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SUMMARY

Lightning-induced electron precipitation (LEP) is one of the principle mechanisms for

electrons to be drained from the radiation belts. An LEP event progressess with Very Low

Frequency (VLF) radio wave propagation from lightning, trans-ionospheric propagation,

and wave-particle gyroresonance interaction with energetic radiation belt electrons. Scat-

tered electrons then precipitate onto the ionosphere, and this disturbance is detected of

these events through VLF signals scattering off the disturbed ionosphere. This research

attempts to quantify the role of LEP events, through several steps. First, we build a massive

database of LEP events observed within the continental US (CONUS) by a network of VLF

receivers. To do this, we employ the use of an Arti�cial Neural Network (ANN) classi�er,

in order to automatically detect LEP events from VLF signals. Second, we apply a model

to estimate the total number of precipitating electrons, which we can then sum up over all

LEP events to quantify lightning's contribution within CONUS. We draw on a cascading

trio of models to construct of LEP events, including a ray tracing code for whistler wave

propagation, a model of electron deposition into the ionosphere, and �nally a model of VLF

propagation. Finally, we examine data from the Van Allen Probes, both to investigate the

correlation between electron distributions and the occurrence of LEP events, and to provide

a reference for the total number of electrons available in the belts to be removed. We �nd

that LEP events within CONUS appear to be capable of removing a substantial fraction (up

to 0.1%-1%) of radiation belt electrons between 33 keV and 1000 kA.

xi



CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Research purpose

The Earth's radiation belts are a major topic of interest for space research and exploration.

The radiation belts are layers of charged particles within the Earth's magnetosphere that

surround the planet. Satellites orbiting within the belts must be equipped with proper

shielding to avoid being damaged by charged particles, which results in greater weight

and operating costs. Manned missions must take caution to minimize the amount of hu-

man exposure to these hazards. The 1962 Star�sh Prime nuclear test in space caused a

measured disruption to the belts(Narin, 1962), one of several instances of manmade activ-

ities dramatically increasing the particle distribution in the near-Earth environment. Space

weather events such as strong solar storms can also expand the radiation belts and reduce

satellite lifetimes(Hudson et al., 2008). Understanding the mechanisms by which these

changes occur could provide insight into topics such as active mitigation of the belts. By

understanding the natural phenomena that can change the belts, we can potentially develop

arti�cial means of altering the radiation belt(Song et al., 2022), in order to protect satel-

lites from arti�cial or manmade expansions of the radiation belt, as well as facilitate safer

manned space travel.

One particular mechanism for radiation belt electron loss is lightning-induced electron

precipitation, caused when lightning-generated Very Low Frequency (VLF) radiation en-

ters the radiation belt and dislodges electrons. The dislodged electrons then precipitate back

to Earth, entering the ionosphere, a region of charged particles at the top of the atmosphere.

This thesis focuses on Very Low Frequency (VLF) (3-30 kHz) radio remote sensing

as a method for detecting and quantifying the role of LEP events in removing electrons

1



Figure 1.1: The general shape of Earth's magnetic �eld lines, with different L shells shown
and labeled. Courtesy Dan Golden.

from the radiation belt. VLF remote sensing takes advantage of the ionosphere's properties

in re�ecting incident VLF signals, allowing detection of the signals by receivers at global

distances from the VLF transmitter. A perturbation in the detected signal will therefore

result from a change in the ionosphere along the transmitter-receiver path.

The goal of this thesis is to use VLF remote sensing to detect a large number of LEP

events, and thereby quantify the contribution of LEP events to radiation belt dynamics.

The LEP events are analyzed to �nd patterns in event occurrence and behavior. Finally,

by modeling the process by which each event occurs, we estimate the total number of

electrons precipitated for each event and extrapolate the overall role of LEP events as a loss

mechanism.

