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Abstract

Whistlers are naturally occurring Very Low Frequency (VU#)enomena which are the result
of lightning-radiated electromagnetic waves propagatmgarth’s plasma environment. Major
research into whistlers and their generation began in 1881sace then much has been discov-
ered about them. This has allowed whistlers to be used aset@pheric probes. Many issues
concerning whistlers are still disputed, however, suchhasrelationship between the lightning
location and the conjugate point of the receiver. A cori@abetween whistlers detected by the
DEMETER satellite above South Africa and lightning localbsdWVWLLN was used to determine
the source region for these whistlers. The whistlers wanaddo originate from lightning strokes
as far away a$0000 km. This result is statistically significant.

During the course of this research an interesting observati chorus was made on Marion
Island. Since this was the first observation of chorus madthersub-antarctic Marion Island,
conditions surrounding the event were studied in greatildékhis led to several interesting ob-
servations about the nature of this observation. In pdaicduring the evolution of the emission,
it transformed to hiss, which makes this observation relet@recent results suggesting that hiss
is generated by chorus. It was also found that Marion Islaas elose to the plasmapause during
the observation, which has further implications relatethtochorus-hiss relationship.

A study of the occurrence of twin whistlers received at Raatand SANAE |V was conducted.
These were whistlers which had propagated from a singlesyameric exit point to both receivers.
Rothera and SANAE IV share the same whistler source reggirihg average number of whistlers
received at Rothera is an order of magnitude greater thdarréhaived at SANAE IV. The twin
whistler analysis showed that the most probable reasorhfsrdisparity is that whistlers from
the source region enter the waveguide preferentially clms®othera, making it more likely for
them to be received at Rothera than SANAE V. These results imaplications on the nature of
sub-ionospheric propagation of whistlers, which is notsame as that of spherics.

Finally, a method for tracking tropical cyclones using tigihg locations from WWLLN was
developed. During the course of this thesis, tropical ayelsena was the result of damage on the
east coast of South Africa. This presented an opportuniipuestigate the ability of WWLLN
data to describe the passage of these destructive phenorean&outh Africa. The details of
this new method are discussed. While the algorithm develdy@es room for improvement, its
performance was tested on the recent tropical cyclone Wwhiieh occurred during 2012.
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Chapter 1

Introduction

1.1 VLF Emissions

Electromagnetic waves in the Very Low Frequency (VLF) raageactively studied phenomena
which have numerous applications in Space Physics. Thegeswavhich have both natural and
man made sources on Earth, can be detected at virtually aatida within Earth’s atmosphere.
They are also readily observed in space, and propagatenvaitiiagnetised plasma (such as that
found within our magnetosphere) as a circularly polarisegter[Tsurutani and Lakhinha, 1997].
The VLF band technically covers frequencies from 3@kHz, but more practically in space
physics the range of frequencies considered is betwe@ilz and50 kHz.

VLF waves have a large skin depth in water, meaning that VUfroanication with sub-
marines is possible while they are still submerged. Varimages have taken advantage of this
fact by setting up VLF transmitters around the globe. Themesinitters are large, and consume
an incredible amount of energy to radiate VLF signals witlv@s as high as- 1 MW. These
signals are readily observed by VLF antennas on the groudat@m also be seen in space. They
have been found to contribute to radiation belt losses [Sadst al|,[2008]. These signals provide
a free source for scientific applications, with many usesagpg in the literature, from the de-
tection of solar flares [Thomsas all, [2005] and energetic particle precipitation [Kulkaenh@all,
2008], to the more controversial prediction of seismic\atgtiMolchanov and Hayakawa, 1998].

Terrestrial lightning is the most obvious natural sourc¥lofF waves. Lightning strokes are so
frequent, and radiate with so much power, that the signalduymred by lightning dominate most of
the VLF band. These signals, called spherics (from the wirebgpherics), are able to propagate
a significant distance in the cavity between the conductimgs$phere and Earth’s surface. This
cavity is called the Earth lonosphere WaveGuide (EIWG). Waves propagate within the EIWG
with low attenuation rates compared to higher frequenaieb ss High Frequency (HF).

Other forms of VLF waves are frequently observed in recordath as bursts of increased
amplitude at specific frequencies. These bursts are fréigueot random, but take on definite
structure. These structured VLF phenomena are called VLiEséons, and they have many forms
and generation mechanisms. These include commonly olisphenomena, like whistlers, cho-
rus, and hiss, and other less commonly observed phenomehaasuallers (emissions whose
frequency decrease with time), risers (emissions whosgiémcy increase with time) and hooks
(emissions with a sharp “corner” in their structure). Sdmes, noise bursts occur with a fixed
or nearly fixed period. These are referred to as periodic asigeriodic emissions. A detailed
description of these and other emissions is presented liwg#I[1965, Chapter 7.1].

The VLF frequency range largely overlaps with the human @udhge, meaning that these
signals can be heard if they are played through a speakemsys$tor instance, spherics manifest
themselves aurally as short clicks, while a whistler hasstiwnd of a decreasing whistling tone
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lasting one or two seconds. The sound of chorus resemblehitpéng of a flock of birds.

The history of VLF observations was discussed by Helliw&Bg%, Chapter 2]. The first
observations were on long range communication systemitath 19" and early 28 centuries.
Since the VLF wavelength is longy 10 — 100 km, telephone and other communication cables
act as antennas for receiving these signals. Operatcegiligt on these communication devices
often heard whistling tones or chirps (or clicks, but thesgenalready known to be produced by
lightning). These were the first VLF listening devices usadstientific study, and from these the
frequency range of whistlers was found to be frad0 to 1000 Hz.

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

From these early beginnings, the field of VLF research halveddo where it is now. For the
purposes of this thesis, two particular VLF emissions wdllitiroduced: whistlers and chorus.

1.1.1 Whistlers

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

When lightning strikes it radiates an intense, impulsivesbof electromagnetic radiation
called a spheric. The VLF portion of this signal propagatethe EIWG with little attenuation,
until it reaches a point at which it penetrates through thesphere into the magnetosphere. This
signal is then guided by Earth’s magnetic field lines to thejugate hemisphere, where some
portion of the energy enters back into the EIWG. During itsga@e through the magnetosphere
the signal is dispersed by the magnetospheric plasmafdramag the initial impulse into a com-
plex tone. The energy which enters into the EIWG travelsigty unhindered, experiencing only
minimal dispersion and low attenuation rates, to the pdinttach it is detected by the receiver.
The nose frequency arrives first, followed by frequencies/aland below the nose frequency. For
low- and mid-latitude whistlers the nose frequency is tghicnot visible in the spectra, resulting
in a strictly descending tone structure. At high latitudes mose frequency is visible. Above the
nose frequency, the frequency increases with time.

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

Whistlers are frequently observed at South African VLF remrs at SANAE |V, Antarctica,
and Marion Island. Sample spectrograms are displayed unr@fifi.1. A spectrogram shows the
frequency evolution of a VLF emission, with frequency on fhaxis, and time on the:-axis.
Amplitude is shown by the colour scale with black signifyinigh power, and white little power.
Figure[1.1(a) shows a set of 3 fairly isolated whistlers réed at SANAE IV. Figurd_1]1(b),
a detailed spectrogram of one of these whistlers, showsdhmplicated internal structure. One
whistler is in fact made up of several whistler traces, eaith aslightly different propagation path
through the magnetosphere, resulting in slightly differ@ispersions. One can also see several
traces which have the nose frequency visible arodnd. Figure[1.1(c) shows a remarkable
period of whistler observations made on Marion Island. &lae many different and overlapping
whistler traces, some of which are echoes of preceding o shows the extent to which
whistler activity levels can vary, with only a few whistlesbserved at some times, and nearly
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(a) Typical Whistlers
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(b) Expanded Whistler
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Figure 1.1: Various whistler spectrograms. The top panelifaws whistlers recorded at SANAE
IV. The middle panel (b) shows an expanded spectrogram obbtie whistlers above. The final
panel (c) shows a period of high whistler activity at Marietahd. A number of whistler echoes
are also evident in this spectrogram.

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

1.1.2 Chorus

Chorus is described as agtjuence of closely spaced, discrete events, often overlapping in time”

, Page 207]. They are usually rising tongih each element lasting a very short
time, on the order of a second. The emission sounds like tingilaty of birds, and was thus named
for its unique audio signature.

The current theory of chorus generation suggests that liteigesult of Doppler Shifted Cy-
clotron Resonance. This is described by [Tsurutani and5th874], and references therein.
Counter streaming electrons and VLF whistler mode wavekémiagnetosphere resonate, caus-
ing energy exchange between the electrons and the waveide¢a an enhancement of the ampli-
tude of the VLF waves at the resonance frequency. This indamses the electrons to be scattered
and ultimately precipitated through collisions in the mauatmosphere. The chorus waves then
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(a) Chorus at SANAE IV

frequency (kHz)
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(c) Expanded Chorus

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

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

Chorus emissions can be used as magnetospheric probesyasithyield information about
the particles which were in resonance with the waves. Thikesigheir study as well as the
development of the theory of chorus generation very immpbrta

In Figure[1.2 three samples of chorus are plotted. Thesdrsgeams use a different colour
scale, with red indicating high power, and blue less powdrest show fairly typical examples
of chorus which can be observed at either Marion Island or S8NV, although the difference
between the SANAE IV and Marion Island chorus is visible. sTisito be expected, as the two
receivers sample a significantly different part of the magsghere. This will be elaborated on
later.



1.2 The Near-Earth Space Environment

The lower layer of the Earth’s neutral atmosphere providedadively sheltered environment for
biological life to sustain itself. This layer is called theposphere and extends to a maximum
altitude of17 km. Above this is the stratosphere, where particle densities@ers of magnitude
lower than in the troposphere, and the ambient temperatueewell below)°°C. In this region
the Ozone layer is found, which protects the atmosphereniefoom harmful UV radiation from
the Sun. The stratosphere extends to an altitud# km. Still higher is the mesosphere which
extends td0 km, and finally the thermosphere which extendst@00 km altitude[Hargreaves,
1992, Page 98]. Beyond this layer is space, and while it isonisvthat space is big, of particular
interest here is the tiny bubble of space which surround&#réh, called the magnetosphere.

1.2.1 lonosphere

Within the thermosphere the concentration of charged glestibegins to increase, although the
ratio of charged particles to neutrals remains small. Thasksithe 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 loveestgment layer of the ionosphere
is called the E-region. Here typical densities of ionisedipies are2000 cm 3, although during
the night the absence of the ionising action of the Sun esultensities lower by an order of
magnitude. Next is the F-region (which is further dividetbithe F1- and F2-regions). Since
this layer receives much more direct radiation from the $tumas much higher charged particle
densities, with as much &) x 10° cm 3 during the day, and as few asx 10°> cm™? at night.
During the day, the ionising action of the Sun creates theden, which extends from around
60 km to just below the E-region. Densities here during the day~ar&)00 cm 2. Due to its
low altitude, there is a much higher proportion of neutrahas here than in the other ionospheric
layers. At night, the charged particles in the D-region klyicecombine to form neutral atoms
once again, and the layer virtually disappears [Ratc|iff&/2, Page 37].

Since the ionosphere contains charged particles, it reptes conducting surface which re-
flects electromagnetic waves. The layer which a particuresfrequency reflects is determined
by the density of charged particles, with higher frequenoéguiring higher densities to effect this
reflection. An ionosonde is a sounder, which measures theititakes for particular frequencies
to be reflected back to the ionosonde. They use the relatpbsiween the reflection frequency
and charged particle density to determine the density profithe ionosphere. The peak density in
the ionosphere occurs in the F2-region. The ionospherarisparent to waves of higher frequen-
cies. This maximum reflected frequency is labefgd'2. For this reason, terrestrial ionosondes
can only measure the profile up to this height, and top sidaders are required to produce the
profile above this height.

A useful model for the ionospheric profile, called the Intsional Reference lonosphere (IRI),
can be used to determine a representative ionosphericgadfd particular location and time of
day. Although there can be large discrepancies in the madellts, they do provide a useful
starting point for studying ionospheric densities. Prafifieoduced by the IRI are shown in Figure
[1.3. Panel (a) shows day and night ionospheric profiles forr8er above South Africa and panel
(b) shows similar profiles for Winter. These show that thesiteas at all heights are higher at
both day and night during the Summer as compared to Winteso,Ahe large differences in
densities between day and night ionospheres are evidewinter the difference between day
and night ionospheres is also greater than it is during Sumiitee importance of these profiles
for the propagation of (HF) waves is in the value of the peaksitg. At night, the ionosphere is
transparent to a wider range of frequencies than during alye Eor reasons which will become
apparent later, propagation of VLF waves below the ionasplssfavoured during the night.
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Figure 1.3: Day (red) and night (blue) ionospheric profiles\e South Africa during Summer (a)
and Winter (b).

1.2.2 Magnetosphere

Beyond the ionosphere is the magnetosphere, where thecphys$argely governed by the Earth’s
magnetic field. The magnetosphere extends out to the ineedatween the Earth’s magnetic field
and the solar wind, called the magnetosheath. Here, the woid which consists of energetic
charged particles, is largely denied access into the magjpletre by the Earth’s magnetic field.
Inside the magnetosphere, matter exists in the plasma sthaieh is defined asé quasi-neutral
gas, which displays collective behavior” [Chen, 1984]. Typical plasma (proton and electron) num-
ber densities in the magnetosphere outside of the plasmasphe~ 10 cm 3.

Basic Plasma Physics

A plasma consists of atoms and molecules which have begni@uibnised, and some neutral
particles. As viewed from a sufficiently large distance égiby the Debye length,p), the plasma

is a neutral body. This defines quasi-neutrality. Withjs, however, the net charges of each of the
ionised particles act on all the other ionised particlesctvineans that the plasma has a collective
behavior. The motion of the plasma within the magnetospisegeverned by the Earth’s magnetic
field, via the Lorentz force, which is given by

F = ¢(E + v x B), (1.1)

which is the forceF experienced by a particle with chargetraveling with velocityv, through
electric and magnetic fieldE and B respectively. This force results in several characteristi
motions of the particles. The simplest of these motions &cidiee is the gyration of particles
about magnetic field lines. Particles will gyrate about a negig field line with a frequency given
by

(1.2)

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

_ 1 [N¢g
o

Il Hz, (1.3)

€gm



whereN is the electron number density. This frequency arises atrefes oscillate about a static
background of ions.

It is convenient to define particle motions with respect @ itiagnetic field, since these mo-
tions are so strongly governed by it. Velocities are coreetty broken up into parallels() and
perpendicular«; ) componentsy; determines the gyration (Larmor) radius of the particleicivh
is given by

vl
==, 1.4
rL=g (1.4)

If the particle has a non-zerg, then it will move along the magnetic field line about which it

is gyrating. A useful invariant which exists in the magnetoere is the magnetic moment

2
W omoT

— — 1.5
pa =g 55 (1.5)

where W is the perpendicular energy of the particlg,, is conserved during the motion of
the patrticle if the magnetic field is roughly constant durihg period of a single gyration. As a
particle moves towards one of the magnetic poles, the maginet experienced by the particle
increases. In order to conserug;, W, must also increase, thereby decreasifig (= %mvﬁ)
and consequently;. At some point reaches zero, at which point the particle changes direction
and moves in the opposite direction along the field line. Phixess is called magnetic mirroring
magnetic mirroring.

