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Abstract

Lightning is an extremely frequent phenomenon and an important part of the global
electrical circuit with an average of 2000 active storms globally every day and an
average flash rate of 40-50 flashes per second. Each lightning stroke radiates an
intense electromagnetic pulse (EMP) in the VLF/LF frequency band (300 Hz—300
kHz). This EMP propagates efficiently in the earth-ionosphere waveguide and can be
measured long distances away on the ground, in excess of several thousand kilometers.
The upwardly directed part of the EMP interacts with and heats plasma in the Earth’s
ionosphere. Some of this energy propagates through the ionosphere where it enters the
magnetosphere as a whistler-mode wave which may resonantly interact with energetic
electrons in the Earth’s radiation belts.

Intense lightning EMPs may produce brief optical flashes known as “elves” in the
lower part of the ionosphere (~88km altitude). Elves, first discovered in 1991, appear
as rapidly expanding rings of light centered about the causative lighting stroke. They
have durations of less than 1 ms and radial extents up to several hundred kilometers.

In this work, we present ground-based observations of elves made using an opti-
cal free-running photometer along with VLF /LF observations of the lightning EMP
magnetic field. We use these experimental observations to investigate the properties
of the lightning return stroke that control the production of optical elve emissions.
Two summers of data containing observations of over six hundred elves along with
the LF magnetic field of the associated lightning are analyzed. By training a clas-
sifier on features of the EMP ground wave, we find that we are able to accurately
predict whether or not a stroke produced an elve. Additionally, we show that the

geometric features of elves can be used to estimate the current return stroke speed

v



of lightning. This estimation constitutes the first experimental measurement of the
return stroke speed that relates directly to the current propagation rather than its
optical manifestation. Finally, we use data from the GLD360 lightning geolocation
network to extrapolate the global elve production rate and to estimate the amount

of ionospheric heating due to lightning.
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Chapter 1
Introduction

Lightning is one of the most frequently occurring natural phenomena on Earth and
forms an integral component of the global electric circuit. At any given moment, there
are on average 2000 active thunderstorms covering about 10 percent of the Earth’s
surface [Rakov and Uman, 2003, p. 10] with a global average flash rate of about
45 lightning discharges per second [Christian et al., 2003]. Lightning activity is not
uniformly distributed; particular hotspots such as the Caribbean, Central Africa, and
Southeast Asia account for much of the global activity, with much of it occurring
during summer months. Figure 1.1 shows a map of lightning flash rates as inferred
by the satellite borne Optical Transient Detector instrument. Lightning can be very
destructive and significantly impacts human society. It is estimated that lightning
kills 24,000 people globally and causes and results in $300 million in insured property
damage in the US each year [Holle, 2008].

In addition to the direct impact of strikes on the ground, lightning also radiates
an intense electromagnetic pulse (EMP). This EMP propagates long distances and
may interfere with electronics and radio communications [Wait and Spies, 1964].
A portion of the EMP energy propagates upwards where it interacts with plasma
in a region of the upper-atmosphere called the ionosphere. This EMP-ionosphere
interaction results in energy transfer to free electrons and, subsequently, electron-
neutral collisions which may excite optical emissions known as elves [Inan et al.,

1997]. Elves belong to the broad class known as transient luminous events (TLE)
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and are a relatively recent discovery, having only been first scientifically observed in
1990 [Fukunishi et al., 1996; Inan et al., 1991].

Despite the frequency of lightning and the danger to humans posed by ground
strikes, there is still a great deal unknown about the phenomenon. In particular,
there is uncertainty in the properties of the current propagation known as the return
stroke. Furthermore, there are outstanding questions regarding the conditions that are
necessary for elve production and the associated effects of elves on the ionospheric
plasma. In this thesis, we utilize radio remote sensing and photometric imaging
techniques to observe elves and to answer questions pertaining to elve production,
the lightning return stroke speed, and ionospheric heating associated with elves.

In this chapter, we begin by introducing the basic processes and concepts related
to lightning, the ionosphere, and transient luminous events. We then review prior

work in this field and present the contributions and organization of this thesis.
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Figure 1.1: A global map of lightning occurrence rates estimated from the Optical
Transient Detector instrument [Christian et al., 2003].

1.1 Lightning

Lightning is predominantly produced by cumulonimbus clouds, which typically form

at altitudes ranging between approximately 3 and 20 km [Rakov and Uman, 2003,
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p. 67]. These clouds are formed by convective current systems and are characterized
by strong updrafts. Before lightning can occur, it is first necessary that a separation
of electric charge is established in the cloud. The most commonly accepted charge
separation model is displayed in Figure 1.2, and is characterized by a main positive
charge layer at the top of the cloud, a main negative layer in the middle, and a much
smaller lower positive layer at the bottom of the cloud [Rakov and Uman, 2003, p.
69]. This tripole charge structure is well supported by in-situ balloon measurements
[Byrne et al., 1983] and by ground based electric field-mill measurements [Krehbiel,
1986]. A small negative screening layer has sometimes also been observed at the
cloud top. It should be noted that in realistic thunderclouds, charge probably does
not separate into ideal flat layers, but likely forms more complicated structures and
charge pockets.

The exact mechanism for charge creation and separation is not entirely under-
stood, but the most commonly held theory is that it is due to precipitation and
collisional charge transfer between hydrometeor particles [Jayaratne, 1998]. Hydrom-
eteors are the various liquid and frozen water molecules in the cloud, including rain,
hail, and graupel. As heavy hydrometeor particles fall downward due to gravity, they
collide with lighter particles carried upward by updraft currents. During these colli-
sions, charge may be transfered between the particles, with the heavier precipitation
particles tending to accumulate negative charge and the lighter particles gaining pos-
itive charge. Subsequently, the heavier, now negatively-charged, particles continue
to fall downward to form the main negative charge layer, and the lighter positively-
charged particles continue upward to form the main positive layer. At warmer tem-
peratures (greater than —20° C), collisions tend to transfer positive charge to the
heavy particles [Jayaratne et al., 1983], which may be a contributing mechanism in
the formation of the lower positive charge layer [Jayaratne and Saunders, 1984].

This charge separation in the cloud establishes strong local electric fields. When
these fields exceed the atmospheric breakdown threshold, a highly-conductive ion-
ized channel called a leader is formed. Current transferred along the leader serves
to neutralize charge pockets in the cloud. There are two main classes of lightning

discharges. The first type of discharge, and most common comprising about 75% of
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Figure 1.2: Thunderclouds are typically modeled as a tripole charge structure, with
a main positive layer on top, a main negative layer in the middle, and a smaller
positive layer at the bottom. Cloud-to-ground (CG) discharges remove charge from
one of these layers to the ground, while intracloud (IC) discharges neutralize charge
between layers.

all lightning activity, is intra-cloud (IC) lightning. As the name implies, the leaders
in IC lightning form between, and neutralize, charge pockets inside the cloud. The
second type of discharge, cloud-to-ground (CG), connects a charge layer in the cloud
to the ground. CG lightning is the more destructive form of lightning, carries much
larger currents than ICs, and produces intense radio emissions which may be observed
at large distances. Channels that connect the main negative layer and the ground are
termed —~CG and account for 90% of all CG activity, and channels that connect the
main positive layer and ground are called +CG and account for the remaining 10%.
CG lightning also has the greatest impact on the upper-atmosphere and ionosphere,
and hence is the main type of discharge considered in this thesis.

The steps involved in -CG lightning are shown in Figure 1.3. After breakdown
occurs inside the cloud, a leader is formed. This “stepped leader” grows downward
toward the ground, ionizing the neutral atmosphere in a tortuous manner with many
branches. Eventually, one of the leader branches makes contact with the ground

(attachment), forming a highly conductive, ionized channel between the ground and
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the negative charge layer in the cloud. Since the ground is a conductor and thus
a large charge reservoir, a large current pulse is then injected into the base of the
channel. This pulse can carry currents as high as hundreds of kA and is termed the
“return stroke.” It propagates upward, decaying along the way due to recombination
and channel heating, until it reaches the cloud where it neutralizes charge. The
return stroke produces visible light, acoustic thunder due to heating, and radiates
an intense electromagnetic pulse (EMP). A portion of the EMP propagates upward
where it interacts with the ionosphere, while some of the energy also propagates long
distances with little attenuation in the Earth-ionosphere waveguide. Such signals
observed at long distances from the causative lightning are called radio atmospherics,
or “sferics” [Wait and Spies, 1964].

Following the return stroke, in cloud discharges known as J and K processes occur
and redistribute charge [Rakov and Uman, 2003, p. 112], after which a “dart leader”
may begin propagating down the already ionized channel. When the dart leader
reaches the ground, a second return stroke propagates up the channel. The first and

subsequent return strokes are collectively called a lightning “flash.”

1.2 Ionosphere

This work focuses on the interaction between lightning radiation and the Earth’s
ionosphere. In the upper parts of the Earth’s atmosphere, photoionization due to
solar radiation produces a partially-ionized plasma region known as the ionosphere.
This region has its lower cutoff at around 50 km during the day and at around 80 km
during the night with no well-defined upper limit. The ionosphere exhibits substantial
vertical structure due to the complicated production and chemical loss processes and
is further divided into vertical layers known as the D-region, the E-region, and the
F-region. Typical electron density profiles for the daytime and nighttime ionosphere
are shown in Figure 1.4. The formation of these layers is due to the fact that different
parts of the solar spectrum deposit their energy at various heights depending on
the density and composition of the neutral atmosphere and recombination rates also

depend on the atmospheric density [Tascione, 1994, p. 89).
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Figure 1.3: A thundercloud begins with positive and negative charges arranged in
layers (1). Eventually the local electric field exceeds the breakdown threshold and a
leader is formed (2). This “stepped leader” propagates downward toward the ground
(3) where it attaches (4). A large current is injected into the channel, termed the
return stroke (5). Following the return stroke, J/K discharge processes occur inside
the cloud and redistribute charge (6). A dart leader may follow, depositing charge
and in and heating the already existing channel (7).When the dart leader reaches the
ground, a second return stroke propagates along the channel (8). Additional dart
leaders and subsequent return strokes may follow.
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Figure 1.4: Typical electron and neutral density profiles in the ionosphere for daytime
and nighttime from the International Reference Ionosphere (IRI) model. Adapted

from [Marshall, 2009].

1.3 Transient Luminous Events

Though lightning is such a frequent global phenomenon, it is only in the last 25 years
that science has begun to better understand the effects of lightning on the upper
atmosphere and ionosphere. It was in 1989 that the first high-altitude optical flash,
now known as a “sprite”, was scientifically observed [Franz et al., 1990]. Since then, a
number of high altitude optical phenomena collectively known as Transient Luminous
Events (TLE), have been observed occurring above thunderstorms. In the following
sections, we briefly introduce the main TLE classes in the order of their first discovery:

sprites, elves, and jets. The properties of elves and the underlying causative lightning

are the main focus of this work.
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1.3.1 Sprites and Halos

Sprites are large, brief, flashes of light that occur above a thunderstorm following a
CG lightning stroke. They occur at ~50 to 90 km altitude [Sentman et al., 1995]. The
lower portions of a sprite feature highly structured, tendril-like emissions known as
streamers [Gerken et al., 2000]. Often, the upper portion of a sprite features a diffuse
red glow known as a “halo” [Barrington-Leigh et al., 2001]. Halos can also occur
without an associated sprite. Sprites and halos have been observed tens of kilometers
laterally displaced from the causative CG by using triangulation techniques [Sdo
Sabbas et al., 2003; Wescott et al., 2001]. Tt has been theorized that this displacement
is due to the effects of the Earth’s background magnetic field [Kabirzadeh et al., 2015].

Sprites and halos are both results of the quasi-electrostatic (QE) field that is
established after large CG strokes, which heats and ionizes the upper-atmosphere
[Pasko et al., 1997]. The strength of this QE field is related to the charge moment,
Qh, of the lightning stroke, where () is the amount of charge and h is the altitude
from which it was removed. Sprites are typically associated with +CG strokes due to
their larger charge removal and initiation altitudes [ Williams, 1998], but have been
occasionally observed following ~CG strokes. The quasi-electrostatic field endures on
the order of milliseconds to seconds — at higher altitudes, the electron conductivity is
high and screening charges quickly redistribute, whereas the relaxation time is much
longer at lower altitudes [Pasko et al., 1997].

Several example images of sprites are shown in Figure 1.5.

1.3.2 Elves

Elves are a class of TLE that appear as rapidly expanding rings of light in the lower
D-region ionosphere at altitudes of 80-90 km, and are centered above a causative CG
lightning stroke, emitting primarily red photons with peak intensities in the tens of
megarayleighs [Taranenko et al., 1992; Taranenko and Inan, 1993]. They are brief
in duration, 1-2 millisecond, have an apparent expansion rate faster than the speed
of light, and have maximum radial extents of several hundred kilometers [Fukunishi

et al., 1996; Inan et al., 1996, 1997]. Several images of observed elves are shown in
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UT 035412(26)
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Figure 1.5: Some example sprite observations. a) The first image of sprites ever
recorded, from [Franz et al., 1990]. b) The first color image of sprites, from [Sentman
et al., 1995]. ¢) A color image of a sprite captured from the ISS. The red sprite can
be faintly seen above the cloud. Courtesy of NASA.

Figure 1.6. Elves were predicted by Inan et al. [1991] and then subsequently first
observed from space aboard the space shuttle using an intensified video rate camera
[Boeck et al., 1992]. The first ground-based observations were performed using three
photometers [Fukunishi et al., 1996], while the radial expansion of elves was verified
using the “Fly’s Eye” photometer array [Barrington-Leigh, 2000; Inan et al., 1997].

Elves are due to collisional heating of D-region electrons by the intense lightning-
radiated electromagnetic pulse [EMP; Inan et al., 1991, 1997]. As the EMP propa-
gates through the ionospheric plasma, electrons are accelerated by the electric field.
This acceleration increases the mean kinetic energy of the electron population (heat-
ing them). At D-region altitudes, the neutral atmosphere is still relatively dense —
indeed, several orders of magnitude more dense than electrons. When these energetic
electrons collide with neutrals, energy is transferred and the neutrals are excited to
a higher energy state. As the neutrals relax to their ground state, a photon is emit-
ted. This entire process — heating, collision, and relaxation — occurs on the order of
microseconds, essentially instantaneous compared to EMP propagation and QE field
relaxation timescales.

