larger than previously believed. Now, one can break the whistler
generation mechanism into two distinct parts.

1. A lightning stroke releases an intense pulse of radiationwhich propagates within the EIWG
for thousands of kilometers. At some point, some of this energy penetrates through the
ionosphere into the magnetosphere, is converted into the whistler mode, and is dispersed;

2. The whistler enters a duct, and propagates along the magnetic field line becoming more
dispersed before arriving at the ionosphere in conjugate hemisphere. Here, since the propa-
gation direction of waves is closely tied to the direction ofthe magnetic field line, the waves
pass through the ionosphere into the EIWG. The waves propagate within the EIWG to the
receiver.

The study in this chapter focuses on the first stage in this process, and asks: “from how far
away can a lightning stroke launch whistlers into the magnetosphere above a certain location?”.
These fractional hop whistlers have only traveled a few hundred kilometers above the EIWG
boundary. They are not necessarily ducted, and thus are not guaranteed to propagate along the
magnetic field line to the conjugate hemisphere and re-enterthe EIWG.

Previous study

The previous study by Collieret al. [2009] of the source region of whistlers received at Tihany
showed that lightning over the conjugate point readily produced whistlers in Tihany. The main
result from this paper is reproduced in Figure 3.1. The greatest source region is near the conjugate
point, and a nearby region in Southern Africa. Other source regions, of lower significance, are
located in South America and the Maritime Continent. These locations are∼ 10000 km from the
conjugate point of Tihany.

3.2 First Attempt at the Problem

3.2.1 Description of Data Sources and Method

In order to answer the question posed above, a method similarto that employed by Fiseret al.
[2010] was employed. Whistlers were detected in broadband DEMETER data, and correlated with
lightning strokes detected by WWLLN. In the case of Fiseret al. [2010], the lightning locations
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Figure 3.1: The main result from Collieret al. [2009] showing the source regions for whistler
received at Tihany, Hungary (marked by the star). Distancesfrom the conjugate point of Tihany in
200 km increments are marked with dashed circles. The major sourceregions are within1000 km
of the conjugate point. Secondary source regions are found in South America and the Maritime
Continent.

were detected by the EUCLID network, a high efficiency network which operates across Europe.
The drawback to using data from this network is that it only covers a relatively small region of the
globe. Lightning events from outside of this region are not considered. In fact, since the spatial
dimensions of Europe are∼ 4000 km, claims that the furthest a lightning stroke (detected by
EUCLID) can launch a whistler into space is2000 km are put into context. Results similar to
those of Collieret al. [2009, 2010, 2011] cannot be achieved using such a data set due to its spatial
limitations.

For this reason, the present study used WWLLN data. Detection efficiency is sacrificed for
greater spacial coverage, spanning nearly the entire globe. For each individual whistler detected
by DEMETER, the initiating stroke was found in WWLLN data, and the distribution of matched
strokes was plotted.

DEMETER

DEMETER [Berthelieret al., 2006] is a satellite in a660 km altitude quasi sun-synchronous
Low Earth Orbit (LEO). This means that at each location on Earth, the satellite passes overhead at
roughly the same time (AM and PM) each day. There is one pass inthe morning, and then a second
pass∼ 12 hours later. The satellite has an orbital period of approximately 90 minutes, meaning
that it crosses the same latitude twice every 90 minutes. Thesatellite nominally operates in a low
resolution survey mode, where the data are averaged into several frequency bands. These data
are not suitable for identifying whistlers. However, at certain predefined locations, the satellite
switches into a high resolution burst mode, which allows forthe detailed frequency structure of
the data to be analysed. Only these burst mode data are suitable for the study conducted here. In
Figure 3.2 a pair of maps showing the locations of the burst mode for 2005 and 2007, is displayed.
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Figure 3.2: The regions, in red, above which the DEMETER satellite switched into high resolution
burst mode for 2005 and 2007.
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Figure 3.3: A snippet of burst mode DEMETER VLF data, recorded over the burst region, con-
taining several whistler traces. The difference between up-going and down-going whistlers is
apparent. Also notice that the signals from several VLF transmitters are visible in this spectro-
gram.

In the image for the 2005 data, the burst mode regions were typically confined to places known
for seismic activity. This is because DEMETER was launched primarily to study electromagnetic
signals associated with seismic activity. Between 2005 and2007, however, the DEMETER team
agreed to switch the satellite into burst mode over other regions. One of these regions is the
rectangle over Southern Africa. This rectangle contains the conjugate point of Tihany, which is
just off the south eastern coast of South Africa (the location of Tihany and its conjugate point are
shown in Figure 3.1). One could thus use these measurements for a follow up analysis of Collier
et al. [2009].

When in burst mode, DEMETER records VLF data sampled at40 kHz, allowing for viewing
of frequencies up to20 kHz. The length of each data file is variable and depends on how long it
takes the satellite to pass through the burst region. A sample of burst mode data containing several
whistler traces is shown in Figure 3.3. In this sample one cansee several independent whistler
traces. One can also distinguish both up-going and down-going whistlers. Up-going whistlers
have only traveled a few hundred kilometers, up to LEO, through the dispersive ionosphere, and so
have very small dispersions. One such whistler is visible near4 s in the spectrogram. Down-going
whistlers have traveled virtually one full hop through the magnetosphere, and so have dispersions
almost identical to those found on the ground at thisL-value. A series of these whistlers is seen
between 9 and10 s. One whistler which has a much higher dispersion and considerably lower
amplitude is seen at8 s. This is either a whistler which has reflected several times,or propagated
unducted from a differentL-value.

In this analysis, only burst mode data from above the Southern Africa burst mode region,
which contains the conjugate point of Tihany, were used. This region is from here on called the
burst region. DEMETER passed through this region at roughly08:00 and 20:00 UT each day
(which corresponds to 10:00 and 22:00 LT). The data which were available within the burst region
spanned three time periods, namely 2007/05/12 to 2007/11/24, 2008/10/29 to 2008/12/30 and
2009/01/01 to 2009/11/27, for a total of 590 days of observation. WWLLN data were available
for all of these days.

Analysis Method

This study also used data from WWLLN. Here, the method used tomatch whistlers received on
DEMETER with their initiating lightning stroke detected byWWLLN is discussed. Obviously one
cannot get a one-to-one match in this case, since WWLLN does not find every lightning stroke
which occurs on Earth, and therefore cannot match every whistler with its causative stroke.

Whistlers were located in the DEMETER data using a version ofthe code described by Licht-
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enbergeret al. [2008], modified to identify only upward going fractional hop whistlers. This is
an important feature to note, since it means that the more dispersed down-going whistlers are not
identified. If this distinction were not made, then this analysis would not only be looking at the
source region for whistlers at Tihany, but also those received at Tihany’s conjugate point, which
are initiated by strokes in the northern hemisphere. With a list of whistler times at hand, matching
with individual WWLLN events can proceed.

The matching occurs in a 2 stage process:

1. For each whistler, all possible initiating lightning strokes were identified by selecting those
which occurred less than67 ms before the whistler. This time corresponds to the time it
takes light to travel half way around the globe.

2. For each of these candidate strokes, the delay between thewhistler and stroke were com-
pared to the time it takes light to travel between their locations. If these numbers matched,
then the whistler was matched to that stroke. Here, due to timing or location inaccuracies, a
10 ms error window was allowed.

This matching process requires the use of the speed of light,since the VLF waves are an
electromagnetic wave. Dowdenet al. [2002] showed that a12kHz wave propagates through the
waveguide at0.9922c. Propagation atc and0.9922c respectively, over a distance of40000km
(roughly the circumference of the Earth) results in a difference of0.1ms, which is negligible in
comparison to the timing accuracy of the AWD (and other errors which one should expect). The
propagation velocity can thus be assumed to bec for studies of VLF wave propagation within the
ionosphere.

The above two steps can be formalised as follows. All whistlers have an occurrence time,tw,
and each lightning stroke an occurrence time,tl. Here,tw is the whistler time returned from the
AWD, which corresponds to the time of the whistler nose. Thenthose lightning strokes identified
as possible initiating strokes (ie: step 1 above) for the whistler occurring at timetw are those that
satisfy

tw − 0.067 ≤ tl ≤ tw. (3.1)

Step 2 above can then be written as

|(tw − tl)− d/c| ≤ 0.005 (3.2)

whered is the distance between the location of the satellite footpoint and the lightning, andc is
the speed of light in a vacuum. Since a10 ms error window was used, there really is no need
to be pedantic about the correct value ofc to use within the EIWG. Due to the size of the error
margin, it is possible that more than one stroke could be matched with a particular whistler. In
these rare occurrences the stroke which minimises the valueon the left hand side of (3.2) was
used. A graphical representation of this matching is provided in Figure 3.4.

3.2.2 Result and Discussion

A total of 386159 whistlers were detected in the DEMETER data. Using the matching algorithm,
20169 matched lightning events were found. This means that matches could be found for approx-
imately5.2% of the whistlers, which is rather similar to the DE of WWLLN. The distribution of
the number of matched strokes per5◦×5◦ grid cell is plotted in Figure 3.5, which shows that there
are many matched lightning strokes over Central America andthe Maritime Continent, a moderate
number over Central Africa, and few in Europe, the Pacific Ocean and within the burst region.
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Figure 3.4: A graphical representation of the matching algorithm, where the whistler is marked
by the red line, and lightning strokes by blue lines. Stage 1 is shown in the top panel, where
all lightning strokes which occur less than67 ms before the whistler are selected as candidate
strokes, and move on to the second stage. In stage 2 (the lowerpanel), one stroke is matched if it
falls within a10ms window, centered on a timed/c before the whistler.
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Figure 3.5: The distribution of lightning strokes matched to whistlers detected by DEMETER
within the burst region, projected onto a5◦ × 5◦ grid. The colour scale ranges from blue for few
events, to red for many. White on the map corresponds to fewerthan 10 matched events, while the
upper end of the scale represents 210 or more matched events.The burst region is enclosed by the
grey box. There are peaks over Central America and the Maritime Continent, and a smaller peak
over equatorial Africa.

These results are definitely surprising, especially when compared to those shown in Figure
3.1, which also shows high correlation near Central Americaand over the Maritime Continent.
The new result, however, has a very low number of matched events within the burst region, and
over nearby Central Africa. It is curious that these resultsshould agree on some counts, but
differ so substantially on the importance of the burst region as a source for whistlers. This would
definitely be expected as a major source given the findings of Collier et al. [2009], and probably
even more so, the mechanism proposed by Storey [1953]. One thing which was taken for granted
was the timing accuracy of the DEMETER satellite. Chumet al. [2006] described how the timing
offset between ground based GPS synchronised measurementsfrom EUCLID and those on board
DEMETER could be determined empirically. This delay is expected since it takes a finite amount
of time for waves to propagate through the ionosphere, to theheight of DEMETER. The speed
of the waves through the ionosphere is significantly different from c, given the charged particle
content of the ionosphere. Upon examining the technical documents of DEMETER, however, it
was found that there was no mention of GPS time synchronisation on board the satellite. An email
inquiry was sent to the operators of DEMETER, asking how the time on board was coordinated
with time on the ground, and how often clock drift was corrected. The following was received as
a personal communication from M. Parrot on 14 June 2011:

There is a clock onboard the satellite which give us UT time
with an accuracy of 30-50 ms. The drift of the clock is
regularly corrected by TC but I do not know how often.

This essentially means that there is a random timing offset (either positive or negative) between
the WWLLN data (which is GPS synchronised) and DEMETER data.This in turn means that
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when the algorithm described searches for a causative stroke, it is not necessarily doing so in a
way that one could expect would find the correct stroke. Essentially, a random stroke was being
selected from the data, and not one which was causally related to the whistler. If one compares
the result presented in Figure 3.5 to the WWLLN lightning distribution presented in Figure 2.1
(in particular (b) from 2009, which is representative of themajority of the WWLLN data used in
the analysis), one notices a striking similarity. Ignoringthe values of the colour scale, and instead
just looking at the colours (so that the relative levels in each figure are compared), it is apparent
that the peaks in either distribution are in the same place. Also, the relative value of each peak is
roughly the same (ie: they are the same colour). This means that the result in Figure 3.5 is actually
showing the underlying structure of the WWLLN data, and no preference is given to areas which
are more likely to produce initiating strokes.

With the information about the timing offsets in DEMETER data, this is actually to be ex-
pected. If one were to select a random data point out of a particular distribution, then the prob-
ability of picking a point from a particular part of the distribution depends on the distribution
itself. Thus, if one did this many times, and plotted the distribution of these random points, then
it would surely be nearly identical to the original distribution (apart from the magnitude of peaks,
and small statistical variances). Thus it is almost obviousthat the result in Figure 3.5 would so
closely resemble the underlying lightning data.

Also, the algorithm used in this study makes no correction for ionospheric delay. In order
to account for these timing offsets, a method similar to thatemployed by Chumet al. [2006]
is used below. This technique accounts for both the natural (although variable) delay attributed
to propagation through the ionosphere, and the random delaycaused by the drift of the clock
on DEMETER. For this method, one requires a large amount of data from a lightning source
within the burst region. Since this region is limited in extent, a local lightning network with high
detection efficiency will suffice. The South African WeatherService (SAWS) operates such a
lightning detection network within South Africa, the SouthAfrican Lightning Detection Network
(SALDN).

3.3 Using South African Lightning Detection Network

The SALDN is a commercial network similar to those used by other countries, such as NLDN
in the United States, NZLDN in New Zealand or EUCLID in Europe. It provides very high
detection efficiency within the network, by placing a high density of receivers distributed more
or less uniformly over the land. The SALDN boasts a DE of∼ 95% over most of the country,
except over the extreme south western corner, which is typically a very low lightning density zone,
and consequently effective coverage was not needed there. This does not result in many missed
detections however.

Before the problem of determining the timing offset for DEMETER is attempted, another
interesting analysis can be conducted, namely a comparisonbetween SALDN and WWLLN data.
These sorts of analyses have been done on other local detection networks [Rodgeret al., 2006b].
Furthermore, they allow for a test of the SALDN data. Initially, access to only one month of data
was allowed, namely July 2007. This month falls in the southern hemisphere winter, which is not
during the peak South African lightning season. It does, however, mean that an initial test of the
data’s applicability to the intended problem can be performed.

3.3.1 Some Statistics of the SALDN Data

First the diurnal variation of the lightning activity is investigated. The diurnal variation of the
lightning is plotted in Figure 3.6. One can see that there is apeak in lightning activity around mid-
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Figure 3.6: Diurnal variation of the SALDN data for July 2007. There is a peak in the night time
hours, as well as the late morning. These are not typical of South African lightning, and are most
probably only present during winter.

night, as well as at dawn. This is not what one would expect, since the majority of the lightning
in South Africa occurs in the late afternoon, after intense heating causes uplift, resulting in the
formation of cumulo-nimbus clouds, and consequent thunderstorms. This happens predominantly
in summer though, and since the histogram in Figure 3.6 is fora single winter month, one can-
not expect this behavior to be evident. During winter, thunderstorms usually occur when a cold
front passes through, pushing the warmer moist air above theoceans upwards. Since there is no
requirement for intense heating in this process, the time ofday at which these storms occur is not
related to the hottest part of the day [Collieret al., 2011].

3.3.2 SALDN Data Validation

Since the SALDN data have not up to now been used extensively for VLF related research, one
should first validate the timing accuracy, location accuracy and detection efficiency against a
trusted data set such as the WWLLN data. The WWLLN data used inthis comparison are confined
to the geographic region between 22°– 35°S and 16°– 33° E.