The pitch anglev is defined by

« = arctan (U—l> . (1.6)

il

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

Beg )2 , (1.7)

oy = arcsin <
h=100

whereB,, and Bj,—1(o are the equatorial anth0 km altitude values of the magnetic field. If the
particle has not mirrored by the time it reach®® km altitude, then it will be lost to collisions
with neutrals.qy. defines what is called a loss cone. Particles with equatpitieth angles within
this cone will not be mirrored at their respective mirrormsj but rather lost in the atmosphere.

Plasmasphere

The plasmasphere is the high density region which is imntelgiabove the ionosphere and con-
sists mostly of cold (ie: low energy) plasma. Number deesitvithin the plasmasphere are
~ 100 — 1000 cm 3, which are much higher than in the rest of the magnetospfére plasmas-
phere is a field aligned bubble which is held together by thgmatc field of Earth, and extends to
about 5 Earth radii in the equatorial plane (the extent optasmasphere is better defined in terms
of Mcllwain’s Parameter, which is described later). As vl explained later, the high densities
within the plasmasphere favour the generation of certaifr ¥imissions, while the generation of
others are favoured outside of it. The outer edge of the @daphere is the plasmapause, where
the plasma density rapidly drops off from the high plasmaspHevels, within about half an Earth
radius. This is of significance for the generation of VLF wsas will become clear later.
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Van Allen Radiation Belts

The Van Allen radiation belts overlap partially with the git@asphere. These belts are divided
into an inner and outer belt, which are divided by a slot negib around 2.5 Earth radii above
the surface of the Earth. This slot region is mostly devoithatf plasma, while on either side of
the slot are the high energy belts. The high levels of eniergadiation within the belts make it
a dangerous environment for astronauts and man-madetsatellhe existence of the slot is thus
fortunate, since it provides a space in which the densityaofriful electrons is lower than in the
actual belts.

1.2.3 Dipole Field

The intrinsic magnetic field of the Earth is thought to be it by the flow of molten iron
within the core of the Earth. This field is well approximatedadipole magnetic field which is
tilted and shifted with respect to the rotation axis of Eafithe actual configuration of the Earth’s
magnetic field, except in close proximity to Earth, is verfgedent from a simple dipole. The solar
wind which impinges on the Earth’s magnetic field compresisen the day-side, and stretches
it out on the night-side, resulting in a complex magnetiadfigructure. This complex structure
means that geomagnetic and geographic coordinate systersigaificantly different from each
other, and the extent of these deviations change with tirhe. fiagnetic field is more accurately
described by the International Geomagnetic Reference AiE@RF). The IGRF is updated every
few years to incorporate the changes to the magnetic fieldwthke place over time.

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

Mcllwain's Parameter

A useful parameter used to identify field lines in the magsgghere is Mcllwain’s parametek..
The L-value of a particular field line is defined by the distancerfrine Earth, in Earth radii, at
which that field line crosses the equatorial plane. Thelue tags an entire field line, all the way
to the surface of the Earth, so that a particular locatiorherBarth has ah-value, determined by
its geomagnetic latitude. Assuming a dipole field, fhgalue is calculated using

B <00812 )\> : (1.8)

where )\ is the geomagnetic latitude. Since most activity in the nedggphere is confined to
magnetic field lines, thé-value of a location on Earth tells one what portion of the neigsphere

is linked to that location. Arl-shell is mapped into the magnetosphere by a given geomagnet
line of latitude. With the use of th&-value, the extent of the plasmasphere is better defined. The
plasmapause, which is the field aligned outer boundary oplhemasphere, is found at= 5
during quiescent periods.

1.2.4 Content of the Thesis

This thesis presents research relating to various aspewtisFowaves. First, the question of the
source region of whistlers is addressed. Recent resulig asrrelation analyses have been able to
identify the source region for whistlers received at tdrialsreceivers at three different locations.
Others have used satellite data to determine the maximuge fiom which an initiating stroke
can launch a whistler into the magnetosphere. DEMETER daia &bove South Africa are used
to address this question.



During the course of this research, chorus was observed sioiMisland. This was the first
time which chorus was observed on Marion Island, and so tl@atavas studied in detail. The
analysis of the event showed that both chorus and hiss weenal during the evolution of the
event. It was also found that Marion Island was near to thenpégpause during the event. This
alluded to the possibility that the chorus generated theviaisch was observed. This has particular
relevance in view from recent results showing that chorus rgaponsible for the generation of
hiss.

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

During 2012 a tropical cyclone made landfall in South Afriddnis presented an opportunity
to use the lightning data used extensively in other aventi®.B research to track this tropical
cyclone. The work presented here provides some groundvasrkuch an automatic tracking
algorithm which could be developed.
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Chapter 2

Background

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

2.1 VLF Propagation

2.1.1 Propagation in the Earth lonosphere WaveGuide

The surface of the Earth and the base of the ionosphere areoiweucting boundaries, separated
by approximatelyl00 km. VLF waves propagate between these two layers, reflectihgaah
boundary during the propagation. This ray description iy a very accurate approximation
when dealing with wavelengths shorter than those of VLF wavdowever, VLF wavelengths
extend from10 km to 100 km, which means that the waves will propagate within this gaiit

a waveguide mode. ELF and VLF waves propagate within the guasle with a much lower
attenuation than High Frequency (HF) and higher frequerenyes. For a complete understanding
of the propagation of VLF waves within the EIWG, one needsitaktin terms of waveguide mode
propagation, which is described in detail in the literatyi&ait, |[196%; Bernsteirt all, 11974]. For
this study, however, one can generally ignore the wavegiielery, and use the ray ideas which
are technically only correct when dealing with distanse$000 km [Barr et al/, 12000].

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

At each reflection along the propagation path, the waveésadted. Attenuation at the Earth’s
surface occurs since the Earth is not a perfect conductoerMWaves are reflected at the iono-
sphere, the ionised particles are excited by the waves vihi proceed to re-radiate. During
this period of excitation, if energy is lost to collisionstivineutrals, then the power radiated at the
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ionosphere will be less than the incident power. The waveus attenuated at this reflection. The
existence of the D-region during the day results in VLF wassggeriencing much higher attenua-
tion than at night times. This occurs because the waves trefleclower altitude during the day,
and at this altitude the higher number of neutrals resultdnenenergy being lost to collisions with
neutrals. At night, lack of ionising radiation from the Swesults in the D-region disappearing,
making the E-region the lowest level of the ionosphere. Thredion has a much lower concen-
tration of neutral atoms, and so VLF attenuation is lessreevader the night time ionosphere.
This results in VLF waves propagating significantly furthénight than during the day.

Typical attenuation rates of VLF waves in the waveguide é&seussed by Baret al. [2000].
This summary of other results showed that the attenuatidiBfwaves at night isv 10 dB/Mm.
While this value is typical for night time propagation, chgithe day it is twice as much [Bernstein
et al.,[1974]. Work by Crary and Crombie [1972] and Westerlund aeddR [1973] showed that
VLF attenuation was higher over propagation paths whichained ice, due to the lower conduc-
tivity of ice. These studies showed that the attenuatioesraver ice were at leas? 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 [19&hapter 3]. The whistler mode is a
right hand circularly polarised wave. When VLF waves praagvithin a magnetised plasma,
they do so in this mode. The dispersion relation of whistledewaves in the magnetosphere is
approximated by
2 H2
- 2.1
" w(Qcos b — w) 2.1)
wherew is the wave frequency. Typically, a further approximatiam be made, in which the wave
is assumed to travel nearly parallel to the magnetic fielelation, and s@ ~ 0, which results in
H2
2
N —. 2.2
" w2 —w) 2.2
The dispersion relation allows one to identify when therk bé a resonance or cutoff during the
propagation. A resonance occurs where the refractive itefeds to infinity, and a cut off occurs
when the refractive index is zero. In the whistler mode,dhera resonance when = ) which
will be discussed later.
The group velocity, for the whistler mode is given by

~ 2cy/w(Qcos b — w)3/?
Yo = I1€2 cos 0

where the same quasi-longitudinal approximation can becragefore. An additional approxi-
mation is to assume that < ). Application of these two approximations yield

2cvw
Vg = T

(2.3)

(2.4)

and is called the Eckersley-Storey approximation.] (2.4pstthat higher frequencies travel faster
through the magnetosphere. During the formation of a wdristhis results in higher frequen-
cies arriving in the conjugate hemisphere first, and sukmgtyulower frequencies arrive later.
This results in the characteristic decreasing frequencigtstre 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 backgrounchafged particles do provide some
guidance for whistler mode waves, the guiding is not sufficte ensure transmission through
the ionosphere into the EIWG. The probability that a whistidl pass through the ionosphere is
significantly greater if the waves propagate nearly pdriaithe magnetic field line, and have their
k perpendicular to the gradient of charge density. This nesaliel propagation can be achieved
by a process known as ducting.

Within the magnetosphere, the Lorentz force acts agaihst dorces to bind plasma to mag-
netic field lines. This means that plasma can clump arourd lfieds, creating tubes of enhanced
plasma density along the field line. These tubes are calletsd&ince plasma is being clumped
along some field lines, there are others which have less plasound them. These too are named
ducts. A duct is defined as a tube of enhanced or diminishesinaladensity centered along a
magnetic field line. The ducts of density enhancement atectatests, while those that have a
density depletion are called troughs. These ducts act tteguhistler mode waves, in much the
same way that fiber optic guides photons.

Crests are able to trap waves with wave frequency much loger 2, while as the wave
frequency approachés, only troughs are able to trap them. Since the majority of \ébfissions
occur withw < €, the ducting discussion will focus on crests.

Consider a simple crest, with a magnetic field line of cortssarength at its center, and the
plasma density varying only as a function of radial distafioen the field line. Ducting is de-
scribed using this simple picture. A wave is propagatindiimithe duct, with a direction at some
angle to the magnetic field. As this wave propagates furtloergethe field line, it moves into a
region of lower plasma density, and consequently a loweactfe index. Application of Snell’s
law here means that the wave is refracted towards the madieddl line, reducing the angle be-
tween it's propagation direction and the magnetic field.lifféhis will continue until the wave
reaches the outer layer of the duct, or is turned around.elfnthve has not undergone total in-
ternal reflection by the time it exits the duct, then the wavedat trapped. A maximum angte
for which trapping can occur is defined as the initial angléhimithe duct which will propagate
parallel to the magnetic field at the edge of the duct. Wavastwdmter the duct with initial direc-
tions outside of this angle will not be ducted. Detailed fagudepicting this process are shown in
Helliwell [1965, Pages 44 and 47].

With the use of man made VLF transmitters, Clilvestdal | [2008] demonstrated that below
L = 1.5 there was very little evidence of ducted waves. This wadbated to the orientation
of magnetic field lines relative to the ionosphere at Ibvbeing unfavorable for the trapping of
waves. However, ab > 1.5, where the magnetic field line configuration was more faverahe
presence of ducts allowed the vast majority of the wave pdwbe ducted.

LHR reflection of whistler mode waves

Whistler mode waves propagating in the magnetosphere éaislasmaspheric hiss and whistlers)
can reach a layer within the ionosphere where their frequisnequal to or below the local Lower
Hybrid Resonance (LHR) frequency. At this layer there istaaff) and so the waves are reflected
thus denying access to the EIWG of waves with a frequencyridhan the LHR frequency of
the highest density layer within the ionosphere. Waves whie parallel propagating are able to
bypass this cutoff [Kimura, 1985; Jificekal.,'2001]. The LHR is given by

1 1 1

= 4+ —
wrg Qe 1L
wheref2; and Pi; are the ion cyclotron and plasma frequency respectively.

(2.5)

13



2.1.3 Ducting action of the plasmapause

Inan and Bell[[1977] discussed the ability of the plasmapdaguide whistler mode waves. This
effect is rather similar to the guiding effect offered by thucWithin the plasmapause exist steep
density gradients. These serve to guide the waves throughegtt trapping of VLF energy. This
guiding is possible at both the inner (higher plasma dehsityl outer (lower density) edges of
the plasmasphere, and is more effective with stronger tegsadients. This guiding can allow
waves to propagate all the way to the ground in spite of LHRee&ifin which might occur, just
as waves propagating within a duct, which makes the plasansapan important feature when
determining the access of waves into the EIWG. The plasns@paight be considered more
important than ducts here, since the location of the plasuonsg can be estimated using simple
models [Carpenter, 196I7; Carpenter and Park,|1973], whehealocation of ducts can only be
inferred from experimental data.

This guiding effect was first proposed after the Imp 6 sagetliscovered whistler echo trains
guided parallel to the Earth’'s magnetic field lines by coldspha density gradients found along
the plasmapause [Inag al., 11977a,b]. The authors employed ray tracing models, usanigpws
plasmapause configurations to show that the plasmapausasaatone sided duct which confined
waves to travel very nearly parallel to the magnetic fielédtion for an extended period of time.
In certain cases, the guiding was so strong that the waves eesrfined td° to 7° latitude range
during the propagation from one hemisphere to the other.nTéehanism for gradient trapping is
described as follows:

» The large density gradients encountered at the plasmepeafiact the ray inwards (towards
lower L).

» As the ray moves towards lower gradients, the guiding effiéthe curved magnetic field
dominate, refracting the ray outwards (towards highgr

» The outward propagating ray is now moving towards highadignts, and so the refraction
is again towards lowek.

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

It was found that waves starting with small wave normal an(ldne angle betweewnathb fk
andmathbf B), just inside the plasmapause, eventually converge toldsmapause. Once they
reach the latitude at which they were generated, they aractefl inwards once again towards
lower L. The outer edge of the plasmapause was also able to guideaveswalthough the
guiding effect was not as strong in this case. The region tctwthe waves were confined was
much lower than for the case of inner edge trapping. Moreilddtanalysis of the inner edge
guiding showed that there was a range of initial magnetitutd 51° — 58° for which the guiding
was most effective [Inan and Bell, 1977].

2.1.4 WWLLN

Reliable lightning locating systems are of both scientifid @ommercial interest. The commer-
cial benefits extend to aviation, forestry, electric supgutyl insurance, all of which are heavily
influenced by occurrence of lightning. The scientific apgiiens include climatology, since light-
ning occurrence is a proxy to climate change, and sevetatniigg generated phenomena such
as Transient Luminous Events (TLES) and Terrestrial Gamayd-lashes (TGFs), and most im-
portantly for this work, whistler studies. This makes anoauwdited lightning location system a
very important tool in studies related to these fields. Thaitien will describe the operation of the
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WWLLN network. Data from WWLLN will be used extensively indtwhistler analysis presented
in Chapter 3.
There are two traditional ways of detecting lightning, eadth their own drawbacks:

« Using a satellite based lightning locater: A sensitivedgerarecords when and where light-
ning occurs. Using this technique provides a very accunateheghly efficient lightning
detector within the field of view of the satellite. Howeves,waith any satellite based mea-
surement, one is dealing with a detector which moves thraggite very quickly. One
can thus only make continuous measurements at one poing &afth’s surface for a very
short period of time. One could use geo-stationary satsllibut it would require many of
these in order to cover the entire globe completely. Neetetls, they do provide a useful
measure of average lightning activity on the globe. Thistgp lightning detection was
employed by Christiamt al! [2003] to produce an annualised lightning distribution map
This required the use of many years of data from the Lighttingging Sensor (LIS) and
Optical Transient Detector (OTD).