Elves are the primary focus of this dissertation. In Chapter 3, we provide a
more detailed treatment of elves and the underlying physics of their production. In
Chapter 4, we provide new results related to predicting elve production and estimation

of the properties of the causative lightning. Finally, in Chapter 5, we estimate elve
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production and heating effects on a global scale.

o
~—'
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Figure 1.6: Some examples of elves observations. a) An elve captured by the ISUAL
instrument onboard the FORMOSAT-2 satellite [Kuo et al., 2007]. b) An elve cap-
tured from the space shuttle [ Yair et al., 2003]. ¢) An elve simulated using the model
described in Marshall [2012]. d) An elve observed in January 2015 over the Mediter-
ranean (courtesy Oscar van der Velde)

1.3.3 Jets

The final class of TLEs that we consider are known as “jets”. Whereas sprites and
elves are direct consequences of electromagnetic fields due to CG lightning, the quasi-
electrostatic field and the return stroke-radiated EMP respectively, jets are discharges
emanating from the tops of clouds and can be considered a form up upwardly-directed
lightning. Jets are divided into two main classes: blue jets and gigantic jets. Blue
jets are relatively frequent discharges extending from the cloud-top to around 40 km
altitude and, as the name suggests, are primarily blue in color [ Wescott et al., 1995].
Gigantic jets, on the other hand, are exceedingly rare, extend from the cloud top to
the bottom of the D-region ionosphere (about 80 km altitude) and exhibit streamer-
like structure in their upper portions [Pasko et al., 2002]. Some example blue jet and

gigantic jet observations are shown in Figure 1.7.
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Figure 1.7: Some example images of blue jets and gigantic jets. a) One of the first
blue jets observed by [Wescott et al., 1995]. b) A color image of a blue jet observed
in Australia (courtesy of Peter Jarver and Earle Williams). ¢) The first gigantic jet
observed by [Pasko et al., 2002].

1.4 Review of Prior Work

Several prior studies have attempted to quantify the production rate and probability
of elves as a function of lightning parameters, in particular the National Lightning
Detection Network (NLDN)-reported peak current. The first such study was con-
ducted by Barrington-Leigh and Inan [1999] using the “Fly’s Eye” photometer which
recorded 34 manually-triggered events that were identified as elves. All of the elves
had NLDN peak currents greater than 56 kA, suggesting a peak current threshold
for elve production. Measurements from the satellite borne Imager of Sprites and
Upper Atmospheric Lightning (ISUAL) instrument, another triggered photometer,
suggested that all CGs with peak current magnitudes greater than 60 kA produce
elves [Chen et al., 2008]. A later study by [Newsome, 2010; Newsome and Inan,
2010] conducted over multiple summers using the non-triggered Photometric Imaging
of Precipitation of Electron Radiation (PIPER) photometer in which ~1000 elves
were observed suggested, however, that only about 10% of 60 kA CG strokes produce
elves. Newsome’s probability of elve production given NLDN peak current is shown
in Figure 1.8. Puzzlingly, the results of [Newsome, 2010] show a surprising number
of large CG strokes, many greater than 100 kA, for which an elve was not observed.

A global distribution and production rate for elves was also given by [Chen et al.,
2008] using satellite data from the ISUAL photometer. This data, however, is biased
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Figure 1.8: Elve production probability given NLDN peak current as calculated by
[Newsome, 2010]

by the fact that ISUAL used triggered recording and the fact that it was in a polar
orbit with a narrow field of view. No prior studies have shown a global elve rate
inferred from non-triggered ground based measurements.

The velocity at which current propagates along the lightning channel, termed
the return stroke speed, remains a somewhat open question due to the difficulty of
making direct measurements. The return stroke speed is an important assumption
that must be made when inferring peak currents from remote field measurements.
This speed has typically been assumed to lie between % and % of the speed of light
based on optical streak camera and high-speed digital camera measurements |Hubert
and Mouget, 1981; Idone and Orville, 1982; Idone et al., 1984; Rakov, 2007; Wang
et al., 1999; Mach and Rust, 1989]. However, recent thermodynamic modeling of the
return stroke channel [Liang et al., 2014] has suggested, however, that the optical and
current wave speed may differ, with the current speed being as fast as 0.8c. Rakov
and Tuni [2003] studied the relationship between return stroke speed and electric
field intensity at D-region altitudes, suggesting that a return stroke speed > 0.8¢ is
needed for a 30 kA CG to produce an elve.
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1.5 Contributions of this Thesis

This dissertation aims to develop a detailed understanding of the conditions under
which elves are produced. In particular, we use a dataset that was collected us-
ing free-running ground-based photometers and VLF /LF radio receivers to develop
a statistical model of elve production. We also develop a model using the geomet-
ric features of elve observations, in conjunction with numerical simulations of the
EMP-ionosphere interaction, to determine the most likely distribution of lightning
return stroke speeds. This dissertation constitutes the first measurement of return
stroke speed that relates directly to the current propagation rather than optical mea-
surements. Finally, using our elve production model, we extrapolate a global elve
production rate and estimate the contribution of lightning to D-region heating.

To summarize, the main contributions of this thesis are:

1. Determination of the lightning return stroke properties that control elve pro-
duction using optical elve observations and VLF /LF measurements of lightning-
generated sferics. In particular, it is shown that the peak magnetic field of a
sferic, and consequently the NLDN peak current estimate, can be used to predict

whether a stroke produces an elve with high accuracy.

2. Development of a new method for estimating the lightning current return stroke
speed using the geometric features of optical elve observations. It is found that
the size of the elve “hole” radius is related to the return stroke speed, with
faster return strokes producing elves with smaller holes. A Bayesian inference
model is built that uses elve hole radii in conjunction with physical simulations
of elves to estimate the probability distribution of return stroke speeds in the

dataset.

3. Estimation of the global production rate and geographic distribution of elves
using a logistic regression model trained with optical elve observations and
NLDN data collected over North America along with peak current estimates
from the GLD360 network. Good agreement is found with production rates

estimated using the satellite-borne ISUAL instrument.
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4. Development of a model that predicts the amount of D-region heating by the
lightning EMP as a function of the return stroke peak current using numerical
physical simulations of the lightning-ionosphere interaction. The total amount

of EMP-driven D-region heating is extrapolated globally using GLD360 events.

1.6 Thesis Organization

e In Chapter 2, we discuss the details of the lighting return stroke. In particu-
lar, we describe modeling of the current propagation, the EMP radiation, and

remote sensing of the EMP.

e Chapter 3 is concerned with elves. We discuss the detailed physics of the EMP-
ionosphere interaction, photon production, photometric remote sensing of elves,

and we discuss the experimental campaign performed during 2013.

e Chapter 4 uses experimental observations to explore detailed properties of elve-
producing lightning. In particular, we model the probability of elve production
as a function of return stroke properties. We also use the geometric features of

elve observations to infer the distribution of lightning return stroke speeds.

e Chapter 5 uses the results presented in Chapter 4 to extrapolate elve production

to a global scale and also the contribution of lightning to D-region heating.

e Finally, in Chapter 6 we summarize the contributions of this thesis and provide

suggestions for future work.



Chapter 2

The Lightning Return Stroke

2.1 Background

The return stroke is the most important and extensively studied aspect of the lightning
process. It carries extremely large currents, dissipates large amounts of energy, and
is believed to cause the most damage to structures on the ground. The return stroke
also produces most of the electromagnetic radiation in the lightning flash, produces
the visible optical flash, and contributes to heating the surrounding channel air which
produces thunder.

In this chapter, we describe the method in which the return stroke current and its
propagation are modeled. We also derive the form of the return stroke electromagnetic
pulse (EMP), the propagation of the EMP in the Earth-ionosphere waveguide, as well

as how it is recorded using ground-based VLF /LF receivers.

2.2 Modeling the Return Stroke Current

The lightning return stroke is a highly complex physical process, hence it is often nec-
essary to use simple mathematical models that are amenable to computer simulation.

Most return stroke models used fall into one of four main categories:

(i) Gas dynamic models solve for the radial evolution of the lightning channel along

15
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with the gas temperature, pressure, and density along the channel segment. One
such such model, the Stanford Time-Domain Fractal Lightning (TDFL) model

is briefly described in a later section.

(ii) Electromagnetic models approximate the lightning channel as a lossy, thin wire
and numerically solve Maxwell’s equations to find the current distribution along

the channel at each point in time.

(iii) Distributed-circuit models treat the channel as a vertical RLC transmission line
which is parameterized by an inductance (L), capacitance (C), and resistance

(R) per unit length.

(iv) Engineering models are simple, heuristic models which give the current profile
along the channel at each time step and are specified by a very small number

of parameters.

In the following sections we discuss the formulation for the various engineering
models, as they are by far the most common return stroke models due to their sim-

plicity. We also provide a brief description of gas dynamic modeling.

2.2.1 Engineering Models

Return stroke engineering models are simple mathematical equations that relate the
channel base current 1(0,¢) to the current at altitudes 2’ along the channel I(2,1).
They effectively take a current pulse that is injected into the bottom of the channel
and specify the propagation of the pulse upward along the channel. This propagation

can be generalized according to the following equation [Rakov and Uman, 1998]:

I(Z',t) = u(t — 2’ Jors) P(Z")I(0,t — 2’ /v) (2.1)

where u(-) is the Heaviside step function, P(z’) is an altitude dependent attenua-
tion factor, and wvrg is the upward-propagating return stroke speed. A tabulation of

these parameters for some of the most commonly used engineering models is given
in Table 2.1.
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Model P(2) v
TL 1 URS
MTLL 1-— Z//gchan URS
MTLE exp(—z'/A) URs
BG 1 00
TCS 1 —c

Table 2.1: Altitude attenuation constants and velocities for five return stroke engi-
neering models. Table adapted from [Rakov and Uman, 2003].

Before an engineering model can be used, the current pulse injected into the
channel at the ground, called the channel base current I(0,¢) must first be specified.

This pulse is most typically modeled as either a linear rise with exponential decay

Lt/T, t<T,
1(0,t) = ot/ § (2.2)
Lyexp[—(t—1.)/1f] t>7
or a linear rise with Gaussian decay
Lt/T, t <,
1(0,t) = /T L i (2.3)
I, exp [—(t —7) /Tf} t>,

In both of these equations, I, is the peak current, 7, is the rise time, and 7y is
the fall time. Optionally, a continuing current may be specified (not shown here),
which greatly affects the return stroke charge moment and, hence, sprite and halo
production. It is also important to note that these base current formulations result in
a non-differentiable high-frequency cusp at t = 7,., so low-pass filtering the current is
often necessary for stability when simulating the return stroke using numerical finite-
difference schemes. Example channel base current pulses with linear rise and both
Gaussian and exponential decays are shown in Figure 2.1.

Once the channel base current pulse is specified, an engineering model can be used
to model the upward propagation along the lightning channel. There are two main
classes of engineering models: transmission line-type models in which a current pulse
is injected at the base, and traveling current source-type models in which a current

source travels upwards at the speed of light and injects current downwards.
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Figure 2.1: Typical channel base current pulses with a linear rise time, 7., a peak
current of [, and both Gaussian and exponential decays with fall time 7.

The simplest transmission line model, called TL [Uman and Mclain, 1969], prop-

agates the pulse upward along the channel at the return stroke speed vgs:

I(2',t) =1(0,t — 2’ Jugs)u (t — 2’ /ugs) (2.4)

The TL is extremely simplistic and not very physical — we intuitively expect the
current to attenuate as it propagates upward due to heating losses and recombination
along the channel. The two most popular transmission line models accounting for
altitude decay are the modified transmission line with linear decay (MTLL) model
[Rakov and Dulzon, 1987]

/

I(Z',t) = 1(0,t — 2" /urs) <1 — > u(t — 2" /urs) (2.5)

gchan

and the modified transmission line with exponential decay (MTLE) model [Nucci et al.,
1988]

I(2',t) = I(0,t — 2’ Jogs) exp(—2"/N)u (t — 2’ [ugs) (2.6)

In the previous two equations, f.., is the total length of the lightning channel
and A is an exponential decay constant. The MTLL and MTLE models are both

very popular due to their simplicity and the close match between their simulated
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fields and observations. Both models are used extensively in simulations presented in
subsequent chapters of this thesis.

Of the traveling current source-type models, the Bruce-Golde (BG) model [Bruce
and Golde, 1941] is the simplest. It imposes that the channel base current 7(0,t)
propagates uniformly along the channel at a front speed vy, essentially with an infinite

return stroke speed:

I(Z't) = 1(0,t)u (t — ' Jvy) (2.7)

The traveling current source (TCS) model [Heidler, 1985] models a current source
propagating upward at vy injecting a downward current pulse, itself traveling at the

speed of light

I(Z',t) = 1(0,t + 2" Je)u (t — 2 Jvy) (2.8)

Finally, the Diendorfer-Uman (DU) model [Diendorfer and Uman, 1990] modifies
the TCS model to also include an upward current with exponential time decay so as
to better match observed fields

I(z',t) = I(0,t+ 2'/c) — exp <—%> I <0, 2/14‘?}—1:‘/0) u(t—2"fvg)  (2.9)
where 7p is a time constant specifying how the amount of charge per unit length
deposited along the channel decays with time [Rakov and Uman, 2003, p. 402].

It should be noted that the engineering models describes here are only useful
insofar as the radiated fields agree with data. An extensive comparison of merits and

drawbacks for each of these models is presented in [Rakov and Uman, 1998].

2.2.2 Gas Dynamic Models

The engineering models presented in the previous section are extremely simplistic and

easy to use and parameterize, at the expense of being rather unphysical. The family
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Figure 2.2: Current history plots from the major return stroke engineering models.

of gas dynamic models, in contrast, capture the physics of the return stroke pro-
cess in much greater detail [e.g. Dubovoy et al., 1995]. Such models typically involve
self-consistent solutions for the temporal and spatial evolution of the channel thermo-
dynamic and electrodynamic properties. The thermodynamic properties solved for
include the temperature and pressure of the channel core as well as the electrical and
thermal conductivities. Once these parameters are determined at each simulation
time step, the electrodynamics update solves the current propagation and associated

electromagnetic radiation. The main downside of gas dynamic return stroke models
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is their computational complexity as well as their large number of uncertain input pa-
rameters. For example, these models typically require initial temperature, pressure,
and core radius distributions which may not be well known.

One example of a gas dynamic model is the recently-developed Stanford Time
Domain Fractal Lightning (TDFL) model [Liang, 2014; Liang et al., 2014]. This
model includes the thermodynamics of multiple fluids (ions, electrons, and neutrals),
accounts for the dynamics of the channel sheath, and simulates optical photon pro-
duction in the channel. This model was used to suggest that the current and optical
return stroke speeds may differ, and that the current return stroke speed may be much
faster than previously believed — as fast as 0.83c [Liang et al., 2014]. An example
current history from the TDFL model is shown in Figure 2.3.

TDFL Current Propagation TDFL Optical Propagation

800

| 300

200

(=)
(=3
(=]

Altitude [m]

Current [kA]
Optical Power Density [MWm

Time [ps] Time [ps]

Figure 2.3: An example current history from the TDFL return stroke model simulated
with an initial core radius of 4 mm, temperature of 20000 K, and presure of 1 atm.
This simulation resulted in a return stroke with a speed of 0.75¢ and a current history
that is very similar to those produced by the MTLE engineering model.