Initially, one month of data was received from the SAWS, and only this data was used to
determine whether the data would be suitable for the intended purpose. This month of data was
thus thoroughly tested before more data was requested.

The first step in the data verification is to correct the timingoffset between the data sets.
The SALDN data times are in South African Standard Time (SAST) which is UT+2, while the
WWLLN data is recorded at UT. The SALDN data was converted to UT. With this done, the data
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could be compared directly. As a first check, the difference in lightning levels of both systems at
the same time was investigated. The daily counts of lightning activity from the two networks for
July 2007 are plotted in Figure 3.7 (a). One can see that the two time series have their peaks on
the same days, although the SALDN data have much higher values. This is to be expected though,
since the WWLLN network has a low average DE, which is even lower in Africa. WWLLN is
known to have a much higher DE for strokes with high absolute values of peak current [Rodger
et al., 2006b]. The plot in Figure 3.7 (a) is thus repeated in Figure3.7 (b), but only SALDN strokes
which have a peak current greater than60 kA are included. The values of the peaks in this second
plot are now much more comparable, which shows how much the detection efficiency of WWLLN
increases for strokes over60 kA.

There is an anomaly in Figure 3.7 (b) on the 7 July 2007, where it seems that the WWLLN
network has detected more strokes than SALDN. This is not what one would expect, since the
SALDN detection efficiency is vastly greater than that of WWLLN. A plot of the locations of the
WWLLN events on this day shows that there are a significant number of events over the ocean,
some distance from the land. Now, the SALDN network’s efficiency drops off significantly outside
the area of the receiving nodes, of which there are none on theocean. WWLLN, however, would
have a fairly uniform detection efficiency between the land and sea regions near South Africa.
These strokes over the ocean are outside the coverage area ofthe SALDN network, but not that of
WWLLN. This makes it possible for WWLLN to detect more strokes of higher power on a given
day than SALDN, if there are sufficient strokes occurring over the ocean.

Figure 3.7 (b) shows that on the 27 July the number of high current lightning strokes detected
by the two systems was nearly the same, and that this day showed amongst the highest levels of
lightning activity for July. The locations of all SALDN and WWLLN strokes from this day are
plotted in Figure 3.8. From this map one can see that there aredefinitely a number of strokes which
have been detected by both systems, although some of them have slightly different locations. One
expects that the SALDN HF network, which operates using shorter wavelengths than WWLLN,
would have the higher location accuracy. In any event, thereis a very high probability that those
events detected by both networks within such close proximity are from the same strokes.

Both the WWLLN and SALDN networks sychronise their clocks with GPS satellite, and so
one expects there to be no timing offset between the two data sets. One pair of events which appear
to be from the same lightning stroke was selected. These events are clearly separated from any
other events, which improves the probability that these detections did indeed arise from the same
lightning stroke. This pair is indicated in Figure 3.8 by thelarge red circle. The distance between
the locations of the detections by the two networks is1.16 km, and the difference in the recorded
time between the events from each system was 2 hours (within afew milliseconds). This single
event allowed us to identify that the SALDN data was recordedin UT +2 (which is South African
Standard Time (SAST)). One can thus safely conclude that these two detections did originate from
the same lightning event. All the SALDN data was converted toUT by subtracting 2 hours from
the data.

Now it is possible to pair all strokes detected by both systems. This is done as follows:

• For each SALDN event, the distance and the absolute value ofthe delay between all WWLLN
events were computed.

• If the delay between the SALDN event and a particular WWLLN event was less than10 ms,
and the distance was less than100 km, then the WWLLN event was labeled as a possible
match to the SALDN.100 km is a very conservative (overestimated) value of the inaccuracy
of WWLLN locations in South Africa. This large value is used since errors may arise from
both WWLLN and SALDN detections.

• We refine the above selection, and select the pair for which the delay was minimised.
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Figure 3.7: Daily counts of lightning from WWLLN (red) and SALDN (blue) (a). A similar plot
with SALDN strokes limited to those with peak current> 60 kA is also shown (b).
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Figure 3.8: Locations of all SALDN (blue circles) and WWLLN (red stars) events on 27 July
2007. The events marked by the red circle are likely the same stroke detected by both networks.
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Following the above algorithm, a single matching WWLLN event (if one exists) is obtained
for each SALDN event. Doing this for July 2007, 479 matched events are found, out of a total of
11744 SALDN events for that month, which translates to a4.01% detection efficiency. This value
is comparable to the global average detection efficiency of WWLLN.

3.3.3 Statistics for 2007

Analysis of a single month of SALDN data show that the SALDN data could be of use for the
analysis of DEMETER and WWLLN whistlers, further data were requested from SAWS. Data
were obtained for the entire 2007, and from the 6 month periodfrom 2008/11/01 to 2009/04/30.
This allows for statistics of an entire year’s data to be discussed. First, the diurnal and annual
distribution of the data are plotted in Figure 3.9. This clearly shows that lightning activity is peaked
during the months October to mid-April which is the Austral summer. The diurnal distribution
shows a peak at approximately 16:00 LT, and it drops off gradually to a minimum at 09:00 LT
on either side of the peak. This differs significantly from the plot shown in Figure 3.6 which was
generated from a winter month’s data.

Next, the distribution of lightning stroke peak current wasinvestigated. In Figure 3.10, the
distribution of the peak currents for 2007 is plotted. The overwhelming majority of strokes have
negative polarity, and peak current magnitudes below50 kA. ∼ 0.3% of strokes had magnitude
of peak current larger than90 kA, while∼ 1.5% of strokes had magnitude of peak current larger
than50 kA.

Matched Detections

In order to extract information about the performance of WWLLN in South Africa, various statis-
tics for the strokes which were matched between the two systems (as described above) are dis-
cussed. Since results will be compared with those presentedabove, the matched statistics dis-
cussed here are from the 2007 data only. The first statistics presented are those which show how
well the SALDN timing agrees with that of WWLLN. The distribution of timing differences be-
tween matched SALDN and WWLLN strokes is plotted in Figure 3.11. This shows that there is
a clear peak at0 ms, which is 3 orders of magnitude higher than than the other peaks around it.
There are very few strokes which have timing differences larger than±0.6 ms. Remember that
the matching algorithm required events where this timing difference was within10ms. This fig-
ure also shows that in no cases were the magnitude of timing differences greater than1ms. This
confirms that there is no systematic timing difference between the two systems (other that the time
zone difference which has already been corrected).

Next, the distribution of differences in position between matched events is plotted in Figure
3.12. This shows that the distances between the two matched events’ positions were mostly below
10 km, with some differences (with much reduced frequency) at greater ranges all the way to
100 km. This is an indication of the typical location accuracy of WWLLN. Since the SALDN
locations are accurate to within500 m, which is significantly lower than that of WWLLN, one
can consider these locations correct. From this one can conclude that WWLLN faithfully finds the
correct location within10 km in over80% of cases.

The distribution of peak currents for matched detections isshown in Figure 3.13. This shows
that the majority of matched strokes have negative peak current values, as is the case for the
raw SALDN data in Figure 3.10. These figures do differ from each other though. The matched
events have a reduced proportion of negative peak current events. The proportion of events with
magnitude of peak current above90 kA is also substantially higher. This is due to WWLLN being
biased towards strokes with greater peak currents, and the fact that positive strokes are typically
more powerful.
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Figure 3.9: Annual (top) and diurnal (bottom) variation of the SALDN data for 2007. Light-
ning predominantly occurs in the Austral summer months, andlightning activity peaks in the late
afternoon. Note the difference between this diurnal plot and that in Figure 3.6
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Figure 3.10: Peak current distribution of the SALDN data for2007 shown by blue bars, each with
a width of20 kA, shown on a log scale. The number of strokes with magnitude ofcurrent> 90 kA
are shown by the grey bars. The number of strokes which fall into this category is∼ 3 orders of
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Figure 3.11: The distribution of delays between matched SALDN and WWLLN strokes, plotted
with a logarithmic scale. The bins at±1 ms are the total delays outside of these limits. There is a
clear peak at0 ms.
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Figure 3.12: The distribution of distances between matchedSALDN and WWLLN strokes plotted
on a log scale. Most of the distance differences are< 10km, and there is an order of magnitude
less matches with distances> 10km.

58



−200 −150 −100 −50 0 50 100 150 200
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Peak current (kA)

lo
g 10

 (
N

um
be

r 
of

 s
tr

ok
es

)

Distribution of peak current of matched strokes

Figure 3.13: The peak current distribution of matched SALDNand WWLLN strokes, plotted
with a log scale. There is significant bias towards negative peak currents evident, although not as
extreme as in the SALDN data. A much greater proportion (∼ 5.2%) of strokes have magnitude
of peak currents> 90 kA than the SALDN current distribution.
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Finally, the annual and diurnal distributions of matched events are plotted in Figure 3.14. The
annual distribution plotted in the top panel has the same rough distribution as in Figure 3.9. This
indicates that the DE of WWLLN in South Africa is not a function of season. Of course, this is
to be expected at a low latitude location where the seasonal effect on day and night length is not
as extreme as that at higher latitudes, where there would surely be a marked seasonal variation
in WWLLN DE. The diurnal distribution does, however, differsignificantly from that of the raw
SALDN data shown in Figure 3.9 (lower panel). The peak in thiscase occurs at a much later LT, at
∼ 19:00. This is typically after sunset in South Africa in the summer months (when the majority
of the lightning occurs). The reason for this is the increased DE of WWLLN after sunset, which
has resulted in a much greater proportion of night time matched events.

Comparison of South African Lightning and Tihany Whistlers

At this point it becomes pertinent to discuss the Tihany whistler results presented in Figure 2.3,
where the diurnal variation of whistlers received at Tihanyis presented. Since the majority of
whistlers received at Tihany should originate from lightning which occurs within South Africa,
one would expect that the diurnal variations of these two data sets should look similar. To facilitate
a comparison of the two figures (the diurnal variation of SALDN lightning is plotted in Figure 3.9,
lower panel), they have been reproduced in Figure 3.15. Bothdata sets are plotted with UT time
on thex-axis (which means the SALDN data here is shifted from that presented in Figure 3.9).

This figure shows that the majority of whistlers are receivedin Tihany during nighttime hours
from 18:00 – 03:00 UT. This maximum is also rather flat, not varying substantially during the
course of the night. This is due to the reduced attenuation experienced by whistler mode waves
after the Sun has set, and the fact that whistler mode waves penetrate through the ionosphere into
the EIWG more readily during night hours. The lightning data, however, shows a peak at 14:00
UT, tailing off sharply on either side of the peak, to a distinct minimum at 06:00 UT. From these
two figures, one can conclude that ionospheric attenuation plays a much more significant role in
the reception of whistlers at Tihany than the presence of conjugate lightning.

3.4 New Result

As described, the initial approach at correlating WWLLN lightning to DEMETER whistlers was
incorrect, requiring the calibration of the DEMETER clock.With the SALDN data validated, it is
used to correct for the systematic clock drift, and allowingfor a new, correct result to be obtained.

3.4.1 Calibration of DEMETER from SALDN Data

With the SALDN data validated, it can now be used to determinethe timing offset of DEMETER
data. The details of this process are described by Chumet al. [2006], but for completeness, it will
be described here. All lightning times from SALDN which occur during a particular DEMETER
half orbit are stored in a vectortℓ = (tℓ1, tℓ2, tℓ3, · · · , tℓn). All of the whistler times reported
from the AWD algorithm from that same half orbit are then stored in another column vectortω =
(tω1, tω2, tω3, · · · , tωm). Then, for each whistler timetωi, the differences between it and each
lightning timetℓj is found, and these form the matrixtij, which would look like:

tij =











tω1 − tℓ1 tω2 − tℓ1 · · · tωm − tℓ1
tω1 − tℓ2 tω2 − tℓ2 · · · tωm − tℓ2

...
...

. . .
...

tω1 − tℓn tω2 − tℓn · · · tωm − tℓn











.
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Figure 3.14: The annual (top) and diurnal (bottom) distribution of matched events. The annual
trend follows that presented in Figure 3.9 (top panel), although with reduced values of the peaks,
owing to the low DE of WWLLN. The peak of the diurnal distribution shown here is shifted
towards night when compared to Figure 3.9 (bottom panel). This is due to the increased detection
efficiency of WWLLN after sunset.
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Figure 3.15: The diurnal variations of whistlers received at Tihany (top), and SALDN lightning
(bottom). It is immediately obvious that the shapes of thesedistributions differ significantly. There
is a sharp peak in lightning at 14:00 UT, and a definite minimumat 06:00 UT. The whistler distri-
bution has a broad peak centered around 20:00 UT, and a broad minimum centered around 10:00
UT.
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The values intij are then used to generate a 1-d histogram, and the peak of thisdistribution
will then be the calibration factor for that half orbit. Since a single DEMETER pass through the
burst region only lasts∼ 5 minutes, one can assume that the clock does not drift significantly
during this time, and so the calibration factor is valid for aentire half orbit. Also, it is important to
remember that this calibration factor takes into account not only the timing offset of DEMETER,
but also any delay incurred in ionospheric transit.

The idea behind this method is simple. Lightning must surelylaunch whistlers into the mag-
netosphere directly above it. If DEMETER is nearby then it will record these whistlers. Since
the lightning source is directly beneath the satellite, theonly expected delay between the stroke
and whistler reception is the vertical propagation time through the ionosphere. Additionally, an
increase or decrease in this delay would come from the clock offset. The value of this calibration
factor is always different, owing to different ionosphericprofiles, and a different amount of clock
drift. The random nature of the clock drift means that a valueof tc has no readily identified trend.
Furthermore, this value is sometimes negative, which is only possible if the clock on DEMETER
is slower than the GPS time of SALDN data. This is evidence of the clock drifting, since under no
circumstance will ionospheric delay cause this.

One drawback of requiring such a calibration, is that the analysis can only proceed when there
is enough SALDN data during the few minutes of a half orbit fora successful calibration. This
implies that there is some lightning activity directly below the satellite during all half orbits for
which the analysis can be done. This might skew the results infavour of the burst region, and one
should bear this in mind when viewing the results.

3.4.2 New Result and Discussion

With the calibration values obtained, a new correlation canbe performed using the same algorithm
given by (3.1) and (3.2), with a slight modification for the second step. Here, the timing offset of
DEMETER is taken into account. The10 ms window for correlation is now shifted back in time
by the calibration value,tc. This can be expressed mathematically as

|(tw − tl)− d/c− tc| ≤ 0.005. (3.3)

The above step can only be performed for half orbits where a value for tc can be found, ie:
when there is significant lightning in South Africa. Thus, due to the diurnal variation of lightning
in South Africa, the 08:00 UT half orbit is rarely used in the final correlation. The lower panel of
Figure 3.15 shows that lightning activity is near a minimum at 08:00 UT, and that there is vastly
more lightning expected during the half orbits near 20:00 UT. As such, the majority of the whistler
data used in the new correlation are measured at night. Fortunately, more whistlers are observed
at night than during the day, and so this will have a less pronounced effect on the result of the
correlation. Of the 590 half orbits used in the original study, calibration values could only be
obtained for 204 half orbits. Of these, only 63 were daytime half orbits, meaning that 141 were
night time half orbits.