» Many countries/ use HF receivers to triangulate the tintklacations of lightning strokes.
These systems typically offer very high efficieney 05%) once the required density of
receiving stations (nodes) is achieved. This allows oneotdicuously receive lightning
locations from anywhere within the network. HF networkswbueer, require a relatively
high node density (due to the high attenuation at HF), and theating a global network
is virtually impossible. The detection efficiency drops cdpidly as one leaves the area
enclosed by the network. Examples of this network incluéeNhDN in the USA, EUCLID
in Europe, and South African Lightning Detection NetworlA{®N) which is operated by
the South African Weather Service (SAWS). For instanceNthBN requires a node density
of 1 perMm to effectively cover the continental United States.

The limitations discussed above mean that neither of then@thods are suitable for pro-
ducing continuous measurements over the entire globe. i kikere the World Wide Lightning
Location Network (WWLLN) comes into its own. WWLLN consisté a network of VLF re-
ceivers distributed around the globe. Each sends the Tim&rodip Arrival (TOGA) of each
detected spheric back to a central processing site. A tlatign technique is then employed
on these TOGAs, so that the location and time of the initiapheric is determined. A more
detailed description of the TOGA method is provided in Doweeal. [2002]. Due to the low
attenuation of VLF in the EIWG, the density of receivers riegl for efficient operation of the
network is much lower than that of HF networks. This means ¢ime@ could detect lightning
strokes anywhere on the Earth with relatively few stations.

An initial case study on the performance of WWLLN was perfechny Rodgeet al| [20064].

In April 2006, the network consisted of 25 nodes. A globatrdistion of strokes detected during
2004 revealed detection peaks over the 3 equatorial landne@n Africa, Central America and
the Maritime Continent (which are commonly referred to as ¢himney regions). There were
also many detections in tropical regions such as over thezamand South Africa, where a
great deal of lightning occurs over the highveld. Additibnahe system sees much lightning
over warm ocean currents such as off the east coasts of the 88#ah Africa and Australia.

As previously mentioned, these ocean regions would be yn@apossible to monitor using a
HF network. A rough comparison to the results_of Christ#ial/ [2003] show that WWLLN

is seeing lightning in most of the expected places. Therghaeever, some major differences
between the two distributions. Firstly, the absolute vailfistroke densities differ substantially,
with WWLLN reporting significantly less lightning. The WWIN network has a much lower
Detection Efficiency (DE) which accounts for these reducaldes. This lower DE is, however,
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not the same everywhere on the globe. As of 2006, the Mari@aminent had a much larger DE
than equatorial Africa and America. This results in the WWWLHata indicating that the largest
lightning contributor is the Maritime Continent, which intaality is the smallest of the chimney
regions! Christiamt al! [2003] revealed that the largest chimney region exists 8feca, and the
second largest over the Americas. There are other reldficgeacy differences in the WWLLN
network. These DE asymmetries all stem from the way theostatire spread out over the globe.
There are many receivers concentrated around the Maritiomi@@nt and Europe, and a good
few spread over the Americas. There was only one stationriic#{in Durban) at that time which
is the reason for Africa having the lowest DE.

A comparison between WWLLN and the New Zealand Lightningdogon Network (NZLDN)
was carried out by Rodgett all [2006a]. A number of features of the lightning strokes which
WWLLN detects were determined from this analysis. During pleriod 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 waetweeri—0.2, 0.2] ms.
The distribution of NZLDN peak currents for strokes detddby both systems were plotted. The
shape of this plot resembled a bath tub (or valley), with lommber of detected strokes for low val-
ues of absolute peak current, and an increasing number ofseatgreater absolute peak currents.
This was attributed to the fact that the signals from stromfywkes propagate further within the
EIWG, and are therefore easier for WWLLN to detect. WWLLNead¢d~ 10% of strokes with
absolute value of peak current50 kA, which again points to WWLLN being more effective for
strokes with higher peak currents. WWLLN also exhibits ehkigDE at night, since VLF waves
propagate further under a night time ionosphere.

The distances between strokes and the receiver of the sgbenivhich a TOGA could be
determined were investigated, and revealed some integdstatures. During the day, the majority
of spherics from< 8000 km away could have their TOGASs found. This upper limit is impbbg
the VLF attenuation in the EIWG. At night this range was egthdue to the reduced attenuation.
The number of events detected by a station decreases ataagist 500 km and this reduction
is greater during the night than the day. This might seem teountuitive, but the reason for this
effect is that nearby signals saturate the receiver, ancetheced attenuation at night means that
this saturation is more probable at night.

Since the commissioning of the system, the DE as a whole haoired significantly. The
status of the system, and the improvements made since 2@08, discussed by Rodget al.
[2009]. The number of receivers grew from 11 in 2003 to 30 iA720The increase in receiver
density had an immediate effect on the DE, raising the nurabetrokes detected annualy from
~ 107 in 2003 to~ 3 x 107 in 2007. Despite this dramatic increase, more than half lof al
spherics detected by each station could not have a lightogagion assigned to them due to the
inability of the algorithm to process them in the requirecoamt of time. An improved algorithm
is discussed in Rodget al! [2009], the implementation of which led to an additionalrgese in
detected strokes d@f3% for all stroke peak currents, which equates to a total gl@alof 3%.
This increase is as much 880% for strokes with larger peak currents.

Rodgeret al. [2009] also presented a plot showing the location accurdd/\WLLN as a
function of position on the globe. This showed that for thetvaajority of the globe, that locations
were accurate to withi0 km although some well covered areas have location accuraeles/b
10 km. There are some regions which are outliers where the lotaticuracy is only within
40 km. Since 2009 the number of receivers (and consequently thenBEe grown significantly,
to roughly 50 receivers at the time of writing this thesis.

In Figure[2.1, global stroke rate density maps for years 20009 and 2011 are shown. These
annualised maps show the development of the WWLLN netwarinfyear to year. Assuming
that lightning activity is constant from year to year, thesats show the consequent increase in
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WWLLN’s DE with time. These increases are due only to an iasesin the number of receivers
in the network, since the historical data has been repreddsg the newer algorithm discussed
above. One can see that there was a large increase in the nofdegections from 2007 to 2009,
especially over the Americas and Africa where many newastativere installed. From 2009 to
2011 the performance increased more or less uniformly a¢hesglobe, although Africa is still
severely misrepresented. Figlirel 2.2 shows the differeetvegen the annualised WWLLN stroke
rate densities from 2007 to 2011. Itis clear that the DE isroomward trend.

Despite the various drawbacks of the WWLLN system, it remain important tool for re-
search, and the other domains where its data is of importa@eess to continuous, global
lightning coverage allows for many interesting applicasio

2.2 Whistlers

Since the discovery of whistlers, there have been manyeduatiout their generation and occur-
rence patterns. The works important to this study are sumsathbelow.

The currently accepted theory for the generation of whistlgas first proposed hy Storey
[1953]. Whistlers were described as belonging to two typébker long or short. The long type
were found to always follow a spheric with a short delay {s). In these cases, the initiating
spheric was found to come from not further tH®0km away, and that the greater this distance,
the lower the resulting whistler's amplitude. The dispemsof a whistler is the measure of how
slowly the frequency varies with time. The long whistlersdngreater dispersion than the short
whistlers (See Figuie_1.1(c) for examples of both long amdtskhistlers). The idea of echo trains
was also introduced hy Storey [1953], a regular repetitiowtistler occurrence, each one with a
greater dispersion than the last one. The occurrencetsitid whistlers were also discussed. It
was found that whistler occurrence rates were greater ht.nithe long whistlers occurred more
frequently in summer, while the short whistlers were preféially observed in winter. It was also
found that whistler occurrence had a small positive cotiaiavith magnetic disturbance.

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

This ground breaking work was published even before theeprsof the Van Allen radiation
belts was confirmed in 1958, and is well ahead of its time, @afbg considering that it is still
accepted as the whistler generation mechanism. Many ofldasiput forward in this paper have
been expanded upon.
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Figure 2.1: Anualised WWLLN stroke rate densities for 20}, 009 (b), and 2011 (c). The
colour scale is chosen to be consistent from year to year. ikedancrease in detection efficiency
is visible from 2007 to 2011.

18



80" ‘ =

L . :
Q?_;-‘T s e
60" — A Pt

40°

20°

o

-20° =

-40°

-60"

e

Lo ] 2
[ e S L L p

}U

-80°

-180° -165° -150° -135° -120° -105° -90° -75° -60° -45° -30° -15" 0" 15° 30° 45° 60" 75° 90° 105" 120° 135 150° 165" 180°

Lightning Density strokes/km?/y
02 06 10 14 18 22 26 30 34 38 42 46 50

Figure 2.2: The difference between 2011 and 2007 annualB&d. LN stroke rate densities. This
shows that larger gains in DE were made in the Americas andiMarContinent than in Africa.
Nevertheless, the performance of the system improvedfiignily 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 generafiaiistlers showed that the amount

of dispersion experienced by a particular whistler tracé&ojourney through the magnetosphere
was proportional to the length of the field line, as well asriagnetic field strength and plasma
density along the propagation path. This dependence migesdible to determine these param-
eters by measuring the dispersion of a set of whistler tratieis method was employed success-
fully by Carpenter|[1967] to empirically determine a modet the location of the plasmapause

for a given level of geomagnetic activity. In fact, the digery of the plasmapause by Carpenter
[1963] was made possible by this relationship. This refeiop then provides a simple method

for determining plasma densities in the magnetosphere steps 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 ingbectrogram (this is called scaling).
This is done by marking points along each whistler trace erstiectrogram.

3. Apply a model using the scaled frequency-time pairs terdeine theL-value of the duct
through which the whistler traveled, the equatorial etsttnumber density..,, and the
integrated plasma density of the dugt [Bernard, 1973].

Since whistlers occur naturally, and the equipment redquioerecord a whistler and show its
f — t profile is relatively cheap, this method for determining metpspheric plasma densities is a
rather attractive one. However, the problem is not as simplene might imagine for two reasons:

1. Itis arather laborious, time intensive task to wade thhonumerous spectrograms looking
for suitable whistlers, and

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

Automatic Whistler Detector

The details of the AWD are described by Lichtenbergeal! [2008]. The AWD can currently
run on an off-the-shelf desktop computer. It logs the timfestustler detection and stores a high
resolution broadband VLF data snippet of the whistler fterl@rocessing by the AWA.

The AWD requires the signal to be free of man-made noisesasiplower line harmonics and
VLF transmitter signals, as well as naturally occurringsesi the major one being spherics. The
presence of noise can often lead to false positives mainifeist the data. The AWD removes the
power line harmonics and transmitter signals by using aetudithe availabl0 kHz which usu-
ally does not contain these signals; — 11.5 kHz. The spherics are, however, harder to eliminate,
since they occur in the same frequency band as whistlerssftrics are removed by setting the
data which contains spherics to zero, thereby removingtécakslice in the spectrogram. While
this removes 100% of the spherics, it also removes the irdtiom of any whistlers contained in
that slice. Thus, a whistler which has too many sphericslapping it, will have enough of the
whistler information removed for the AWD to miss that pantar whistler. This is called a missed
detection, and its occurrence is preferred to false detesti

The whistler detection algorithm employs a 2-D moving imagerelation. A reference
whistler image is generated, where every pixel belonginthéowhistler is assigned a value of
one, and all other pixels are zero. The shape of this whistleased on the expected shape of
whistlers received at the given station using the Berna®@3] approximation. This image is then
correlated with the VLF spectra and the image is “moved a&tr@nd the correlation repeated. A
dynamically determined detection threshold is also comghuThis detection threshold is propor-
tional to the total averaged signal strength of the VLF rdicg. If the value of the 2-D correlation
exceeds the detection threshold, then the system recortissder at that time.

It is of course important to know the efficiency of the systeffo this end, two different
types of efficiency are introduced. First is the efficiendated to false detection, ie: detection of
whistlers which do not actually exist in the data. This equaie minus the false detection rate,
which means that a high false detection efficiency impliegefefalse detections. Second is the
missed detection efficiency, which is related to whistlerscl are in the data, but are missed by
the detector. This equals one minus the missed detectienwdtich means that a high missed
detection efficiency implies a low number of missed detestioThe missed detection efficiency
can be improved by lowering the detection threshold, bstuhil in turn reduce the false detection
efficiency. This presents a balancing act, where the twoiefitdes need to be optimised. At the
timelLichtenbergeet al| [2008] went to print, the misdetection efficiency for colteawhistlers
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(whistlers which are detected, but are not necessarilyilfles® scale) was 80 — 85%, while for
false detection it was56 — 80%.

During the 6 years between 27 February 2002 and 26 Febru@g; 201328 whistlers were
detected at Tihany, Hungary. Statistics of these whisteesdiscussed by Lichtenbergeiral.
[2008]. The annual and diurnal variations of whistler atfivecorded at Tihany are shown in
Figure[2.3.

These two plots are in basic agreement with the ideas whimteysput forward, namely that
whistlers are more common at night (Local Time at Tihany isf2], and when there is signifi-
cant conjugate lightning, ie: during the Austral summeefgwill be further discussion pertaining
to these data in Chapter 4). 94 325 of these automaticallgctimt whistlers were automatically
scaled, and from this thé-value at which they traveled through the magnetospheredetes-
mined. It was found that calculatdd-values were somewhat higher than that of Tihany, which
means the whistlers would have to propagate a significatdrdie ¢ 1000km) in the EIWG
before arriving at Tihany.

Lichtenbergert al. [2008] showed that large statistical whistler data setsbeagathered by
the AWD, and are useful for whistler studies. The AWD at Tipharas 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 Lichbemgeret al! [2010] outlines the
automated procedure of determining plasmaspheric etedensities and magnetic field strengths
from whistler dispersions. Measuring these parameters frhistler dispersions led to the dis-
covery of the plasmapause [Carpenter, 1963], and could befaluemote sensing tool. However,
the analysis required to extract these parameters from stlethirace (even when the whistler is
automatically detected in broadband data using the AWDhiexdremely time consuming task.
The AWA automates this process moving the burden from hurtamsachine. The algorithm
assumes a simple plasmapause independent model for theeajuslectron densityp.,, given

by [Lichtenbergelet all,12010]

loggneq = A+ BL, (2.6)

wherel.4 < L < 8. The L-value is determined from the whistler's dispersion. Theapweters
A and B are then recursively varied, giving many possible valuesnfq. For each set ofA
and B obtained, a reverse dispersion proportional to the regulii, value is applied on the
original spectrogram. This transforms the whistlers intoenvertical structures. When the correct
combination ofA and B are selected, the whistlers are transformed into perfegtiical lines
(resembling spherics), and the spherics transform inteomimages of the original whistlers.
This process is called Vertical Trace Transform (VTT). Astpoint one can calculate., from
(2.8). This system is implemented in parallel, so that itlsamun alongside the pre-existing AWD
systems.