2.3 Radiated Fields

The observed magnetic field from a return stroke EMP can be easily computed by
making two simplifying assumptions: that the lightning channel is a vertical straight
line and that the ground is flat and perfectly conducting. With these assumptions, the

method of image currents ,also assuming that current is symmetric about the ground



CHAPTER 2. THE LIGHTNING RETURN STROKE 22

plane, the magnetic vector potential (in cylindrical coordinates) on the ground a

distance r from the source is given by:

Lchan
A(r,t) = &/ I (z’,t — f) dz' 2 (2.10)
c

" 4qr

Echan

where r is radial distance along the ground, 2’ is altitude, fc., is the length of the
vertical lightning channel, and ¢ is the speed of light. Using the Lorentz Gauge, the

magnetic flux density can now be found according to

B=VxA (2.11)
which yields the azimuthal field
B(r, 1) = / e gy PO / - (. ¢)d & (2.12)
’ 2112 J, ’ 2mer Ot J, ’ '
Induct;)rrl Field RadiatiEl Field

where ¢ = t — r/c is the retarded time. The first term on the right-hand side of
Equation 2.12 is the induction field and the second term is the radiated field. Since
the induction field decays as 1/r? while the radiation field varies as 1/r, the radiation
field is more important for remote sensing distant lightning. Accordingly, in the far-

field (at distances of several hundred meters), the magnetic field is well approximated

by

/~'L0 a Zchan , r ,
B(r,t) = — I t——)d 2.1
() 2mer 825/0 (Z’ c> 29 (2.13)

The integral of current with respect to altitude, fOECh"”‘ I(Z,t")d7', is called the
current moment. Hence, the EMP magnetic field strength is proportional to the time
derivative of the return stroke current moment. This proportionality is illustrated in
Figure 2.4, and allows us to build some useful intuition: properties that increase the
rate of change (return stroke speed, rise-time) or that increase the current moment

magnitude (channel length, peak current) result in stronger EMPs.
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Figure 2.4: In the left hand panel, we show the current history along the channel for a
100 kA return stroke. This current propagation is modeled using the MTLL engineer-
ing model. The right hand panel shows the resulting EMP groundwave calculated
using Equation 2.13 at a distance of » = 100 km from the channel.

A more general expression was derived in [Newsome, 2010] for the radiated mag-

netic field in spherical coordinates which is not restricted to observation on the ground:

fosing 9 [fenan , ., cosf , ;2
B(r,0,t) = — I t d 2.14
(73 Y ) 4ﬂT(ﬂ4 é)t/ ¢ Z Y _% c z z qb ( )

chan

where 6 is the spherical elevation angle. This expression can be used to approximate

the radiation patterns from lightning return stroke currents.

2.4 Earth-Ionosphere Waveguide Propagation

As introduced in Section 1.2, the ionosphere is a plasma region in the upper at-
mosphere, starting at around 50 km during the day and 80 km at night, which is
primarily created by photoionization. As the EMP expands radially outward from
the lightning source, as derived in the previous section, it propagates through the
lower atmosphere, which is well approximated as free space. However, once it reaches
the D-region ionosphere, it encounters the dense, collisional, magnetized plasma and
the propagation of the VLF wave energy becomes much more complex.

Propagation through the ionosphere is anisotropic, frequency dependent, and sub-

ject to variations in electron density and the collision frequency (i.e. neutral density).
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Neglecting ion motion, the dispersion relation in the D-region is well approximated by
the Appleton-Hartree equation (e.g. [Inan, Umran S and Gotkowski, 2010, p. 192]):

X
n*=1- - - (2.15)
Y2sin% 6 Y4sint 6
U — TR + \/m + Y?2cos?0
where
U=1+i2 (2.16)
w

We
Y =— 2.17
. (217)

2

w
X=2 2.18
. (218)

and
2 qu
= 2.19
R (2.19)
B

we = 120 (2.20)

In these equations, w, is the electron plasma frequency, w. is the electron gyro-
frequency, v is the electron-neutral collision frequency, w is the frequency of the
incident wave, NN, is the electron density, q is electron charge, m, is electron mass,
By is the Earth’s background magnetic field, and 6 is the angle between B, and the
wave vector. Ignoring the background magnetic field and assuming v > w (valid for

VLF/LF waves in the lower ionosphere), the index of refraction can be simplified as:
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X
n*=1- i (2.21)
w2
=1+i—2 (2.22)
rw

Reflection occurs when the real and imaginary components of Equation 2.22 are
equal [Ratcliffe, 1959], which occurs when w = w?/v. For VLF waves in a nighttime
ionosphere, this reflection occurs at an altitude of approximately 85 km.

The conductive earth surface and the reflective ionosphere essentially form a
waveguide in which lightning EMPs, called radioatmospherics or sferics [Wait and
Spies, 1964], can propagate to long distances with very low attenuation. This waveg-
uide deviates from the ideal case of a perfectly conducting parallel plate waveguide
due to earth curvature and the anisotropy of the ionosphere due to By. It supports
the so-called quasi-transverse-electric (QTE), quasi-transverse-magnetic (QTM), and
quasi-transverse-electromagnetic (QTEM) modes, each with small field components
in the propagation direction.

The sferics utilized in this thesis were observed relatively close to the causative
CG stroke (<1000 km), close enough so that the LF frequency components were not
significantly attenuated. In such cases, it makes sense to model the sferic propaga-
tion using a ray-hop approach. Figure 2.5 shows a sketch of the Earth-ionosphere
waveguide along with an actual sferic magnetic field waveform received at a station
in Kansas 300 km away from the causative CG stroke. The first part of the sferic to
be received propagates along the direct line of sight and is referred to as the ground
wave. Some of the EMP energy propagates upward and reflects from the D-region
exactly halfway between the CG and the receiver. This ionospheric reflection, known
as the 1st sky wave, appears at the receiver as an inverted, time-delayed version of the
ground wave pulse, but with significant distortion due to ionospheric anisotropy and
frequency dependent absorption. Similarly, further sky waves can be observed that
undergo multiple reflections between the ionosphere and the ground. The ground
wave is unaffected by the ionosphere, and hence contains the most information about

the return stroke current, making it particularly useful for inferring return stroke



CHAPTER 2. THE LIGHTNING RETURN STROKE 26

properties. The sky wave, on the other hand, can be useful for estimating the iono-

spheric reflection height, and hence electron density, by observing its time delay with

respect to the ground wave [e.g., Lay et al., 2014].
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Figure 2.5: Here we show how multiple reflections in the Earth-ionosphere waveguide
map to peaks in the received sferic waveform.

2.5 Radio Remote Sensing of the EMP

The sferics radiated by the lightning return stroke propagate efficiently in the earth-
ionosphere waveguide, attenuating only 2-3 decibels per megameter [Wait and Spies,
1964] at VLF frequencies, making it efficient to detect lightning on the ground far
from the causative stroke. The analysis in this thesis makes extensive use of individual
sferics observed at several ground stations to infer properties of the source lightning.

This long distance propagation also enables accurate geolocation of the lightning
stroke. The National Lightning Detection Network (NLDN) is a network of LF re-
ceivers in North America. It uses magnetic direction finding (MDF) and time of

arrival (TOA) for sferics observed at multiple stations to triangulate the lightning
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location [Cummins et al., 1998]. NLDN also provides an estimated peak current by
correlating the observed sferic signal strength with the expected radiation from a re-
turn stroke with TL current propagation. The Global Lightning Detection Network
(GLD360) is a global network of VLF receivers based on a long-range waveform-bank
technique [Said et al., 2010]. GLD360 computes the arrival azimuth of observed sfer-
ics and correlates against an empirical sferic waveform bank to estimate distance.
These results from multiple stations are then sent to a central processor where the
lightning location is triangulated. GLD360 also provides peak current estimates.
NLDN provides significantly better geolocation accuracy due to the fact that it uses
LF sferic observations, but its coverage is limited to North America. GLD360, on
the other hand, has global coverage but worse geolocation accuracy since it uses VLF
frequencies.

In the next section, we provide a description of the instrumentation used to record

the lightning EMP and sferic emissions for this thesis.

2.5.1 VLF/LF Receiver Design

Most of the energy radiated by the lightning return stroke falls in the Very Low
Frequency (VLF) and Low Frequency (LF) bands. The VLF band is defined from 300
Hz — 30 kHz and LF from 30 kHz — 300 kHz. To sense waves in this frequency range, we
use a magnetic field sensor; in particular an LF variant of the Atmospheric Weather
Electromagnetic System for Observation, Modeling, and Education (AWESOME)
receiver is used [Cohen et al., 2010]. A high-level block diagram of this system is
shown in Figure 2.6.

The magnetic field sensor used is an air-core B-field loop antenna which detects
time varying magnetic fields orthogonal to the loop plane. Two orthogonal loops are
used so that the arrival azimuth of incoming waves can be determined. A photograph
of one of the antenna pairs used is shown in Figure 2.7. The antenna characteristics
can be described by four parameters: The wire resistance R, the loop inductance
L, the loop area A, and the number of turns N. The sensitivity S, defined as the
smallest detectable magnetic field normalized the factor 1/f, in units of <T — HzY 2)
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Figure 2.6: Schematic block-diagram of the VLF /LF receiver systems

is limited by the thermal noise of the wire and is given by

VAETR

The inductance L essentially determines the low-frequency roll-off of the antenna.
Hence, an antenna with a low-impedance, 12-1 mH is used, which gives a lower cuff-
off of roughly 160 Hz. The output of the antenna is connected to a transformer, which
is used to match the low-impedance antenna loop to the high-impedance input of a
low-noise amplifier (LNA). A detailed description of this analog front-end is provided
in [Harriman et al., 2010].

The output of the LNA is used to drive a long (~100 m) cable which feeds into
the digital portion of the system. The analog front-end is separated from the digital
portion of the system in order to prevent emissions from the noisy digital electronics
from coupling into the antenna. The signal is then filtered by a 500 kHz anti-aliasing
filter (AAF) and then sampled at 1 Msample/second by a 16-bit analog-to-digital
converter (ADC). The digitized data is stored on a hard drive and accurately times-
tamped by a GPS timing receiver. The GPS disciplined timing is necessary to correct
for clock drift so that data from disparate receivers and optical instruments can be
compared, while also enabling correlation of detected sferics with the timestamps of
NLDN reported events.

The AWESOME receiver is a broadband receiver, meaning that the signal from
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Figure 2.7: A photograph of a VLF /LF receiver loop antenna used in the Oklahoma
array.

the antenna is digitized directly, without down conversion or demodulation. This
broadband property is important because the lightning sferics span almost the entire
VLF/LF range, from hundreds of Hz up to hundreds of kHz. A spectrogram of one
second of broadband data is shown in Figure 2.8. Several features stand out: the
horizontal lines at constant frequencies are VLF transmitters operated by the US
Navy for submarine communications, while the impulsive, vertical lines are lightning

generated sferics.

2.6 Summary

The return stroke is the process by which a large current pulse propagates along
the cloud-to-ground lightning channel, ultimately neutralizing charge in the cloud.
The intense current pulse, up to several hundred kiloamperes, propagates upward
along the channel at a significant fraction of the speed of light. Several methods
exist for modeling this current propagation, with the MTLL and MTLE engineering

models being the most popular due to their simplicity and reasonable match with
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Figure 2.8: An example VLF/LF spectrogram captures at the Udall, KS field site
during the summer of 2013.

observations.

The return stroke is responsible for most of the electromagnetic radiation in light-
ning. Each return stroke radiates an intense EMP which expands radially outward
from the lightning source, interacting with the ionosphere and propagating in the
Earth-ionosphere waveguide as a “sferic.” Sferics can be detected using broadband
VLF/LF receivers far away from the causative stroke, enabling us to geolocate the

stroke and infer properties of the return stroke current.



Chapter 3
Elves

In this chapter, we discuss the details of elve production and fast photometry tech-
niques. Finally, we describe an experiment involving the observation of hundreds of

simultaneous elve and lightning sferic emissions.

3.1 Elves and the EMP-Ionosphere Interaction

The D-region ionosphere is a plasma comprised of free electrons, ions, and neutral
molecules. As the lightning return stroke EMP propagates through this plasma, the
electrons are accelerated by the electric field, increasing their mean kinetic energy.
Ions are also heated by the EMP, but since they are several orders of magnitude more
massive than electrons, ion heating is negligible compared to electron heating. It is
these EMP-heated electrons and their subsequent collisions with neutral molecules
that produces the optical photon emissions known as elves. A schematic illustration
of this effect is shown in Figure 3.1.

At D-region altitudes, the background neutral atmosphere is comprised of molec-
ular nitrogen (N3), molecular oxygen (Os), argon (Ar), atomic oxygen (O), helium
(He), hydrogen (H), and atomic nitrogen (N). Ny accounts for about 79% of total
neutral content while Oy accounts for about 20%. The neutral densities as a function
of altitude are shown in Figure 3.2, with the densities taken from the MSIS-E-90 at-
mosphere model [Hedin, 1991], along with a nighttime electron density profile, taken

31
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Figure 3.1: Cartoon showing the EMP-ionosphere interaction

from the IRI-2007 ionosphere model [Bilitza and Reinisch, 2008].

The total neutral density in the D-region is many orders of magnitude higher
than the electron density. Hence, the lower ionosphere is a highly collisional plasma
— electrons that are accelerated by the lightning EMP very quickly collide with the
neutrals and transfer their energy. There are two main types of electron-neutral
collision processes: elastic and inelastic collisions. Elastic collisions are those in which
the total kinetic energy of the electron-neutral system remains constant. The internal
state of the neutral atom or molecule is unchanged. Such collisions have the general
effect of returning the electron distribution to thermal equilibrium. During inelastic
collisions, on the other hand, some of the electron’s kinetic energy changes the state
of the neutral molecule.

There are several types of inelastic electron-neutral collisions. Impact ionization
strips an electron from the neutral, enhancing the local free electron density. Elec-
tron attachment to the neutral, especially Os, decreases the electron density. Various
excitations also occur which raise the neutrals to a higher energy internal state, in-

cluding rotational, vibrational, and electronic excitation states. When the excited
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Figure 3.2: Altitude density profile for the major constituents of the D-region iono-
sphere. The nighttime electron density, provided by the IRI ionosphere model, is
shown as a thick blue curve. The neutral atoms and molecules are provided by the
MSIS atmosphere model.

neutral relaxes to a lower-energy state, a photon is produced, giving rise to the opti-
cal emissions such as elves. The energy thresholds for some of the important collision
processes are tabulated in Table 3.1 and are adapted from [Moss et al., 2006].