1.2 VLF interactions with the radiation belts

The radiation belts are made of layers of charged particles, or plasma. They are thought

to surround the Earth primarily in two regions, or ”belts”. Because the plasma is strati�ed

along the Earth's magnetic �eld lines, which roughly follows a dipole pattern, the locations

of these regions are typically measured by magnetic altitude, or L value. The L value

roughly refers to a magnetic �eld line which, at the equator, is L Earth radii from the

center, as shown in Figure 1.1. The inner belt lies from L = 1.1 to L = 2.5, while the outer

2



belt ranges from L = 3 to L = 6, as depicted inF igure 1:2. Since Allen et al. (1958) �rst

identi�ed the radiation belts over 60 years ago, researchers have been investigating what

the dominant mechanisms are that grow and shrink the belts, and what mechanisms add or

remove particles. Walt and MacDonald (1964) showed that Coulomb collisions between

particles play a role in the lower magnetic altitudes (L< 1.25) where particle density is

higher. At higher L values, VLF radio waves form the dominant mechanism.

The three principle sources for these VLF waves are plasmaspheric hiss (Lyons et

al., 1972), man-made VLF signals from transmitters (Inan et al., 1978), and lightning-

generated radiation (Helliwell, 1965). The degree to which each of these sources is pre-

dominant remains a topic of active research. Abel and Thorne (1998a) suggested that VLF

radiation generated by lightning �ashes play a signi�cant role in affecting the electron pop-

ulation in the range beyond the inner radiation belt. However, this study assumed uniform

behavior and occurrence of lightning-generated waves propagating through the radiation

belt. In reality, the behavior of lightning-generated radiation is variable and dynamic.

Understanding the extent to which lightning-generated VLF whistler waves contribute

to electron loss provides an insight towards the ability to arti�cially drain electrons from the

radiation belt using VLF transmitters, as both of these sources interact with the radiation

belt through the same fundamental wave-particle interactions. Many of the techniques

used in the past to model lightning-induced electron precipitation (LEP) events have been

extended to describe the precipitation due to transmitters (Kulkarni et al., 2008).

1.2.1 Lightning-generatedwhistlerwaves

LEP events are caused by leakage of a lightning stroke's electromagnetic radiation through

the ionosphere into the magnetosphere, the region dominated by the Earth's magnetic �eld

but well above where neutral particles exist (roughly> 1000 km). Cloud-to-ground (CG)

lightning discharges typically contain strokes of high intensity current ranging from tens

to hundreds of kiloamps, which release electromagnetic energy in a broadband impulse

3



Figure 1.2: Depiction of radiation belts in the near-Earth space environment.

across the entire VLF range. When electromagnetic waves in the VLF frequency range

propagate through the plasma in the lower radiation belts, the plasma conditions allow a

type of plasma wave known as the whistler-wave. Ordinarily wave propagation is not possi-

ble below a frequency known as the plasma frequency, which is well above the VLF range.

But the whistler mode is possible only becaue of the geomagnetic �eld through the plasma.

This propagation mode occurs when the frequency of the wave is above the ion gyrofre-

quency and below the electron gyrofrequency, the gyrofrequency being the rate at which

a charged electron or ion orbits the geomagnetic �eld, to be de�ned in the next section.

Under these conditions, left hand circularly polarized waves do not propagate, while right

hand circularly polarized waves propagate. The following, known as a dispersion relation,

relates the wave frequency! to the wavenumberk:

! =
c2k
 ek

! 2
pe

k2
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And the electron gyrofrequency
 e is obtained obtained from the magnetic �eldB0,

electron chargeq0, and electron massme:


 e =
q0B0

me

! pe is the plasma frequency for electrons, andc is the speed of light. Since the phase

velocity vp is de�ned as!
k , we have the following relationship for the phase velocity as a

function of frequency:

vp

c
=

p
k
 ek

p
!

! pe

This results in a dispersive waveform where group velocity grows with the square root

of frequency within the VLF band. When played as an audio signal, as early VLF record-

ings often were, they create a ”whistle” sound, hence the name ”whistler wave”.