The results of the correlation analysis are shown in Figure 3.16. This new result is clearly
different from that shown in Figure 3.5. Firstly, the maximum number of initiating strokes on the
colour bar is somewhat lower, but this is because of fewer half orbits being used in this calculation.
Secondly, the distribution of initiating strokes is significantly different. There are now major
peaks over the burst region and Central Africa. Furthermore, the peaks over the Americas and the
Maritime Continent are much less significant. The peak over the Americas, which was largest over
Central America in Figure 3.5, has now moved to Brazil. The peak over the Maritime Continent is
very small, with only one cell having a value near the upper range of the colour bar. These regions
of high correlation are in good agreement with the results ofCollier et al. [2009].
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Figure 3.16: The distribution of lightning strokes matchedto whistlers detected by DEMETER
withing the burst region, using the DEMETER time correctionalgorithm. The resolution and
colour scale is the same as that in Figure 3.5, except red herecorresponds to 55 or more initiating
strokes. There is a large peak over the burst region and Central Africa, and smaller peaks over
Central America and the Maritime Continent.

There are also a few low value cells just to the north of the African Continent. These are
not one hop whistlers which have propagated magnetospherically to the burst region, since the
AWD excludes such whistlers from detection. Rather, they have propagated in the EIWG to the
burst region before traveling up to the satellite. This might seem counter intuitive at first, but the
distances involved are comparable to those between South America and the burst region.

3.4.3 Statistical Significance of Results

Producing a result that looks correct is one matter, but before it is given too much credence,
the statistical significance of the results should be calculated. To do this a statistical approach was
used. Ap-value is the probability of achieving a result at least as extreme as any given result, given
a completely random set of data. If thep-value is low, ie: there is low probability that a randomly
generated set of readings can lead to the originally calculated result, then one can conclude that the
original result was not a chance occurrence, but rather thatthere is an underlying physical reason
for the result. Conversely, if a highp-value is found, then there is a high probability that random
data could reproduce the result, ie: there is a good chance that the original result occurred due to
chance.

But how does one apply this to the problem of lightning initiating a whistler? Intuitively,
one might expect that in a high lightning density region, a chance occurrence of a link between a
whistler and a lightning stroke is more likely. The conversewould also seem plausible in a region
of low lightning density. This idea will form the basis for thep-value calculation.
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Determining p-values and refining the original result

Some terminology should be discussed here. Firstly, a mention of “the result” refers to the result
obtained from the correlation of DEMETER whistlers and WWLLN data, which is shown in
Figure 3.16. Data used in the determination of this result are called real data, while random or
synthetic data are used to determine thep-value.

The definition of thep-value implies the use of random data. The analysis presented thus far
has used 2 main data sources, lightning from WWLLN and whistler times from DEMETER. Since
the whistler time series from DEMETER only has a temporal component, while the WWLLN
data have a temporal and spatial component, it is easier to randomise the DEMETER data. Also,
since the WWLLN data distribution varies with time of day, itis important that the times of the
randomly generated whistlers are within a similar time window to those used in the determination
of the result, otherwise a different random result will obviously be achieved. For this reason, the
random whistler time series was confined to a few minutes on either side of 20:00 UT (08:00 was
not used since the majority of half orbits used were around 20:00 UT). The length of time of each
random whistler stream was chosen so that a similar length ofrandom whistler data would be
obtained from a year’s worth of synthetic data as was from thereal data measured from the 204
half orbits used.

A correlation between this random whistler series and the real WWLLN lightning data would
then be expected to produce a distribution similar to that shown in Figure 3.16. If this distribu-
tion is sufficiently different from the result, then one can conclude that the result is statistically
significant. The first step is to generate a random whistler series, and correlate it with the real
lightning data. This process is represented graphically inFigure 3.17 (top panel). This time snip-
pet contains a random whistler, represented by the red line,and actual lightning data, represented
by the blue lines. In this situation, the whistler will likely be correlated with the lightning stroke
which immediately precedes it in time. Extending this procedure over the entire random whistler
stream, a distribution is obtained which is plotted in the lower panel of Figure 3.17. Since there is
underlying structure in the WWLLN data, the peaks in this figure represent this structure, namely
they occur where WWLLN sees most of its lightning.

In order to get good statistics, one should perform the aboveprocedure many times, using the
same lightning data, but a different random whistler streameach time. Performing the procedure
again yields a new situation, which is represented graphically in the top panel of Figure 3.18. Here
the random whistler will probably correlate with the lightning stroke directly before it, which is
a different stroke than was selected in the previous run, andwhich may have occurred on the
other side of the globe. Repeating the correlation with a different random stream of whistlers, one
obtains the distribution which is plotted in the lower panelof Figure 3.18. This is very similar to
that shown in the lower panel of Figure 3.17 since the same underlying lightning data were used
for both of these. Close inspection, however, reveals that they are not identical.

This randomisation and correlation is repeated many times,each time producing a slightly
different distribution. A collection of six more of these randomly created distributions is shown
in Figure 3.19. Again, each of these resemble the others, butthere are minor differences between
them all. With many such sets of random whistler correlationdistributions, a mean and standard
deviation of the number of initiating strokes in each grid cell can be determined. Using these
values allows for a normal distribution of the expected number of initiating strokes for each grid
cell to be determined.

Each grid cell from the result is then tested using these normal distributions, and the number
of initiating strokes determined for that grid cell of the result (ie: those values plotted in Figure
3.16). For each grid cell, the normal distribution determined for it from random data is integrated
from the value which corresponds to the result, towards positive infinity. This integration comes
directly from the definition of thep-value, namely, the probability of obtaining a resultat least as
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Figure 3.17: A graphical representation of the random whistler time and real lightning times,
where the whistler is probably correlated to the lightning stroke immediately preceding it (top
panel). The result of this correlation of random whistlers with real lightning is shown in the lower
panel.
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Figure 3.18: A different random whistler is correlated withthe real lightning times, where the
whistler is probably correlated to the lightning stroke immediately preceding it (top panel). The
result of this correlation of random whistlers with real lightning is shown below it. This distribu-
tion is very similar to Figure 3.17, but close inspection shows small deviations.
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Figure 3.19: Six randomly generated whistler-WWLLN lightning distributions. All of these look
similar, but there are small differences between each. These six are distinct from the ones shown
in Figures 3.17 and 3.18.
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Figure 3.20: Two normal distributions of random results from a grid cell which has a true result
of 35 initiating strokes, shown by the vertical line. To obtain the p-value, one must integrate
the distribution from this line towards positive infinity. The top panel represents the case of a
statistically insignificant result, while the result in thelower panel is of statistical significance.

extreme as the result, from random data. In Figure 3.20, two cases areshown, one where the value
of the result is significantly lower than the mean of the normal distribution of random data (top
panel), and another where the value of the result is significantly higher than this mean (bottom
panel). In the first case, integrating through to positive infinity, one obtains ap-value close to 1,
and therefore one can conclude that this result is not statistically significant. In the second case,
integrating on to positive infinity, thep-value obtained is small, and so this result is deemed to be
statistically significant.

A calculation similar to that outlined above is performed for each grid cell on the map, and
thus ap-value is obtained for each such cell. A result is called statistically significant if it falls
within the5% confidence interval, or in other words, if it hasp ≤ 0.05. This means that there is
at most a5% chance of obtaining such a result in random data. A complimentary quantity, called
statistical significance, can be calculated directly from thep-value. This is defined at1− p, and so
a statistically significant result has significance≥ 0.95. In Figure 3.21, the statistical significance
of each grid point is plotted. All statistically insignificant cells in this map are white.

There are two main regions of clustered significance evidenton the map. First, the burst region
and parts of Southern Africa outside of it, and a region in South America. As a final step in this
test, the result from Figure 3.16 is filtered, so that only cells for which the result is of statistical
significance are retained. The result is plotted in Figure 3.22, and a copy of the first result from
Figure 3.16 is placed here for reference.

3.4.4 Discussion

The use of statistical significance has had three major impacts on the original result:

• The high correlation in the burst region and Southern Africa has remained.

• The correlation in South America has been somewhat reduced, but there are still significant
levels of correlation there.
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Figure 3.21: The statistical significance of each grid cell.Cells which have a significance≤ 0.95
are displayed in white.

• The of correlation that was near the Maritime Continent hasbeen removed.

The first two of these confirm the result of Collieret al. [2009], that the conjugate point, Central
Africa and South America are all source regions for whistlers received in Tihany. There seems
to be a disagreement, however, with the results presented here not indicating that the Maritime
Continent is a source region. This can be explained, however, if one considers the times for which
this analysis was conducted. The DEMETER satellite was onlyover the burst region at 08:00 and
20:00 UT, and many of the morning passes were precluded due tothe unavailability of SALDN
lightning. The terminator configuration on the Austral summer solstice at 20:00 UT is shown in
Figure 3.23. The date corresponds roughly to the annual peakin South African lightning. This
shows that the Maritime Continent is in darkness, just before dawn. This means that one would
typically not expect much lightning here at this time, sincethe land is cool, and any convective
activity from the previous day would have dissipated. For this reason, one does not expect much
correlation from the Maritime Continent, given the period of data coverage. At the burst region
on the other hand, it is late at night, a period where there is still appreciable lightning activity,
while South America is experiencing late afternoon, when one expects a high level of lightning
activity. Another possible cause for this difference is theasymmetry in the attenuation of eastward
and westward propagating waves. These explain why these results agree with Collieret al. [2009]
on 2 out of 3 of the source regions.

The results presented here should be compared with those of Jacobsonet al. [2011]. As dis-
cussed, they showed that the maximum number of initiating strokes were4000 km from the foot-
point of the C/NOFS satellite. While this agrees with the findings presented here that whistlers
can be initiated at LEO by strokes several thousand kilometers away, there is a disagreement about
which strokes should be most likely to initiate these whistlers. On possible reason for this may be
that the positions of the C/NOFS data used were not subset in any way. This means that the prob-
ability of having a whistler originate from beneath the satellite varies as the satellite moves over
regions of typically high or low lightning activity. This isquite a big difference to the whistlers
which were used in this Chapter, which were confined to the burst region.
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(a) Statistically significant correlation only.
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(b) Result with statistically insignificant results retained.

Figure 3.22: The result from Figure 3.16, with only statistically significant cells retained (a). The
map in (b) is a reproduction of Figure 3.16.

71



Figure 3.23: The terminator configuration at 20:00 UT, during the Austral summer solstice. The
Maritime Continent is just a few hours prior to dawn, the burst region is at just before midnight,
and South America is in the late afternoon, just before dusk.

The results presented in this Chapter show that the burst region is the principle source for
the whistlers, but the context of this result should be considered. WWLLN detects many more
lightning strokes in South America than in the burst region.Also, the time of day at which the
analysis occurs favours lightning generation over South America to that in the burst region. These
two factors add even more weight to the ability to detect whistlers originating from lightning in
the burst region.

3.4.5 Conclusion

The results presented here support the theory of whistler generation provided by Storey [1953].
The main result showed that the most probable source for whistlers in the magnetosphere at the
altitude of LEO satellites is lightning strokes directly beneath the satellite. This is not strictly true,
since even at LEO, some guiding by the magnetic field has occurred, so that lightning strokes
near the footpoint of the field line under the satellite are most likely to result in a whistler being
recorded on the satellite. The resolution of the data presented here is not high enough to show this
effect, but the study by Fiseret al. [2010] showed that this should be the case.

These new results also confirm the results of Collieret al. [2009], who showed that the source
region for whistlers received at Tihany is much larger than the immediate vicinity of the conjugate
point, which was the previously expected case. There is, however, an aspect of the method used
in their correlation method that bears some discussion. Since lightning in their study is being
correlated with single hop whistlers, there is no indication of the path that the whistlers used to get
to Tihany. For instance, a whistler originating from a spheric in South America may have entered
the magnetosphere directly above the stroke, propagated onto the conjugate point, and then the
fully formed whistler could propagate in the EIWG to Tihany.A second scenario involves the
spheric traveling from the stroke point to Tihany’s conjugate point, entering the magnetosphere
there, and propagating magnetospherically to Tihany. Actually, there are an infinite number of
paths that the whistler may have taken to Tihany, and these are not distinguished by their method.

The method used in this analysis, however, only considers whistlers which have propagated
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through the EIWG into the burst region before entering the magnetosphere, and propagating up to
the satellite. This means that it is possible for a spheric totravel through the EIWG to the burst
region, and penetrate through the ionosphere into the magnetosphere, convert into the whistler
mode, and arrive at the LEO satellite. There is no guarantee that these whistlers would then
make it to Tihany, as they may not be ducted at this point. Further analysis would be required to
determine the proportion of such whistlers which propagateto Tihany. This presents a possibility
for the extension of this work.

This work does show that even when there is no lightning belowa certain point in space, that
it is possible to receive whistlers there. This is of particular interest to the PLASMON project,
since it means that the number of whistlers received at a location is not only a function of local
lightning around the conjugate point, but also lightning which occurs over the chimney regions
of the Earth. Thus, possible sites might not need to have a high level of conjugate lightning
activity. Since the majority of the southern hemisphere is ocean, and only minimal lightning is
observed over the majority of the ocean (except above warm ocean currents), many locations in
the northern hemisphere are not precluded from whistler observations, since conjugate lightning
is not necessary. This effect also has applications to radiation belt loss mechanism studies.
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Chapter 4

Unusual Observation of Chorus at
Marion Island

4.1 Introduction

On 4 August 2010 (day 216) chorus was observed at Marion Island (46.9◦S 37.1◦E, L = 2.60,
LT = UT+3). The chorus transformed into a hiss band spanning the same frequency range, before
reverting to chorus again. This was the first time that the recording instruments at Marion Island
were able to detect the presence of chorus since their installation in 2007. This was most likely
due to operational reasons, since chorus is a regularly occurring phenomenon atL = 2.4 [Golden
et al., 2011; Spasojevic and Inan, 2005]. Chorus is frequently observed at SANAE IV, Antarctica
(71.4◦S 2.51◦W, L = 4.32, LT = UT) by a similar set of recording instruments, which have been
in operation much longer. This first chorus observation at Marion Island presented an opportunity
to study chorus which occurs at a lowerL-value than is typically expected.

In this chapter the results of detailed analysis of the chorus are presented. Broadband data
from Halley Bay and SANAE IV, both of which are Antarctic stations, are also presented. The
geomagnetic conditions leading up to and including the event are discussed. The location of the
plasmapause is inferred from models and compared to the value obtained from a knee whistler
observation. A statistical analysis of DEMETER VLF data is used to determine the relative rarity
of this observation at the longitude andL-value of Marion Island, during this phase of the solar
cycle.

Chorus is related to whistlers only by their shared frequency range and consequently their
propagation characteristics. They are generated by completely different mechanisms and related
to different space and atmospheric weather conditions. Chorus is none the less still an interesting
phenomenon which warrants study. During the period of this PhD , increasing solar activity has re-
sulted in more chorus and other interesting observations being made at Marion Island and SANAE
IV. This event is of particular interest given the recent findings of Bortniket al. [2008, 2009], as
this observation presents ground based evidence supporting their idea that hiss is generated by
chorus.

4.2 Specifics of the Observation

Chorus was observed at Marion Island on 4 August 2010, duringan extended period of low ge-
omagnetic activity. This was about 2 years before the solar maximum set to occur at the end of
2012. As such, the sustained period of lower geomagnetic activity was contrary to expectations
for this period. This low level of geomagnetic activity leaves the magnetosphere in a quiescent
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state, which is not conducive to the development of VLF emissions due to the lack of free en-
ergy from particle injections. With these factors considered, this occurrence stands out against the
background of low VLF activity at Marion Island experiencedduring the preceding months.