Once a neutral is excited into a higher energy state, there are two main mechanisms
through which the molecule or atom may relax to a lower energy state: photon
emission and quenching. Quenching is a transfer of energy through neutral-neutral
collisions. Table 3.2 provides the optical excitation rate, Ay, for neutrals in state k,
and Table 3.3 provides the quenching rates for N, 041,:12, and Og, akoz. These rates are
calculated by numerically solving the Boltzmann equation with the ELENDIF code
and are tabulated in [Moss et al., 2006]. The total radiative lifetime, 7, for a neutral

in energy state k is then given by:
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Collision Process Reaction Threshold (eV)
e+ Ny — e+ Ny —

elastic et Oy et Oy B
onization e+ Ny — 2e + N3 (XS] + AL, 15.60
e+ Oy — 2¢ + OF (X?11,) 12.06
three-body attachment e+0;+A—0; +A -
two-body attachment e+0; —-0"+0 -
e+ Ny — e+ Ny (A%, ) 6.17-7.80
e + Ny — e + Ny (B%IL,) 7.35
e+ NQ — e+ N2 (WgAu) 7.36
e+Ny = e+ Ny (B°E,) 8.16
e+Ny = e+ Ny (2%, ") 8.40
e+ Ny — e + Ny (a'lly) 8.55
e+ N2 — €+ Ng (WlAu) 8.89
e+ Ny — e + Ny (C*11,,) 11.03
electronic excitation e+Ny—e+ Ny (Ei ) 11.88
e+ Ny — e+ Ny (”2*) 12.25
€+OQ—>€+OQ( A) 0.977
e+ 05— e+ 0y (b5, ") 1.627
6+OQ—>6+02(01 u) 4.50
6+OQ—>€+OQ(P>+O(3P> 6.00
e+ 0y —e+0,(*P)+ O ('D) 8.40
e+ 0y — e+ 0y ('D)+ O ('D) 10.00
e+ 0y — e+ 0y, (PP) + 0 (33Y) 14.70

Table 3.1: Oy and Ny collisions in the lower-ionosphere. Adapted from [Moss et al.,
2006].

1
Tk — 3.1
Ak + QE2NN2 + CMSQNOQ ( )

where Ny, and Ng, are the Ny and Oy densities, respectively [Sipler and Biondi,
1972]. For example, at an altitude of 85 km, Ny, ~ 10*° m™2 and No, ~ 10195 m—3
Hence, the radiative lifetimes at this altitude for the five optical bands considered in
Tables 3.2 and 3.3 are each less than 6 us. Furthermore, Monte Carlo simulations of
the electron density enhancement due to the lightning EMP performed by [Glukhov
and Inan, 1996] showed that, at 90 km altitude, the heated electron distribution
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function returns to near-isotropy and quasi-stationarity within ~ 2 ps. Since this
relaxation is faster than the timescale of the applied EMP, we can consider steady-
state photon production. We can also assume that the electrons and neutrals relax
extremely quickly, and that photon production stops, after the EMP has propagated
through the lower D-region.

Reaction Ay (s7h) Band System
Ny (B%II,) — N (A%Y)) + hv 1.7 x 10° N, 1st Positive
N, (C?II,) — Ny (B%IL,) + hv 2.0 x 107 Ny 2nd Positive
N, (A%IL,) — Ny (X25F) + hv 7.0 x 10* N5 Meinel
Ny (B*E]) — Ny (X2E]) 4 hw 1.4 x 107 N3 1st Negative
O3 (b'E,) — OF (a'll}) + hv 8.5 x 10° OF 1st Negative

Table 3.2: Optical excitation rates in the lower ionosphere. Adapted from | Vallance-
Jones, 1974, p. 119].

Band System ay? (m? —s71) al? (m® —s)
N, 1st Positive 10~17 0
Ny 2nd Positive 0 3 x 10710
N3 Meinel 5x 10710 0
N5 1st Negative 2 x 10710 0
OF 1st Negative 4 x 10710 0

Table 3.3: Optical quenching rates in the lower ionosphere. Adapted from [ Vallance-
Jones, 1974, p. 119].

In the steady state, the photon production rate for state k, 7, is well modeled by

Vi = Vi Ne (3.2)

where v, is the optical excitation rate that depends upon the applied electric field and
N, is electron density. Figure 3.3 shows the density-normalized values of v, (again
obtained from ELENDIF simulations presented in Moss et al. [2006]) for five band
systems as a function of reduced electric field. We can clearly see that the Ny 1P
band system is the first emission to “turn-on” and that it has the highest emission

rate, except at extremely high applied fields where it is slightly surpassed by the Nj
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2P band system. Hence, the Ny 1P system is the dominant optical emission in the

lower D-region ionosphere and accounts for most of the photons observed as elves.
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Figure 3.3: Optical excitation rates in the D-region ionosphere, from the ELEN-
DIF Boltzmann equation solver as presented in Moss et al. [2006]. The atmospheric
breakdown field, E}, is shown as a vertical dashed line.

The spectra radiated by the Ny 1P, Ny 2P, NJ 1N, and N M band systems are
shown in Figure 3.4. These spectra are obtained from the SPECAIR optical excitation
code [Laux, 1993, 2003]. We see that the dominant emissions in the D-region, the Ny
1P band system, radiate in the red and near-infrared parts of the spectrum, between
600-1200 nm. This property gives elves their red color and determines our choice of

filters for elve observing instruments.
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Figure 3.4: Spectra for the major Ny emission band systems in the D-region. Obtained

from SPECAIR software code.
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3.2 General Features of Elves

In the previous section, we showed that the lightning EMP heats the D-region elec-
tron distribution and that the subsequent electron-neutral collisions produce photon
emissions, giving rise to elves. Hence, the EMP propagation and the geometry of its
interaction with the ionosphere determine the shape and temporal evolution of elves,
giving rise to their interesting observed features.

With some simplifications, we can gain valuable intuition about the temporal
expansion properties of elves. As a first approximation, we assume that the EMP
has a spherical wavefront that expands at the speed of light. We also approximate
the bottom of the D-region to be perfectly flat, and we assume that optical emissions
occur where the EMP “intersects” this surface and that emissions cease several tens
of microseconds after the local EMP magnitude has decayed significantly. Then, the
location of photon emissions, R(t), relative to the point on the ionosphere directly

above the CG lightning stroke, follows a simple hyperbolic trajectory

R(t) = Vc*t? — h? (3.3)

where c is the speed of light, ¢ is time, and h is the “height” of the ionosphere above
the ground. Several example trajectories for different ionospheric heights are shown
in Figure 3.5, giving the location of photon emission relative to the elve center as
a function of time, referred to as an “emission profile”. Several important features
become apparent from this plot. First, we notice that at their onset, elves expand
at an infinite velocity (the slope of the traces in Figure 3.5 are vertical) and that
the expansion rate approaches the speed of light after ~ 150 us. It is important to
note that, though the elves have an apparent expansion rate faster than ¢, nothing is
actually propagating that fast and no fundamental laws of physics are violated — the
effect is simply due to the geometry of the interaction and is reminiscent of a plane
wave incident on a flat boundary appearing to have a phase velocity faster than c.
The apparent faster-than-light expansion of elves causes them to appear distorted
when observed, an effect which we refer to as the photon delay effect. Essentially,

the first photons to arrive at the observer are not those that were emitted first in
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Theoretical Elve Expansion Trajectories
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Figure 3.5: The theoretical elve expansion trajectories along the bottom of the D-
region for various ionosphere heights. A speed of light expansion rate is shown by the
black dashed line.

time, but those emitted at the point along the ionosphere that is halfway between the
causative CG and the observer. When observed from the ground, this effect makes
the elve appear as a downward descending arc rather than an expanding ring. The
photon delay effect is illustrated in Figure 3.6. First consider the points A and B in
which photons are first produced at times t; and t,, respectively. By the time the
photon from A propagates from r; to ry, the elve has expanded and emitted a photon
at B. Hence, the observer located a distance ry away from the elve center observes
the photon B before photon A. Next, consider points C and D. Due to the faster than
¢ elve expansion, the arrival time-difference at the observer for photons C and D is
longer than t5 — t;.

Though the plots in Figure 3.5 show photon emissions at the center of the elve,

such is not actually the case — the EMP is not actually spherical. The CG lightning
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channel is essentially a small, vertical, dipole antenna. Hence, the return stroke EMP
radiation pattern has a null in the vertical direction. This null results in a “hole”
in the center of the elve in which no photons are ever produced. This feature was
predicted early [Inan et al., 1997] and can be seen clearly in time-integrated elve
images captured by video-rate cameras (e.g., Figure 1.6). It turns out that the size of
this hole is dependent upon the properties of the lightning return stroke. The use of
the observed hole radius to estimate return stroke properties, in particular the return

stroke speed, is discussed in detail in Section 4.4.

t1 I3

D A >
‘ Observer

i

Top-down View

Figure 3.6: An illustration of the elve photon delay effect.

3.3 Photometric Imaging of Elves

The short timescales and low brightness of elves make them particularly difficult to
observe. Intensified video cameras can be used to image elves, but they typically
cannot resolve the temporal evolution of the elve expansion — the entire emission
is time-integrated into a single frame. This short timescale necessitates the use of
sensitive, high-speed photometers which provide much better temporal resolution at
the cost of poor spatial resolution. The first ground-based observations of elves were
made using three photomultiplier tubes (PMT) [Fukunishi et al., 1996]. Subsequent

experiments [ Barrington-Leigh, 2000; Inan et al., 1997] verified the radial expansion of
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elves using an instrument called the “Fly’s Eye” consisting of 13 PMTs. Photometric
imaging of elves has also been conducted from space. The ISUAL instrument on-
board the FORMOSAT-2 satellite conducted a three-year observational campaign
using an array of PMT sensors in which thousands of elves were observed. In this
thesis, we extensively use elve observations collected using the Photometric Imaging of
Precipitation of Electron Radiation (PIPER) instrument [Marshall et al., 2008]. The
PIPER photometer was originally designed at Stanford in an attempt to observe the
optical signatures of lightning-induced electron precipitation (LEP) events, however
it was found to be particularly useful for observing elves [Newsome, 2010; Newsome
and Inan, 2010]. Due to the high data rates, many previous instruments operated
in modes based on triggered recordings of lightning, introducing a possible sampling
bias. PIPER, on the other hand, is a free-running instrument and does not suffer
from such bias. Data is sampled continuously at a high rate and all data is saved.

Event detection and labeling is then performed in post-processing.

3.3.1 Instrumentation

A schematic illustration of the PIPER instrument is shown in Figure 3.7. The optical
front-end consist of a clear acrylic window, followed by filters, and camera lenses. The
filters used are red, 650 nm long-pass filters which pass most of Ny 1P band system
photons, the dominant photon emissions in elves. These filters are followed by 50 mm
f/1.4 Nikon camera lenses. The original PIPER described in Marshall et al. [2008]
contained four photometers: two with red filters and two with blue filters. However,
the blue photometers are omitted from the redesigned PIPER used in this work as
they are not necessary for studying the occurrence rates and geometric features of
elves. This redesign results in a more compact instrument.

The sensors used in PIPER are Hamamatsu R5900U-L16-20 photometers. These
are 16-anode linear PMT arrays. The two photometers are rotated perpendicular to
each other as shown in Figure 3.8. This arrangement allows us to photometrically
“image” TLE events — one PMT array captures the vertical distribution of incident

photons while the other captures the horizontal distribution. The outputs of the two
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photometer arrays can then be used to reconstruct elve photon emission profiles, as
discussed in Section 4.4.1. The PMTs are square with a 16 mm active area, which in
combination with the 50 mm lenses, provide a 18° field of view. The PMTs themselves
are powered Hamamatsu C4900 power supplies which take a 15 VDC input and output
between —100 and —1200 VDC.

Photomultiplier tubes convert incident photons into electrical current. The cur-
rent outputs from each of the 32 PMT channels are amplified with transimpedance
amplifiers and are then passed into low-pass filters with 12 kHz cutoffs. The filter
outputs are then sampled at a rate of 25 kHz by a National Instruments NI-DAQ
USB-6259 data acquisition card. This sample rate provides a temporal resolution of
40 ps, enough to observe the expansion of the elve. Data from the DAQ card is then
transfered over the USB bus to a desktop computer and saved on a hard disk where
it can be accessed remotely over the internet.

In addition to the core photometric sensor, PIPER interfaces with several sup-
porting pieces of hardware. For scientific studies, it is essential that the data is
time-stamped to very high accuracy. We often need to correlate events observed by
PIPER with other data sources, such as NLDN events and VLF /LF sferics, for exam-
ple to match an elve observation with its causative lightning. It may also be desirable
to correlate elves observed by multiple PIPER stations, for example to perform tri-
angulation. To address these needs, PIPER uses a GPS antenna to accurately trigger
the start of sampling and to timestamp the recorded data. The specific receiver we
use is a Motorola M12M Oncore which guarantees 20 ns absolute timing on its one-
pulse-per-second (1PPS) clock edge. The 1PPS signal is tied to one of the digital
inputs of the NI-DAQ card and is used as the start of sampling trigger. The actual
timestamps are sent over USB to the host computer where they are used to tag data
files.

The PMTs used in PIPER are extremely sensitive and may actually be damaged
if exposed to too much light, for example sunlight. Hence, it is desirable to remove
power to the PMTs during the daytime. This protection is achieved by removing the
15V input to the Hamamatsu high voltage power supplies. In particular, we use a

USB controlled Phidget InterfaceKit 0/0/4, which consists of four single pole, double
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throw (SPDT) mechanical relays to switch this voltage rail on and off. The relays are
connected to the host desktop computer which turns the PMT on at dusk and turns
them back off at dawn automatically.

Another aspect that must be considered is the control of the pointing direction of
the instrument. The location of thunderstorms changes on a daily and even hourly
timescale, so it is very desirable to have the ability to set the PIPER pointing direction
to arbitrary locations. This requirement was addressed by bolting PIPER to a Pelco
pan-tilt mount which is also controlled by a set of relays connected to the computer.
This arrangement enabled us to remotely (from Stanford) log into the computer
every night, point PIPER in the direction of any thunderstorms (based on real-time
observation of NLDN data), and to systematically move the pointing direction to
track the storm motion during the night.

The photometer arrays used by PIPER only provide two 16-channel time-series.
It is thus difficult to determine, by looking at PMT data alone, whether there is
anything interesting happening in the pointing direction. For example, we must
know if there is cloud cover on the horizon or if the moon is in the PIPER field of
view. To address this requirement, a Watec low light CCD camera is mounted on top
of PIPER with its pointing direction coaxial with PIPER’s. A 30-second exposure is
captured once every ten minutes, allowing us to track the local weather conditions
and to discard PIPER data when such conditions are poor. The CCD camera also
occasionally captures sprites. Furthermore, by looking at star-field patterns in the
CCD, we are able to determine the exact PIPER pointing direction to better than
one degree accuracy. This determination turns out to be essential in the emission

profile reconstruction and hole extraction algorithm presented in Section 4.4.1.