Figure 1.3 shows the whistler-wave propagation behavior, where waves may ”leak”

through the ionosphere into the magnetic �elds, where they may re�ect and scatter multiple

times within the radiation belts. Once in the radiation belt, these waves begin interactions

with the existing charged particles.

Electrons in the near Earth environment have their movement constrained by the mag-

netic �eld. This leads to three principal motions: parallel motion, gyromotion, and drift

motion. Gyromotion is a consequence of the Lorentz force from the magnetic �eld. The

Lorentz force is de�ned by the characteristic equation•x = q
m ( _x � �B ) whereq andm are

the particle charge and mass respectively, and�B is the magnetic �eld. Because acceler-

ation must therefore be perpendicular to the current velocity of the particle, the magnetic

�eld causes a circular path of motion around the �eld lines. Parallel motion is caused by

an external force to the magnetic �eld, most commonly an electric �eld running parallel to

the magnetic �eld. The interactions between the magnetic and electric �elds, along with

gradients and curvatures in the magnetic �elds, also produce various drift motions, per-

5



Figure 1.3: The path of a propagating whistler-mode wave through the radiation belt. From
Lauben (1998)

pendicular to the magnetic �elds. Figure 1.4 illustrates these three types of motion in the

radiation belts.

As an electron moves polewards along the magnetic �eld, it will encounter increas-

ingly stronger magnetic �eld, which cause the gyration velocity to increase. Because the

magnetic �eld cannot change the overall kinetic energy in an electron, the parallel veloc-

ity must reduce as the magnetic �eld grows stronger, due to forces caused by the spatial

gradient of the magnetic �eld. When the parallel velocity hits zero, the electron's energy

will then be contained entirely in gyration. The location this happens in is known as the

particle's ”mirror point”. The gradient forces will then reverse the parallel velocity, sending

it on a trajectory back towards the equator. This property is known as the “mirror force”.

The radiation belt consists of particles continuously going through this pattern of motion,

constrained by the magnetic �eld.

Particles with higher parallel velocities at the equator will have a mirror point further

down along the magnetic �eld. Some particles will have a high enough equatorial velocity

6



Figure 1.4: Motion of electrons in the Earth's Radiation Belts. Cited from Zong, 2022

parallel to the magnetic �eld that the mirror point is located near or below the top of the

Earth's atmosphere at ˜100 km. Instead of mirroring, these particles are absorbed into

the Earth's ionosphere and are lost from the radiation belts altogether. The ratio of the

parallel and perpendicular velocities at the equator determines whether or not a particle's

trajectory results in precipitation. This ratio can be expressed in terms of a pitch angle,

where vperpendicular

vparallel
= tan(� ) and � is the pitch angle. At pitch angles smaller than the

critical angle� c, the parallel velocity will be large enough that the particle will be lost. The

critical angle can be expressed in terms of the L value with the following relation:

sin(� c)2 =
1

p
4L6 � 3L5

The range of pitch angles less than the critical angle is known as the loss cone. For the

L=2 shell, the critical angle is roughly16:3� .

When whistler-mode waves enter the magnetosphere, the plasma conditions force them

to assume right hand circular polarization. Particles whose gyro-motion is in resonance

with the incoming wave experience a constant electric �eld. Figure 1.5 illustrates this

phenomenon, known as gyroresonance. More precisely, gyroresonance occurs when the

7



Figure 1.5: Illustration of gyro-resonance between trapped particle and incoming polarized
electric �eld. Figure from Sousa (2018)

parallel velocityvz = 
 e � !
kz

, where
 e is the electron gyrofrequency equal toeB0
m , andB0 is

the background magnetic �eld. Under this condition, the phase of electrons in gyromotion

becomes bounded. Electrons in gyroresonance experience an acceleration in their parallel

velocities, raising or lowering their pitch angle and potentially shifting them into the loss

cone. The result is an increase in electron precipitation, ultimately observed in the LEP

Event.

1.3 VLF remote sensing

LEP events have been observed directly through satellites (Voss et al., 1984) (Inan et

al., 2007), but they are more commonly observed through ground-based VLF measure-

ments(Helliwell, 1965), using the technique of VLF remote sensing.