Spectrograms showing the evolution of the chorus recorded on Marion Island with resolution
of 50 ms are shown in Figure 4.1. Data were recorded in synoptic mode,and each panel represents
1 hour of data. These figures show an overview of how the emission structure changed with time.
The chorus initially spanned a frequency range of2 − 4 kHz. The spectral structure was not
constant throughout the duration of the event. The event rose out of a quiet, uniform background at
03:00 UT as discreet rising tone elements indicative of chorus. The chorus started with a fairly low
amplitude∼ 10 dB above the background. The chorus elements began to increasein amplitude
until about 04:30 UT where the amplitude leveled off at∼ 20 dB higher than it was at the onset of
the event. During this period, the upper edge of the frequency envelope increased from 4 to5 kHz.
Also at this time, a hiss band superimposed itself on top of the chorus. This hiss band spanned the
same frequency range as the chorus initially, but the choruselements are still visible beneath the
hiss band, indicating that two distinct emissions were being observed. As the evolution proceeded,
the lower edge of the hiss envelope increased, while that of the chorus remained the same. The
hiss dissipated by 05:50 and only the chorus remained. Afterthis the chorus began to decrease in
intensity before fading out completely at 07:00 UT.

Spectrograms showing a more detailed view of the chorus and hiss are plotted in Figure 4.2.
Each of these panels represent 1 minute of data, and one panelis plotted per hour of the event.
The chorus is evident in the minutes of data starting at 03:05, 04:05 and 06:05 UT (panels (a), (b)
and (d)), and hiss at 05:05 UT (panel (c)). One can clearly seethe structure of the chorus in the
chorus panels, but the chorus is still clearly visible in panel (c). The power difference between the
chorus in panel (a) and (b) is also apparent.

Broadband data from VLF receivers at SANAE IV were also available for this period. SANAE
IV is an Antarctic station at a higherL-value than Marion Island, and is 3 magnetic local hours
west of Marion Island. Chorus was also observed at SANAE IV on4 August 2010, although
the chorus there did not span the same universal time interval as at Marion Island. Additionally,
the chorus at SANAE IV is structurally different from that observed at Marion Island. Overview
spectrograms analogous to those shown in Figure 4.1 for SANAE IV are shown in Figure 4.3.

The difference between these two occurrences of chorus are quite striking. Firstly they oc-
curred at different UT, and secondly the chorus structure isdifferent at times when the two were
observed simultaneously. This is illustrated in Figure 4.4, where detailed spectrograms for the
SANAE IV chorus data are plotted for 05:05 (a), 06:05 UT (b), 07:05 UT (c), and 08:05 (d). The
times of the data plotted in Figure 4.4 (a) and (b) are chosen to correspond with panels (c) and
(d) in Figure 4.2. For instance, at 05:05 UT, chorus and hiss were observed at Marion Island, and
no chorus is evident in the SANAE IV data. At 06:05 UT chorus was observed at both stations,
but it spanned a different frequency range at each station. The chorus at SANAE IV spanned a
frequency range of0.5−2.5 kHz, which is significantly different from that observed at Marion Is-
land. This indicates that resonance has occurred between two different electron populations in the
magnetosphere, or more likely between electrons at different L-values, which has resulted in two
different frequency bands being amplified in each case. Fromthese observations one can conclude
that the two observations are independent.

These broadband data sets form the basis of the observationsfor this study. However, there are
a host of complimentary data sets from which one may draw to better understand the mechanics of
the event. The geomagnetic conditions at the time of the event are of interest since an increase in
geomagnetic activity is usually a precursor to chorus and hiss observations. As already mentioned,
up to the observation of this chorus, the year 2010 was geomagnetically quiet. To illustrate this,
theDst andKp indices for the period from 1 January 2010 to 31 August 2010 are plotted in Figure
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(a) 03:00 – 04:00 UT

Marion Island Quicklook for 2010-216-04:00
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(b) 04:00 – 05:00 UT

Marion Island Quicklook for 2010-216-05:00
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(c) 05:00 – 06:00 UT

Marion Island Quicklook for 2010-216-06:00
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(d) 06:00 – 07:00 UT

Figure 4.1: The evolution of chorus at Marion Island over 4 hours from 03:00 - 07:00 UT on 4
August 2010 with time resolution of50 ms. Each panel represents 1 hour of data, and each vertical
slice represents 1 minute of data sampled every 5 minutes. The chorus transformed into hiss at
04:30 UT in (b), which evolves back to chorus at 05:50 in (c). There were changes to the upper
boundary of the frequency envelope during the evolution.
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Figure 4.2: Detailed spectrograms of the chorus (a), (b), and (d), and hiss (c). The structure of the
chorus elements is visible in all the panels, and even in (c),one can see that chorus elements are
still present beneath the hiss.
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SANAE Quicklook for 2010-216-06:00
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(b) 06:00 – 07:00 UT

SANAE Quicklook for 2010-216-07:00
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(c) 07:00 – 08:00 UT

SANAE Quicklook for 2010-216-08:00
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Figure 4.3: The evolution of chorus at SANAE IV over 4 hours from 05:00 - 09:00 UT on 4 August
2010. The spectrograms have the same format as those represented in Figure 4.1. This chorus is
different from that observed at Marion Island, beginning faintly at 05:50 UT in (a), and building
in strength until 06:50 UT in (b). It had vanished by 08:35 UT in (d).
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Figure 4.4: Detailed spectrograms of the VLF data recorded at SANAE IV at 05:05 (a), 06:05 (b),
07:05 (c), and 08:05 (d) UT. The times of (a) and (b) coincide with panels (c) and (d) of Figure
4.2, where the differences between the two emission’s structure are readily apparent.
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Figure 4.5: The Dst (a) andKp (b) indices from 01/01/2010 to 31/08/2010. There are a few periods
of low to moderate activity depicted, but overall these represent a period of low geomagnetic
activity. The red dashed line marks 4 August 2010 (Day 216).

4.5. Geomagnetic activity manifests in theDst index manifests as a decrease to a negative value,
and the magnitude of the activity is proportional to the magnitude of the decrease. A geomagnetic
storm can be identified in this data as a rapid increase inDst during the SSC, followed by a rapid
decrease, followed by an exponential recovery to normal levels. An increase inKp implies an
increase in activity, where typically aKp > 5− implies moderately disturbed conditions.

TheDst data above show that during these 8 months, there were 8 noteworthy geomagnetic
storms, and the largest of these exhibited aDst of −90 nT, which is by no means a severe
geomagnetic storm (the Halloween storm in 2005 hadDst −300 nT for instance). TheKp index
also shows a few increases to disturbed conditions during this period, although there were no
increases above8− (7.67). There were three occasions whereKp > 5− (4.67), and these were
for very short periods of time. Even so, these peaks are not high enough to be considered major
disturbances. Both plots in Figure 4.5 show that conditionshad been relatively quiet up to the
observation of the chorus at Marion Island. Figure 4.5 show that the level of activity around 4
August 2010 (Day 216) was among the largest of the year. In Figure 4.6 theDst andKp indices
for the period from 2–7 August 2010 are shown, focusing on theevent day. Here the increase in
activity is readily visible.

TheDst plot shows that a moderate geomagnetic storm occurred just prior to the observation
of chorus on Marion Island. While the geomagnetic storm was not particularly strong (Dst∼
−70 nT), it was large enough to elevate theKp index to7− (6.67), which is the lower limit of
severe activity levels. These moderate levels of geomagnetic activity resulted in preconditioning
of the magnetosphere for the amplification of VLF waves.

This storm was likely attributed to an impulsive increase insolar wind speed which was mea-
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Figure 4.6: TheDst (top) andKp (bottom) indices from 2 to 7 August 2010. The signature of a
geomagnetic storm is evident in Dst at 00:00 UT on 4 August 2010, 3 hours before the onset of
the chorus at Marion Island. There is a rapid increase inKp at this time.
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Figure 4.7: The flow speed of the solar wind as measured by the SWEPAM experiment on board
ACE from 2 August to 4 August 2010. There is substantial increase in the measure speed a few
hours prior to 4 August 2010.

sured by the Advanced Composition Explorer (ACE) satelliteat the first Lagrangian point between
the the Earth and the Sun, at∼ 0.01 AU from Earth. At typical solar wind speeds it takes roughly
1 hour for conditions in the solar wind to travel from ACE to Earth’s magnetosphere. The ACE
solar wind speed data are plotted in Figure 4.7. This sudden increase occurred roughly 8 hours
before midnight on 4 August 2010. Looking back to theDst plot in Figure 4.6, one can see that
the solar wind speed increase and the SSC occur at roughly thesame time. The elevated solar
wind speed increased pressure on the magnetosphere, which in turn compresses it, resulting in the
SSC. Unfortunately, solar wind density data were not available from ACE during this time.

The large Halloween storms of 2003 caused a reconfiguration of the Earth’s outer radiation
belts, and the causative CME compressed the magnetosphere,pushing energetic radiation belt
particles fromL ∼ 4 to belowL = 4. This reconfiguration of the radiation belts persisted for
several days before being restored to regular levels [Bakeret al., 2004]. Despite the lower severity
of the August 2010 event, a similar reconfiguration was also experienced during the main phase
of this storm, with the radiation belt only being restored toits normal configuration during the
course of the next few days. This radiation belt reconfiguration is evidenced in the LANL electron
flux [Friedelet al., 2008] data in Figure 4.8. There is a clear depression in counts across all three
energy channels at the time of the rapid increase in geomagnetic activity, and is most evident in
the highest energy channel (bottom panel,E > 1.25 MeV). After this initial depression in the
fluxes, there was an enhancement in energetic electron fluxeswhich persisted for three days after
the storm. This reconfiguration is similar to that observed during the 2003 Halloween storms.
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Figure 4.8: Electron flux data obtained from detectors on LANL satellite NS57 in the rangeL =
4–12, for three energy channels. There is a depletion in the radiation levels at the time of the storm
onset, and an increase in density at4 ≤ L ≤ 5 for the next three days.
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Halley VELOX data for day 215 of 2010
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(a) Day 215

Halley VELOX data for day 216 of 2010
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(b) Day 216

Figure 4.9: Broadband VLF data obtained at Halley Bay from 00:00 – 12:00 UT on the 3 and 4
of August 2010 with time resolution of 2 minutes. There is an onset of activity at 01:00 UT on 4
August 2010.

Data was obtained from the VELOX (VLF/ELF Logger Experiment) [Smith, 1994] operated
at Halley Bay, Antarctica (75.58◦S 26.56◦W, L = 4.48, LT = UT−2). The VELOX data have
a time resolution∼2 minutes, which is much lower than the time resolution of thebroadband
receivers at Marion Island and SANAE IV, but these VELOX datastill provide useful insight.
The data for times before 12:00 UT for day 215 and day 216 are presented in Figure 4.9. In the
data of day 216 one can see a small enhancement of VLF activityat around 01:00 UT, and then
a significantly larger onset of activity at 06:00. Comparingthis to the data for day 215, when no
chorus was observed on Marion Island, one can see only the large onset at 06:00 UT, which is
before the occurrence of the large geomagnetic storm. From this one can conclude that the activity
which occurs around 06:00 UT was due to some other, more regularly occurring phenomenon,
while the smaller onset of activity at 01:00 UT on day 216 was aspecial occurrence, and probably
related to the chorus observed at the other two stations on this day. This is useful for providing
relative timing and to track the emission generation region.
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Figure 4.10: A map showing the relative positions of Halley Bay (HAL), SANAE IV (SAN) and
Marion Island (MAR) with blue dots, as well as theirL-shells (in red, atL = 4.48, L = 4.32 and
L = 2.60 respectively) mapped down to the surface of the Earth.

With observations at three separate receivers it is possible to determine if the MLT of the
generation region was changing. The first observation was atHalley Bay at 01:00 UT. The next
observation was made at Marion Island at 03:00 UT. Finally, the chorus was observed at SANAE
IV starting at 06:00 UT. The location of these stations and each of theirL-shells is shown in
Figure 4.10. From the relative positions of Halley Bay and Marion Island it seems that the chorus
source region was moving eastward, which is consistent withthe eastward drift of electrons within
the magnetosphere. However, it is then unusual for the chorus to be observed at Marion Island
before SANAE IV, since it lies between Halley Bay and Marion Island. One explanation for this
is that the compression of the magnetosphere which resultedfrom the storm’s onset pushed the
generation region below theL-value of SANAE IV, and only later after the magnetosphere had
relaxed somewhat was the chorus able to propagate from its source region to SANAE IV. Another
explanation is that perhaps the VLF observed at Halley is something other than chorus, since the
low resolution makes it impossible to discern chorus with absolute certainty.

A comparison between this chorus observation, and that madeat Palmer Station [Spasojevic
and Inan, 2005] during the Halloween storms of 2003 is interesting because there are some sim-
ilarities and key differences between the two observations. In both cases chorus was observed at
low latitude locations which haveL < Lpp during quiescent conditions. The Palmer event was
also triggered by enhancements in the solar wind. In both cases, the chorus onset occurred during
the main phase of a storm where the plasmapause was pushed inwards towards the observing sta-
tion, and persisted into the recovery phase. The observations both occurred in the post midnight
sector. The chorus observed at Palmer changed frequency fairly regularly during the period of its
observation, which persisted for 3 days, while the Marion Island chorus had minimal frequency
variations, and only endured for 4 hours. Although both events exhibited hiss, the structure of the
hiss was different. The 2003 hiss (described as mid-latitude hiss by Spasojevic and Inan [2005])
spanned a larger frequency range than the chorus, and individual chorus elements were visible on
top of the hiss. During the 2010 event, the hiss spanned the same frequency range as the chorus,
and chorus elements were only visible towards the lower end of the spectrum. The long persistence
of the chorus over several days at Palmer was possible since several geomagnetic storms occurred
throughout this period. The 2003 event occurred during solar maximum, a period when the Sun
was extremely active, while the 2010 event occurred near theend of a prolonged period where the
Sun was unusually quiet. All of this points to the Marion Island chorus observations being less
prevalent due to the lower level of geomagnetic activity experienced in the Marion Island case.
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4.3 Data Analysis

The observational data sets presented in the previous section provide information about the struc-
ture of the chorus, and when and where it was observed. Here, more in-depth data analysis is pre-
sented. The broadband data from Marion Island and SANAE IV isfurther analysed so that further
characteristics of the VLF signal can be identified. Plasmapause models are used to determine
the location of the plasmapause during the observations. Broadband data from the DEMETER
satellite provide a view into the VLF waves present in space.These are also analysed to determine
the rarity of the event.

The transformation of the chorus into hiss at Marion Island is of immediate interest, since
plasmaspheric hiss occurs inside the plasmasphere while chorus is generated outside the plasma-
sphere. This suggests that chorus propagated from outside the plasmasphere (from higherL) to
Marion Island, while plasmaspheric hiss has propagated from inside the plasmasphere (lowerL) to
Marion Island. This is strong evidence that Marion Island was in the vicinity of the plasmapause at
the time of the event. Both chorus and hiss emissions were able to propagate sub-ionospherically
from their respective re-entry points to the receivers, even though the observations were made
during daylight hours when sub-ionospheric propagation conditions are unfavorable. Thus, with
VLF emissions having a reduced propagation distance, Marion Island must have been somewhere
between their respective source regions, probably close tothe plasmapause. No similar transfor-
mation in spectral structure was observed at SANAE IV, wherethe chorus spanned a different
frequency range, which indicates that the resonant electrons (near SANAE IV) had higher energy
or that the generation region for these waves was at a higherL.