3.4 Summer 2013 Observational Campaign

An experimental field campaign was run in the western United States from mid-June
until September of 2013 in which we observed 671 elves along with the coincident LF
sferics of the causative lightning return strokes. This dataset was used for the bulk

of the analysis carried out in this thesis as presented in Chapters 4 and 5.
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Figure 3.7: A schematic of the PIPER photometer deployed during the summer 2013
campaign.
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Figure 3.8: Here we show how the two orthogonal photometer orientations capture
the horizontal distribution of light (left) and the vertical distribution (right).

3.4.1 Experimental Setup and Observation Techniques

Two PIPER photometers were deployed, one at McDonald Observatory, Texas and
one at Langmuir Laboratory, New Mexico. Both were pointed over roughly the same
region of northern Texas and western Oklahoma. Both photometers recorded simul-
taneously and could be pointed independently to track storms. The major advantage
of the multi-site photometer setup was that, though both sites pointed over the same
region, it dramatically increased the size of our dataset due to the redundancy. The
probability that one of the sites would have its viewing obscured due to local weather
is quite high, but the probability that both sites have cloud cover on the same night
is much lower.

In addition to the photometers, an array of six AWESOME VLF/LF receivers
were installed in Oklahoma, Kansas, and Texas, roughly located under the fields-
of-view of the two PIPERs. The intended purpose of these receivers is to record

the radio emissions from nearby lightning, especially the causative lightning that
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produced elves, so as to infer the return stroke properties that are important for elve
production.

The geographic layout of the experiment is shown in Figure 3.9. The PIPER
photometers are shown as red circles with their fields-of-view in dashed black lines.
Since the PIPERs are mounted on remote-controlled pan-tilt mounts, it is possible to
rotate these fields-of-view dynamically to track individual storms. A brief description
of the two PIPER deployment configurations is provided in the following sections.
The locations of the 6 VLF/LF receivers are shown as blue dots in Figure 3.9. The
sites were located at a high school in Minneola, KS; a high school in Udall, KS; a
bed and breakfast in Terrapin Peaks, OK; a high school in Silo, OK; an elementary
school in Norman, OK; and a dude ranch in Clarendon, TX. The locations of all 671
observed elves, inferred from NLDN event locations, are also shown in the figure. The
elves are color coded according to the storm in which they were observed.

Conducting a data collection experiment of this scale is very laborious and requires
a great deal of coordination. The general steps that were carried out over the course

of the summer campaign are outlined below:

1. Each day, just before local dusk, the lightning activity as reported by NLDN
was checked. If there was a storm within range of either of the PIPERs (< 1000
km), then we logged into the PIPER computer and rotated the instrument to
point in the general direction of the storm. We also logged into the VLF/LF

field sites to ensure that they were running and recording data.

2. Halfway through the night, we would log back into the PIPER computers and

re-point the instruments to account for storm motion during the night.

3. The following morning, after the PIPERs stopped recording, a script would
automatically scan the data recorded the prior night for “events” of interest.
A simple threshold detector was used to find peaks in any of the 32 channels,
where the threshold was usually set to ~2 standard deviations. The events were

then transfered over the internet to a computer at Stanford.

4. The raw broadband data from the VLF/LF sites would also be transfered back
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Figure 3.9: Elve occurrence map from Summer 2013 campaign in which 641 elves

were observed from sites located at Langmuir Lab, NM and McDonald Observatory,
TX.
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to Stanford.

5. Each of the PIPER events would be manually labeled as an elve, sprite, halo,
doublet, or noise. Note that due to the simplistic threshold detection, the
number of false positives, from flashes of light such as airplanes or local lightning,

usually far outnumbered the true positives.

6. Each of the PIPER elves would be associated with the temporally closest large
NLDN event and matched with the associated lightning sferic at one of the
VLF/LF field sites. This information was then inserted into a MongoDB

database for easy querying.

7. The CCD images captured would be analysed with an astronomy plate solver
[Lang et al., 2010] to determine the instrument pointing elevation and azimuth.
This technique essentially involves matching stars in the image field of view

with a database of known stars.

3.4.2 Langmuir Laboratory

Langmuir Laboratory is a site dedicated to atmospheric and lightning research. It is
situated on the summit of South Baldy Peak in the Magdalena Mountains of central
New Mexico at an altitude of roughly 3255 m. The laboratory is operated by the
New Mexico Institute of Technology, located in nearby Socorro.

During the summer of 2013, a PIPER photometer was installed at Langmuir. The
instrument itself was mounted on a wooden platform on the railing of the facility’s
south annex, providing an unobstructed view to the north and the east. The recording
computer was located on a workbench inside the building, with the wiring passed
through a cable feed. The high altitude location provided excellent viewing conditions,
allowing us to detect many elves distant on the horizon. A photograph of the installed

system is shown in Figure 3.10.
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Figure 3.10: A photograph of the PIPER photometer installed at Langmuir Labora-
tory, New Mexico.

3.4.3 McDonald Observatory

McDonald Observatory is primarily an astronomical observatory, operated by the
University of Texas at Austin, located approximately 280 km to the southeast of El
Paso, TX. The observatory is situated at a roughly 2070 m altitude (the highest point
in Texas, in fact).

A PIPER was installed at McDonald Observatory in late June 2013 and operated
the entire summer. It was installed on the northern side of catwalk of the Otto
Struve 82-inch telescope. The recording computer was on the floor of a closet inside
the telescope dome, and the wiring were fed through an air-duct. This location
provided an excellent, unobstructed view to the north into North Texas and Western
Oklahoma, though local cloud cover was often a problem.

A photograph of the installed system is shown in Figure 3.11. Note that the hills
in the background are quite shallow, rising only a couple degrees off the horizon, and

hence do not obstruct any elves in the PIPER field of view.
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Figure 3.11: A photograph of the PIPER photometer installed at McDonald Obser-
vatory, Texas.

3.4.4 Example Observations

As described in Section 3.3.1, the PIPER photometer contains two 16-anode linear
PMT arrays. The two arrays are oriented 90° with respect to each other, allowing
the recording of the spatial distribution of incident light in both the vertical and
horizontal direction. Each photometer channel integrates the incident photons in its
strip of the field of view, and outputs a time-series waveform. Each PMT waveform
can then be stacked together, essentially providing a photometric “image”. Several
example PIPER observations which were recorded during the 2013 summer campaign
are shown in Figure 3.12.

Each row of panels in Figure 3.12 displays a single PIPER event, with the hor-
izontal photometer recording on the left and the vertical photometer on the right.
Panels a) and b) show a single elve. Due to the fact that elves are expanding rings of
light, elves have a very distinctive shape in the PIPER vertical photometer, appearing
as downward descending arc. This feature makes elve emissions very obvious in the
PIPER dataset, and in fact enables the manual discrimination of elve and non-elve
emissions when tagging events by eye. Elves appear in the horizontal PIPER pho-
tometer as a relatively flat line with slight downward concavity, though sometimes

the elve hole can be seen in bright, nearby emissions.
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Panels ¢) and d) show a PIPER observation containing and elve, halo, and sprite.
The elve appears first, as evidenced by the distinctive elve shape in the vertical
photometer. It is followed roughly one millisecond later by a halo. The halo appears
as a diffuse glow in several of the PIPER channels and lasts for about one millisecond.
Finally, a sprite event immediately follows the halo. The sprite appears as a long
enduring light in a single horizontal /vertical PIPER channel. Cases such as this,
with three different TLEs, are relatively common in the PIPER dataset, especially
following large positive CG lightning. The return stroke that produced these events
was a 136 kA +CG stroke.

Another class of event that is found very frequently in the PIPER dataset is shown
in panels e) and f). Examining the vertical photometer, we see a bright vertical bar
followed immediately by the distinctive elve emission. The vertical bar is brighter in
the lower channels (closer to the horizon). This emission preceding the elve is in fact
light produced by the lightning stroke itself which is reflected by clouds. These cloud
reflections which precede elves are especially common for nearby lightning where the
cloud tops are still visible on the horizon, and they render the reconstruction of the
elve emission profiles infeasible (discussed in Section 4.4.1).

Finally, panels g) and h) show what is known as an “elve doublet” event. Doublets
are two elves immediately following each other, separated by roughly 100 us, and are
associated with a single lightning stroke. The causative mechanism behind doublets
is not well understood, but it has been hypothesized that they result from compact
intracloud discharges (CID) and their subsequent ground reflections [Newsome and

Inan, 2010]. Doublets are relatively rare, comprising about 2% of the PIPER dataset.

3.4.5 Occurrence Maps

Figure 3.9 shows the occurrence map for the Summer 2013 campaign. Each cross is the
location of an elve observed by PIPER, as inferred from the NLDN reported location
for the causative CG stroke. Each elve observed on the same night is displayed as

the same color, so we can clearly see how they clustered into storms.
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Figure 3.12: Example elves observed by PIPER in 2013. Panels a) and b) show a
single elve. ¢) and d) show an elve followed by a halo and sprite. e) and f) show an
elve preceded by a cloud flash. g) and h) show an elve doublet event.
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We note that the majority of the events occurred above North Texas and Okla-
homa, close enough to the VLF/LF receivers that sferics produced by the causative

CGs should contain a good deal of information in the LF portion of the spectrum.

3.5 Summary

In this chapter, we showed that elves are a signature of the interaction between the
lightning return stroke radiated EMP and the D-region ionosphere. In particular,
the EMP heats the electron distribution in the D-region. When these higher energy
electrons collide with neutral molecules, the neutrals may be excited into a higher
energy state. As these neutrals relax, they may emit a photon. The dominant photon
emissions in elves are from the first positive band system of molecular nitrogen (No
1P). Next, we described some general features of elves: they are red in color, appear as
expanding rings of light due to the EMP radiation pattern, are significantly distorted
due to the photon delay effect, and exhibit a hole in the center.

We also described the imaging of elves photometrically using the PIPER pho-
tometer. Finally, we described the experimental field campaign conducted during
the summer months of 2013 in which 671 elves were observed over North Texas and

Oklahoma along with their coincident VLF /LF sferics.



Chapter 4

Properties of Elve Producing

Lightning

In this chapter, we use the dataset of elve observations from PIPER in conjunction
with VLF/LF sferics from the Oklahoma LF array to address several important ques-
tions about elve-producing lightning. We begin by observing the qualitative features
of sferics from elve-producing lighting. We then use the features of the LF sferics to
determine the important factors that discriminate between elve-producing and non-
elve-producing lightning. Lastly, we use the temporal-spatial features of elve emis-
sions, along with a physics-based numerical model, to determine a likely distribution

of current return stroke speeds for elve-producing lightning.

4.1 Dataset

Before sferics from elve causative lightning strokes can be compared with those from
non-elve causative strokes, a reliable method of labeling the two classes of sferics
must be determined. For the analysis presented in this chapter, each PIPER elve
observation is matched with the causative NLDN CG event based on its timestamp
and whether or not the discharge occurred within the PIPER photometer field of
view. The sferic from the elve causative lightning stroke is then extracted from

the broadband VLF/LF recordings based on the timestamp after accounting for the

o4
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propagation delay. Determining that a lightning discharge did not produce an elve,
however, is more difficult and requires great care. We first create a list of all large
(>50 kA) NLDN CG events that occurred during the same storm as a known elve-
causative discharge. Based on the latitude and longitude reported by NLDN, all
events that occurred outside of the PIPER field of view are discarded. We then use
the PIPER Watec CCD images to ensure that there was no cloud cover during these
events (i.e. stars are visible in the images). Finally, for the remaining events, we
review the PIPER dataset to ensure that there was not actually an elve at that time.
After performing these steps, we can be reasonably confident that we have obtained
a set of sferics from large lightning discharges that did not produce elves, because if
elves did occur, they would have been visible in the PIPER data.

Once sferics have been classified into elve and non-elve causative events, they
still cannot be directly compared because they occur at different distances from the
receiver. As a sferic propagates a distance r along the Earth’s surface, its intensity is
attenuated by a factor of ~1/r. Furthermore, dispersion distorts the sferics due to the
finite conductivity of the ground. Due to these facts, the shape of a sferic waveform
changes significantly as it propagates, and we cannot reliably compare the features of
sferics from two different distances. Hence, we bin sferics based on their distance from

the VLF/LF receiver before computing average waveforms and extracting features.

4.2 General Features of Sferics from Elve Produc-
ing Lightning

The first sferic feature that we examine is the arrival time of the first ionospheric
reflection, also called the first sky-wave. Some authors have reported variations in
the nighttime ionospheric density above thunderstorms, with the hypothesis that the
height of the D-region is measurably lowered over the course of a storm [Shao et al.,
2012; Lay et al., 2014]. When such lowering occurs, the VLF reflection height is lower
in altitude, so the first sky-wave should arrive at the receiver earlier in time due to the

shorter propagation path. The question naturally arises as to whether the ionospheric
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height may play a role in elve production — perhaps a lower ionosphere makes it more
difficult to produce an elve since the neutral density is higher and thus the threshold
for optical excitation (E/N) is lower. In Figure 4.1, we show average distanced-
binned sferics for the two classes of lightning, with the +1 standard deviations shown
as shaded regions. A vertical, black dashed line marks the point at which we would
expect the sky-wave to start if the ionosphere was a perfectly conducting flat plane
at 88 km altitude. The first sky-wave is the negative peak following the ground-wave.
Several features stand out in Figure 4.1. The arrival time of the first sky-wave is nearly
the same for elve and non-elve causative sferics across all distances, implying that the
height of the ionosphere probably does not play a role in elve production. Also, the
sky-wave peak lines up nicely with its expected location for a 88 km reflection height.

Next, we turn our attention to the portion of the EMP which propagates along
the line of sight from the lightning channel to the receiver on the ground, known as
the sferic ground wave. As it does not interact with the ionospheric plasma, this wave
is directly related to the return stroke current propagation in the lightning channel.
Assuming a flat earth and ignorning ground conductivity, the ground wave magnetic

field is given by

,LLO a Zchan

B(r,t) = 0 <
() 2mer Ot J,

I (z', t— %) dz' ¢ (4.1)

In Figure 4.2, we compare the distance-binned groundwaves from elve and non-
elve causative lightning. The waveforms are normalized by dividing by the peak of the
groundwave. The most immediately obvious feature that differentiates the two classes
of lightning is in the portion of the waveform that precedes the groundwave peak —
across all of the distance bins, sferics from elve causative lightning exhibit a slightly
longer rise-time. We compute the 10-—90% rise time for each sferic in the dataset
and plot it as a function of distance from the receiver in Figure 4.3. To test whether
the difference in rise-times is due to them being drawn from different distributions
or just random coincidence, a two sample Kolmogorov-Smirnov test [Drijard et al.,
1971, pp. 269-271] was performed and found p < 0.05 in all of the distance bins.