When electromagnetic waves dislodge particles from the radiation belt, the particles

precipitate into the ionosphere, changing the electron density in a geographic area. The

region of the ionosphere from 60 km to 90 km, also known as the D region, re�ects several

modes of VLF waves. The successive re�ections allow the VLF waves to travel long dis-

tances, well over the horizon, under a propagation condition known as the Earth-ionosphere

waveguide (EIWG) (Cummer et al., 1998) (Thomson, 1993).
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Figure 1.6: An an illustration of a typical LEP event. From Ben Cotts and Cohen, n.d.

For a remote receiver observing a particular VLF signal from a distant transmitter,

perturbations in the signal generally correspond to changes in the ionosphere somewhere

along the transmitter-receiver path. Because LEP events result in a disturbance in the D

region of the ionosphere, they can be detected using VLF receivers placed in locations

such that the transmitter-receiver path passes through the disturbed region.

For a received signal, the perturbation due to the LEP event typically occurs 100-200

ms after the initial lightning stroke due to the distance the wave must travel, and because

the whistler wave dispersion relation results in a wave speed much slower than the normal

speed of light. Chemical processes of electron attachment, recombination, and detachment

in the ionosphere cause the signal to return to a steady state over a period of 30s to several

minutes (Pasko & Inan, 1994).
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1.3.1 VLF transmittersandreceivers

A limitation for using VLF remote sensing is the availability of narrowband VLF signals.

Because VLF wavelengths are 10-100 km, VLF transmitters must be physically large and

energy-demanding (Watt, 1967). There are 5 transmitters most useful across North Amer-

ica, Puerto Rico, and Hawaii, all operated by the US Navy. Their frequencies and call signs

are described in Table 1.1. They are designed as top-loaded dipoles with bandwidths in the

range of 100 Hz, and radiated power between 400 and 1000 kW.

Table 1.1: VLF transmitters operating in the United States, by location and frequency.

Call Sign Location Frequency (kHz)
NLK Jim Creek, Washington 24.8
NML LaMoure, North Dakota 25.2
NAA Cutler, Maine 24.0
NPM Lualualei, Hawaii 21.4
NAU Aguada, Puerto Rico 40.75

To detect the signals generated by these transmitters, we use the Georgia Tech Low

Frequency (LF) Radio Group's network of VLF receivers. Each receiver collects the VLF

signals using two wire-loop antennas, designed to capture the two horizontal components

of the magnetic �eld. The two antennas are perpendicular to one another, such that one is

oriented along the North/South axis, and the other along the East/West axis (Cohen et al.,

2010).

The VLF signals travel as elliptically-polarized waves. This means that over one period

of the wave's propagation (a time equal to 1/frequency), the direction of the magnetic �eld

will rotate, with the full range of magnetic �eld directions forming an ellipse. The axes of

this ellipse will typically be roughly aligned with the radial (direction of wave propagation)

and azimuthal (perpendicular to wave propagation, parallel to earth's surface) directions.

The cross-looped magnetic �eld antenna design of the VLF receiver allows for the signal

to be decomposed into its radial and azimuthal components.
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Figure 1.7: Network of receivers operated by Georgia Tech's LF Radio Group

This thesis uses data from eight VLF receivers placed around the continental United

States and in Puerto Rico. Paired with the transmitters, we have transmitter-receiver net-

work that allows us to observe the ionosphere over a large section of the continental United

States. Figure 1.7 displays the locations of the transmitters and receivers, as well as, in the

purple lines, the transmitter-receiver paths. A disturbance in the ionosphere over any part

of these paths can, in principle, be detected at the receiver.

1.3.2 Lightningdata

LEP events, as their name suggests, originate from high intensity lightning strokes. Light-

ning is constantly occurring throughout the world, and lightning strokes release unique

broadband VLF radio signatures (Uman & McLain, 1969) that can propagate at global

scale distances. Using a network of detection antennas, the National Lightning Detection

Network (NLDN) has been a source of lightning data in the continental United States since
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1989 (Cummer et al., 1998). The NLDN provides comprehensive data on lightning loca-

tion, time, peak current, and polarity.