There is a possibility that the hiss observed at Marion Island was in fact not plasmaspheric but
rather mid-latitude, originating from outside the plasmasphere. This would contradict the above
argument for Marion Island’s proximity to the plasmapause,since then Marion Island could have
been well outside the plasmapause and still receive both emissions. If this were the case, then with
the plasmapause at lowerL than Marion Island, mid-latitude hiss would have originated at anL
between SANAE IV and Marion Island and should then also have been visible in the SANAE IV
data. However, as can be seen from Figure 4.3, no hiss was observed at SANAE IV, and so we
conclude that the hiss observed at Marion Island was most likely plasmaspheric.

Since chorus is generated outside the plasmasphere, and plasmaspheric hiss inside the plas-
masphere,Lpp is an important piece of information for the analysis of thisevent. Several models
for the location of the plasmapause have been developed based on empirical measurements of its
location. An initial estimate ofLpp was obtained from the simple model of Carpenter and Park
[1973], given in (2.11). This very crude estimate predicts aplasmapause which is circular in the
equatorial plane, which is not a true reflection of reality. The value predicted by the model is most
accurate in the dawn sector. From the lower panel of Figure 4.6 one can see that the appropriate
value ofKp to use is7−. Using the model with this value substituted forKpmax yields a value
of Lpp = 2.56, which is slightly lower than theL of Marion Island. This crude model predicts
that the plasmapause was indeed very close to Marion Island.There are newer improved empirical
plasmapause location models which better reproduce the shape of the plasmapause, including the
bulge at dusk [Carpenter and Park, 1973]. These are given in equations (2.13), (2.14) and (2.15).

For this study, and for consistency with (2.11), theLpp given in (2.14) was used. The result of
this model is shown in Figure 4.11. TheL-value of Marion Island is represented by the blue circle,
and the model result by the red contour. Since the model only depends onKpmax, which did not
change during the course of the event at Marion Island, this contour is representative of the entire
emission period. Marion Island’s MLT at the beginning and end of the event are depicted by the
radial lines between midnight and dawn. This plot indicatesthat Marion Island was very likely
just inside the plasmasphere during the event, approachingthe plasmapause as the event evolved.
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Figure 4.11: Polar plot of the equatorial plasmapause location obtained from the empirical model
in (2.14) (red), and theL-shell of Marion Island mapped into the equatorial plane (blue). The
radial black lines show MLT of the period for which chorus wasobserved at Marion Island. This
indicates that the plasmapause was very likely close to Marion Island during the event.

It should be noted though that this model result (which couldhave an error∼ 1RE) is not as
reliable as a direct measurement. It does, however, producea similar result to the one obtained
using (2.11).

Ideally one would prefer a direct observation of plasmapause location for this analysis. Tradi-
tionally these have been obtained using IMAGE EUV data [Sandel et al., 2000] or in situ obser-
vations from other satellites which cross the plasmapause during their orbits (such as CLUSTER
and THEMIS). Other techniques for locating the plasmapauseinclude using observations of FLRs
from magnetometer chains or densities obtained from whistlers, or even better, knee whistlers
[Carpenter, 1963]. In this case a rather fortunate observation of a knee whistler was made.

The knee whistler observed on 4 August 2010 at Dunedin, New Zealand (45.78◦S 170.47◦E,
L = 2.7) is shown in Figure 4.12, where the knee whistler occurs att = 0.8s (identified by the
arrow). As mentioned, this allows for a direct estimate of the plasmapause location [Carpenter,
1963]. A knee whistler is one for which some of the whistler traces have traveled inside the plas-
masphere, and others outside of it. These two groups experience significantly different plasma
densities, while the magnetic field strength along the propagation path is virtually the same. These
factors are reflected in the dispersion of the whistler, withsome of the traces displaying consider-
ably different dispersions. Since a knee whistler has traveled virtually along the plasmapause, a
measurement of theL-value along which the whistlers propagated provides an unambiguous value
for Lpp. A spectrogram of the knee whistler is shown in Figure 4.12.

Analysis of this knee whistler by the AWDA [Lichtenbergeret al., 2008, 2010] identifies this
as a knee whistler since some of the traces yield values of equatorial electron density of227 cm−3

(ie: these traces have propagated outside the plasmasphere), while the other whistlers in the group
show an equatorial electron density of734 cm−3 (ie: propagated inside the plasmasphere).Lpp

was determined using the AWDA, and it is found thatLpp = 3.5 at 13:12 UT at Dunedin, which
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Figure 4.12: The knee whistler observed at Dunedin on 4 August 2010. The origin of the time
axis is 13:11:59 UT. The knee whistler is the well defined trace at approximately0.8s, indicated
by the arrow.
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corresponds to around 00:12 LT. The AWDA uses a Vertical Trace Transform (VTT) for extract-
ing parameters from whistlers. This technique is still in development, and so a more traditional
whistler scaling method was used to determineLpp from the knee whistler [Lichtenberger, 2009],
which has the benefit of providing the uncertainty range for the result. The results from this
method areLpp = 3.542±0.085, and equatorial electron density of217±7 cm−3 for those traces
outside the plasmasphere. Thus it appears that the values obtained using VTT fall within1σ for
Lpp and2σ for the equatorial number density, and one can assume that they are an accurate result.
For simplicity, the value ofLpp = 3.5 will be used from here on in the analysis.

This value ofLpp is somewhat larger than theL of Marion Island, or the values ofLpp derived
from the models. One can argue that since this observation was made 6 hours later than that of the
Marion Island chorus (at∼ 13:00 UT), and one expects that the plasmasphere would have relaxed
somewhat since 07:00 UT. This would imply an expansion of∼ 1RE in 6 hours, which is a typical
rate of expansion (see Carpenter and Park [1973] for examples). The value ofLpp = 3.5 is thus
an upper bound onLpp during the chorus observed at Marion Island.

Both the model result depicted in Figure 4.11 and that obtained from (2.11) and (2.14), as well
as the value ofLpp determined from the knee whistler analysis, indicate that Marion Island was
within the plasmasphere during this event. Since chorus is generated outside the plasmasphere,
one might naively expect chorus observations only during periods where the receiver is outside
the plasmasphere. However, since VLF waves can propagate sub-ionospherically for significant
distances, the observation of chorus is possible for groundstations located inside the plasmasphere,
but close to the plasmapause. This is not an uncommon occurrence though, recalling that Golden
et al. [2010] reported that chorus was most probable at Palmer Station when the receiver was
just inside the plasmapause. Additionally, one would expect that hiss originating from inside the
plasmapause would not be able to penetrate to the ground, dueto reflection at the LHR frequency
and at the ionospheric boundary. The plasmapause can guide these hiss emissions to the ground, if
the waves are close enough to it. The waves can then propagatewithin the EIWG to the receiver,
which might be inside or outside the plasmasphere, providedthe receiver is close enough to the
plasmapause. For both of these situations, the question remains: how “close” is close enough?

In Figure 4.13 circles at distances of400 and 900 km from Marion Island (blue star) are
plotted, as well as contours atL = 2.60 (theL of Marion Island), 3.00 (an intermediateL), and
3.50 (the upper bound ofLpp). This shows that the AWDA determined value ofLpp is as close as
900 km to Marion Island. In terms of VLF propagation distances, this is very close. It is known
that, due to the low attenuation of∼ 10 dB/Mm [Barr et al., 2000] in the EIWG, VLF waves
can travel sub-ionospherically for thousands of kilometers. The emissions shown in Figure 4.1 are
∼ 30 dB above the background, which would allow for these waves to propagate at least3000 km
from their sub-ionospheric entry point to the receiver. It is thus reasonable to propose that900 km
between the receiver and the plasmapause is close enough.

There is significance in the fact that the chorus and hiss observed at Marion Island spanned
the same frequency range. Recent studies [Bortniket al., 2008, 2009; Wanget al., 2011] have hy-
pothesised that chorus outside the plasmasphere may generate plasmaspheric hiss. Bortniket al.
[2009] observed chorus outside the plasmasphere and hiss inside of it on two THEMIS satellites
which were on either side of the plasmapause. These emissions were found to be in the same
frequency range. This observation supported the earlier modeled results of Bortniket al. [2008].
The theory proposed in these papers is that chorus waves launched from the equatorial plane, out-
side the plasmasphere, can propagate towards the plasmapause. Here, the waves are refracted into
the plasmasphere. The chorus undergoes several reflections, becoming more and more dispersed
as it propagates further through the plasmasphere, eventually becoming homogenised, ie: hiss-
like. Chorus and hiss are often observed simultaneously on the ground at lowL, but for them to
occur in the same frequency band is uncommon [Goldenet al., 2009]. In contrast, the Marion
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Figure 4.13: The location of Marion Island plotted as a blue star. The 2 blue circles have a radius
of 400 and900 km respectively.L-shell contours are plotted atL = 2.60, 3.00 and3.50. The
L = 3.50 shell intercepts the900 km circle.

Island chorus and hiss did occur in the same frequency band (as shown in Figure 4.1), and hence
this is a ground based observation supporting the hiss generation theory of Bortniket al. [2008].
The chorus originated from outside the plasmasphere, and generated plasmaspheric hiss inside the
plasmasphere. These data also indicate that this conversion can take some time to occur, which
may reflect the complexity of the chorus waves gaining accessto the plasmasphere (i.e. that cho-
rus does not always enter the plasmasphere). This can be explained by the simulations of Bortnik
et al. [2008], which showed that only chorus waves with certain wave normal angles are able to
penetrate through the plasmapause. As discussed above, theplasmaspheric hiss is allowed to pass
through the ionosphere by the strong guiding provided by theplasmapause.

Alternatively, this observation might be more like those ofSantoĺıket al. [2009] who showed
a case of chorus and hiss both being generated in the same region, in the equatorial plane near
L = 4.25. They suggested that chorus and hiss were independently generated in roughly the same
region. Both emissions were also found to have large wave normal angles, meaning that they
could propagate across magnetic field lines, to lower or higherL-shells. One thing to note about
these observations is that the chorus and hiss seem to be independent of each other, while the data
presented here show that the hiss was superimposed on top of chorus (as shown in Figure 4.2 (c)).
This might mean that the source regions of the chorus and hisswere distinct. It has also been
shown in Figure 4.4 that while chorus was observed at higherL at SANAE IV, no hiss was evident
there. For these reasons it is proposed that this is a case where the conversion of chorus to hiss
occurs inside the plasmasphere.

With the benefit of crossed loop antennas at both Marion Island and SANAE IV, it is possible
to calculate the polarisation of the waves received at theselocations. Whistler mode waves are
right hand circularly polarised, but upon entering into theEIWG, reflections at the ionosphere and
the surface of the Earth result in changes to the polarisation, converting them to linearly polarised
waves. This means that a wave which has entered into the EIWG at a position close to the receiver
will be right hand circularly polarised [Yearby and Smith, 1994]. To this end, the polarisation of
the signal received at Marion Island and SANAE IV have been determined using the technique
outlined in Manninen [2005]. The polarisation of the signalreceived at Marion Island is displayed
in Figure 4.14. The amplitude spectrograms for these data are plotted in Figure 4.2. A similar
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figure for SANAE IV, using data whose amplitude spectra are plotted in Figure 4.4, is shown in
Figure 4.15.

These figures show that both the chorus and hiss which were received at Marion Island had a
strong right handed polarisation, and therefore entered the EIWG near to the receiver. This could
only have happened if Marion Island was close to the plasmapause. On the other hand, the chorus
observed at SANAE IV has a linear polarisation, which shows that this chorus originated from
some distance away.

The paths of five DEMETER half orbits which occurred just before (orbit 32592), during (or-
bits 32593 and 32594) and after (orbits 32595 and 32596) the chorus observations at Marion Island
are plotted in Figure 4.16. These half orbits begin at a position east of Marion Island and move
westward until they are well west of Marion Island. Note thatthese half orbits were all descending
passes of the satellite, as the corresponding ascending half orbits occurred on the opposite side of
the globe. Figure 4.17 displays VLF spectra from the ICE instrument on DEMETER, for the 5
half orbits depicted in Figure 4.16. The vertical dotted lines show theL-value of Marion Island in
both hemispheres, and the horizontal dotted lines enclose the2− 5 kHz range which corresponds
to the edges of the frequency envelope of the chorus observedat Marion Island. Using these data
one is able to determine the extent of the chorus generation region in both longitude andL. One
can see enhanced VLF activity in the vicinity of Marion Island in half orbits 32594 and 32595.
VLF activity in the correct frequency band, but only in the Northern hemisphere is visible in half
orbit 32593.

As in the case of the VELOX data, with this low resolution data, it is impossible to discern the
exact frequency content of the data. It could be chorus, hiss, or some other noise. The assumption
up to now has been that the enhanced VLF activity detected by DEMETER must be chorus, since
this is what is observed on the ground. During half orbit 32594, the DEMETER satellite switched
into its high resolution burst mode for a brief period while within the region where chorus was
observed in the southern hemisphere. These broadband data are plotted in Figure 4.18, and clearly
show that chorus was indeed present at this time. Here, the values ofdB used have been confined
to a range close to the value of the activity peaks observed inFigure 4.17.

A statistical approach was used in the analysis of the DEMETER data in an effort to establish
that the observed chorus is not a regularly occurring phenomenon in this longitude andL-range,
during this period of the solar cycle. Goldenet al. [2009, 2011] showed that chorus and hiss are
frequently observed atL = 2.4 at Palmer Station. Their results, however, showed that chorus
and hiss occurrence rates are minimised during solar minimum, but that some observations of
chorus were made during 2010. It would thus be interesting toquantify the rarity of chorus at
Marion Island for a period around the event. Data from 215 DEMETER half orbits, from April
to September 2010 were used in the analysis. Only low resolution survey mode data (like those
plotted in Figure 4.17) were used for this. The first step in doing this was to generate an average
spectrogram (µ) from the DEMETER data. This was done by obtaining data from many half orbits
which occur at the same time of day and in the same geographic region, thereby eliminating MLT
dependence. Spectrograms for each of these were then generated. The arithmetic average,µ, of
these spectrograms was computed by adding all the arrays representing the spectrograms together.
Each element in this array was then divided by the number of arrays used in the average. The
average spectrogram resulting from these computations is plotted in Figure 4.19. Note that the
expected power in the chorus band near Marion Island’sL is small.