In Figure 4.4, we bin the groundwaves by their NLDN reported peak current
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Figure 4.1: Distance binned sferics from elve and non-elve producing lightning. We
don’t see much variation in the sky-wave arrival times, suggesting that the ionosphere
isn’t lower when elves are produced. In fact, the sky-wave zero crossing occurs for
both classes precisely where it should for a 88 km ionosphere height.
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Figure 4.2: Distance binned sferic ground waves from elve and non-elve producing

lightning.
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Figure 4.3: Ground wave 10-90% rise times as a function of distance. Elve causative
lightning produces sferics with statistically significant longer rise times.

rather than distance from the receiver. Propagation is accounted for by multiplying
by 7, the distance from the receiver, to effectively cancel out the factor of r~! in
Equation 4.1. It should be noted that the r—! variation is only an approximation;
dispersion and attenuation due to finite ground conductivity and earth curvature play
secondary roles. After multiplication by r, we observe that the difference in ground
wave rise-time disappears — the slope and rise-times in Figure 4.4 match almost
perfectly between the two classes. This matching suggests that rise-time is linearly
correlated with the peak of the radiated field, as NLDN estimates peak current using
the range normalized magnetic field with the assumption of a transmission line return
stroke current propagation model. This result also hints that the main differentiating
factor between elve and non-elve causative strokes is that elve producing causative
strokes simply have a larger peak current. In the following section, we develop a more
sophisticated statistical model to estimate the probability that an elve was produced

based on multiple features of the observed sferic.
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Figure 4.4: Range normalized ground waves binned by NLDN peak current. We find
that within each peak current bin, the two classes of lightning have approximately

the same peaks and rise times.
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4.3 Elve Production Probability Modeling

In the previous section, we compared sferics from large lightning discharges, some
of which produced elves and some of which did not. Qualitative differences are ev-
ident between the two classes, namely that at a given distance from the lightning
stroke, ground waves from elve causative lightning has a significantly longer rise-
time. However, when we control for NLDN peak current, the rise time difference for
range-normalized ground waves disappears, suggesting that elves have a tendency to
be produced by larger peak current return strokes.

In this section, we develop a more rigorous statistical model for analyzing the
differences between elve and non-elve causative lightning. In particular, we train
a logistic regression classifier model to estimate the probability that an elve was
produced for a given observed sferic waveform. We begin by discussing the features
used, then provide a derivation of the logistic regression model, and finally discuss

the results of the model.

4.3.1 Features of the Sferic Ground Wave

Five hand-picked waveform features are used as features in the logistic regression.
These features are illustrated with a typical LF sferic in Figure 4.5.

First, we use the range normalized groundwave peak, also referred to as the range
normalized signal strength (RNSS). This feature is measured by first multiplying
the waveform by the range from the receiver to the stroke to account for the 1/r
propagation decay and then searching for the peak. A parabola is fit to the three
largest points and the maximum computed.

The second feature used is the 10-90% rise time, 7. This risetime is measured
by first detecting the ground wave peak, and then computing the time it takes for
the magnetic field to change from 10% to 90% of that value in the preceding time
segment. The 10-90% fall time is computed in a similar manner on the time segment
immediately following the ground wave peak.

The full-width half-maximum (FWHM) is determined by computing the time it
takes for the waveform to go from 50% of the peak value, up to the peak, and then
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back down to 50%. This determination gives a sense of the “width” of the ground
wave.

The ground wave to sky wave ratio (GW/SW) is computed by dividing the range
normalized ground wave peak by the value of the first skywave peak. The skywave
peak is found by searching for the smallest value in a time window determined by
the range from the stroke and an assumed ionosphere height. The motivation for
using this feature is to capture the radiation pattern of the return stroke EMP, i.e.,
by determining the ratio of upward propagating to laterally propagating energy.

Finally, we augment these features extracted from the sferic waveform itself with

the peak current estimate provided by NLDN.

Peak ] ]
90% Full-Width Half-Maximum
10% /\/\,\’\—
Skywave - N TN ~/
Peak —

Rise-Time  Fall-Time

Figure 4.5: Example ground wave with the features labeled.

In Figure 4.6, we show a scatter plot matrix of the features extracted from our
dataset for both classes of lightning. The off-diagonals show pairwise scatter plots for
each pair of features, while the diagonals show the probability distributions of each
individual features. The distributions are estimated using a kernel density estimator
(KDE) with a Gaussian kernel [Parzen, 1962; Rosenblatt, 1956]. From this figure, we
can gain a sense as to which features are important. For example, RNSS, 7,., and peak
current all have some discriminatory power, while the distributions for 7;, FWHM,

and GW/SW are nearly identical for elve and non-elve causative lightning.

4.3.2 Logistic Regression Model

In order to model the production probability of elves given the observed ground

wave features, we use a logistic regression. This logistic regression is a classic binary
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Figure 4.6: Feature scatter plot matrix. The diagonal plots show the KDE estimated
probability distributions for each feature, while the off-diagonal plots show pairwise
scatter plots for each pair of features.

classifier, in fact a type of generalized linear model, which maps our feature vector to
a class probability. A brief derivation of the model is given below.
We first define the random variable y; ~ Bernoulli(¢;) where, for each training

event 7, y; = 1 if an elve occurred and y; = 0 otherwise. We then define the probability

¢i =plyi = 1|z, 0) = 0 (07z;) (4.2)



CHAPTER 4. PROPERTIES OF ELVE PRODUCING LIGHTNING 64

and conversely

plyi =0z, 0)=1—0(0"a;) (4.3)

where z; € R" is the feature vector, § € R" are the model weights, and o(z) =
[1 4 exp(—z)]~" is the sigmoid, or logistic, function. We can combine Equations 4.2

and 4.3 into a single equation

p(yi |2, 0) = o (072)" [L— o (67a:)] (4.4)
Next, we define the likelihood of all m training examples

m

p(Y X, 0)= H o (07z;)" [1 — o (0"))] e (4.5)

1=0

Taking the negative log-likelihood, we get

J(0) = Z yilogo (07x;) + (1 —y;)log [1 — o (6" ;)] (4.6)

i=1
which is known as the cross-entropy loss, a convex objective function. Taking advan-
tage of the convenient fact that do(z)/0z = o(z)[1 — o(2)], the gradient of the loss

with respect to the model weights is

m

Vo J(0) = Z [0 (072;) — i) @i (4.7)

i=1

We can now use a gradient descent method to minimize the loss and find the
optimal model weights. For a more detailed treatment of logistic regression, see for
example Bishop [2006, Chapter 4].

A simple illustration of how logistic regression works is shown in Figure 4.7.

4.3.3 Results

Our logistic regression model is trained on the sferic features and the classifier perfor-

mance is evaluated using a k-fold cross-validation procedure with £ = 3. This training
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Figure 4.7: This plot provides a simple illustration of how logistic regression works.
Here, we have two classes of 2D points: red and blue. The logistic regression finds a
straight line decision boundary, shown in yellow, that splits the two classes. Distance
away from the decision boundary is interpreted as confidence in that class.

involves randomly partitioning the dataset into 3 subsets, training the model on two
of the subsets, and evaluating the accuracy on the remaining 1/3. This procedure is
performed for each permutation of the subsets and the accuracies from each of the
three folds is averaged to provide a single estimate of the classifier accuracy. Using
this approach provides a more robust estimate for the manner in which the classifier
may generalize to new data.

When trained using the five waveform features discussed in Section 4.3.1 in ad-
dition to the NLDN peak current, the logistic regression is able to correctly classify
an event as being elve causative or non-elve causative with 91.7% accuracy. Remark-
ably, when trained on a single feature, NLDN peak current alone, the model is able to
classify an event with 90.2% accuracy. The reasons for this are apparent after careful
examination of Figure 4.6. Fall-time, full-width half-maximum, and ground wave to
sky wave ratio are distributed nearly identically for the two classes of lightning and
thus do not provide much discriminatory information. All of the other features —
RNSS, rise-time, and peak current — are highly correlated. In fact, NLDN uses a

variant of the RNSS, albeit using electric field measurements, along with transmission
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line return stroke assumptions to calculate the peak current estimate. Also, as was
shown in Figure 4.4, higher peak current strokes tend to have a longer ground wave
rise-time.

In Figure 4.8, we show the probability that an elve is produced given the peak
current, as modeled by the logistic regression. The red circles show the empirical
fraction of events that produced elves in 15 kA wide peak current bins. We see
that the modeled probability provides a very reasonable fit with the empirical point
estimates. This model predicts that CG return strokes with |I,| = 88 kA have a 50%
probability of producing elves, while those with |I,| = 106 kA have a 90% probability.
These results differ significantly from those of Newsome [2010] shown in Figure 1.8,
who found a significantly worse fit at larger peak currents and estimated that elves
are produced with 50% probability at approximately 160 kA. The reasons for the
differing results are unclear, but we suspect that more care was taken in producing
our dataset, in particular by excluding events which occur outside of the PIPER field
of view and during cloud cover.

We examine a possible distance bias in Figure 4.9 by plotting the peak current of
each event as a function of distance from the PIPER photometer. The mean peak
current is shown as a solid curve and the +1¢ intervals are shown as shaded regions.
We observe that the elve causative strokes have statistically significant higher peak
current across all distances. This observation discounts the alternative hypothesis
that PIPER preferentially detected large peak current events far from the photometer,
thus biasing the results.

The conclusion that elves can be reliably predicted using only the NLDN peak
current is extremely powerful, as it enables us to classify events when LF sferics are
not available. In particular, this result can be applied to the peak current estimate
from global lightning detection networks, such as GLD360, to predict elve production
outside of NLDN’s coverage area. Further validation of this result is discussed in
Section 5.1.2, where we find good agreement with satellite based elve observations
from ISUAL.
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Figure 4.8: Elve production probability as a function of NLDN peak current. In blue,
we show the analytical probability provided by the logistic regression, while in red
we show the empirical fraction of events which produced elves in several peak current
bins.

4.4 Return Stroke Speed of CG Lightning Using
Elve Hole Radii

The lightning return stroke is characterized by a brief current pulse propagating up-
ward from the ground towards the cloud. As mentioned in Chapter 2, a simplified
“engineering model” is typically used to model this propagation. The transmission
line class of models are widely used, including the basic transmission line (TL), mod-
ified transmission line with linear altitude decay (MTLL), and modified transmission
line with exponential decay (MTLE) [Rakov and Uman, 1998]. These models are
parameterized by a channel base current pulse profile, a return stroke speed at which
the pulse propagates up the channel, and an altitude decay parameter in the case
of MTLL and MTLE. The current return stroke speed, which cannot be measured



CHAPTER 4. PROPERTIES OF ELVE PRODUCING LIGHTNING 68

200 Peak Current vs. Distance from PIPER

Elve
Non-Elve

180 - °

—
D
o]

_
S
(e

120

100

Peak Current [KA]

e
o O

350 400 450 500 550 600 650
Distance [km]

Figure 4.9: The NLDN peak currents of all elve and non-elve events in our dataset,
plotted as a function of distance. We see that elve causative strokes consistently have
higher peak currents across all distances, suggesting that there is not a bias resulting
in only observing the most intense events at long distances.

directly, has typically been assumed to be the same as the optical wave speed — be-
tween %c and %c le.g. Rakov, 2007]. Recent numerical modeling of the return stroke
which accounts for the thermodynamics of the channel, however, has predicted dif-
fering speeds for the optical and current pulses with the current pulse propagation
being significantly faster [Liang et al., 2014].

In this section, we show that it is possible to estimate the current return stroke
speed from the geometric features of elves, the optical ionospheric signatures of the
return stroke EMP. Figure 4.10 shows the normalized radiation pattern of simulated
lightning EMPs using an MTLL return stroke model with a range of return stroke
speeds. We see that as the return stroke speed approaches ¢, the resulting EMP has
a more upwardly-directed radiation pattern. Hence, we expect that the size of the

“hole” in the center of an elve emission to be correlated with the return stroke speed
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Figure 4.10: Normalized EMP radiation patterns simulated using using the MTLL
model with a range of return stroke current speeds. We observe more upwardly
directed radiation patterns for return strokes with a high current wave speed.

of the causative stroke, as faster return strokes result in a smaller null in the vertical
direction. Using elve observations captured with the PIPER high speed photometer
[Marshall et al., 2008] in conjunction with an FDTD model of the lightning-ionosphere
interaction [Marshall, 2012], we are able to estimate the return stroke speed of elve
causative strokes. Our results provide evidence for a return stroke speed > %c, in line
with the results of [Liang et al., 2014]. Indeed, we find that the return stroke speed
may take on a distribution of speeds. The contents of the following sections were

previously published [Blaes et al., 2014].

4.4.1 Emission Profile Reconstruction

Elves appear as rapidly expanding rings of light in the lower D-region ionosphere
(~ 90 km altitude). They have a duration of less than 1—2 milliseconds and have
an apparent expansion rate greater than the speed of light. Hence, the first pho-
tons observed by a ground-based instrument are actually emitted at a point on the

ionosphere halfway between the observer and the causative CG rather than from the
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emissions that occurred first in time. We refer to this as the “photon delay effect” and
it results in significantly distorted images of elves in the field-of-view of ground-based
instruments.

In light of the photon delay effect, it is very difficult to estimate the geometric
features of elves directly from PIPER observations. Thus, we transform the PIPER
data into a more natural representation which we call the “photon emission profile”.
This technique was first developed by Newsome [2010]. An example photon emis-
sion profile, along with the PIPER elve observation from which it is calculated, is
shown in Figure 4.11. The photon emission profile displays the radial location of
photon emissions relative to the center of the elve, assumed to be directly above the
causative CQG, at each point in time. The overlaid white line in Figure 4.11c shows
the theoretical hyperbolic trajectory an elve should follow, assuming a spherical EMP
expanding at ¢ which is incident upon a flat ionosphere, similar to Figure 3.5 for an
ionosphere height of 88 km.

Several assumptions are made during the emission profile reconstruction. We
assume that the elve occurs directly above the causative lightning stroke and that the
elve expansion is radially symmetric. We also assume that the viewing geometry is
known perfectly, including the range to the lightning, the azimuth, and the elevation
angle. Newsome [2010, pp. 82-87| characterized the sensitivity of the algorithm to
imperfectly known viewing geometries, finding that the hole radius is most sensitive
to unknown elevation angle. However, our photometer included a coaxially aligned
CCD camera, which allows us to measure the elevation angle accurately based on
star-field patterns.