The combination of these two systems forms the AWDA systehe implementation of this
system forms one component of the PLASMON project, whichsatncreate a data assimila-
tive model of the plasmaspheric plasma densities, acrbods\alues and Magnetic Local Times
(MLTs). The density values are obtained from a network of A¥ations (AWDAnNet) and are
fed into a data assimilative model, along with mass dessii#ained from Field Line Resonance
(FLR) measurements (see Menk [1999, 2004] for a descrigifahis method), to produce the
plasmaspheric model.
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Figure 2.3: Diurnal and annual variation of whistlers reediat Tihany from 2002 to 2008 after
Lichtenbergeset al| [2008]. 29



2.2.2 Correlation Studies

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

Tihany

Collier et al. [2009] performed a correlation between global lightningl avhistlers received at
Tihany, Hungary. This revealed that the highest conceatraif initiating strokes occurred within
1000 km of Tihany’s conjugate point, which is off the south eastesast of South Africa. This
region, which is over a warm ocean current, exhibits moeddeatels of lightning activity all year
round. The overland region of South Africa, which is stilldlose proximity to the conjugate
point, experiences its peak lightning activity during thest&al summer, and a minimum during
the winter [Christiaret al.,'2003] Collier and Hughes, 2011]. The net effect of theseligitining
sources is a moderate level of lightning during the Austridtey, and higher levels during the
summer. The peak in conjugate lightning activity corresfsorather well to the peak in whistler
reception at Tihany, which is during the Boreal winter. ldiéidn to this the majority of whistlers
are received during the local night hours at Tihany, whianesponds to the time of peak lightning
activity of the over-sea region near the conjugate poinergtough the daytime Austral summer
lightning activity is far higher than the night time valuéise peak in whistler activity at Tihany is
during the night. This is most likely due to increased tremmoaspheric attenuation on both sides
of the field line when the ionosphere is illuminated. This aenpelling evidence that Tihany’s
conjugate point is one of the main sources of whistler produtightning strokes. In addition to
the conjugate point, however, the authors found seconéargns of positive correlation in central
Africa, South America and the Maritime Continent. Theseéthas regions are- 10000 km away
from Tihany's conjugate point. This suggests that the digae able to travel these great distances
within the EIWG, and still excite ducts to propagate to thejugate hemisphere.

Dunedin

In a similar study, Collieet all [2010] performed a correlation analysis between globdlthigng
and whistlers received at Dunedin, New Zealahd=£ 2.75). The conjugate point of Dunedin,
which is over the Aleutian Island Chain, (west of Alaska) sloet experience much lightning.
This presents a stark contrast to the conjugate point ofifihahich experiences significant light-
ning activity. Another anomaly of Dunedin whistlers is ttia¢ majority of whistlers received at
Dunedin occur during the daylight hours, in spite of incezhrans-ionospheric attenuation. As
expected, since there is no lightning there, the conjugaitet 5 not found to be a source region
for whistlers at Dunedin. The primary source of whistlersvi@nd to be over the western coast
of Central America. There were other regions of positiveelation smeared out over the north-
ern Pacific Ocean. This indicates that spherics are ablavelta significant distance within the
EIWG before exciting ducts.
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Rothera

A third and final correlation analysis was conducted by @okt al! [2011]. In this work, the
source region for whistlers occurring at Rothera, Antaecii. = 2.71) was investigated. The
conjugate point of Rothera is on the east coast of the USAB®eston, Massachusetts. Rothera ex-
periences an extremely high whistler occurrence rate, mtrast to Tihany and Dunedin. Rothera
experiences a daily average of 18309 whistlers, while Hitemd Dunedin experience average
daily rates of 575 and 504 respectively. The average daiigtieh rate at Rothera may be skewed
due to the presence of a few days which produced enormouditipgnf whistlers. The day of
highest whistler occurrence followed a few days after a mettdegeomagnetic storm on 22 July
2009 (The mechanism for a relation between whistler ocagge&nd geomagnetic activity is not
yet understood). However, even if these days of extremetwhizctivity are excluded from the
average calculation, the average rate is only reduced t@2158hich is still~ 30 times greater
than the other two stations.

The seasonal and diurnal variations of whistlers observ&bthera are discussed by Collier
et al. [2011]. The majority of whistlers are observed during Juigl 8ugust, which is during
the peak of the Boreal summer, when lightning is more prexate the northern hemisphere.
This period corresponds to the Austral winter, and duririg time, the base of the ionosphere
(~ 100 km altitude) at Rothera is illuminated by the Sun for only a fesuts per day. During
the Austral winter, the peaks in the diurnal distributiorcrcwhen both ends of the field line
are illuminated. One expects that this would hamper tranespheric propagation of whistlers
into the EIWG in the southern hemisphere. However, givemthistler reception rates, this does
not seem to be a major factor. The peak extends until afteGStlrehas set, so that it appears
that illumination of the base of the ionosphere above Ratlugres little to lessen the detection
of whistlers there. This seems contradictory to the gelyeeacepted occurrence of whistler
observation.

Lightning rates are considerable near Rothera’s conjuggitet, but in addition to this, there
is a region of intense lightning activity not far from the qugate point, over the Gulf Stream. The
annual variation of lightning over the conjugate pointdals the same pattern as the annual vari-
ation of whistlers at Rothera. A correlation analysis simtb the ones performed at Tihany and
Dunedin was conducted for Rothera. The correlation showedian of moderate positive corre-
lation centered on the conjugate point, and a higher caiwal&xtending over the Gulf Stream.
Unlike the correlation analysis for Tihany, the chimneyioag which are active lightning produc-
ing regions actually show a negative correlation. Therdsig a region of positive correlation over
the Far East.

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

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

Both of the correlation techniques indicate that there aghdr correlations between Rothera
whistlers and the oceanic lightning near the conjugatetpdespite the nearby continental region
which exhibits a high level of lightning activity. This prioles the interesting possibility that
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lightning which occurs over oceans is favoured for prodgeiumistlers at Rothera when compared
to lighting over land. It has been determined that oceaniattiing is on average brighter than
terrestrial lightning, which might be attributed to higrstroke energies [Boccippiet al!, [2000;
Lvonset all,[1998]. Higher stroke energies would certainly accountlierbias towards oceanic
lightning found in the correlation analyses.

These correlation analyses indicate that when a conjugétéip a lightning producing region,
then this will be a significant source region for whistlergf twvhen there is not much lightning
around the conjugate point, then the source region is mepedied. Additionally, lightning from
a significant distance away from the conjugate point canltrgswhistlers.

2.2.3 Other Observational Studies
Satellite Observations

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

 For each whistler timet(,;), the delay between it and every lightning stroke timg) (is
computed, and using all whistlers in this way, an amays constructed.

* A histogram of these;; is plotted, with25 ms resolution.
* the peak of this histogram is then the delay between thénligh strokes and whistlers.

During the construction of;;, any unreasonably large delays (those which are obviously n
of a lightning-whistler linked pair) are discarded. The abassumes that sub-ionospheric prop-
agation time is negligible, which is the case for close g strokes as used in this study. This
delay is attributed to ionospheric propagation delay, améhy offsets between DEMETER and
EUCLID (which is GPS-time synced). The ionospheric delag fanction of ionospheric density,
which changes with time of day and day of year. It can be asdumbe constant for the period
of a DEMETER half orbit. An analogous method was used for tieQWDN-5 satellite. It was
found that energy from lightning up tth00 km away could penetrate through the ionosphere to
be detected by satellites. It was also found that the numbttese events which were able to
launch energy through the ionosphere was inversely priopaitto distance from the footpoint
of the satellite, ie: the further the energy propagatedutinathe EIWG, the less likely it was to
penetrate through the ionosphere.

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

The above mentioned satellite studies used regional ligiptdata, and thus the maximum
range from an initiating stroke which whistlers could beedétd from is limited by the extent
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of the regional network. Another such comparison betweactifsnal hop whistlers and global
WWLLN lightning comparison was made hy Jacobssral! [2011]. They matched WWLLN
lightning strokes to whistlers received by the C/NOFS $itgelThe number of initiating strokes
versus the distance of those strokes from the footpointeo§é#tellite was computed. This showed
that as the distance increased from 4000 km, the number of detected whistlers increased, and
that this number decreased again as distance increased @km. These results suggest that
the majority of fractional hop whistlers are not initiategldirokes directly below the satellite, but
by those which are significantly far away. This differs sfgmintly from those results presented
here. One reason for this apparent difference may be thdotlagions of the C/NOFS satellite
were not subset to a particular area of the globe, which isheotase for those studies mentioned
above, and so the distance to matched strokes would varylygeesathe satellite moved over
regions of typically high or low lightning activity.

Another fractional hop whistler and lightning comparisoasymade by Jacobsehal. [2011].
Here, WWLLN data was used, so that initiating stroke loaaiovere not artificially limited to a
geographical location by the data used. They matched WWLghting strokes to whistlers
received by the C/NOFS satellite. The number of initiatitrgles versus the distance of those
strokes from the footpoint of the satellite was computedis Bmowed that as the distance in-
creased from) — 4000 km, the number of detected whistlers increased, and that tmber de-
creased again as distance increased up890 km. These results suggest that the majority of
fractional hop whistlers are not initiated by strokes digebelow the satellite, but by those which
are significantly far away. It should be noted however, thatdrbits of C/NOFS were not subset
in any way.

Whistlers, Trimpis and Triggered Lightning

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

A study of Trimpis received on Marion Island was conductedRige and Hughes [19098].
These were detected through recording of the naval tratesnsignal originating from the North
West Cape of Australia (aptly named NWC). The initiating esfity resulting whistler and the
Trimpi event were all detected by VLF recording instrumesisMarion Island. The mechanism
for this set of circumstances is as follows:

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

* This spheric also launches a whistler into a magnetospldendt in the northern hemisphere,
propagating towards the south.

» The whistler interacts with northward traveling elecsama the Doppler Shifted Cyclotron
Resonance interaction, reducing their pitch angle, befotering the EIWG in the southern
hemisphere.

» The particles mirror in the northern hemisphere and pitetgin the southern hemisphere,
resulting in the Trimpi observed there.

A total of 11 such Trimpi-whistler pairs were found on the MarNWC transmitter path.
Signals from transmitters in France (HWU) and Great Brif@®QD) also showed a good signal
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to noise ratio, although no Trimpis were evident in thesa.d@hese transmitter paths originate
from the north, and run through the northern hemisphere,sanithis may indicate that particle
precipitation was only experienced in the southern hengismhDuring the period of Trimpi ob-
servations, whistlers were recorded at a rate of 10 per mirhdwever, those whistlers which
were associated with Trimpis exhibited a significantly leigamplitude than the others. This may
indicate that the whistlers which produced Trimpis were lified via wave-patrticle interactions.

The particles have their pitch angles changed while tragefiorthward, but are reflected in
the northern hemisphere, and precipitated in the soutrermsdphere. This can only occur if there
is a sufficient asymmetry in magnetic field strength betwéertwo hemispheres at the longitude
of Marion Island. This is the case, due to the South Atlamladgnetic) Anomaly (SAA). Another
interesting observation made by the broadband receivetthea®ach of the 11 whistlers which
were received was followed by a second weaker whistler, iwhviere called ghost whistlers. These
ghost whistlers were different from echoes, where eachesulent whistler group exhibits greater
dispersion than the previous one in the train. The ghosttighigroup exhibited dispersions
nearly identical to the leading whistler group, which me#irey had likely traveled along the
same duct, but were initiated by an independent sphericth&umore, the delays between each
ghost and its preceding whistler were the same (withitD ans window). This suggests that
there was a common delay between the initiating sphericeofitht whistler group, and that of
the ghost whistler group. It was postulated that particecimitation from the first whistler group
triggered the initiating stroke of the ghost whistler grodmstrong [1987] suggested that particle
precipitation could cause lightning discharges to occur.

2.3 Chorus

Chorus is a naturally VLF emission which can be recorded thighsame VLF instruments which
record whistlers. During the course of this Thesis, reesio@ Marion Island recorded chorus for
the first time. this prompted an in-depth study of the choRslevant literature on the subject is
abundant, and so the most important and relevant aspedi®fscare described below.

2.3.1 Characteristics
A review of Chorus Emissions

Sahzhin and Hayakawa [1992] reviewed the literature of eh@missions. Chorus was defined
as a VLF phenomena which had a spectrum of close or overlggpirall bandwidth emissions.
The frequency range in which the chorus band can typicallplimerved extends from a few
hundred hertz up t6kHz. The individual elements can be risers, falling tones, so@&lling
tone joined to a rising tone), inverted hooks, or have someemomplicated structure. Chorus
has been observed in the magnetospheres of other planeksasulupiter! [Inaret al), |[1983].
The term chorus comes from the aural sound of the emissioithwhsembles the chirping of
birds. Initial results concluded that chorus activity waghlest at 06:00 LT, but more detailed
analysis by the same authors revealed that, while this wiasafr mid-latitude stations, the peak
shifted towards 12:00 LT at higher latitudes. Later, othlievestigated the occurrence of auroral
chorus, and found that the peak in activity was in the posnhight hours|[Hayashi and Kokubun,
1971]. Another type of chorus was observed in the auroraé mpanning the frequency range
from 6 — 9kHz [Franciset al., [1983]. Observations of chorus are divided into ground dasel
satellite observations.
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Ground based observations

Mid-latitude chorus is observed on the ground in the suloralizone, although it can be observed
outside of this zone, di-values as high &s It is mainly observed in the frequency batd4 kHz,
but sometimes this range is extendedltd — 5 kHz [Kokubun et al., [1981]. These frequency
ranges tended to decrease from dawn to noon, and increasenfson to dusk, and be lower
during summer, and higher during the equinoxes [Pope, 1988 first evidence of the electron
precipitation caused by chorus emissions was the simutanebservation of X-ray bursts by
balloons, and simultaneous observation of chaorus [Rosgmbal.,[1971]. A further link between
chorus and particle precipitation was attributed to a datien between chorus and pulsating
aurora. The frequency-time steepness of individual chelesents was found to increase with
YK, (the sum ofK,, values for a given day) [Allcock and Mountjoy, 1970]. Choiigsoften
observed with associated hiss [Helliwell, 1969].