Our investigation of LEP events begins with a search of lightning strokes with a peak

current with an absolute value greater than 100 kA that occurred at nighttime, de�ned at

an 80 km altitude, from November 4, 2017 to August 13, 2019. Previous research by

Go�kowski et al. (2014) suggests 100 kA is a threshold required to produce detectable LEP

events, although it's likely that at least some strokes below 100 kA may also have triggered

LEP events. LEP events are overwhelmingly a nighttime phenomena, as the ionospheric

attenuation of whistler waves is much higher during the daytime (N�emec et al., 2008).

The region of the ionosphere disturbed by LEP events has, in the northern hemisphere,

a northwards displacement from the lightning stroke. The extent of this displacement varies

at different latitudes, and continental United States typically ranges about 6-8 degrees in

latitude(Lauben et al., 1999). We approximate this at 700 km, and we set a 400 km radius

from the displacement point to account for variance. We term this region the ”area of dis-

turbance” associated with the lightning stroke, and �lter our search of lightning to strokes

where the area of disturbance intersects with a transmitter-receiver path in our network.

This initial search, carried out from November 4, 2017 to August 13, 2019, results in

157,780 candidate lightning strokes. Across all transmitter-receiver paths that intersect the

hypothetical area of disturbance produced by these strokes, there are 755,524 narrowband

VLF samples in which an LEP event in theory may be visible.

This initial set of lightning strokes provides us with a database of candidate events. As

a given area of disturbance from a lightning stroke can intersect with multiple transmitter-

receiver paths, each candidate event will have one or more candidate samples of VLF data.

1.4 Contributions

This thesis reports the following contributions towards the research of lightning-induced

electron precipitation:
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• We demonstrate the use of machine learning techniques to assemble a large database

of LEP events via automatic classi�cation. We document the design and training of

an arti�cial neural network (ANN) classi�er, building on previous networks trained

on similar VLF disturbances, and show a reasonable accuracy.

• We use our database of events to obtain previously unexplored patterns in LEP oc-

currence and behavior, such as the tendency for LEP events to exclusively appear as

phase changes in the VLF signals rather than amplitude changes.

• Using direct measurements of the radiation belts from the Van Allen Probes, we

show that days with a high occurrence of LEP events have a statistically signi�cant

difference in electron distribution at the corresponding regions of the radiation belt.

• Through modeling techniques, we demonstrate a linear relationship between the

number of electrons precipitated from a given LEP events, and the magnitude of

the perturbation in the VLF signal. We show that this relationship generally holds

under different assumptions for the background ionosphere. This means that a mea-

surement of VLF perturbation can be used to estimate the total precipitation count of

the corresponding LEP event.

• We provide an estimate for the total annual electron precipitation caused by lightning-

induced whistler waves, and show the relative impact of this phenomenon compared

to other radiation belt loss mechanisms.
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CHAPTER 2

DATABASE OF LEP EVENTS

Our work towards detecting and analyzing LEP events at a large scale builds on our pre-

vious work, in Pailoor and Cohen (2022), in assembling a large database of early/fast

events. This involved the training of an arti�cial neural network (ANN) classi�er, which

was trained on a manually labeled sample of early/fast events.

Due to the similar waveforms at a low resolution level, we employed a transfer learning

approach by using the early/fast event classi�er to assist with collecting a large training

set of LEP events. This allowed us to develop a classi�er for LEP events with a greatly

reduced amount of manual labeling needed.