In order to calculate the statistical significance of a givenobservation, the standard deviation
σ of the data must also be calculated. This is done in a fashion analogous to the calculation ofµ.
The standard deviation spectrogram is shown in Figure 4.20.

zi =
Xi − µ

σ
. (4.1)
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Figure 4.14: Polarisation of the signal received at Marion Island. Note the strong right handed
polarisation of the chorus and hiss, indicating a nearby entry into the EIWG. The amplitude spec-
trograms for these samples are shown in Figure 4.2.
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Figure 4.15: Polarisation of the signal received at SANAE IV. The signal here is linearly polarised,
indicating a distant entry into the EIWG. The amplitude spectrograms for these samples are shown
in Figure 4.4.
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Figure 4.16: The path of five DEMETER half orbits which occurred from an hour before, to an
hour after the observations at Marion Island and SANAE IV. The location of Marion Island is
depicted by the blue star. The red lines show theL = 2.00 shell mapped to the surface of the
Earth.
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Figure 4.17: Broadband VLF data from the 5 descending DEMETER half orbits shown in Figure
4.16. The vertical dotted lines are theL-value of Marion Island (L = 2.60) in both hemispheres,
and the horizontal dotted lines represent the frequency envelope of the chorus observed on Marion
Island.
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Burst Mode Data for DEMETER Half Orbit 32594  from 5:53:02 to 5:54:00 UT
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Figure 4.18: Burst mode VLF data from DEMETER half orbit 32594 which shows chorus. These
data are for a one minute period while the satellite was in thesouthern hemisphere. The position
of this spectrogram relative to those plotted in Figure 4.17can be inferred from theL-values.
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Figure 4.19: The average spectrogram obtained from the DEMETER data. This shows the ex-
pected power at each frequency andL.
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Figure 4.20: The standard deviation spectrogram obtained from the DEMETER data. This shows
the deviation of received power from the average in Figure 4.19 at each frequency andL.
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Figure 4.21: Residuals for descending DEMETER half orbits 32593 (a) and 32594 (b). The left
hand plots show thez-value obtained at the magnetic latitude of Marion Island. The bottom plots
show thez-value averaged over 2–5 kHz. The z-value is large during periods of high chorus
activity, and small during periods of no chorus.

The collection ofzi can be used to infer ap-value for the data. For this analysis, it should be
thought of in terms of a 2D spectrogram, where each pixel of the spectrogram transforms to ap-
value for that half orbit. Ap ≤ 0.05 indicates a result significant at the5% level and corresponds to
|z| ≥ 1.96 in a one sided normal distribution such as that of powers which occur in the DEMETER
data [p: 613, Hogg and Tanis, 1989]. In Figure 4.21 the residuals of DEMETER half orbits 32593
and 32594 are plotted.

Half orbit 32593 (panel (a) in Figure 4.21) shows no chorus activity in the vicinity of Marion
Island. Thez-value obtained for this half orbit in the vicinity of MarionIsland is close to zero, and
so is not of statistical significance. In other words, this level of activity was commonly observed
in the data. On the other hand, half orbit 32594 (panel (b) in Figure 4.21) shows intense chorus
activity in the vicinity of Marion Island with an associatedz-value> 2, which indicates a high
statistical significance. This shows that chorus was not frequently observed in the data.

The effectiveness of calculatingz-values is highlighted in the differences between the two
panels in Figure 4.21. Thez-value is∼ 0 during periods of little or no chorus activity, while it
increases drastically when chorus is present. It allows oneto determine when some activity is
occurring in the data which should be interesting, as it is unusual. This technique would be useful
for analogous studies in other broadband data sets, either ground based or in situ.

The DEMETER data also allows one to view the VLF spectra across a range ofL-values,
while the MLT is slowly changing. The VLF spectra are most clearly shown in Figure 4.22,
where the residuals of descending half orbits 32592-32596 are plotted. For the reasons above,
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these spectrograms offer a clear look into the emission activity, since all background activity is
suppressed. Comparing these to Figure 4.16, it is apparent that most of the VLF activity in the
chorus and hiss frequency range was confined to the region poleward ofL = 2.00 (red curve
in Figure 4.16). The southern hemisphere VLF activity is most intense in half orbits 32594 and
32595, which are those closest to Marion Island. This indicates that the generation region was
localised near Marion Island, atL > 2 for the duration of the VLF activity.

Another interesting observation from Figure 4.22 is the apparent asymmetry in the chorus
activity between the two hemispheres. In half orbits 32592,32593 and 32594 there is activity
in the northern hemisphere. However, in the southern hemisphere there is chorus in half orbits
32592 and 32594, and not 32593. It appears as though the satellite had moved through some
gap in the chorus generation region. This asymmetry is not expected given the nature of chorus
generation (and also based on observations by Meredithet al. [2003]). Three possible reasons for
this anomaly are proposed:

1. A half orbit is∼ 45 minutes for DEMETER, thus, there is some delay between observations
at the top and bottom of a half orbit. This time delay is long enough for chorus generation
to switch on or off before reaching the opposite end of the field line. One might be able to
discount this factor since the chorus in the northern hemisphere persists for 3 half orbits.

2. DEMETER does not orbit along magnetic meridians, and so the top and bottom of the half
orbit are separated in magnetic longitude. The satellite can thus move out of or into the
chorus generating region along a single half orbit.

3. The electrons require positive thermal anisotropy for wave growth. It is possible that condi-
tions were such that the southward traveling particles (i.e.: those resonating with northward
propagating waves) had negative anisotropy. Upon mirroring in the southern hemisphere,
T‖ was reduced in the system as particles were lost by collisions in the neutral atmosphere,
leading to positive anisotropy on the northward trip (resonance with southward propagating
waves). This allows for enhancement of the southward propagating waves while reducing
the anisotropy in the system, and they remained so after the next mirror in the northern
hemisphere.

The third reason may seem like a rather convenient set of circumstances, but Marion Island lies
east of the SAA. This results in particles penetrating to a greater depth in the southern hemisphere
(and hence having a larger bounce loss cone) than in the northern hemisphere. This serves to
reduceT‖ only on the southern hemisphere bounce.

Data from the UltraMSK [Clilverdet al., 2009] receiver located at Marion Island were anal-
ysed to determine if any particle precipitation resulting from the chorus was evident. It was found
that the only possible evidence of precipitation was in the signal received from NWC, which is on
the north western coast of Australia. Analysing UltraMSK data can be a difficult problem, because
one is looking for small deviations from the expected behavior of a signal which can have very
erratic structure. A quick and effective way to address the irregularity of the data is to formulate
quiet day curves by averaging the data from several days in which there is no external modulation
(eg: from precipitation or solar flares) of the signal. Plotting the day of interest’s data superim-
posed on top of the quiet day curve then yields a way to determine where events of interest occur
in the data.

The amplitude of NWC recorded by the Marion Island receiver for 4 August 2010, as well as
the mean and1σ obtained from 14 days of data centered on 4 August 2010, are plotted in Figure
4.23. There is a small deviation from the quiet day curve∼ 30 minutes prior to the observation
of the chorus. Since NWC is directly east of Marion Island, itis possible that this was caused by
precipitation from the VLF waves observed in the northern hemisphere in half orbit 32592 (see
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Figure 4.22: Residuals after a subtraction of the mean of theDEMETER data presented in Figure
4.17. The chorus is much more evident in these plots. The vertical lines show theL-value of
Marion Island in both hemispheres. The two horizontal linesshow the frequency range 2–5 kHz.
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Figure 4.23: Amplitude of NWC observed at Marion Island (blue), with the mean over a 14 day
period centered on 4 August 2010 (black). The grey area represents1σ on either side of the mean.
There is a significant deviation from the mean at 02:30 UT, which may be attributed to particle
precipitation from chorus. The vertical dashed line corresponds to the time of chorus onset at
Marion Island.

Figure 4.22), which occurred when DEMETER was east of MarionIsland. This slow variation
of amplitude does not resemble that of short-lived FAST events [Rodgeret al., 2007, 2010], but
appears more likely to be caused by hiss generated by the chorus. This may, however, be a random
fluctuation in amplitude, since the signal level is rather variable.

The signal used in this analysis was recorded while the UltraMSK system at Marion Island
was not yet operating efficiently. The data from the system has seen dramatic improvements over
the last 2 years. This does, however, show that evidence of particle precipitation can be found in
this noisier Marion Island UltraMSK data, even before the use of rigorous Principal Component
Analysis techniques [Collier, 2009], which would no doubt further illuminate the effect.

4.4 Conclusion

At its outset, the research of this chorus observation was undertaken because of it being the first
chorus observed by the Marion Island VLF receiver system. The research very quickly became
more focused as the spectral structure of the chorus showed that it converted to hiss, which was
relevant to the recently published papers indicating that chorus was the source of plasmaspheric
hiss.

This chorus was observed between 03:00–07:00 UT on the 4 August 2010 during a period of
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unusually low geomagnetic activity. The event was comparedto an observation of chorus made
in 2003 at Palmer Station, which has a similarL-value to Marion Island, during the previous
solar maximum. The 2003 event was triggered by a severe geomagnetic storm which compressed
the plasmapause to anL-value below that of Palmer. The 2010 event was also precededby a
geomagnetic storm, although, it was much less intense than that experienced in 2003. However,
observations indicate that the plasmapause was pushed close to theL-value of Marion Island,
although Marion Island was probably still inside the plasmasphere during the event.

This proximity to the plasmapause made for a remarkable observational opportunity. VLF
emissions from both inside and outside the plasmasphere were able to propagate to Marion Island,
giving a continuous view of these two regimes. This allowed for the simultaneous observation
of chorus and plasmaspheric hiss at a single terrestrial receiver. A similar observation was made
in space by Bortniket al. [2009] using two THEMIS satellites positioned on either side of the
plasmapause. The observations at Marion Island seem to support their findings that chorus pene-
trating into the plasmasphere is the source of plasmaspheric hiss.

Data from two other stations are used to track the motion of the chorus generation region, and
it was shown that the generation region was probably moving eastward, which consistent with the
eastward drift of electrons in the magnetosphere. The location of the plasmapause was determined
with the use of two models based on geomagnetic activity. A serendipitous observation of a knee
whistler at Dunedin, New Zealand, allowed for a direct estimate of the location of the plasmapause.
The use of the AWDA system here shows the potential of the system to make continuous mappings
of the plasmasphere, and the usefulness that this will have for research. There was a significant
disparity between the value ofLpp obtained from the knee whistler analysis and the modeled
result, but these differences were attributed to inaccuracies of the model, as well as the knee
whistler being observed later in the day.

DEMETER VLF data were used to determine the size of the generation region. The generation
region was found to be poleward ofL = 2.00, and the data showed that at the time of DEMETER
observations, the region was localised to Marion Island, which indicates that the region was likely
small. An averaging technique was used to highlight uncommon features in the VLF data, and a
direct measure of the statistical significance of particular features in the data was obtained. Using
this analysis allowed for a quantitative measure showing that chorus was not commonly observed
in the vicinity of Marion Island during this period of the solar cycle. This technique could be
directly applied to any other spectrogram type data sets, allowing for easy (and quite possibly
automated) identification of interesting features in broadband data.

Marion Island was in a favourable position for viewing this event. TheL-value of Marion
Island puts it close to where one might expect to find the plasmapause during moderately disturbed
periods. The plasmapause acts as a dividing layer between two VLF generation regimes in the
magnetosphere (refer to Figure 2.6), and either or even bothof these can be viewed at any given
time. Additionally, it was discussed how the plasmapause itself may have played a role in guiding
plasmaspheric emissions through the LHR reflection layer. Marion Island’s location just east of the
SAA also means that electrons drifting towards Marion Island have just passed through the SAA,
which would cause dramatic reconfigurations to their velocity distribution, and consequently on
the direction of net energy exchange between waves and particles.

These observations were made possible by a rather unique setof circumstances and a particular
level of geomagnetic activity. Higher levels of activity would have resulted in a more extreme
compression of the magnetosphere, and thus only chorus being observed, as was the case for
Palmer in 2003. On the other hand, sufficient activity was required to shift the plasmapause close
enough to Marion Island to allow for the sub-ionospheric propagation of hiss to the receiver.
While this chapter presents an interesting case study whichconfirms several previous theories and
conclusions made from satellite observations, it has also outlined a new method for analysing VLF
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spectrograms and identifying uncommon occurrences in thatdata.
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Chapter 5

Twin Whistlers

5.1 Introduction

During a 3 month period in 2009 whistlers were detected by AWDsystems at both Rothera (67.57◦

S 68.12◦ W, L = 2.71) and SANAE IV (71.40◦ S / 2.51◦ W, L = 4.36). These stations are in
close proximity to each other, separated by only∼ 2500 km, but with significantly differentL-
values. Light travels the distance between the two receivers in 8 ms. Since the distance between
the two stations is less than typical wave guide propagationdistances, there exists the possibility
for the same whistler being received at both receivers. The two whistlers would be have the same
dispersion characteristics, regardless of the relative distance propagated by each whistler to its
receiver, since both would have had an identical path through the magnetosphere. There might,
however, be amplitude differences between them, since attenuation in the EIWG is proportional to
distance propagated, and the two whistlers would probably have propagated different distances in
the EIWG. Since they have the same shape and only differ slightly, they have been given the name
twin whistlers.

An analysis to identify twin whistlers in the Rothera and SANAE IV data should shed light on
the issue of how far whistlers can travel within the EIWG. Since whistlers have had their energy
smeared out over a longer time than their initiating spheric, it is reasonable to assume that the
propagation distances of whistlers and their initiating spheric will not be comparable. So, while a
spheric can travel distances∼ 10000 km through the EIWG, the same is not necessarily true of
whistlers propagating from their EIWG re-entry point to a receiver. Furthermore, there are some
interesting differences between the number of whistlers received at each site, which the analysis
of twin whistlers may explain.

As reported by Collieret al. [2011], Rothera receives on average many more whistlers than
most other AWD sites, despite having comparable lightning activity near its conjugate point. Their
analysis found that the primary source region for Rothera was on the east coast of the United States
and over the Gulf stream. A similar analysis (currently unpublished) for SANAE IV show that it
shares its whistler source region with Rothera. The source regions for Rothera and SANAE IV
whistlers are shown in Figure 5.1. AWD data from Rothera wereavailable from 13/05/2008 to
31/12/2009, and from SANAE IV from 12/09/2009 to 31/12/2009. That means that there is an
overlap from 12/09/2009 to 31/12/2009, or 81 days. During this period, 80117 whistlers were
received at SANAE IV, while 229135 were received at Rothera.

The fact that these two sites have a similar source region is somewhat surprising, given the
massive disparity between the number of whistlers receivedat each site. At Rothera an average of
6.75 million whistlers are received per year, while at SANAEIV an average of 400 000 whistlers
are received per year. This is a massive difference for two sites which have essentially the same
source region. The difference in whistler counts must be dueto the locations of the two sites.
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Figure 5.1: The whistler source regions of Rothera after Collier et al. [2011] (a). The source region
for SANAE IV was determined using a similar analysis, and is shown in (b). The result in (b) is
currently unpublished. The whistler source regions of these stations are roughly the same.
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Figure 5.2: The daily whistler counts at Rothera (top) and SANAE IV (bottom) for the period of
overlapping data. There are three periods of comparable whistler activity near days 270, 280 and
300.

Before the whistlers are paired on a one to one basis, some statistics of the whistlers received at
each site during the period of overlapping observations should be checked. In Figure 5.2 the daily
variation in whistler counts at Rothera and SANAE IV are plotted. Superficially, it seems that
these two distributions are very similar, with many whistlers seen by both stations before day 300,
and nearly none seen after that day. However, on closer inspection, the agreement between the two
is not very good. There are days when SANAE IV records many whistlers while Rothera records
relatively few (eg: day 264), and other days where this is reversed (eg: days 255 and 256). There
are however 3 periods which show comparable relative whistler counts at each station. These are
around days 270, 280 and 300. These periods are possibly favoured for twin whistler observation,
and are possibly due to the EIWG entry point being midway between the two stations.

In Figure 5.3, the diurnal variations of the whistlers received at Rothera and SANAE IV are
displayed. From this figure it is clear that the peaks in whistler activity occur at different times
of day at each station. This is not too surprising, given thatthe two stations are in different local
times, and that whistler reception is typically favoured atnight. In Figure 5.4, the same diurnal
distributions are plotted, except that they are transformed into LT. The LT distributions have their
peaks at the same time of day, which means that the effects of the time of day have a stronger
effect on whether whistlers are received than the presence of source lightning.