The emission profiles are determined using a constrained least-squares reconstruc-

tion by solving the following convex optimization problem:

minimize ||ys — Asz||z + A||Duz||2
subject to x>0 (4.8)
=0, i¢gl
The first term of the objective minimizes reconstruction error. Here, x is the emis-

sion profile we are solving for and y, is the observed elve from PIPER. The matrix Ay
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takes into account the known viewing geometry (location of CG along with location,
pointing azimuth, and pointing elevation of PIPER) and raytraces photons from the
ionosphere back onto the PIPER aperture. The second term of the objective is a
regularization term which promotes smoothness in the reconstructed emission profile.
The matrix D, is a first-order finite difference operator which penalizes discontinu-
ous jumps in the elve expansion [Newsome, 2010, pp. 141-142]. The regularization
parameter A controls the degree to which we promote smoothness. The constraint
x >~ 0 is used because photons are emitted rather than absorbed, and the constraint
2" = 0 is used to reject noise outside of the region of interest, defined by the set of
pixels I in which elve photons are present.

Once an emission profile is found, it is trivial to extract the elve hole radius. In
the emission profile shown in Figure 4.11, the hole radius is simply the vertical offset
of the profile from the radius=0 axis. In practice, for both simulated and observed
elves, we take the hole radius to be the radius at which the time-integrated emission

profile reached 50% of its peak.

4.4.2 Dataset

Our elve observations were collected using the PIPER high speed photometer [Mar-
shall et al., 2008] at Langmuir Laboratory, New Mexico during the summer of 2013.
The PIPER instrument contains two 16-anode photomultiplier tube (PMT) arrays
oriented orthogonal to one another, allowing the spatial distribution of transient lu-
minous events (TLEs) to be observed. Each PMT is sampled at 25 kHz, fast enough
to temporally resolve the brief (~ 1 ms) elve emissions. An example elve observation
is shown in panels (a) and (b) of Figure 4.11.

During the 2013 lightning season, we observed hundreds of elves from Langmuir
Laboratory. However, we find that the elve hole can only be observed and reliably
measured under a narrow range of conditions. If the elve is too close, then light
from the causative CG may be in the field of view and obscure the hole. On the
other hand, if it is too far away (> 600 km) then the elve will be low on the horizon

and atmospheric scattering and absorption become problematic. In some instances,
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Figure 4.11: Example reconstructed elve emission profile. (a) and (b) show the elve
as seen in the horizontal and vertical PIPER photometers respectively. (¢) shows
the reconstructed emission profile. The overlaid dashed line is the trajectory followed
by a spherically expanding EMP incident on a flat ionosphere at 88km altitude. (d)
shows the time-integrated emission profile. The elve hole radius is taken to be the
radius at which the time-integrated emissions reach % of the peak.

especially after large +CG strokes, the elve is followed by sprites and/or halos which
obscure the elve hole and make emission profile reconstruction difficult. Finally, since
PIPER has a 18° field of view, the center of the elve must be within 9° of the field of
view center in order for the hole to be measurable.

Of the hundreds of elves observed in 2013, 55 had the appropriate viewing condi-
tions to make hole radius measurements possible and were not followed by sprites or
halos. A histogram of the extracted elve hole radii from these observations is shown

in Figure 4.12.
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Figure 4.12: A histogram of hole radii extracted from elves observed during the 2013
field campaign at Langmuir Laboratory.

4.4.3 Return Stroke Speed Estimation

We consider three parameters of the lightning return stroke, under a MTLL propaga-
tion model, which have a significant effect on the elve hole radius — the return stroke

speed, channel length, and the current pulse rise time:

HZ[URS gchan TT]T (49)

These three parameters are swept in the numerical EMP model over a realistic
range of values and the resulting elve hole radii are extracted by computing the
radius at which the Ny 1P emissions reach half of their peak brightness. A typical
exponential ionosphere from [Wait and Spies, 1964] is used with height A’ = 88km
and sharpness § = 0.5. The results of these simulation runs are shown by the colored
curves in Figure 4.13. Each of the curves shows the hole radius as a function of
return stroke speed with different choices of channel length and rise time. It is clear
from these simulations that return stroke speed is the dominant factor in determining
the elve hole radius. The parameter accounting for most of the remaining observed

variation is the channel length, which determines the altitude decay rate for MTLL.
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Elve Hole Radius vs. Return Stroke Speed
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Figure 4.13: The simulated elve hole radius as a function of return stroke speed.
Other lightning parameters were varied, namely the current wave rise time and the
channel length. We see a clear relationship between faster return stroke speeds and
smaller elve hole radii. Most of the remaining variation in the hole radius is due to
the effective length of the channel, as is shown in the colored line plots.

We perform a quadratic fit on these results to produce an analytical model giving an
estimated hole radius for a given set of return stroke parameters, denoted by ry0de1(6)-
Assuming Gaussian errors in the radius measurement from data, the likelihood of

a given radius measurement is normally distributed according to

rmeas‘ga o~N (rmeas - rmodel(e)a 02) (410)

Here, 7meas is the measured radius estimate and o? is the variance of the mea-
surement. Now, using this likelihood function in conjunction with “reasonable” prior
probabilities for the lightning parameters, we use Bayes’ rule to estimate the joint

posterior probability for the three parameters

_ P(Tmeas|0, 7)p(0, o)
fp(rmeasleg U>p<0, U)d@dO’

The marginal distribution for the return stroke speed, given our observed elve hole

(0, 0| meas) (4.11)

radii, is then
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p('URS|/rmeas) = ///p(ea0-|rmeas)d£chand7—rdg (412)

Rather than numerically integrate these four-dimensional integrals, we estimate
the posterior distribution by performing Markov Chain Monte Carlo (MCMC) sam-
pling [Foreman-Mackey et al., 2013]. This approach uses a large number of Markov
chains which take a random walk in model parameter space, providing an estimate
of the underlying density.

As little is experimentally known about the actual distributions of the return
stroke parameters, we assume uniform prior probabilities over reasonable ranges for
the return stroke speed, current rise time, and channel length. This can be thought of
as a non-informative choice of priors which does not bias the resulting model poste-
rior probability. We assume that return stroke speed varies between %c to c. Current
rise-time is assumed to vary between 1us and 7us, a reasonable choice for first return
strokes [Rakov and Uman, 2003]. Channel length is assumed to vary between Skm
and 10km. Finally, o is assumed to be distributed as a Jeffreys prior, p(o) x 1/,
a standard non-informative prior for the variance of Normal distributions [Gelman
et al., 2013]. While estimating the posterior density through MCMC sampling, we
used 200 random walkers, performed 2000 steps, and kept track of the Markov chain
locations after a burn-in period of 1000 steps. Our MCMC sampler had an accep-
tance rate of 0.45 and an autocorrelation time of 61 steps, indicating that it properly

converged and was drawing samples from the posterior distribution.

4.4.4 Results and Discussion

Our estimated posterior distribution of elve-causative lightning parameters is shown
in Figure 4.14. This “corner plot” displays the parameter marginal distributions on
the diagonal and the pairwise joint probabilities on the off-diagonal.

Of particular interest is the panel in the top-left showing the marginal probability
distribution of current return stroke speed. The distribution is sharply peaked with a
maximum a posteriori probability at 0.64c. This speed is faster than the commonly

accepted range of 0.3¢ to 0.5¢ [Rakov and Uman, 1998]. Note that, according to
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our model, there is very low probability that an elve is produced by a return stroke
with vgs < 0.5c. This makes sense given the histogram of radii in Figure 4.13; a
vrs < 0.5¢ implies a hole radius greater than 40 km, of which we observe very few.
The distribution flattens at about 0.75¢ because the elve hole radius becomes less
sensitive to vgrg at high speeds. This is apparent in the flattening of the line plots
in Figure 4.13 as vgrg approaches c. The weak dependence of the elve hole radius
upon channel length and current rise time results in flatter posterior distributions
with peaks that are not as well-defined.

The uncertainty of the return stroke speed estimation in our model is tied to the
width of the marginal posterior distribution. While the distribution has a maximum
at 0.64c, we can say with 95% confidence that the return strokes in our data set
had speeds between 0.52 — 0.94¢. Additionally, we observe that the 16—50—84th
percentiles of our posterior samples are 0.62-0.71-0.88¢ respectively. Given that the
viewing geometry and distance to the causative stroke used in our hole radius es-
timation are fairly accurate, we expect that the most significant source of physical
uncertainty affecting this return stroke speed estimate is actually the effective light-
ning channel length (or alternatively the rate at which current decays with altitude),
as this has an impact on the current moment and EMP radiation pattern.

The faster return stroke speeds estimated by our model lend credence to the
results of [Liang et al., 2014], who predicted a current return stroke speed of 0.84c,
significantly faster than the optical speed. It is important to note that Liang et al.
[2014] only simulated return strokes with initial conditions consistent with those of
subsequent strokes. All elves we have observed are produced by first return strokes,
which may have slower return stroke speeds due to the fact that the initial conditions
of the channel include significantly lower temperature and pressure [Rakov and Uman,
2003, pp. 163-164]. We further note that since elves are used to compute these return
stroke speeds, these speeds may be particular to elve-producing lightning; lightning

that does not produce elves may have a different distribution of return stroke speeds.
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4.5 Conclusions

In this chapter, we have presented two studies in which the properties of elve pro-
ducing lightning are examined. In the first study, PIPER observations are used in
conjunction with NLDN events to build up a dataset of known elve and non-elve
causative return strokes. Features of the resulting sferic waveforms are compared to
determine the salient features that contribute to elve production. A machine learning
classifier is trained and is able to discriminate between elve and non-elve causative
lightning to a high degree of accuracy. In the second study presented, we examine
the geometric features of PIPER elve observations. By comparing these features with
numerical simulations of elves, we are able to estimate a distribution of likely return

stroke speeds. The key results of these studies include:

1. The NLDN reported peak current is a good predictor for elve production.
Strokes with I, = 88 kA have a 50% probability of producing an elve.

2. The elve hole radius is found to have a strong correlation with the return stroke
speed of CG lightning. Faster return stroke speeds produce EMPs with a more

upwardly directed radiation pattern, resulting in smaller holes in the elve center.

3. A Bayesian inference model with MCMC sampling is used to estimate the prob-
ability distribution of return stroke speed, given a dataset of observed elve hole

radii.

4. Elve causative lightning was found to have a maximum posterior probability of
vrs = 0.64c, which is faster than commonly believed and in good agreement

with the gas dynamic modeling results of Liang et al. [2014].
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Figure 4.14: The posterior distribution of return stroke parameters found through
MCMC sampling. This “corner plot” provides a convenient means of visualizing the
multi-dimensional parameter space using only 2 dimensions. The diagonal line plots
show the marginal distributions for the parameters, while the off-diagonal plots show
the joint distribution for each pair of parameters.



Chapter 5

Global Effects of the Lightning
EMP

All of the elves and associated lightning radiation observed and utilized in the anal-
ysis for this thesis were observed above thunderstorms in the western United States
using PIPER photometers and AWESOME VLF/LF receivers in conjunction with
NLDN geolocation data. In this chapter, we extrapolate the patterns and relation-
ships learned from our North American dataset to estimate a global production rate
for elves. Furthermore, using numerical simulations of the EMP-ionosphere interac-
tion, we provide estimates for the amount of energy deposited into the ionosphere by

lightning discharges through collisional heating.

5.1 Global Elve Production Rates

The global production rate of elves, that is the expected geographic distribution
of elves and the number produced per unit time, is not well understood. It is of
particular importance for determining the amount of energy coupled between the
lower troposphere, thunderstorms, into the ionosphere through heating by the return
stroke EMP and injection of wave energy into the magnetosphere. In the following
sections, we review prior studies on global elve production using satellite observations,

and then we introduce our results using ground based measurements.
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5.1.1 Prior Satellite Observations

Elves have been observed many times from Earth orbit, including their first observa-
tion in 1991 onboard the Space Shuttle [Boeck et al., 1992]. In particular, the Imager
of Sprites and Upper Atmospheric Lightning (ISUAL) instrument [Chern et al., 2003],
a scientific payload on the Taiwanese FORMOSAT-2 satellite, observed thousands of
elves (in addition to sprites and jets) over the course of multiple years. Over a three
year period from July 2004 to June 2007, ISUAL observed 5,434 elves, 633 sprites, 657
halos, and 13 gigantic jets, from which global distributions and occurrence rates for
the various TLEs were estimated [Chen et al., 2008]. A map of the elve distribution
and occurrence rates is shown in Figure 5.1a.

There are, however, a number of issues with the ISUAL dataset which may bias its
predicted elve occurrence rate. The FORMOSAT-2 satellite was in a sun-synchronous
orbit with an altitude of 890 km, and the ISUAL payload had a relatively narrow
field of view with an eastward pointing direction. These limitations can be seen in the
coverage and accumulative observation time map shown in Figure 5.1b. Furthermore,
ISUAL had to be powered off during its passage through the South Atlantic Anomaly
(SAA) to prevent radiation damage to the instruments. These factors introduce a
significant observation bias which may affect the global rate estimate.

ISUAL contained three sensors: a CCD camera, a six-channel spectrophotometer,
and a 16-anode photometer array (similar to the one used in PIPER) which provided
light variation at various altitudes. Due to limited on-board data storage and down-
link bandwidth, the instruments could not be operated in a continuous acquisition,
free-running manner. Instead, the spectrophotometer was used to trigger events based
on emissions from lightning and TLEs. The triggering required an empirically-tuned
threshold, so as to correctly save actual TLEs while rejecting false negatives. This
triggering threshold inherently introduces a triggering bias into the dataset: there
may be many dim TLEs that ISUAL did not register as events, hence lowering the
estimated global occurrence rates.

Due to these potential limitations and potential biases, it is desirable to develop
a method for predicting global elve production using only continuous ground-based

observations. A method for doing this is presented in the following section.
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Figure 5.1: (a) The global elve distribution estimated from ISUAL satellite observa-
tions. (b) The accumulative observation time of ISUAL. We notice that the polar
orbit produces significant gaps in coverage. Reproduced from Chen et al. [2008].
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5.1.2 Production Rate Estimated from Ground Observations

In Chapter 4, we compare the properties of elve and non-elve causative lightning
and find that NLDN peak current provides an accurate method for estimating the
probability that a lightning stroke produced an elve. In particular, we train a logistic
model which estimates the probability that an elve was produced given the NLDN

reported peak current of the form

1
1+ eXp(—6’1|[p| — 80)

p(elve | I,) = (5.1)

where I, is the peak current and 6; and 6, are learned model parameters. In this
section, we apply this model to the peak current estimates from another lightning
geolocation network, GLD360.

GLD360 is a global network of VLF receivers maintained by Vaisala, Inc. which
provides accurate global geolocation of CG lightning strokes. The network uses a
combination of time of arrival along with correlation with waveform banks of average
sferics to perform the geolocation [Said et al., 2010]. In addition to location, GLD360
provides an estimate for the return stroke peak current by calibrating the received
VLF peak magnetic fields with NLDN reported peak currents. Using these peak
currents in Equation 5.1 enables us to predict whether a stroke produced an elve,
even if it occurred outside of the NLDN coverage area, and thus determine the global
elve production density.