2.1 Past work: Early/fast detection

Early/fast events are a disturbance in the D region of the ionosphere caused by direct cou-

pling between a high intensity lightning stroke and the surrounding ionosphere (Armstrong,

1983). Their name originates from the manner in which VLF signals are perturbed, with

the abrupt change in the signal occurring within 100 ms of the lightning stroke (”early”)

and the onset of the full disturbance being within 1 s (”fast”). This terminology was later

used to distinguish these events from ”early/slow” events, which work such as Haldoupis

et al. (2006) suggested had a different process of generation. More recent work such as

Kotovsky and Moore (2017) suggests that the distinction between early/fast and early/slow

events may not be so clear cut when examining the total scattered �eld of the VLF signal,

rather than just the amplitude changes. Early/fast events typically have recovery times in

the range of 10-100s driven primarily by atmospheric chemistry of recombination and at-

tachment, although Cotts and Inan (2007) observed a class of ”long recovery” early/fast

events with recovery times ranging up to 20 minutes.
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The occurrence and behavior of early/fast events is dependent on the speci�c conditions

of the lightning stroke, as well as the geometry of the transmitter, receiver, and stroke loca-

tion. To account for these variables, we assembled a large database of events, and trained a

neural network classi�er to automatically detect events based on the VLF waveform.

2.1.1 Databaseof early/fastevents

Starting from September of 2017 and running to the end of June 2018, we used the NLDN

(Cummins et al., 1998) to identify all lightning strokes occurring within 600 km of a

transmitter-receiver path.

600 km is chosen to be fairly large, as Early/fast events more commonly occur within

100 km of the transmitter-receiver path, but by choosing a large circle we can quantify the

probability as a function of distance, even if the probability of an early/fast is low. This

criteria also excludes many LEP Events, as LEP Events undergo a polewards displacement

of several hundreds of kilometers north of the lightning stroke location. However, there is

still a possibility of LEP Events falling alongside the transmitter-receiver paths. We have

excluded samples with a scattering angle, de�ned as the angle between the transmitter to

lightning stroke azimuth and the lightning stroke to receiver azimuth, greater than 90 de-

grees. This excludes potential back-scatter events, which are a rare but not fully understood

phenomena (Marshall et al., 2006).

We screened for only the cases where the entire ionosphere (85 km) from transmitter-

receiver was under nighttime conditions, as Early/fast events are known to occur almost

exclusively at nighttime, if not entirely exclusively (Inan et al., 1988). For each path within

this range, we extracted a sampled window of narrowband data.

Figure Figure 2.1 shows this process. Here, a stroke occurring in upstate New York

creates a potential perturbation area with a radius of 600 km. The NAA-Dover and NAA-

PARI transmitter-receiver paths fall within this range, and as such we can examine the

narrowband receiver data at both sites corresponding to the NAA frequency (24.0 kHz). In

15



addition, the NLK and NML transmitters' paths to Dover (overlapping) intersect the edge

of the perturbation circle, so we can examine those narrowband frequencies detected at

the Dover receiver as well. However, the NAU and NPM transmitters' paths to Dover do

not intersect with the perturbation circle, so we do not include the narrowband data from

those frequencies. Similarly, the NAA-Arecibo path does not intersect with perturbation

circle, so the 24.0 kHz narrowband data received at Arecibo is left out of out database. In

summary, the data samples corresponding to this stroke would be the NAA-Dover, NAA-

PARI, NLK-Dover, and NML-Dover narrowband samples. We excluded all other paths

from analysis.

300,355 samples matching the above criteria were collected and stored in an SQlite

database, along with accompanying metadata such as the current of the lightning stroke,

the location and geometry of the stroke and the transmitter-receiver path, and the date and

time of the incident. Note that for many stroke locations there were multiple transmitter-

receiver paths that went through the 600 km radius, each of which were treated as a separate

sample since the geometry was different. In total, the 300,355 samples resulted from 91616

lightning strokes.

2.1.2 VLF dataformat

The transmitters make use of a 200 baud Minimum Shift Key (MSK) modulation scheme.