Polar chorus is most commonly observed in the noon secttr Ky ~ 2 — 3, during periods
of increased solar wind speed and pressure. Polar chdtasnld-latitude chorus, is closely con-
nected to hiss, and often appears at the highest frequertbg bfss. Polar chorus occurs at lower
frequencies than mid-latitude chorus, namély) — 1500 Hz, with a bandwidth up t&00 Hz
[Egelandet al!, [1965]. The top edge of the frequency envelope of individimrus elements in-
creases from noon to dusk, and alsd@sincreases. Compression of the magnetosphere (shown
by an increased st index) during a Storm Sudden Commencement (SSC), oftegetrsg or in-
tensifies existing chorus, while a decreaséist during the main phase of the storm decreases
the intensity, or completely ends the chorus emission.rRblarus is usually observed simultane-
ously at conjugate stations. Direction finding showed thaihé morning sector, chorus originated
from the west and east with equal probability, while in themsector the emissions came almost
exclusively from the west. The chorus generation regiontadise north in the morning, shifting
to the south, while shifting back to the north in the afteim@®ahzhin and Hayakawa, 1992].

Auroral chorus is considered different from polar chorugjmty because it is observed pre-
dominantly during the midnight hours. The typical frequemange of auroral chorus &5 —
2 kHz. It is observed much less frequently than the other two typesnly because it has a
relatively low power flux/[Sato and Kokubun, 1981].

6 — 9 kHz chorus is observed dt ~ 4. These high frequency chorus elements occur in two
frequency band€.0 — 7.7 kHz and7.8 — 9.4 kHz, with a clear500 Hz gap separating the two.
Chorus was observed in both bands simultaneously [Sahpbditdayakawa, 1992].

Satellite Observations

Chorus observations by satellites provide unique insigiat generation and propagation mecha-
nisms, which greatly augment ground based observatiorescitrus observed on board satellites
is not subjected to ionospheric losses, but time evolutinrasingle location are practically im-
possible to record.

In space chorus often occurs in two frequency bands, splits&l. (where(),. is the equa-
torial electron gyrofrequency). Only lower band chorushsearved on the ground [Sahzhin and
Hayakawa, 1992]. The extent of the magnetosphere in whichushexists during solar minimum
was investigated by Buncdi al. [2011] using data from the Polar satellite, who showed that t
chorus was generally confined outsile= 4, with small excursions to lowek in the equatorial
plane. They also showed that chorus is found at all MLTs, dudst prominent in the noon and
midnight-dawn sector (albeit over a smaller latitude ranged that apart from in the dusk sector,
chorus activity was found to increase with increasing gegmetc activity.

Observations in the topside ionosphere up.td? z were made by several satellites [Bullough
et al., 11969; Hayakawat al., 11977]. A good correlation between chorus and incred$fekeV
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electron flux was observed [Oliven and Gurnett, 1968]. It alaserved that peaks in chorus inten-
sity do not coincide with electron flux peaks, which can béalatted to the asymmetry required
for wave growth. Put simply, wave growth is favoured wheneteztronT’, > T}, which results

in lower electron fluxes [Kennel and Petschek, 1966]. Boghltlver and upper boundary of the
frequency envelope of dayside chorus were found to decreifisd., and are almost always below
0.592.. This trend was not evident for dawn, evening or midnightrae@ccurrences [Ondahal |,
1982]. It was also found that the frequency band was hightsidrithe plasmapause than inside
it, and that a gap existed between these two frequency regiite intensity of the emissions was
many times greater on satellite than on the ground.

Observations by the OGO-5 satellite in the magnetosphearatedal plane revealed that post-
midnight chorus was generated withif of the magnetic equator, while for dayside chorus the
generation region was as far 28 from the magnetic equatar [Tsurutani and Smith, 1977]. Cho-
rus emissions were found to be accompanied by high energir@hs (at least- 10 keV) [Ander-
son and Maeda, 1977]. The GEOS-1 satellite was the first tal&ineously observe chorus and
hiss emissions [Carnilleau-Wehrlet al/,11978]. OGO-3 data showed that chorus frequency was
approximately proportional td—3. The occurrence of the upper band chorus was more common
in the vicinity of the equatorial plane. The frequency gap\always at a lower frequency than
the local0.5¢),, which implies that the chorus originates from an area ofelomagnetic field
strength such as in the equatorial plane. Chorus emissiens @ften accompanied by bursts of
electrostatic waves at frequencies below the electromyadsequency. These were thought to be
generated by the electrostatic two stream instability.eRisvere the most commonly observed
chorus elements'{%), followed by falling tones 16%) [Burtis and Helliwell, 1969].

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

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

A very unusual observation of chorus was made at Palmero8tatintarctica, after the the dra-
matic reconfiguration of the outer radiation belts causethbyHalloween Storm in 2003 [Baker
et al., [2004]. SAMPEX data showed that f8r< L < 4 there was considerable depletion in
the Earth’s radiation belts. Using the knowledge that teguency range of chorus typically lies
betweerD.1$2, and0.45¢)., an estimate was made of the source region of the chorus.

The evolution of the chorus event was described in detall pgsSjevic and Inan [2005].
Some important aspects of its evolution are detailed haréafer reference. It was found that
on 29 October 2003 the chorus which spanred — 11 kHz originated from the range between
L = 2.25 — 3.25. Chorus was observed from 03:00 to 07:00 LT, after which @ngjed to hiss.

On the 30 October 2003, whil@st was in the recovery phase, the calculated range of gener-
ation was betweeth = 3 — 4 for lower band chorus. The chorus activity peaked-&0:00 LT,
and by 01:00 LT, it had converted to hiss. The hiss then exghtalhigher frequencies, while the
chorus remained at a low frequency. The hiss had faded o Bp LT, and the chorus by 08:05
LT.

On the 31 October, after thBst index reached a second minimum, the plasmasphere was
highly eroded, with the plasmapause moving inwardd.te= 1.5. VLF observations showed
minimal activity on this day. Activity increased again on b\é¢mber, seeming to originate from
between 02:20 - 04:20 LT. However, at this time there was arease in wave activity received
at Halley Bay, Antarcticalf = 4.3), for which the calculated generation region is betwées:
2.75 — 4.0. IMAGE EUV data showed that the plasmapause was dt = 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 occdres a result of the Halloween
Storms was investigated by Balatral. [2004]. The Halloween Storms were the result of a series
of Coronal Mass Ejection (CME) impacts on the Earth’'s magstere. At its peak, the storm
pushed the outer radiation belts, which are usually fou6@i0 km altitude, to within10000 km
of Earth’s surface. Satellite data showed that the peakedftren fluxes, which are found near
L = 4 during quiescent conditions, had movedlio= 2.5. They remained at this level for a
period of 2 weeks before moving back to their regular locatié-ollowing this return to their
normal configuration, particle flux enhancements appeagtiid, = 2, and endured for months.
This redistribution of plasma density made the unusualrhtien of chorus at Palmer possible.

Statistics From 10 Years of Automatic Chorus and Hiss Dete@n

Goldenet al. [2011] employed an automatic detection algorithm usinguaalenetwork to identify
chorus and hiss in terrestrial broadband data receivedmelP&tation, Antarctical{ = 2.5) over
the ten years from May 2000 to May 2010.

The diurnal and seasonal variation of chorus and hiss atdrdhtation are studied using the
automatically detected events from the ten years of date. diirnal variation of chorus shows
that it occurs only in the morning, betwe&n- 9 MLT. The typical frequency range of this chorus
is betweenl — 4 kHz, with some chorus extending up i&Hz. The diurnal variation shows that
hiss occurs throughout the day, but with peaks near dawn askl dn addition to this, the peak
in activity around dusk extends to a higher frequency rangieHz) than the dawn occurrences
(1 kHz).

The variation of chorus and hiss occurrence per month shéadhere is more chorus and
hiss detected when levels of geomagnetic disturbance (asurel byK, and AE indices) in-
crease. Chorus occurrence seems more sensitive to theeshamthese indices. Finally, the
seasonal variation of chorus and hiss showed that even lthilgge was not a strong seasonal
variation in geomagnetic activity, there was a strong seaiseffect visible in both the chorus
and hiss variations. The hiss showed only a slight seasami@tion 60% change over the year),
while chorus showed quite a drastic chan¢@0f: change over the year). Both of these changes
are attributed to the extent of the day night terminator muthe various seasons. The general
trend was that when there were more hours of darkness (tsweirder) more emissions were
observed. This is consistent with the fact that trans-iphesc and EIWG attenuation are greater
when the ionosphere is illuminated. This is further reinéat by plots showing monthly averaged
spectrograms. There are virtually no chorus observatioRalmer after sunrise. The automated
identification method employed by Goldenal. [2011] may easily be modified to work at a dif-
ferent site, or even to detect the presence of whistlefspadth 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 Be¢8WR) of the Plasma Wave
Instrument (PWI) on board the Polar spacecraft [Buetchl!,[2011]. Their results built on previ-
ous work by Dunckel and Helliwell [1969], Russatlal/ [1969] and Moisekt al. [1973], among
others.

The SFR observes chorus outside the plasmasphere in tequadtorial region. The chorus is
confined between.05€2, and0.65¢).. Between 25 March 1996 and 16 September 1997 chorus
was observed on 459 of 1388 half orbits. Plots are made in #midional plane, of the mean
chorus power spectral density received as a function of etaglatitude and radial distance. Due
to the nature of the orbit, a range bfvalues are only sampled in the northern hemisphere, but
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one can safely assume that chorus observed in the northerisgteere will travel to the conjugate
regions.

The region in which chorus is observed is smallest in the ighdrsector, and largest is the
morning to noon sector (03-15 MLT), and somewhere betwedhdndusk sector. The chorus
is mainly observed al. > 4, with small excursions beneath this value in the equatgizhe.
The variation of chorus activity with geomagnetic activigyalso discussed, with 3 regimes used:
AFE < 100 nT, 100 nT < AFE < 300 nT andAE > 300 nT. There is an increase in chorus
activity asAF increases, except for the dusk case, where the activityedses as F increases.

In addition to a comparison witll E, the level of chorus activity is compared between cases
where solar wind speed/y) is either above or below50 km/s. The data showed that there
was slightly less chorus activity withsy, > 450 km/s for midnight and dawn, and a marginal
increase for dusk, with a substantial increase for noonyvdeenpared to th&gy, < 450 km/s
case.

Meredithet al. [2003] presented results of an analysis looking for favbleraegions of the
magnetosphere for chorus enhancement, and comparing tthestual chorus observations by
CRRES at different geomagnetic activity levels. This résahat at moderate levels of geomag-
netic activity, the dayside region of chorus generation kvaised in L and MLT. Additionally, the
latitudinal extent of this region extended to latitudes~o80° north and south on the dayside. A
pronounced symmetry between the northern and southerrshkere 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 thematggphere by a number of processes.
Interactions between the solar wind and the magnetosphierdescribed by Schindler [2007,
Chapter 13]. Two of these injection events which are ofteoeiated with chorus are geomagnetic
storms and substorms. A geomagnetic storm has three phhsedtorm Sudden Commencement
(SSC), main and recovery phase. A geomagnetic storm ocflersaasudden enhancement in
solar wind dynamic pressure (such as from a coronal massagjec This increase of pressure
compresses the magnetic field on the dayside, briefly inicigabe equatorial magnetic field
strength. This also injects electrons and protons intoab&tion belts, increasing the ring current
density. The ring current flows westward around the Eartlinéndquatorial plane. This current
generates a magnetic field which opposes the Earth’s imtrinagnetic field, which results in
a decrease in magnetic field strength at the surface of thé [Eriharaet all, 12008]. The ring
current subsides to normal levels during the following daysl the magnetic field strength returns
to normal levels. This is called the recovery phase.

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

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

Chorus and other VLF emissions are generated in the magretas by Doppler Shifted Cy-
clotron Resonance [Brice, 1964; Tsurutani and LakhinaZ]L9Bhe whistler mode is a right hand
circularly polarised wave, and electrons gyrating abouagmetic field line do so in a right handed
sense. This means that electrons traveling along a madietidhave the possibility of being in
resonance with whistler mode waves traveling along the dastkline, in the opposite direc-
tion. In Figurd 2.4, a schematic showing a whistler mode vemak counter streaming electron is
plotted. The resonance will occur if there is a constant @hakationship between the waves and
particles. However, since whistler mode waves can only ggape withw less thart?, the waves
must be Doppler shifted up to the electron gyrofrequency.

Y

|| |
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Figure 2.4: Schematic showing whistler mode waves (redhesistreaming electrons (blue).

Since the waves and patrticles are traveling towards eaen, abie required Doppler shift can
occur if the electron parallel velocity is large enough. Thadition for Doppler Shifted Cyclotron
Resonance is,

nl=w-—k-v, (2.7)

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

Q—w
k-

and shows that the larger the gap betw@eandw, the greater the parallel velocity that is required
to fulfill the condition. Furthermore, the closer the waves t parallel propagating, the lower
the electron parallel velocity required for resonance. sTtat a givenl-value (fixing the value
of ), higher parallel velocities are required to resonate Vatter frequency waves. The above
equation assumes non-relativistic velocities, and waJasiware propagating nearly parallel to
the magnetic field lines. Usinf (2.8), one can calculate #ralfel energy required for resonance
with waves of a particular frequency,

1 B%Q (1 (,u)?)’ (2.9)

= 20 Nw \" 7

where hereN is the electron number density. From (2.9), one can see thatja particular
magnetic field line, the energy requirements are minimiseda equatorial plane whef¢obtains

its minimum value. This is the reason why Doppler Shifted I6lyon Resonance interactions
are thought to take place in the equatorial plane. As thergéoe region moves to highdt,
the ambient equatorial magnetic field and consequeftlyecrease, resulting in a decrease in
energy required for resonance. This change in the resom&ng\erequired for resonance in the
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Figure 2.5: The variation of resonance energy Witkialue, calculated in the equatorial plane, for
a wave withw = 2 kHz. The blue curve represents a magnetosphere with no plassgpand
the red curve includes a plasmapausé at 3.75.

equatorial plane is plotted in Figure P.5. Here, the blueeuepresents a magnetosphere with no
plasmapause (ie: density values vary smooth WithEnergy changes are due only to the change
in L, and decrease monotonically. The inclusion of the plashexepis shown by the red curve,
which merges with the blue curve outside the plasmasphdris. clirve includes a plasmasphere
where the density is two orders of magnitude higher thanettmagside the plasmasphere. The
plasmapause is located at= 3.75, with a width of0.5L (a typical value as shown by Carpenter
and Parki[1973]). A simple linear relationship betwe€érand L is assumed.

This figure shows the effect which the rapid density variatidthin the plasmapause has on
the resonance energy. As already mentioned, the resonapagyelecreases as wave frequency
increases. This variation is shown in Figlrel 2.6. This figenalotted forZ = 2.60, and shows
the decrease of resonance energy ascreases. The effect of the plasmasphere is shown as two
curves are plotted, where the blue curve represents resenégthout a plasmasphere, and the red
curve resonance with a plasmasphere included.

Particle Anisotropy

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

A=1t 1. (2.10)

The parallel temperaturd() of a distribution of particles is proportional to the a\@@ﬁ of the

particles. Perpendicular temperaturg, ), is similarly defined using? .