These results seem to suggest that there is not a strong link between the whistlers received at
both sites. However, the data shown in Figure 5.2 suggest that on at least some occasions there is
the potential for twin whistler observations.
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Figure 5.3: The diurnal variations of whistler counts at Rothera (top) and SANAE IV (bottom)
for the period of overlapping data, plotted in UT. The peaks in whistler activity occur at different
times of day.
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Figure 5.4: The diurnal variations of whistler counts at Rothera (top) and SANAE IV (bottom) for
the period of overlapping data, plotted in LT. The peaks in whistler activity occur at the same local
time, indicating that ionospheric effects are dominant.
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5.2 Twin Identification Method

Twin whistlers are identified using the time they were recorded as reported by the respective AWD
system at each station. The AWD produces only times at which whistlers (more accurately the nose
frequency) are received at the station. The task of identifying twin whistlers is rather straightfor-
ward. Since the whistlers have entered the EIWG at some pointbetween the two stations, there
will be a relative delay between the whistlers at each receiver. There are several possible scenarios
to consider. Figure 5.5 illustrates these different scenarios, which are described below:

1. The spheric propagates subionospherically from the source region to the conjugate point of
Rothera. It travels through the ionosphere here and propagates through the magnetosphere
to the location of Rothera. It crosses the ionosphere and arrives immediately at Rothera, and
propagates from there to SANAE IV, resulting in a8 ms delay (a).

2. The spheric propagates subionospherically from the source region to the conjugate point
of SANAE IV. It travels through the ionosphere here and propagates through the magneto-
sphere to the location of SANAE IV. It crosses the ionosphereand arrives immediately at
SANAE IV, and propagates from there to ROTHERA, resulting ina8 ms delay (b).

3. The spheric crosses the ionosphere directly above the stroke and propagates through the
magnetosphere to the point conjugate to the source region. It crosses the ionosphere here,
propagates subionospherically to Rothera first, and later arrives at SANAE IV. Since the
conjugate of the source region is west of Rothera, the delay will also be ∼ 8 ms (c).

4. The spheric propagates subionospherically to some random location. It travels through the
ionosphere here and propagates through the magnetosphere to the conjugate point of this
random location. It propagates through the EIWG to Rothera and SANAE IV. The delay
here depends on the position of the EIWG entry point, but it will be less than8 ms in all
cases (d).

Using the relative delay is useful, since it never exceeds8 ms, and so the matching occurs more
readily as the scope of possible matches for each whistler isminimised. Also, the delays calculated
are relative to when the SANAE IV whistler is received, so that a delay of−8 ms is expected with
case 2, while a delay of+8 ms is expected for case 1. A positive delay implies sub-ionospheric
re-entry closer to Rothera, and a negative delay implies sub-ionospheric re-entry closer to SANAE
IV. The method used to identify twins is as follows. For each whistler received at SANAE IV,
those which were received at Rothera within8 ms before and after are chosen. Frequently there
was only one whistler which met this condition, and so it was selected as the twin. If more than
one fulfilled the condition, then the one which minimised thedelay was selected as the twin.

5.2.1 Significance of These Results

As before, it is important to evaluate the statistical significance of these results, since the twin
identification only uses the relative timing data. It is thuspossible that these matches are merely
coincidental, and not that the whistlers are twin whistlers. Of course, comparison of the dispersions
of whistlers would provide virtually irrefutable evidencethat a pair are twin whistlers, since they
are expected to have identical dispersions. In the absence of this data however, some simple
calculations can go some way to proving that the matches are probably not due to coincidence.

As described above, the whistlers analysed occurred duringan 81 day window. For a whistler
pair of whistler to be considered twins, they must be received within the same16 ms window.
During the 81 days, there are 437400000 (= 81 days×24 hours×3600 seconds/0.016) such
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Figure 5.5: SANAE IV (labeled as S), Rothera (labeled as R) and their whistler source region
(labeled as T) are depicted by purple stars. Their conjugatepoints (labeled as S∗, R∗ and T∗

respectively) are demarcated by blue stars. A blue path indicates sub-ionospheric propagation,
while a red path indicates magnetospheric propagation. Description 1-4 above refer to (a), (b), (c)
and (d) respectively. In the final panel, a new point U (with conjugate point U∗) is some random
ionospheric transit location.
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windows. The diurnal variation of whistlers at both sites show that whistlers are mainly received
during a 12 hour window, so that this number can be divided by two, since only half of the windows
are most likely to contain any whistlers. Furthermore, the daily variation shows that the whistlers
were only mainly only received during the first half of the 81 day period, so that the number of
possible intervals can again be halved. This leaves a total of 109350000 intervals.

Now, the probability that one of the 229135 whistlers received at Rothera will fall within a
particular interval is 0.0021. Similarly, the probabilitythat a SANAE IV whistler will fall into a
particular (not necessarily the same) bin is 0.00073. Now, the probability that a whistler received
at both sites will fall into the same interval, and thus be identified as twin, is given by the product
of these two probabilities, which is1.53 × 10−6. This means that there is a very small chance for
just a single twin whistler to be identified by chance, let alone for many.

5.3 Discussion

Twin whistlers were only found for 2% of the whistlers detected at SANAE IV (thus the fraction
of Rothera whistlers which were twins is even lower). This shows that whistlers are not frequently
able to propagate the distance between SANAE IV and Rothera,before being attenuated to below
background levels, and so are only detected by one of the two receivers. In fact, the minimum
distance which a whistler would need to travel before being received at both sites is∼ 1250km.
This provides some indication of the distance from a receiver a whistler must re-enter the EIWG
if it is to be detected.

The daily distribution of the matched whistler counts is shown in Figure 5.6. This figure shows
that the matched whistlers occur in isolated patches. Comparing this with the distributions shown
in Figure 5.2, it is clear that the peaks in twin whistlers occur when SANAE IV and Rothera see
increased numbers of whistlers on the same days, which is probably due to a duct exit located
somewhere between the two stations. Since the diurnal variation of whistlers received at SANAE
IV and Rothera is so strongly governed by the LT at the receiver, it may be possible to determine
if a particular EIWG re-entry is common for twin whistlers. In Figure 5.7 the diurnal distribution
of twin whistlers is plotted at 3 different local times: LT = UT, LT = UT−2, and LT = UT−4.
Comparing these distributions to those plotted in Figure 5.4 show that there is some similar pattern
in the distributions. Although the peaks are not in the same place, Figure 5.4 shows that whistlers
are received principally between 00:00 and 10:00 LT, and thetwin whistler distribution plotted
with LT = UT−2 most closely resembles this. This is tested quantitativelyusing a Pearson’sχ2

test, as follows:

1. Since the twin whistler diurnal distribution should havesimilarities to both the diurnal dis-
tributions of SANAE IV and Rothera, a target distribution iscreated by averaging the distri-
butions of SANAE IV and Rothera.

2. Since the peaks of the target distribution will obviouslyhave larger magnitude than the twin
whistler distributions, all the distributions are normalised, so that only the positions of the
peaks, and not their height, are considered.

3. Finally, theχ2 test is performed between each of the twin whistler diurnal distributions from
Figure 5.7 and the target distribution.

The above analysis yields correlations of78% for LT = UT - 0, 80% for LT = UT - 2, and73%
for LT = UT - 4, where thep-values in each case are∼ 6× 10−5. This implies a location midway
between Rothera and SANAE IV is the preferred EIWG re-entry point for twin whistlers. These
differences are small, however, and a more correct conclusion would be that the twin whistlers
enter the EIWG anywhere between SANAE IV and Rothera.
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Figure 5.6: The daily variation of twin whistler counts. Thepeaks in this distribution occur on
days when both SANAE IV and Rothera show elevated whistler levels, as seen in Figure 5.2.
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Figure 5.7: The diurnal variations of twin whistler counts plotted in 3 different local times. The
distribution with LT = UT−2 most closely resembles the diurnal distributions plotted in Figure
5.4.

113



[−8, −1) [−1, 1] (1, 8]
0

100

200

300

400

500

600

700

800
Delays between SANAE IV and Rothera whistlers

Delays (ms)

C
ou

nt
s

Figure 5.8: The distribution of delays calculated during the matching. The distribution shows that
there are more negative delays than positive ones, and that arelatively small number of the twin
whistlers had0 ms delays.

Finally, a distribution of the delays between the receptionof twin whistlers at SANAE IV and
Rothera is plotted in Figure 5.8. This figure shows that the delays are more or less uniform across
the range of values. There are a large proportion of delays around0 ms, with 21% of the delays
falling into this2 ms window. The distribution also shows that there are more delays which are
> 1 ms (42%), than those which are< −1 ms (37%). This suggest that a EIWG re-entry closer
to Rothera is preferred, but that re-entry half way between SANAE IV and Rothera is relatively
probable. This is what one would expect, given the relative positions of the two stations. First,
a midpoint EIWG re-entry is probable, since this allows for aminimum propagation distance to
both receivers, and thus the highest probability of a twin whistler being received. Second, re-entry
closer to Rothera is expected to be favoured, since it is closer to the conjugate point of the source
region.

5.4 Conclusion

The results presented in this chapter are not definitive, butdo point towards some ideas which
further investigation may strengthen. The fact that such a small fraction of twin whistlers was
found suggests a possible reason for the massive disparity in the number of whistlers received
at SANAE IV and Rothera. Since whistlers are not frequently able to propagate the distance
between Rothera and SANAE IV, under the extreme attenuationwhich ice provides, it should be
expected that Rothera, which is much closer to the conjugatepoint of their mutual source region,

114



receives vastly more whistlers than SANAE IV. This is supported by the fact that the percentage
of twin whistlers received is very low, but it is comparable to the ratio between whistlers received
at SANAE IV and those received at Rothera.

The statistics gathered indicate that for twin whistlers tobe received, they should arrive in the
southern hemisphere at a location between the two receivers, thus minimising the distance traveled
to both stations. It should be mentioned that the statisticsare very poor due to the low number
of twin whistlers found. This presents an idea for future study, namely to repeat this analysis
on a larger overlapping data set. With more AWD data becomingavailable, the number of twin
whistlers observed will increase. This expanded data set could be used to better understand the
differences between whistler observations at SANAE IV and Rothera and add further light to the
disparity between whistler frequencies at these two sites.

Since only the times of whistlers occurrence were used in this technique, there is no absolute
guarantee that the two whistlers which are identified here astwins are in fact identical. A spectral
comparison (as well as the time information) of these whistlers would be definitive proof of this.
This presents a further opportunity to expand upon this work.

Another point of interest would be to add AWD data from Palmerinto the analysis. Palmer
is < 500 km from Rothera, and shares its source region. Yet there is alsoa huge disparity in the
number of whistlers received at these two locations, with Palmer having half the yearly number
of whistler observations of Rothera (as shown by AWD data). With the two stations being so
much closer, one expects a higher proportion of twin whistler observations. This analysis would
hopefully further contribute to the study.
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Chapter 6

Tropical Cyclone Tracking

6.1 Introduction

Tropical cyclones are destructive and unpredictable natural phenomena. They have the capacity
for great destruction in populated areas. Tropical cyclones are associated with heavy rainfall, high
wind speeds and lightning. These represent an appreciable threat to human life and can also result
in major economic losses. The rain causes flooding, which in turn causes damage to infrastructure.
This can result in transportation and communication lossesin populated areas. Homes are also at
risk during these storms, and the displacement of people is always a concern when a tropical
cyclone is in the vicinity [Knappet al., 2010; Kohnet al., 2011].

The tremendous destruction caused by Hurricane Katrina in 2005 had most of its major effects
felt in the coastal city of New Orleans. The flooding resultedin many deaths, and the destruction
of homes and buildings, which has still not been remedied. Tropical cyclones are also a threat
to the east coast of South Africa, where they have made landfall in the past. Perhaps the most
famous, was tropical cyclone Demoina, which resulted in severe flooding.

Tropical cyclones are the result of intense heating over warm oceans, which results in deep low
pressures forming. The convection which occurs due to this results in energy being extracted from
the warm ocean surface, leading to the formation of a storm cell. The abundant energy supplied
to the tropical cyclone by the warm ocean results in intensification of the low pressure. When the
edge of the tropical cyclone reaches land, it dramatically increases rainfall there. When the eye of
the tropical cyclone moves over land, it loses the abundant source of energy from the warm ocean
and begins to weaken. If the storm moves back out over the ocean again, however, then it will
regain its strength. Even while over the ocean, the high windspeeds of the tropical cyclone cause
the height of waves to increase, which can cause damage to buildings, or harm people, directly
along the coast [Knappet al., 2010].

Recently, tropical cyclone Irina developed off the east coast of Africa. It then moved down
the coast, through the channel between Africa and Madagascar, towards South Africa. Figure 6.1
shows the track of Irina moving southward, and then westwardtowards the east coast of South
Africa. After moving closer, the tropical cyclone moved away from South Africa, before finally
turning back and moving towards South Africa again. Fortunately, it lost strength and dissipated
before reaching land again. During the period when Irina wasnear South Africa, it caused sig-
nificant flooding, which resulted in the loss of lives and the destruction of property. The track
data plotted in Figure 6.1 was obtained from the Regional andMesoscale Meteorology Branch
(http://rammb.cira.colostate.edu/).

These positions in Figure 6.1 are determined using satellite imagery. In this case, the best time
resolution was 12 hours, which leaves long periods of time between each observation. Due to the
unpredictable nature of a tropical cyclone, its path can change rapidly in the space of twelve hours.
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Figure 6.1: The track of tropical cyclone Irina shown with filled circles. The first reported position
was at 29/02/2012 00:00 UT. Every successive position is 12 hours after the previous, with the
final position reported on 09/03/2012 00:00 UT.
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More regular tracking would provide a better tool for issuing early warnings of landfall, and help
to better mitigate any fallout in coastal areas.

Lightning has been well correlated with rainfall [Batton, 1965], [Carte and Kidder, 1977]
and [Pessi and Businger, 2009]. There have been many successful attempts at tracking lightning
producing storm cells. Some have used data radar measurements [Dixon and Wiener, 1993].
Others have relied on satellite measurements [Zinneret al., 2008]. There have also been tracks
which rely on lightning data from various lightning location systems [Betzet al., 2008].

Since tropical cyclones are frequently associated with lightning [Priceet al., 2007, 2009], a
lightning detection network could provide a means of tracking the tropical cyclone in near real
time. Unfortunately, most commercial lightning networks only operate on land, and so they do not
help with the problem of tracking a tropical cyclone over theocean. WWLLN, however, has the
ability to locate lightning strokes which occur over the ocean. Figure 2.1 clearly shows lightning
over warm ocean currents, such as off the east coast of South Africa. It should thus be possible to
track such storms using WWLLN data.

The structure of tropical cyclones has been studied using lightning obtained from WWLLN
[Solorzanoet al., 2008]. This showed the evolution of the lightning production within a trop-
ical cyclone was accurately captured by WWLLN data, including the intensification of eyewall
lightning which is associated with the intensification of a tropical cyclone [Molinariet al., 1999].

6.2 Tracking Method

Kohn et al. [2011] described a technique for thunderstorm tracking, using VLF located lightning
strokes. The algorithm employed is calledk-means clustering. This allows for clusters of lightning
locations to be identified, differentiating them from isolated lightning discharges. One associates
heavy thunderstorms with these clusters. The outer bounds of the clusters are then taken as the
boundary of the thunderstorm. After some time step, the algorithm is repeated, and the new lo-
cation of the thunderstorm is determined. Multiple iterations allow for a storm track to be found.
The details of thek-means clustering algorithm are not described here, but many scientific com-
puting languages have their own implementation of the algorithm. Of interest here is the use of
the algorithm to track storm cells associated with tropicalcyclones.