Here, frequency variances of� 50 Hz (one fourth of the baud rate) from the center fre-

quency de�ne a bit of ”1” or ”0” being communicated. In MSK communications with this

frequency variance, the transmitter uses a bit period of 5 ms, within which the phase rises or

falls by 90 degrees. This serves to limit the overall bandwidth by ensuring continuous phase

during the bit sequence. By decoding this modulation and removing the modulated phase

shifts, we can recover an effective continuous wave (CW) phase, as if the transmitter were

sending a monotone single frequency signal. After removing ambiguities in the phase, we

can describe the signal using the four components of an elliptically polarized wave. This
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Figure 2.1: Hypothetical event occurring in upstate New York. Image shows several inter-
secting transmitter-receiver paths.

combines the amplitude and phase data from both the E/W and N/S antennas into the Ma-

jor Axis, Minor Axis, Tilt Angle, and Starting Phase of the incoming signal (Gross et al.,

2018). Figure Figure 2.2 shows the structure of the polarization ellipse, where the vertical

and horizontal axes represent the orientation of the receiver's loop antennas, typically in

the north-south and east-west directions, and the red axes shows the direction away from

(r̂ ) and orthogonal to (̂� ) the source. The blue curve shows an example of how the mag-

netic �eld might oscillate given the amplitudes and phases of the two components, which

is typically an ellipse. The four components of the ellipse are then extracted: )(1) Major

axis, or the longest diameter of the ellipse, (2) Minor axis, of the shortest diameter of the

ellipse, (3) Tilt angle, which captures the rotation of the major axis counterclockwise from

the� direction, and (4) Start phase, which captures where along the ellipse is the magnetic

�eld at t = 0, and which direction it rotates.

The receivers collect VLF narrowband data in both a high resolution (50 Hz) and low
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Figure 2.2: Adapted from Gross et al. (2018). Geometric setup for a VLF receiver's antenna
orientation (black axes), wave propagation axes (red axes), and polarization ellipse (blue
ellipse) of the magnetic �ux density. The angle� az gives the nominal arrival direction from
the source. The green markings show the major axis and minor axis of the ellipse,� is the
tilt angle of the ellipse from� 1, and� is the ellipticity angle. The red vector on the ellipse
shows the start phase and rotation sense of the ellipse.

resolution (1 Hz) format. Although the high resolution data contains useful information

about the onset delay and onset time that characterize early/fast events and can help distin-

guish them from related phenomena, we ultimately chose to primarily use low resolution

data for detection. The reason for this is that the high resolution data contains a large

amount of noise, due to the signatures of other lightning strokes. These VLF signatures,

also known as sferics, are very short in duration, but cover a broadband range of frequen-

cies, and reach values far higher than the background signal. This can make it dif�cult to

detect changes in the ionosphere, which are more visible from the ”background” narrow-

band data from the VLF transmitter. Because the event occurs over a period of several tens

of seconds, using the high resolution data for an ANN classi�er would also require a far

larger training set.
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2.1.3 Arti�cial NeuralNetworkclassi�er

Many of the 300,355 samples do not indicate an Early/fast event, so to manually screen out

non-events would be a tedious exercise. To handle the large volume of data without this

manual sorting, we constructed a classi�er to identify the early/fast events automatically.

To do this, a random selection of 1000 samples were manually examined and labeled as

either ”Events” or non-events, based on visual inspection given an understanding of pre-

vious early/fast Event observations throughout the literature. An example of this is shown

in Figure Figure 2.3. The 40 second window provides suf�cient window to visually ob-

serve the perturbation, in this case occurring largely on the Minor Axis, Tilt Angle, and

Starting Phase channels. In contrast, Figure Figure 2.4 shows a ”non-event” . While this

sample shows a strong sferic at thet = 0 mark, the lightning stroke does not appear to have

impacted the ionosphere over the transmitter-receiver path suf�ciently to affect the signal

afterwards.

Figure 2.3: Example of an event during manual classi�cation process. This event occurred
on April 10, 2018, observed at the Baxley receiver reading the NAA signal.

The 1000 samples were then evenly divided between training and test data. We used a

training set of this size given the relatively low number of features in our data, with each

sample only containing 160 data points. We evenly divided the samples between training

and test data, so that our validation results could provide a more accurate picture of the
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