The direction of net energy flow is determined usihgA > 0 results in energy being trans-
ferred from the particles to the waves, resulting in waventing while A < 0 results in energy
flowing from the waves to the particles, damping the wavegs€&lenergy exchanges always serve
to homogenise the particle distribution, movidgtowards zero. These various energy distribu-
tions are depicted graphically in Figurel2.7.
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Figure 2.6: The variation of resonance energy with waveueagy. The blue curve represents
resonance outside the plasmasphere, and the red curvamesanside it. These plots are made
usingL = 2.60.
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Figure 2.7: Graphical representations of particle diatrdns with (from left to right)A = 0,
A > 0andA < 0. These distributions are commonly referred to as isotrqmncake and cigar
distributions.
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Summerset al. [1998] showed that significant energy exchange can occwedmgt electrons
and waves, resulting in a reduction of the parallel to pedpmiar velocity ratio. This energy
exchange is favoured in regions with low electron densiti€his increase in Doppler Shifted
Cyclotron Resonance efficiency in lower densities explaihyg chorus is generated outside the
plasmasphere.

Chorus Generation

Prior to the observation of chorus, energetic particlesrgeeted into the magnetosphere. These
particles provide a source of free energy for the amplificatyf chorus waves. A background
continuum of whistler mode waves exists. Those waves whitkfg the condition[(Z17) are then
involved in the energy exchange. If the particles have pesinisotropy, then energy will be
given to the waves, causing amplification of those frequenaihich satisfy((2]7).

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

The energy range of the particles and thalue of the field line determine the frequency
band of the chorus. The expected frequency of the chorus earalbulated usind (2.9). This
relationship means that chorus can be used as a magnetogplbe, by inverting the calculation.
The frequency of the chorus, and thevalue of the receiver can be used to estimate the energy of
the particles in the generation region. Particle energiesisually assumed to obey a normal (or
similar) distribution. This is seen in chorus spectra, amreh typically spans a frequency band.
The minimum frequency of the chorus corresponds to the Bighmergy particles.

Doppler Shifted Cyclotron Resonance interactions withstiai mode waves can scatter elec-
trons into the bounce or drift loss cones [Koasl!, [1981]. When the waves and particles are
in resonance, energy is transferred either from the wavésetparticles, or vice versa. The di-
rection of net energy flow is determined by of the electrons. Early observations associated
chorus observations with particle precipitation [Roseats all, 11971;| Foster and Rosenberg,
1976;| Rosenberegt al., [1981]. Parallel propagation is most readily realised witicted waves
[Tsurutani and Lakhina, 1997]. Some observations of higplaude (with amplitudes an order
of magnitude greater than the mean amplitudes) whistlerema/es were made by Culleyal.
[2008]. These large amplitude waves can rapidly thrusigestinto the loss cone [Kerstehal.,
2011].

Obligue propagation of whistler mode waves in the chorus sage region

Observations of chorus near the equatorial plang at 4.25 by CLUSTER satellites were pre-
sented by Santolikt al! [2009]. These observations showed a case where chorus wares
not parallel propagating, as is assumed by most wave prapagand interaction models. It was
noted that oblique propagation was not always the case,atdoairallel propagation was still
more commonly observed. Furthermore, it was found thatwésalso recorded on CLUSTER,
a few minutes after the cessation of chorus observationis. iiticated that both chorus and hiss
could be generated in the chorus source region, or resuft éther sources.

Role of the Plasmapause in Dictating the Ground Accessibili of ELF/VLF chorus
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Goldenet al. [2010] studied the relationship between the occurrencénofus at Palmer Station
(L = 2.4) and theL value of the plasmapausé.,f,). Ground based observations are limited
to those VLF signals which are able to penetrate throughahesphere. These are either waves
which have propagated naturally and have their wave norimsilde the transmission cone, ducted
waves whose wave normals are tightly bound to field lines, awres that are scattered off irreg-
ularities into the transmission cone. The transmissioredsmefined by the largest wave normal
angle which will pass through the ionosphere. One might exfhet since chorus is generated
outside of the plasmasphere, that it should not be regutdbberved within it. Recent results
showed that chorus was routinely observed at Palmer Stati@m during geomagnetically quiet
periods when the plasmapause was far beyond Palmer [Gelédn2011].

This study used 3 months of data in 2001, which was during soéimum. The extent of
the plasmapause was determined from IMAGE EUV data, andushadeita were obtained from
the automated chorus detection system developeéd by Gel@bf2011]. TheAE activity index
was used to determine the level of geomagnetic activitycesihe study was only concerned with
Palmer Station, the location of the plasmapause was ongrrdéted at Palmer's MLT (MLT =
UT - 4). After removing data gaps, approximately 230 hourdaifi were available.

Initial analysis of the data led immediately to the conadusihat chorus was most prevalent
when AE was high, and.,, low. A more in-depth analysis showed that for all frequesdiee
probability of receiving chorus was peaked whey), ~ 2.6. For lower frequencies the tail of
the probability extended out tb,, ~ 5, while for higher frequencies there was a narrow peak.
Reverse ray tracing models were used to determine for wiaihes ofL,,, chorus can propagate
to Palmer. These revealed that whiy), > 4.3 no chorus was able to propagate from the source
(outside L,,,) down to Palmer. The waves were either reflected off the pigsmse or heavily
damped after crossing the plasmapause. IEgr= 2.9 waves from as far as = 7 were able to
reach Palmer, although damping caused the peak chorusitytémoriginate fromt.2 < L,,, <
4.6. The maximum in total chorus waves was received whgn= 2.9. It was concluded that
the instantaneous value 6f,, has a significant effect on the probability of chorus obs@raat
Palmer.

Prevalence at Dawn

Chorus is most often observed in the dawn sector, althoughntsometimes be observed in
other MLT sectors [Sahzhin and Hayakawa, 1992]. Choruséyi occurs after a geomagnetic
substorm, where patrticles are injected into the inner magpbere at around midnight. Gradient
and curvature drifts cause the electrons to drift towardsndar his accounts for the preferential
observation at dawn. The drift itself is dispersive, megiirat higher energy electrons drift faster.
These higher energy particles resonate with lower frequerawes. As successively lower energy
particles arrive in the source region, higher wave freqgigeneatisfy the resonance condition,
resulting in the often observed increase in maximum frequd¢8mith et al., 11996; Collier and
Hughes, 2004].

2.3.3 Relationship to Hiss

Hiss is often observed simultaneously with chorus [Koo®81]. There is good reason that the
two are so closely linked, namely that plasmaspheric higeligved to be generated by chorus
waves which have refracted into the plasmasphere whereadmye into hiss|[Bortniket al.,
2008, 2009].

Hiss appears as a homogeneous band of waves in a VLF spectroghere are three varieties
of hiss, each with its own spectral properties and occugrgrattern: auroral hiss [Sazhihall,
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1993] observed in the auroral zone, mid-latitude hiss olesktat mid-latitudes outside the plasma-
sphere, and plasmaspheric hiss observed inside the plalseradSahzhin and Hayakawa, 1992].
Plasmaspheric hiss is typically observed at lower fregesnhérom several hundred to a few thou-
sand hertz, while mid-latitude hiss extends up to more fltakHz. Simultaneous observations of
chorus and hiss in the same frequency range were first fouB&EMS-1 data [Cornilleau-Wehrlin
et al.,|11978]. Both chorus and hiss fell within the expected Q05 0.5¢2, frequency range of
chorus.

The origin of plasmaspheric hiss has long been debatedebeimtly chorus has been identified
as a likely candidate. Church [1983] first suggested thatushmay be the source of plasmaspheric
hiss, and a satellite observation supporting this idea igzsisised by Parrat all [2004]. These
small case studies were followed later by theoretical aigly

Bortnik et al. [2008] employed ray tracing models to investigate the pgagian of chorus
waves in the magnetosphere. Waves were launched with a cirgave normal angles from a
point outside the plasmasphere. Only waves with a particalage of wave normal angles were
able to penetrate through the plasmapause. The lower dgmgties inside the plasmasphere ex-
tended the lifetime of these waves, which allowed them tomataspherically reflect many times,
filling the plasmasphere with their energy, generating aensignature strongly resembling hiss.
Using data from two THEMIS satellites, Bortnék al! [2009] presented simultaneous observa-
tions of hiss inside the plasmasphere and chorus outside adricluding that chorus elements,
after crossing the plasmapause and becoming dispersedy sueto form hiss. These papers
appear to provide a plausible explanation for the genearatigplasmaspheric hiss.

2.4 Findings on the Nature of the lonosphere and Plasmaspher

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

2.4.1 lonosphere
Response of the D-region to the Total Solar Eclipse of 22 JuRB009 in the Indian Sector

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

Tweeks observed during the eclipse had a lower amplitude thieir nighttime counterparts,
and there was greater dispersion in the tweeks for the imghttases. The tweeks were observed
between 00:30 — 01:30 UT, and higher order harmonics weil&ifr a 20 minute period cen-
tered on totality (only at Allahabad). The reflection hejgind the electron density at that height
was calculated from the tweeks recorded at Allahabad. Thalse were found to have stable
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nighttime values until 23:00 UT, where the density begamtwdase, and the reflection height
began to decrease. Leading up to totality this trend redewsigh reflection height increasing and
density decreasing. These remained stable for 15 minutesr eside of totality before moving
sharply towards daytime values again between totality hacehd of the eclipse. An interesting
feature of these two periods is apparent, that the preitiotatrease of density (and correspond-
ing decrease of reflection height) is significantly slowerrtlthe post totality decrease of density
(and increase of reflection height). This indicates thabmdgination is a faster process than ioni-
sation, at least during these periods of partial eclipsdotatity, the value of reflection height was
~ 2 — 3 km lower than normal nighttime conditions, and there was &km change in reflection
height between totality and the beginning or end of the selip

A study on the effect of the ionosphere near the conjugastitmt of an eclipse was performed
bylLe et al. [2009]. During a solar eclipse in the northern hemispheey txamined ionosonde
and GPS Total Electron Content (TEC) data around the geostiaggtonjugate point of the solar
eclipse. They found an increase fpf'2, as well as an increase in TEC during this period. Sim-
ulations showed that this was attributed to a lowering oftete temperatures near the eclipse
location.

Two important features of the ionosphere can be extracted fhese studies:

» The change of the ionosphere from daytime to nighttime itimms occurs rapidly, so that
the terminator forms a sharp boundary between nighttimedagtime ionospheres.

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

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

2.4.2 Plasmapause Location

The most direct means of determining the location of therpgmause is bin situ measurements.
Satellites with means of detecting particle densities @archine the location of the plasmapause
using these data. Other satellites, such as IMAGE, can Viewlsmasphere from a position over
the poles, by using imagers looking for extreme ultra-tiodliation emitted by plasmaspheric
ions. While these observations are easy to use, satelktesrglly do not provide a continuous
view of the plasmasphere. Since the plasmapause represbatsdary between two VLF wave
generation regimes, its location is of great interest in Yégearch.

Whistler Evidence of a Knee in the Magnetospheric lonizatia Density Profile

The plasmasphere was discovered not by satellite, but byngrbased measurements, namely
the observation and inversion of whistlers. Carpéenter 1 @8esented his observation of knee
whistlers. These whistlers are identified based on theiloligion of whistler traces in a whistler
group. A normal whistler group has traces whose nose fratggdecrease with successive traces,
such that a smooth locus can be drawn through all the fregttime pairs of nose frequencies.
A knee whistler is different as there appear to be two sugmsad whistler groups, such that
the locus through nose frequencies is jagged. The kneelasistere typically observed during
geomagnetically disturbed conditiok§{ > 5). The mechanism proposed for the generation of
knee whistlers, is that one group travels along a partidigét line in a high density region of the
magnetosphere, while the second along a nearby field linehatas a significantly lower density.
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Since the separation ih between the two groups is small, it can be concluded that \uhéstlers
occur when they propagate near a sudden decrease in plasisity.ddhis sudden decrease in
plasma density has since been identified as the plasmapmseso analysis of knee whistlers
allows one to ascertaih,,.

2.4.3 Models of the Location of the Plasmapause

Various empirical models have been developed for detenmitiie location of the plasmapause at
any given timel_Carpenter [1967] discussed the relatignisbiween the dawn minimum location
of the plasmapause, and geomagnetic activity via indicgsDst and localK. This showed that
the plasmapause moved to lowemls the geomagnetic activity levels increased. A simple inode
usingK,, was discussed hy Carpenter and Park [1973].,

Lyp = 5.7 — 047K pmax (2.11)

whereK .y is the maximak, experienced during the preceding 24 hours. This model leaés.
L,,, for the dawn minimum position of the plasmapause, and usgw#tue as the representative
value for the entire plasmapause.

This model was adjusted, and included an uncertainty measant, by Moldwiret al. [2002],

Lyp = 5.39 £ 0.072 — (0.382 & 0.019) K pmax (2.12)

A set of models derived from CRRES data, each based on diffggmmagnetic indices, were
described by O’Brien and Moldwin [2003]. These models ideld a local time parameter, and
were able to reproduce the bulge at dusk. The models basdd/oik,, and Dst respectively are
given by

Lyp = —2.6(1 + (—0.30) cos(¢ — 4.39)) AEmax + 11.6(1 + 0.20 cos(¢ — 1.046)),  (2.13)

Lyp = —0.39(1 + (—0.34) cos(¢ — 4.34))Kpmax + 5.6(1 + 0.12 cos(¢p — 0.7854)),  (2.14)
Ly, = —1.54(1 + (—0.04) cos(¢ — 5.38)) Dstmax + 6.2(1 + 0.04 cos(¢ — 5.751)),  (2.15)

where¢ is 2 (MLT /24) and A Epax, Kpmax andDst . are the maximal value of each geomag-
netic index obtained in the past 24, 36 and 36 hours resgéctiv

Finally, models of plasmaspheric equatorial density viewith ., from which the location
of the plasmapause could be determined, were provided bel&het al! [2001] and Carpenter
and Anderson [1992]. The model described by Sheetl@l/ [2001]is given by

Neq = 1390(3/L)*® + 440(3/L)*%cm ™3, (2.16)

which is applicable foB < L < 7. This model does not contain any geomagnetic activity aalloc
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 pregday Storey [1953], research related
to these VLF phenomena have uncovered much about theien&torey’s initial theory came be-

fore man understood the near Earth space environment aacklibe discovery of the Van Allen

radiation belts. The original theory put forward by Storeg aow known to be an incomplete

picture of whistler generation, but none the less his idea®wyround breaking, and the majority
of his theory is still widely accepted as truth today. He prisMard that whistlers are the result
of lightning occurring at the geomagnetic conjugate polite magnetic field of the Earth guides
the waves to the magnetic conjugate point, although he alsnised that field aligned charged
particle distributions are needed for this guiding to talece. Finally, he showed that the dis-
persion of a whistler is related to the density of chargediglas in these field aligned structures.
Storey proposed that these charged particles are fromtiosjpbiere, which still has finite density
at several Earth radii altitude.