The procedure we use to estimate the global elve production rate is as follows:

1. Begin with a dataset consisting of one year of GLD360 events.
2. For each event, label it as elve producing with probability p (elve | ).

3. Bin each elve causative event into a two dimensional latitude-longitude his-

togram with 0.5° x 0.5° bin sizes.

4. Normalize each bin by its surface area to obtain units of #/ km? /year.

The resulting distribution of elve production rates is shown in Figure 5.2. We
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estimate that 4658579 elves were produced in 2013, representing 0.82% of all GLD-
recorded lightning events that year. When compared to the empirical elve distribution
from ISUAL observations shown in Figure 5.1, we see remarkable similarities. The
occurrence rates are roughly on the same order of magnitude — the peak production
rates occur at roughly 0.5 per year per km? Additionally, the locations of peak
elve production occur in similar locations in Central America, the Caribbean, and
Southeast Asia. The fact that our statistical model, trained only on events over
North America within NLDN coverage, extrapolates to a global scale and is in such
good agreement with satellite observations provides a good deal of confidence about
the global validity of the model.

EE . ‘ |
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Log, (#/year/km?)

Figure 5.2: The estimated global distribution of elve production estimated using
GLD360 peak currents. The probability that a return stroke with a given peak
current will produce an elve is estimated using PIPER elve observations and NLDN
peak current estimates.
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5.2 Heating of the D-Region by Lightning

The upward propagating portion of the lightning EMP interacts with the ionospheric
plasma, transferring energy through a collisional heating process, also called Joule
heating [Inan et al., 1997]. In this section we perform numerical simulations to esti-
mate the amount of heating due to lightning EMPs and then extrapolate the results

to find the global contribution of elve causative lightning to D-region heating.

5.2.1 Numerical Simulations

To investigate the relationship between the return stroke and D-region heating, we
use the FDTD EMP model from Marshall [2012] to simulate return strokes with a
variety of parameters and to calculate the total heating from each one. The return
stroke parameters that were varied include the peak current I,, the return stroke
speed vgrs, the channel length £u,.,, and the current rise time 7,. These simulations
are performed with IRI ionosphere profiles typical for day and night. Additionally,
the daytime simulations were run three times with the IRI electron density profiles
multiplied by %, 1, and 3 to account for ionospheric variability.

At each time-step, the model computes the time integrated Joule heating J - E in
every grid cell. Once the elve has dissipated, we are left with the spatial distribution of
the total Joule heating associated with the EMP, S(r, h), which is a function of range
r and altitude h. Example heating distributions for both day and night are shown
in Figure 5.3. The total energy transfered to the D-region can then be computed by

integrating vertically and radially

Total Energy = U = 27r/ / S(r,h)rdrdh (5.2)
hiono /0

iono

where hiono is taken to be 60 km during the day and 75 km at night and 7., is the
maximum radial extent of the elve. We start integrating at these higher altitudes so
as to avoid contributions due to the QES field and the lightning channel itself.

Of the return stroke parameters that were varied in these simulations, the peak

current and return stroke speed have the greatest impact on the resulting D-region
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Figure 5.3: The simulated Joule heating of the D-region due to a lightning EMP
during the day (left) and at night (right).

heating. The total energy as a function of these two parameters is shown in Figure 5.4.
Larger peak currents result in greater heating, as intuitively expected. Return stroke
speed plays a significantly smaller role, with faster return stroke speeds resulting in
slightly more heating.

Using the result from Section 4.4 in which we found a maximum a posteriori
probability estimate for return stroke speed of 0.64c for elve causative lightning, we
can extract a horizontal slice through the data in Figure 5.4 at 2/3c to obtain heating
as a function of peak current only. This result is plotted for both day and night in
Figure 5.5 along with quadratic best fit lines. The shaded red region shows the range
in heating as the daytime electron density is varied from IRI/3 to IRIx3, while the
solid red line shows the heating for the unmodified IRI profile. Since this ionospheric
variation leads to only a small variation in the total heating, using the quadratic fit
for the typical IRI daytime profile is sufficient. Using this analytical quadratic fit, we
can now estimate the total Joule heating in the D-region due to a CG return stroke
using only the return stroke peak current.

The question naturally arises as to what fraction of the total energy dissipated
by a lightning stroke gets transfered to the D-region ionosphere through heating.

Quick and Krider [2013] used calibrated optical measurements of the visible and
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Figure 5.4: Simulated D-region Joule heating as a function of peak current and return
stroke speed for day-time and night-time ionospheres.

near-infrared radiation produced by CG lightning to find average optical energies
of 3.6 MJ and 1.2 MJ for first strokes and subsequent strokes respectively. Krider
and Guo [1983] estimated the peak EMP power by assuming a small vertical dipole
channel and then computing the surface integral of the Poynting flux through an

enclosing hemisphere, finding

. AT o Ezg
P = / (E x H) - 4dS = X R2-2 (5.3)
s 3 Mo

where R is range along the ground and E, ~ I,,/3 is the peak electric field at a range
of 100 km. If we approximate the return stroke current as a triangular current pulse,

the width of which is the fall-time 7¢, then the total EMP energy is given by

TrPoea
Ugnp = If* peak (5.4)

2
This total EMP energy is computed for a range of peak currents and is plotted as
the black line in Figure 5.5. As expected, we find that this curve lies slightly above

our D-region heating estimates for both day-time and night-time ionosphere profiles.
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The ratio of the heating energy to the total EMP energy is shown in the right panel
of Figure 5.5. We find this fraction to be approximately constant across the range of
peak currents, with approximately 77% of the EMP energy being dissipated in the
ionosphere during the day and 70% at night. This result suggests that the majority
of the total lightning-radiated energy is actually transfered to the D-region plasma
by the causative lightning stroke.
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Figure 5.5: Left: Simulated D-region Joule heating as a function of peak current. We
find that this follows a simple quadratic relationship. The points show the simulated
heating results for day (red) and night (blue) while the solid lines show the quadratic
best fit. The shaded region shows the range in daytime heating as the electron
density profile is varied from IRI/3 to IRIx3. Right: The fraction of total EMP
energy transfered to the D-region as a function of peak current. We find this to be
relatively constant across peak currents with roughly 77% dissipated in the D-region
during the day and 70% at night.

5.2.2 Global Heating Estimate

Using an approach similar to the one in Section 5.1.2, we can utilize the peak current
estimates from GLD360 to estimate the contribution of lightning EMPs to D-region
heating. Using one year’s worth of GLD360 CG events, we label each stroke as
occurring in either day or night based on whether the sun was visible at D-region
altitudes directly above the lightning. Subsequently, using the peak current and the

quadratic fits shown in Figure 5.5, the amount of energy transfered to the D-region
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plasma is estimated. These heating results are then integrated into latitude-longitude
bins and normalized by area to give units of J/km?/year. In Figure 5.6, we show
the geographic distribution of the EMP-driven heating. Notably, the locations of
the night-time “hot-spots” are highly correlated with the regions of maximum elve
production shown in Figure 5.2, as expected.

Next, we integrate the power density distributions shown in Figure 5.6 over the
surface area of the Earth to obtain the total energy deposition due to lightning EMP-
driven D-region heating. Doing so, we estimate that CG lightning transfers a total
of 61.04 TJ of energy into the D-region ionosphere due to Joule heating each year,
with 39.87 TJ transfered during the day and 21.17 TJ at night. This deposition
corresponds to an average power of 1.94 MW.

By comparison, this estimate of the energy transfer by the lightning EMP is
several orders of magnitude lower than reported auroral energy depositions rates.
Observations using the Ultraviolet Imager on-board the Polar spacecraft showed rates
of auroral energy deposition by the solar wind as low as 1 GW during the night and
varying between 4 and 10 GW during the day, even during times of relatively quiet
solar activity (0 < K, < 1) [Brittnacher et al., 1997].

It should also be noted that the 1.94 MW power estimate only includes the effects
of CG lightning, due to the limitations of the two dimensional numerical model used.
This model is only capable of simulating vertical lightning channels as a result of
the spherical symmetry of the simulation grid. CG lightning has significantly higher
peak currents, and thus more intense EMPs, than IC lightning, but only comprises
approximately 25% of total lightning activity. Hence, the total lightning EMP driven

D-region heating may be higher if the contribution from IC strokes is included.

5.3 Summary

In this chapter, we used statistical models of elve production that were trained using
data from North America and extrapolated the results globally. In particular, peak

current estimates from the GLD360 geolocation network were used to estimate the
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Figure 5.6: Here we show the estimated geographic distribution of one year’s worth
of D-region heating at local day-time (top) and night-time (bottom).
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global elve production rate. Then, using numerical simulations of the lightning-
ionosphere interaction, the total contribution of lightning to D-region heating was

estimated. The key results of these studies include:

1. A statistical model of elve production was applied to GLD360 data to produce
an elve density map which is in good agreement with satellite observations from
ISUAL.

2. Numerical simulations of D-region heating due to lightning EMPs was per-
formed. The total heating is found to follow a quadratic relationship with peak

current.

3. The analytical heating model was applied to one year’s worth of GLD360 events,
and found that lightning transfers approximately 61.04 TJ of energy to the D-

region every year, which corresponds to an average power of 1.94 MW.



Chapter 6

Conclusions and Suggestions for
Future Work

In this work, we present results addressing several outstanding questions pertaining
to elves, the lightning return stroke, and the lightning-ionosphere interaction. Using
simultaneous optical observations from high speed photometers and VLF/LF mag-
netic field measurements, the properties of lightning that control elve production were
examined and peak current alone was found to explain elve production to a high de-
gree of accuracy. Using the geometric features of elves, namely the radius of the hole
in the center, along with numerical simulations of elves, we present a Bayesian model
which predicts the probability distribution of the causative return stroke speeds. A
maximum probability return stroke speed of 0.64c¢ was found. This is the first exper-
imental measurement of the return stroke speed that relates directly to the current
propagation itself, rather than the return stroke optical pulse. We extrapolate the
rate of elve production to a global scale using GLD360 events, finding good agreement
with satellite observations, and use numerical modeling to estimate the contribution

of elve causative lightning to D-region heating.
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6.1 Summary

In Chapter 1, we provide a introduction to lightning, the ionosphere, TLEs, and a brief
overview of prior work in the field. In Chapter 2, we provide a detailed introduction
to the lightning return stroke. This includes descriptions of all of the major return
stroke engineering models as well as gas dynamic models such as the time-domain
fractal lightning (TDFL) model. We provide a derivation that relates the return
stroke current propagation to the radiated electromagnetic field, describe ionospheric
reflections, and provide a brief discussion of sferic propagation in the Earth-ionosphere
waveguide. Finally, we provide information on the VLF /LF reciever instrumentation
that is used to observe lightning data.

In Chapter 3, we provide a detailed introduction to the physics of elves. This
includes a description of ionospheric and atmospheric chemistry, the various collision
processes in the lower ionosphere, and optical excitation rates. Next, we provide
a general description of the geometric features of elves and explain how the faster
than light “expansion” of elves results in the photon delay effect, distorting them
when observed by ground-based instruments. We then give a detailed overview on
the design of the PIPER photometer and how it is used to observe elves. Finally,
we describe the 2013 summer campaign, the data collection methodology, and show
example events and occurrence maps from the dataset.

Chapter 4 uses PIPER and VLF /LF sferic data to examine the detailed properties
of elve causative lightning. We first explain how lightning events are labeled as elve
causative or non-elve causative. We then compare average waveforms from the two
classes of lightning, finding that elve-causative ground waves tend to exhibit a longer
10-90% risetime for a given distance from the receiver. However, when we control
for peak current, sthe differences in the risetimes dissappear. Next we describe how
features are extracted from the sferics and how a logistic regression model is used
to model elve production probability given those features. Doing this, we find that
we are able to classify the events in our dataset with 90.2% accuracy using NLDN
peak current alone. In the second half of Chapter 4, we observe in simulations that

faster return stroke speeds produce elves with smaller hole radii. We then show



CHAPTER 6. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 93

that hole radii can be extracted from PIPER elve observations after reconstructing
a photon emission profile. Finally, we construct a Bayesian inference model and
perform Markov chain Monte Carlo (MCMC) sampling to obtain a likely distribution
of return stroke speeds given the empirical hole radii. In particular, we found a MAP
return stroke speed estimate of 0.64c. This is on the faster end of what’s commonly
accepted in the literature, but agrees well with recent thermodynamics modeling of
the return stroke.

In Chapter 5, we use the logistic regression classifier presented in Chapter 4 to
classify a year’s worth of GLD360 events. This allows us to estimate global elve
occurrence rates based on our PIPER observations, despite the fact that the PIPER
data was collected in North America. Our resulting global occurrence map agrees well
with satellite-based measurements from the ISUAL instrument, providing confidence
that our elve production probability model using peak current is correct. We find
that 0.8% of all lightning located by GLD360 produces elves, amounting to 4.7 x 10°
total elves per year. Next, we perform numerical simulations to find the total Joule
heating in the D-region due to the lightning EMP as a function of peak current.
These results are then applied to the GLD360 dataset to provide a global estimate
for D-region heating. We find that lightning EMPs transfer approximately 120 TJ of

energy into the D-region through collisional heating.

6.2 Suggestions for Future Work

Finally, we present several suggestions for future work:

1. Improved PIPER photometer. A PIPER photometer with a wider field of view,
better horizontal resolution, and faster sampling frequency should be developed.
In our dataset, many elves were only partially visible because they occurred off-
center in the instrument’s field of view. This prevented us from using many of
the elves in the hole radius study. Increasing the field of view and improving
the spatial resolution, e.g. by using a 32-channel photometer rather than the

current 16-channel one, will enable one to capture the full horizontal extent of
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the elve emission and more accurately measure the size of the elve hole radius.
Also, improving the temporal resolution by increasing the sampling frequency
would enable one to better measure the time delay between optical peaks in
elve doublet emissions, perhaps allowing one to validate the hypothesis that

they are produced by CID lightning.

2. Better sferic waveform features. The sferic features used in our analysis in
Chapter 4 were easy to compute, but rather crude. It may be worthwhile to
investigate the use of unsupervised feature learning and deep learning tech-
niques for analyzing and extracting features from VLF/LF waveforms. Deep
convolutional networks have had recent success at automatic speech recognition
[Abdel-hamid et al., 2013] and may also be useful for classifying VLF /LF sferics.

3. Use of more physical return stroke models. Most of the analysis in this thesis
used return stroke engineering models such as MTLL due to their simplicity and
ease of use. However, these engineering models are not very physically realistic.
Using a more physical models, such as the TDFL model, may enable one to
investigate the impact of the geometry, pressure, and temperature of a channel

upon the resulting lightning EMP.
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