The algorithm used for tracking tropical cyclones is as follows. Every hour, the WWLLN
data from the previous hour are used. This will allow for cyclone tracking with 1 hour timing
intervals. This resolution can be increased, although to compensate for the low DE of WWLLN,
the value of 1 hour is chosen. In each one hour sample, the clusters are determined using the
k-means algorithm. This allows for some tuning, namely how easily the algorithm will expand
the area of a particular cluster (thereby decreasing the stroke density in the cluster) to include one
more stroke. This tuning can probably be optimised in one region, since it mostly depends on the
DE of WWLLN is that region. With the clusters determined, allstrokes which are not part of any
clusters are discarded. Since two closely spaced points canstill constitute a cluster in thek-means
algorithm, clusters which are smaller than 5 strokes are discarded.

The last known location of the tropical cyclone is used to seed the algorithm, and the clusters
which are within1000 km of the last known location of the center of the tropical cyclone are
selected. The new center of the tropical cyclone is then the median of the positions of all the
strokes in those selected clusters. Every 12 hours, the seedlocation of the tropical cyclone is set
to that found by the satellite at that time.

The method described above was tested on the recent tropicalcyclone Irina. Since this tropical
cyclone had already occurred, the test is run in pseudo real time after the fact.
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Figure 6.2: The distribution of distances between the current prediction, and the last known satel-
lite position. This distance is reset to zero every 12 hours due to the seeding. Values of zero after
these resets imply that no new location was found using the WWLLN data. The figure shows that
the algorithm produced locations for three periods of time.

6.3 Results and Discussion

The algorithm is run over the 11 day duration of Irina. The performance of the algorithm over
the 11 day period can be determined by checking the distance between predicted locations, and
the last known satellite location. The evolution of this value is shown in Figure 6.2. Since the
seed location is set to the satellite location every 12 hours, the distance in the histogram is reset to
zero every 12 hours. If no new location can be found using the WWLLN data, then this distance
remains at zero. This figure shows that the algorithm found locations for the tropical cyclone
during the first 36 hours, for 12 hours after 03/03/2012, and for most of 05/03/2012.

It seems as though the algorithm found locations for the tropical cyclone on relatively few
occasions. The lack of performance may be attributed to there being few lightning strokes detected
by WWLLN during some periods. This may be because of the low DEof WWLLN, or otherwise
because the tropical cyclone was not actively producing much lightning at these times. Regardless,
it is important to focus on periods where the algorithm had sufficient data to work. In Figure 6.3,
the output of the algorithm for two hours where the algorithmhad good locations is shown.

The top panel of Figure 6.3 shows a predicted location 4 hoursafter satellite update, while the
lower panel shows a predicted location 1 hour before an update. In (a), the next updated satellite
position of the tropical cyclone is further to the west. Thismotion is captured by the algorithm, as
the predicted location in Figure 6.3(a) is to the west of the last known position. In (b), the tropical
cyclone was moving towards the south during the period shownin the lower panel of Figure 6.3.
The predicted location just one hour before the tropical cyclone position is updated by satellite,
is to the north west. In this case, the algorithm has missed the movement of the tropical cyclone.
Since it is moving very quickly during this phase of its evolution, it is possible that missing the
location early on causes the algorithm to lose the track completely, due to the maximum distance
from the last known location used in the algorithm. A possible fix for this would be to retrieve
the tropical cyclone speed from the satellite data, and use this to determine the maximum distance
from the last known location to search for clusters. Even better, the speed of the cyclone could be
determined by the algorithm, and used to update this distance every hour.

There was one period where the algorithm seemed to track the tropical cyclone with particu-
larly good accuracy. In Figure 6.4, 6 locations found duringa 12 hour period are shown. During
the first hour of this track, the algorithm predicted a location to the west of the last known position
(b). During the next few hours, there was insufficient lightning data available to make any predic-
tions about the location, and so the prediction is left at itsprevious location (c). At 09:00, more
lightning is observed, and this moves the prediction west again (d). During the next 2 hours, no
new predictions are made (e). At 12:00, the satellite makes another observation (f). The position
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Figure 6.3: The output from the algorithm for two 1 hour periods where locations for the tropical
cyclone were found. The predicted location during the hour is shown by the red circle, and the
black dot shows the last known position of the tropical cyclone determined by satellite, with black
circles showing the entire path of the tropical cyclone. Thesmall blue circles are individual light-
ning strokes, and the blue polygons represent the area of a cluster. The date and the top of the hour
are labeled in the lower right corner of each map. The top panel represents a time 8 hours before
the update from satellite shows the tropical cyclone movingto the west, while the lower panel
represents a time one hour before the satellite showed the tropical cyclone is moving towards the
south.
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at 11:00 is very close to the next determined satellite location shown at 12:00. The predicted lo-
cations follow the track with good accuracy, indicating that the track was largely accurate during
this 12 hour period.

6.4 Conclusion

The method described in this chapter outlines the basics of atropical cyclone tracking system
which uses lightning data from WWLLN. The system uses a mathematical tool calledk-means
clustering to find clusters in the lightning data. These clusters are then used to discard the lightning
data which is only associated with less than moderate lightning activity. The locations of these
clusters are then compared to the last known location of the tropical cyclone, either from the
algorithm, or from satellite observation. The strokes which belong to the clusters which satisfy
this condition are then used to find the next predicted location. The next location is the median of
the locations of these strokes.

The method described above was tested on tropical cyclone Irina. The algorithm performed
well during most periods in which sufficient data were available. Possible reasons for the lack
of performance at other times were a lack of lightning produced by the tropical cyclone, low
WWLLN detection efficiency, and finally the tropical cyclonemoving too fast for the algorithm
to keep track of it. The first problem is beyond human control,as this is a property of the random
nature of weather. The second factor may be less of an issue inother areas where WWLLN data
has higher efficiency.

The lightning maps which are produced also fail to reveal thecomplex structure of tropical
cyclone Irina, as previous studies using WWLLN data have. This too may be attributed to the lack
of lightning produced by this tropical cyclone, and the lower detection efficiency of WWLLN in
the southern Indian Ocean when compared to other oceans overwhich these studies occurred.

A method for taking the speed of the cyclone into account was discussed. This involved using
the speed calculated by the satellite imagery to expand or contract the range within which the al-
gorithm looks for clusters. This could be even better implemented if the speed is determined from
the algorithm itself, using the predicted locations to predict the speed and adjust its parameters
accordingly.

The work here has shown that the WWLLN data is adequate for tropical cyclone tracking near
South Africa. While there is definitely room for improvementin the current algorithm, this should
serve as a proof of concept. Even though some aspects of the poor tracking cannot be improved,
the track would prove worthwhile as it adds extra data for tropical cyclone tracking and warning
systems. The algorithm described here should not replace such systems, but rather supplement
them, and thus improve forecasting tropical cyclone movements.
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Figure 6.4: The track from the algorithm for 12 hours, starting 03/03/2012 00:00 UT. The maps
are of the same form as Figure 6.3. (a) shows the position found by satellite at 00:00. At 01:00,
the algorithm moved the predicted location to the west (b). At 03:00 (c), the predicted location
had not changed, and this remained the case, until 09:00 (d),where the prediction moved to the
west again. It had not moved by 11:00 (e), and at 12:00 the nextsatellite location coincided almost
exactly with the prediction from 11:00 (f).
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Chapter 7

Conclusion

This thesis has undertaken a number of studies aimed at better understanding of whistlers, chorus
and lightning. The interest in whistlers was prompted by thePLASMON project, of which the
SPRI was a member. During the course of this thesis, an exciting observation of chorus was made
at Marion Island, which prompted an in-depth analysis. Thisled to some new analysis techniques
being developed. Since whistlers are generated by lightning, study of anything associated with
lightning was also of interest. With access to the lightningdata provided by WWLLN, another
useful application of lightning tracking was investigated, namely the use of WWLLN to track a
tropical cyclone. An algorithm was developed and tested on the recent tropical cyclone Irina.

7.1 Source of Whistlers Above South Africa

The results of Collieret al. [2009] were not in complete agreement with the mechanism proposed
by Storey [1953]. They found that the source region for whistlers received at a location could be
as far as10000 km from the conjugate point of the receiver.

In Chapter 3, the correlation between whistlers detected onDEMETER while near Tihany’s
conjugate point and WWLLN lightning was computed. The data recorded by DEMETER was
corrected by calculating a time correction factor using lightning data from the SALDN. Finally,
the results obtained were refined under statistical testing, and any measurements which were sta-
tistically insignificant were discarded. The final result ofthe analysis is shown in Figure 3.22.

These results showed that:

• Strokes from the region directly beneath the satellite initiated the most whistlers.

• Strokes from a nearby region in Central Africa also initiated a high number of whistlers.

• Strokes from South America initiated a moderate number of whistlers.

• No strokes from the Maritime Continent initiated whistlers on DEMETER while within the
burst region.

The first three of these points are in good agreement with the results of Collieret al. [2009],
while the final one is not. This was found to be due to the times at which DEMETER was within
the burst region, which were not times at which lightning wastypically observed over the Maritime
Continent.

The results presented were only for whistlers traveling a few hundred kilometers to LEO.
These whistlers would not necessarily propagate to Tihany and be detected on the ground. An
idea for future work would be to find out which of the whistlersdetected on DEMETER were
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able to propagate to Tihany, by doing a correlation between DEMETER whistlers and whistlers
received by the Tihany AWD. One should then be able to say which lightning strokes detected by
WWLLN have resulted in whistlers being detected at Tihany. This work presented in this chapter
is being submitted for publication.

7.2 Chorus Observed at Marion Island

In Chapter 4, a remarkable observation of chorus which was made at Marion Island was discussed.
This was of immediate interest, since Marion Island is typically inside the plasmasphere, and
chorus is generated outside the plasmasphere. A number of important conditions surrounding this
observation were discussed. It was found that:

• The chorus transformed to hiss.

• Marion Island was close to the plasmapause at the time of theobservation.

• Despite the associated geomagnetic storm being of lower intensity than that associated with
the chorus observation made at Palmer in 2003, a similar reconfiguration of the radiation
belts had occurred.

• A technique using survey mode DEMETER data was developed toquantify the rarity of the
observation. This showed that the observation was uncommonnear Marion Island for the
particular level of solar activity.

• The DEMETER data showed that there was some asymmetry in chorus observation between
northern and southern hemisphere, and this was explained interms of particle temperature
anisotropy and the SAA.

• The event presented a ground based observation supportingthe recent ideas suggesting that
chorus generated plasmaspheric hiss.

The technique used to determine the rarity from DEMETER datacould be applied to any
spectrogram data set to find features in the data which did notoccur frequently, and could be used
to create a VLF emission finder. This work has been accepted for publication in the Journal of
Geophysical Research (Space Physics).

7.3 Twin Whistlers

Rothera and SANAE IV are both Antarctic research stations where regular VLF recordings are
made. AWDs are run at both stations. Analysis of the AWD data has shown that the two receivers
share the same whistler source region. The whistler rates for the two stations differ significantly,
with Rothera observing on average 15 times more whistlers than SANAE IV.

Chapter 5 briefly described the observation of twin whistlers at Rothera and SANAE IV. These
were whistlers which had a single ionospheric exit point into the EIWG (and so had propagated
along the same magnetospheric path), and propagated from this exit point to both receivers. Since
they had the same magnetospheric path, they would have the same dispersion (and consequently
appearance), and hence named “twin whistlers”. An analysisof these twin whistlers revealed the
following:

• Only a small fraction (2%) of the SANAE whistlers had a twin in the Rothera data.
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• The majority of twin whistlers were observed on days duringwhich Rothera and SANAE
IV received an increased number of whistlers.

• These whistlers entered the EIWG preferentially closer toRothera, with a relatively high
probability of re-entry nearly midway between the two receivers.

While the statistics of these results are poor, they do suggest a reason why Rothera observes so
many more whistlers than SANAE IV. This is possibly due to thefact that whistlers are entering
the EIWG closer to Rothera, and so suffer less attenuation during propagation to the receiver,
and consequently have a higher chance of detection. Of course, it is also possible that Rothera,
which has a much lowerL-value than SANAE IV, is more favorably located with respectto the
plasmasphere for the observation of whistlers. The resultspresented in Chapter 5 are in no way a
confirmation of this possibility however.

The analysis presented in Chapter 5 could be improved by using a larger set of overlapping
data, which is now available. Furthermore, there also exists a huge disparity between the number
of whistlers received at Rothera and Palmer, despite them having the same source region and
being only500 km apart. Analysis of twin whistlers received at these sites will surely also have
interesting results.

7.4 Tropical Cyclone Tracking

In Chapter 6 a technique for tracking tropical cyclones using lightning data from WWLLN is
described. This provides a useful long range remote observation tool for tracking the movement
of a tropical cyclone. Since WWLLN is a global lightning network, it provides lightning locations
over oceans where tropical cyclones are generated, unlike other HF based lightning networks
which only operate effectively over land.

The tracking algorithm was applied to the tropical cyclone Irina which made landfall in South
Africa in 2012, where it caused severe flooding and led to the loss of several lives. The tracking
algorithm performed well for a few days of the tropical cyclone’s lifetime. It was able to track the
tropical cyclone as it moved towards South Africa before making landfall.

There is room for improvement in the algorithm, but the work presented here serves as a proof
of concept that WWLLN data can be used to track tropical cyclones. A possible improvement
which could be made is to incorporate speed and direction measurements made by satellite into
the algorithm, or to calculate these parameters during the tracking with the algorithm.
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M. Parrot, O. Santoĺık, D. Gurnett, J. Pickett, and N. Cornilleau-Wehrlin. Characteristics of mag-
netospherically reflected chorus waves observed by CLUSTER. Annales Geophysicae, 22(7),
2597–2606 (2004). doi:10.5194/angeo-22-2597-2004.

A. T. Pessi and S. Businger. Relationships among Lightning,Precipitation, and Hydrometeor
Characteristics over the North Pacic Ocean*.Journal of Applied Meteorology and Climatology,
66(4), 833–848 (2009). doi:10.1175/2008JAMC1817.1.

J. H. Pope. A high-latitude investigation of the natural very-low-frequency electromagnetic
radiation known as chorus.Journal of Geophysical Research, 63(1), 83–99 (1963). doi:
10.1029/JZ068i001p00083.

C. Price, M. Asfur, and Y. Yair. Maximum hurricane intensitypreceded by increase in lightning
frequency.Nature, 2, 329–332 (2009). doi:10.1038/NGE0477.

C. Price, Y. Yair, and M. Asfur. East African lightning as a precursor of Atlantic hurricane activity.
Geophysical Research Letters, 31(L09805) (2007). doi:10.1029/2006GL028884.

J. A. Ratcliffe.An introduction to the ionosphere and magnetosphere. Cambridge University Press
(1972).

W. K. M. Rice and A. R. W. Hughes. Whistlers, Trimpis and evidence that electron precipitation-
may trigger atmospheric discharges.Journal of Atmospheric and Solar-Terrestrial Physics, 60,
1149–1158 (1998).

C. J. Rodger, J. Brundell, and R. Holzworth. Growing detection efficiency of the world wide light-
ning location network.AIP Conference Proceedings, 15–20 (2009). doi:10.1063/1.3137706.
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