Storey was also able to identify that two-hop whistlers wareesult of the reflection of
whistlers in the conjugate hemisphere. These are thosdlevkishat are received in the same
location as the initiating spheric. The mechanism propdsedhese whistlers was that upon
reaching the conjugate hemisphere, whistlers undergcctiefteoff the ionosphere, and are then
observed back at the spheric source location. These whistlte always more dispersed that the
single hop variety, and this fact means they have travelgdduthrough the dispersive medium.

Storey originally stated that spherics from the exact gapratic conjugate point are most
likely to produce a whistler. He went on to state that the eeuor whistlers at a particular
location could possibly be a region with a radius of ab20@0 km centered on the conjugate
point. Studies by Fisest all [2010] showed that fractional hop (detected at LEO) whistigere
launched upwards from lightning strokes that occurrediwitifew degrees latitude and longitude
of the satellite footpoint. There were far fewer whistlerbieth were found to originate from
strokes as far a3)00 km away, but no further than this. This fits very well with Stdsegheory.
The data used by Fiset all [2010] was confined only to those which occurred above active
thunderstorms.

Correlation analyses of the most probable source regiowi@stlers received at Tihany, Hun-
gary; Dunedin, New Zealand; and Rothera, Antarctica, werfopmed 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 gagnetic conjugate point, then this
region was found to be the primary source of whistlers.

— If there was considerable lightning activity near the gegnadic conjugate point, and
there were secondary sources of whistlers then the distsfrtbese sources from the
conjugate point ranged from 2000 km to ~ 10000 km.

« If there was very low lightning activity near the geomagmnebnjugate point, then the pri-
mary source of whistlers was found to be at another regiorighf ightning activity. The
distance of this region was comparable to that of the secgrsdairces described above.

— Even in this case, there were other secondary sourc2¥0 km to 10000 km away.

These findings agree with Storey’s source region ideas tard, po that the source location
should be centered around the conjugate point. If there ightning near the conjugate point,
then obviously Storey’s mechanism cannot work. Also, tHagings show that the location for
whistler source lightning is much larger than previousliidwed. Now, one can break the whistler
generation mechanism into two distinct parts.

1. Alightning stroke releases an intense pulse of radiatibich propagates within the EIWG
for thousands of kilometers. At some point, some of this gngrenetrates through the
ionosphere into the magnetosphere, is converted into thiglathmode, and is dispersed;

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

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

Previous study

The previous study by Colliest al| [2009] of the source region of whistlers received at Tihany
showed that lightning over the conjugate point readily piai whistlers in Tihany. The main
result from this paper is reproduced in Figure 3.1. The gstaource region is near the conjugate
point, and a nearby region in Southern Africa. Other souecgons, of lower significance, are
located in South America and the Maritime Continent. Thesations 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 sitnildwat employed by Fisest al.
[2010] was employed. Whistlers were detected in broadbdesIBTER data, and correlated with
lightning strokes detected by WWLLN. In the case of Figeal! [2010], the lightning locations
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Figure 3.1: The main result from_Colliet al! [2009] showing the source regions for whistler
received at Tihany, Hungary (marked by the star). Distafroes the conjugate point of Tihany in
200 km increments are marked with dashed circles. The major soagiens are withiri000 km

of the conjugate point. Secondary source regions are fau@buth America and the Maritime
Continent.

were detected by the EUCLID network, a high efficiency nekmwghich operates across Europe.
The drawback to using data from this network is that it onlyars a relatively small region of the
globe. Lightning events from outside of this region are ransidered. 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 space4800 km are put into context. Results similar to
those of Collieret all [2009, 2010, 2011] cannot be achieved using such a dataséb dis spatial
limitations.

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

DEMETER

DEMETER [Berthelieret all, [2006] is a satellite in &60 km altitude quasi sun-synchronous
Low Earth Orbit (LEO). This means that at each location oritEdne satellite passes overhead at
roughly the same time (AM and PM) each day. There is one pdke imorning, and then a second
pass~ 12 hours later. The satellite has an orbital period of apprately 90 minutes, meaning
that it crosses the same latitude twice every 90 minutes.satadlite nominally operates in a low
resolution survey mode, where the data are averaged inevaddvequency bands. These data
are not suitable for identifying whistlers. However, attaar predefined locations, the satellite
switches into a high resolution burst mode, which allowstfar detailed frequency structure of
the data to be analysed. Only these burst mode data arelsditalthe study conducted here. In
Figure[3.2 a pair of maps showing the locations of the bursterfor 2005 and 2007, is displayed.
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Figure 3.2: The regions, in red, above which the DEMETERI#atewitched into high resolution
burst mode for 2005 and 2007.
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Figure 3.3: A snippet of burst mode DEMETER VLF data, recdrdeer the burst region, con-
taining several whistler traces. The difference betweemaipg and down-going whistlers is
apparent. Also notice that the signals from several VLFdmngitters are visible in this spectro-
gram.

In the image for the 2005 data, the burst mode regions weiesat{gppconfined to places known
for seismic activity. This is because DEMETER was launcheaarily to study electromagnetic
signals associated with seismic activity. Between 2005204¥, however, the DEMETER team
agreed to switch the satellite into burst mode over otheionsg One of these regions is the
rectangle over Southern Africa. This rectangle contaiescitnjugate point of Tihany, which is
just off the south eastern coast of South Africa (the locatibTihany and its conjugate point are
shown in Figuré_3]1). One could thus use these measurenwerd<dllow up analysis of Collier
et al. [2009].

When in burst mode, DEMETER records VLF data samplethdtHz, allowing for viewing
of frequencies up t@0 kHz. The length of each data file is variable and depends on haogviton
takes the satellite to pass through the burst region. A saofpdurst mode data containing several
whistler traces is shown in Figute_8.3. In this sample onesemnseveral independent whistler
traces. One can also distinguish both up-going and downggaihistlers. Up-going whistlers
have only traveled a few hundred kilometers, up to LEO, thothhe dispersive ionosphere, and so
have very small dispersions. One such whistler is visibe #ie in the spectrogram. Down-going
whistlers have traveled virtually one full hop through thagnetosphere, and so have dispersions
almost identical to those found on the ground at thigalue. A series of these whistlers is seen
between 9 and0 s. One whistler which has a much higher dispersion and coretitie lower
amplitude is seen & s. This is either a whistler which has reflected several timegpropagated
unducted from a different-value.

In this analysis, only burst mode data from above the Sontidrica burst mode region,
which contains the conjugate point of Tihany, were useds Tégion is from here on called the
burst region. DEMETER passed through this region at rou@l¥)0 and 20:00 UT each day
(which corresponds to 10:00 and 22:00 LT). The data whiclevagailable within the burst region
spanned three time periods, namely 2007/05/12 to 20041 2@08/10/29 to 2008/12/30 and
2009/01/01 to 2009/11/27, for a total of 590 days of obs@matWWLLN data were available
for all of these days.

Analysis Method

This study also used data from WWLLN. Here, the method usedatzh whistlers received on
DEMETER with their initiating lightning stroke detected WWLLN is discussed. Obviously one
cannot get a one-to-one match in this case, since WWLLN doefimd every lightning stroke
which occurs on Earth, and therefore cannot match everythwhigith its causative stroke.
Whistlers were located in the DEMETER data using a versiagh®tode described by Licht-
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enbergeret al. [2008], modified to identify only upward going fractional jnavhistlers. This is
an important feature to note, since it means that the mopedied down-going whistlers are not
identified. If this distinction were not made, then this gs@ would not only be looking at the
source region for whistlers at Tihany, but also those reckat Tihany's conjugate point, which
are initiated by strokes in the northern hemisphere. Witktaf 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 lightningakes were identified by selecting those
which occurred less thafir 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 betweeamhiktder and stroke were com-
pared to the time it takes light to travel between their limcet. If these numbers matched,
then the whistler was matched to that stroke. Here, due iagir location inaccuracies, a
10 ms error window was allowed.

This matching process requires the use of the speed of kyte the VLF waves are an
electromagnetic wave. Dowdehal. [2002] showed that a2kHz wave propagates through the
waveguide ab.9922¢. Propagation at and 0.9922¢ respectively, over a distance ¢d000km
(roughly the circumference of the Earth) results in a défere of0.1ms, which is negligible in
comparison to the timing accuracy of the AWD (and other srmhich one should expect). The
propagation velocity can thus be assumed te fir studies of VLF wave propagation within the
ionosphere.

The above two steps can be formalised as follows. All whistf@ve an occurrence timeg,,
and each lightning stroke an occurrence time Here,t,, is the whistler time returned from the
AWD, which corresponds to the time of the whistler nose. Ttharse lightning strokes identified
as possible initiating strokes (ie: step 1 above) for thestidri occurring at time,, are those that
satisfy

tw — 0.067 < t; < ty. (3.1)

Step 2 above can then be written as
|(tw — t;) — d/c| < 0.005 3.2

whered is the distance between the location of the satellite faotpend the lightning, and is
the speed of light in a vacuum. Sincel@ ms error window was used, there really is no need
to be pedantic about the correct valuecdb use within the EIWG. Due to the size of the error
margin, it is possible that more than one stroke could be megtevith a particular whistler. In
these rare occurrences the stroke which minimises the walube left hand side of (3.2) was
used. A graphical representation of this matching is pedith Figurd 3.14.

3.2.2 Result and Discussion

A total of 386159 whistlers were detected in the DEMETER daltsing the matching algorithm,
20169 matched lightning events were found. This means ta&thas could be found for approx-
imately 5.2% of the whistlers, which is rather similar to the DE of WWLLNh& distribution of
the number of matched strokes pérx 5° grid cell is plotted in Figuré 315, which shows that there
are many matched lightning strokes over Central Americal@daritime Continent, a moderate
number over Central Africa, and few in Europe, the Pacificabcand within the burst region.
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Whistler and lightning

Whistler and lightning

dic

Figure 3.4: A graphical representation of the matching réitlgm, where the whistler is marked
by the red line, and lightning strokes by blue lines. Stage &hiown in the top panel, where
all lightning strokes which occur less th&fi ms before the whistler are selected as candidate
strokes, and move on to the second stage. In stage 2 (the pamel), one stroke is matched if it
falls within a10ms window, centered on a timé&/ ¢ before the whistler.
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Figure 3.5: The distribution of lightning strokes matcheduthistlers detected by DEMETER

within the burst region, projected ontda x 5° grid. The colour scale ranges from blue for few
events, to red for many. White on the map corresponds to févaer10 matched events, while the
upper end of the scale represents 210 or more matched eVéetburst region is enclosed by the
grey box. There are peaks over Central America and the Mui€ontinent, and a smaller peak
over equatorial Africa.

These results are definitely surprising, especially whenpared to those shown in Figure
[3.3, which also shows high correlation near Central Amesied over the Maritime Continent.
The new result, however, has a very low number of matchedtewethin the burst region, and
over nearby Central Africa. It is curious that these resstisuld agree on some counts, but
differ so substantially on the importance of the burst ragie a source for whistlers. This would
definitely be expected as a major source given the findingsotiie€et al! [2009], and probably
even more so, the mechanism proposed by Storey [1953]. @rewiinich was taken for granted
was the timing accuracy of the DEMETER satellite. Chetral. [2006] described how the timing
offset between ground based GPS synchronised measureiment&8UCLID and those on board
DEMETER could be determined empirically. This delay is etpd since it takes a finite amount
of time for waves to propagate through the ionosphere, tdéight of DEMETER. The speed
of the waves through the ionosphere is significantly diffiefeom ¢, given the charged particle
content of the ionosphere. Upon examining the technicalishents of DEMETER, however, it
was found that there was no mention of GPS time synchroaisath board the satellite. An email
inquiry was sent to the operators of DEMETER, asking how itme ton board was coordinated
with time on the ground, and how often clock drift was coreelctThe 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 tine
with an accuracy of 30-50 ns. The drift of the clock is
regularly corrected by TC but | do not know how often.

This essentially means that there is a random timing ofé&sttdr positive or negative) between
the WWLLN data (which is GPS synchronised) and DEMETER dathis in turn means that
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when the algorithm described searches for a causativeestiiois not necessarily doing so in a
way that one could expect would find the correct stroke. Bgdbna random stroke was being
selected from the data, and not one which was causally detatthe whistler. If one compares
the result presented in Figure B.5 to the WWLLN lightningtrdisition presented in Figufe 2.1
(in particular (b) from 2009, which is representative of thajority of the WWLLN data used in
the analysis), one notices a striking similarity. Ignorthg values of the colour scale, and instead
just looking at the colours (so that the relative levels iohefigure are compared), it is apparent
that the peaks in either distribution are in the same pladso,Ahe relative value of each peak is
roughly the same (ie: they are the same colour). This meanshih result in Figurie 3.5 is actually
showing the underlying structure of the WWLLN data, and nefgmence is given to areas which
are more likely to produce initiating strokes.

With the information about the timing offsets in DEMETER aathis is actually to be ex-
pected. If one were to select a random data point out of acpéati distribution, then the prob-
ability of picking a point from a particular part of the distution depends on the distribution
itself. Thus, if one did this many times, and plotted theribstion of these random points, then
it would surely be nearly identical to the original distrilmn (apart from the magnitude of peaks,
and small statistical variances). Thus it is almost obvithas the result in Figure_3.5 would so
closely resemble the underlying lightning data.

Also, the algorithm used in this study makes no correctianidoospheric delay. In order
to account for these timing offsets, a method similar to #raployed by Chunet all [2006]
is used below. This technigue accounts for both the natafdlqugh variable) delay attributed
to propagation through the ionosphere, and the random delaged by the drift of the clock
on DEMETER. For this method, one requires a large amount t#f ftam a lightning source
within the burst region. Since this region is limited in extea local lightning network with high
detection efficiency will suffice. The South African Weatt&srvice (SAWS) operates such a
lightning detection network within South Africa, the Soutfrican Lightning Detection Network
(SALDN).

3.3 Using South African Lightning Detection Network

The SALDN is a commercial network similar to those used byepttountries, such as NLDN
in the United States, NZLDN in New Zealand or EUCLID in Europk provides very high
detection efficiency within the network, by placing a higmsi¢y of receivers distributed more
or less uniformly over the land. The SALDN boasts a DE0H5% over most of the country,
except over the extreme south western corner, which isdilpia very low lightning density zone,
and consequently effective coverage was not needed théis.ddes not result in many missed
detections however.

Before the problem of determining the timing offset for DEWER is attempted, another
interesting analysis can be conducted, namely a compabistoveen SALDN and WWLLN data.
These sorts of analyses have been done on other local deteetiworks|[Rodgeet al., [2006b].
Furthermore, they allow for a test of the SALDN data. Inl§iahccess to only one month of data
was allowed, namely July 2007. This month falls in the sautteemisphere winter, which is not
during the peak South African lightning season. It does,dwar mean that an initial test of the
data’s applicability to the intended problem can be perfmm

3.3.1 Some Statistics of the SALDN Data

First the diurnal variation of the lightning activity is iestigated. The diurnal variation of the
lightning is plotted in Figure_316. One can see that thergoisak in lightning activity around mid-

49



Diurnal variation of SALDN lightning occurence
7000 T T T T T T

6000

5000

4000

Counts

3000

2000

1000

0 4 8 12 16 20
Local Time

Figure 3.6: Diurnal variation of the SALDN data for July 200ere is a peak in the night time
hours, as well as the late morning. These are not typical offSafrican lightning, and are most
probably only present during winter.

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

3.3.2 SALDN Data Validation

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

Initially, one month of data was received from the SAWS, anty dhis data was used to
determine whether the data would be suitable for the inttpdepose. This month of data was
thus thoroughly tested before more data was requested.

The first step in the data verification is to correct the timaffget between the data sets.
The SALDN data times are in South African Standard Time (SABfhich is UT+2, while the
WWLLN data is recorded at UT. The SALDN data was converted ToWith this done, the data
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could be compared directly. As a first check, the differemcightning levels of both systems at
the same time was investigated. The daily counts of liglgtaictivity from the two networks for
July 2007 are plotted in Figute 3.7 (a). One can see that thditae series have their peaks on
the same days, although the SALDN data have much higherszalumss is to be expected though,
since the WWLLN network has a low average DE, which is evereloinw Africa. WWLLN is
known to have a much higher DE for strokes with high absolalees of peak current [Rodger
et al.,[2006b]. The plot in Figure 3.7 (a) is thus repeated in Fifrgb), but only SALDN strokes
which have a peak current greater tli@rk A are included. The values of the peaks in this second
plot are now much more comparable, which shows how much tieetiten efficiency of WWLLN
increases for strokes ovéd kA.

There is an anomaly in Figute 8.7 (b) on the 7 July 2007, wheseems that the WWLLN
network has detected more strokes than SALDN. This is not wha would expect, since the
SALDN detection efficiency is vastly greater than that of WML A plot of the locations of the
WWLLN events on this day shows that there are a significantbermof events over the ocean,
some distance from the land. Now, the SALDN network’s efficiedrops off significantly outside
the area of the receiving nodes, of which there are none oodisan. WWLLN, however, would
have a fairly uniform detection efficiency between the land aea regions near South Africa.
These strokes over the ocean are outside the coverage aheaALDN network, but not that of
WWLLN. This makes it possible for WWLLN to detect more strska&f higher power on a given
day than SALDN, if there are sufficient strokes occurringrdatie ocean.

Figure[3.7 (b) shows that on the 27 July the number of highecilightning strokes detected
by the two systems was nearly the same, and that this day shamvengst the highest levels of
lightning activity for July. The locations of all SALDN and WLLN strokes from this day are
plotted in Figuré 3.J8. From this map one can see that thermsdirgtely a number of strokes which
have been detected by both systems, although some of thensligintly different locations. One
expects that the SALDN HF network, which operates usingtehevavelengths than WWLLN,
would have the higher location accuracy. In any event, tieegevery high probability that those
events detected by both networks within such close proyiamé from the same strokes.

Both the WWLLN and SALDN networks sychronise their clockewGPS satellite, and so
one expects there to be no timing offset between the two dt&ta®ne pair of events which appear
to be from the same lightning stroke was selected. Thesdsaea clearly separated from any
other events, which improves the probability that thesedati&ins did indeed arise from the same
lightning stroke. This pair is indicated in Figure 3.8 by thmye red circle. The distance between
the locations of the detections by the two networks.i$ km, and the difference in the recorded
time between the events from each system was 2 hours (witfgw anilliseconds). This single
event allowed us to identify that the SALDN data was recotidddT +2 (which is South African
Standard Time (SAST)). One can thus safely conclude thaettveo detections did originate from
the same lightning event. All the SALDN data was converted Toby subtracting 2 hours from
the data.

Now it is possible to pair all strokes detected by both systenhis is done as follows:

« Foreach SALDN event, the distance and the absolute valihe afelay between all WWLLN
events were computed.

« If the delay between the SALDN event and a particular WWLIMdrg was less thai) ms,
and the distance was less thE)0 km, then the WWLLN event was labeled as a possible
match to the SALDN100 km is a very conservative (overestimated) value of the inaagur
of WWLLN locations in South Africa. This large value is usedce errors may arise from
both WWLLN and SALDN detections.

* We refine the above selection, and select the pair for wiieldelay was minimised.
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Number of WWLLN (red) and SAWS (blue) detected lightning strokes over South Africa (July 2007)
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Figure 3.7: Daily counts of lightning from WWLLN (red) and EBN (blue) (a). A similar plot

with SALDN strokes limited to those with peak current60 kA is also shown (b).
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Figure 3.8: Locations of all SALDN (blue circles) and WWLLKe@ stars) events on 27 July
2007. The events marked by the red circle are likely the sarokesdetected by both networks.
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Following the above algorithm, a single matching WWLLN evéhone exists) is obtained
for each SALDN event. Doing this for July 2007, 479 matcheeints are found, out of a total of
11744 SALDN events for that month, which translates #004% detection efficiency. This value
is comparable to the global average detection efficiency BIIM/N.

3.3.3 Statistics for 2007

Analysis of a single month of SALDN data show that the SALDNadeould be of use for the
analysis of DEMETER and WWLLN whistlers, further data weeguested from SAWS. Data
were obtained for the entire 2007, and from the 6 month pdrima 2008/11/01 to 2009/04/30.
This allows for statistics of an entire year's data to be used. First, the diurnal and annual
distribution of the data are plotted in Figlire]3.9. This dieghows that lightning activity is peaked
during the months October to mid-April which is the Austrahsmer. The diurnal distribution
shows a peak at approximately 16:00 LT, and it drops off galiguo a minimum at 09:00 LT
on either side of the peak. This differs significantly frore ffiot shown in Figure 316 which was
generated from a winter month’s data.

Next, the distribution of lightning stroke peak current viagestigated. In Figure_3.10, the
distribution of the peak currents for 2007 is plotted. Ther@helming majority of strokes have
negative polarity, and peak current magnitudes be&lowkA. ~ 0.3% of strokes had magnitude
of peak current larger tha®0 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 WWMLin South Africa, various statis-
tics for the strokes which were matched between the two mys(@s described above) are dis-
cussed. Since results will be compared with those presatiede, the matched statistics dis-
cussed here are from the 2007 data only. The first statistesepted are those which show how
well the SALDN timing agrees with that of WWLLN. The distritoon of timing differences be-
tween matched SALDN and WWLLN strokes is plotted in Figurgl3.This shows that there is
a clear peak ab ms, which is 3 orders of magnitude higher than than the othekpagound it.
There are very few strokes which have timing differencegdathan+0.6 ms. Remember that
the matching algorithm required events where this timirffedénce was withinlOms. This fig-
ure also shows that in no cases were the magnitude of timffegatices greater thamms. This
confirms that there is no systematic timing difference betwthe two systems (other that the time
zone difference which has already been corrected).

Next, the distribution of differences in position betweeatomed events is plotted in Figure
[3.12. This shows that the distances between the two matelesadisépositions were mostly below
10 km, with some differences (with much reduced frequency) ahtgreranges all the way to
100 km. This is an indication of the typical location accuracy of WMN. Since the SALDN
locations are accurate to withB00 m, which is significantly lower than that of WWLLN, one
can consider these locations correct. From this one carumthat WWLLN faithfully finds the
correct location withinl0 km in over80% of cases.

The distribution of peak currents for matched detectiorsh@vn in Figuré 3.13. This shows
that the majority of matched strokes have negative pealestinalues, as is the case for the
raw SALDN data in Figuré_3.10. These figures do differ fromheather though. The matched
events have a reduced proportion of negative peak curremt&vThe proportion of events with
magnitude of peak current abo%@ kA is also substantially higher. This is due to WWLLN being
biased towards strokes with greater peak currents, andathehfat positive strokes are typically
more powerful.
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Figure 3.9: Annual (top) and diurnal (bottom) variation b&tSALDN data for 2007. Light-
ning predominantly occurs in the Austral summer months,l@gdning activity peaks in the late
afternoon. Note the difference between this diurnal plok tat in Figuré_3)6
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Distribution of peak current of SALDN lightning
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Figure 3.10: Peak current distribution of the SALDN dataZ607 shown by blue bars, each with
awidth of20 kA, shown on a log scale. The number of strokes with magnitudaroént> 90 kA
are shown by the grey bars. The number of strokes which faltinis category is- 3 orders of
magnitude lower than the peak.
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Distribution of time between matched strokes
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Figure 3.11: The distribution of delays between matched BNland WWLLN strokes, plotted
with a logarithmic scale. The bins &tl ms are the total delays outside of these limits. There is a
clear peak af ms.
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Distribution of distances between matched strokes
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Figure 3.12: The distribution of distances between mat@®dDN and WWLLN strokes plotted
on a log scale. Most of the distance differences-<aré0km, and there is an order of magnitude
less matches with distances10km.
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Distribution of peak current of matched strokes
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Figure 3.13: The peak current distribution of matched SALBiNI WWLLN strokes, plotted
with a log scale. There is significant bias towards negateakgurrents evident, although not as
extreme as in the SALDN data. A much greater proportion5(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 matchedrés are plotted in Figufe 3]14. The
annual distribution plotted in the top panel has the samghralistribution as in Figure_3.9. This
indicates that the DE of WWLLN in South Africa is not a functiof season. Of course, this is
to be expected at a low latitude location where the seasdieat @n day and night length is not
as extreme as that at higher latitudes, where there woutdyshe a marked seasonal variation
in WWLLN DE. The diurnal distribution does, however, diffsignificantly from that of the raw
SALDN data shown in Figurle 3.9 (lower panel). The peak inthise occurs at a much later LT, at
~ 19:00. This is typically after sunset in South Africa in themsner months (when the majority
of the lightning occurs). The reason for this is the incrda3& of WWLLN after sunset, which
has resulted in a much greater proportion of night time met@vents.

Comparison of South African Lightning and Tihany Whistlers

At this point it becomes pertinent to discuss the Tihany ddrigesults presented in Figure 2.3,
where the diurnal variation of whistlers received at Tihampresented. Since the majority of
whistlers received at Tihany should originate from lightniwhich occurs within South Africa,
one would expect that the diurnal variations of these twa dats should look similar. To facilitate
a comparison of the two figures (the diurnal variation of SALIPhtning is plotted in Figurg 319,
lower panel), they have been reproduced in Figurel3.15. Bath sets are plotted with UT time
on thex-axis (which means the SALDN data here is shifted from thasented in Figurie_3.9).

This figure shows that the majority of whistlers are receive@ihany during nighttime hours
from 18:00 — 03:00 UT. This maximum is also rather flat, notyirag substantially during the
course of the night. This is due to the reduced attenuatipersnced by whistler mode waves
after the Sun has set, and the fact that whistler mode wavestrage through the ionosphere into
the EIWG more readily during night hours. The lightning ddtawever, shows a peak at 14:00
UT, tailing off sharply on either side of the peak, to a distiminimum at 06:00 UT. From these
two figures, one can conclude that ionospheric attenuatays@ much more significant role in
the reception of whistlers at Tihany than the presence gligatte lightning.

3.4 New Result

As described, the initial approach at correlating WWLLNhliging to DEMETER whistlers was
incorrect, requiring the calibration of the DEMETER cloékith the SALDN data validated, it is
used to correct for the systematic clock drift, and allowfimga 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 deterrttiegiming offset of DEMETER
data. The details of this process are described by GHuat [2006], but for completeness, it will
be described here. All lightning times from SALDN which occuring a particular DEMETER
half orbit are stored in a vectay = (ty1,tp2,te3,- - ,ten). All of the whistler times reported
from the AWD algorithm from that same half orbit are then stbin another column vectey, =
(twistw2, tws, - stwm). Then, for each whistler time,,;, the differences between it and each
lightning timet,; is found, and these form the mattix, which would look like:

twr —ton two2—ter - tum —tn

twl — o two —tpp - tum — e
lij = : . )

twl - tén tw2 - tén ce twm - tén
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Annual Variation of matched strokes
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Figure 3.14: The annual (top) and diurnal (bottom) distitou of matched events. The annual
trend follows that presented in Figure3.9 (top panel),aithh with reduced values of the peaks,
owing to the low DE of WWLLN. The peak of the diurnal distribut shown here is shifted
towards night when compared to Figlrel 3.9 (bottom panelis iBtdue to the increased detection
efficiency of WWLLN after sunset.
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Diurnal variation of Whistlers received at Tihany, Hungary
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Figure 3.15: The diurnal variations of whistlers receivédiaany (top), and SALDN lightning
(bottom). It is immediately obvious that the shapes of thistibutions differ significantly. There
is a sharp peak in lightning at 14:00 UT, and a definite mininati®6:00 UT. The whistler distri-
bution has a broad peak centered around 20:00 UT, and a briod@um centered around 10:00

UT.
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The values irt;; are then used to generate a 1-d histogram, and the peak afishibution
will then be the calibration factor for that half orbit. Sene single DEMETER pass through the
burst region only lasts- 5 minutes, one can assume that the clock does not drift signtfiy
during this time, and so the calibration factor is valid fardire half orbit. Also, it is important to
remember that this calibration factor takes into accounbnty the timing offset of DEMETER,
but also any delay incurred in ionospheric transit.

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

One drawback of requiring such a calibration, is that théyasigcan only proceed when there
is enough SALDN data during the few minutes of a half orbitdcsuccessful calibration. This
implies that there is some lightning activity directly belthe satellite during all half orbits for
which the analysis can be done. This might skew the resufts/our 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 correlationtmaperformed using the same algorithm
given by [3.1) and(3]2), with a slight modification for thesed step. Here, the timing offset of
DEMETER is taken into account. TH® ms window for correlation is now shifted back in time
by the calibration value,.. This can be expressed mathematically as

|(tw — 1) — d/c — t.| < 0.005. (3.3)

The above step can only be performed for half orbits wherelwevar ¢. can be found, ie:
when there is significant lightning in South Africa. Thusedua the diurnal variation of lightning
in South Africa, the 08:00 UT half orbit is rarely used in theafi correlation. The lower panel of
Figure[3.15 shows that lightning activity is near a minimun®@00 UT, and that there is vastly
more lightning expected during the half orbits near 20:00 ASsuch, the majority of the whistler
data used in the new correlation are measured at night. riadgly, more whistlers are observed
at night than during the day, and so this will have a less prooed effect on the result of the
correlation. Of the 590 half orbits used in the original stuchlibration values could only be
obtained for 204 half orbits. Of these, only 63 were daytira# brbits, meaning that 141 were
night time half orbits.

The results of the correlation analysis are shown in Figui€.3This new result is clearly
different from that shown in Figuife_3.5. Firstly, the maximmumber of initiating strokes on the
colour bar is somewhat lower, but this is because of fewdmbits being used in this calculation.
Secondly, the distribution of initiating strokes is sigcdfntly different. There are now major
peaks over the burst region and Central Africa. Furtherptbeepeaks over the Americas and the
Maritime Continent are much less significant. The peak dwe®mericas, which was largest over
Central America in Figurie 3.5, has now moved to Brazil. Thakpaver the Maritime Continent is
very small, with only one cell having a value near the uppegesof the colour bar. These regions
of high correlation are in good agreement with the resuliSdlfier et al. [2009].
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