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ABSTRACT

Emissions of Light and Very-low frequency perturbations due to Electromagnetic pulse

Sources (elves) are observed by the Pierre Auger Cosmic-Ray Observatory (Auger), located

in Malargüe, Argentina, with the unprecedented acquisition rate of 10MHz. An elve is a ring-

shaped transient luminous event that expands across the base of the ionosphere at 90 km

altitude, above thunderstorms. The elve-observation footprint of the Auger Fluorescence

Detector (FD) is 3 × 106 km2, extending over this region known for the highest lightning-

flash rate in the tallest thunderstorms on Earth. Northern Argentina has also be identified

as one of the only landmasses struck by lightning superbolts, which radiate more than 1MJ

in the form of an electromagnetic pulse.

In this dissertation, I first provide background on thunderstorm electrification, lightning

processes, and transient luminous events. Second, I present phenomenological properties that

I reconstruct directly from the elve data of the Auger FD. I report the first observation of an

elve with a complex light spectrum and an elve with a record radial extent of 1000 km. I also

reconstruct the lowest altitude intra-cloud lightning stroke ever reported from the observation

of elves, 7 km. Third, I detail the end-to-end simulation and perform sensitivity studies of

the simulation of the photon surface density of elves to various lightning properties. I employ

the elve simulation to estimate the sensitivity of the Auger FD to the altitude of lightning

strokes. Fourth, I compare the simulation directly to two well characterized elves acquired by

the Auger FD to assess the validity of the end-to-end simulation. The detailed comparison of

well calibrated data and elaborate simulation will guide future improvements in the current

models used to describe elves. From the simulation, I parametrize a relationship between

lightning peak current and elve maximum brightness to reconstruct the lightning current

of the Auger elve-inducing lightning strokes. Finally, I summarize the major results of this

work and how they benefit the field of atmospheric electricity physics.
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CHAPTER 1

BACKGROUND

Convective thunderstorms are becoming more frequent and severe as the global tempera-

ture rises [1–6]. Their destructiveness, through hail, tornadoes, flood-related precipitations,

and lightning, is expected to worsen: worldwide societal impact ranges from public safety

to extensive damage-repair costs [7]. To anticipate this rising threat, the severe convective

thunderstorm systems in the Northeast of Argentina can be used as a proxy to study the

storms of the future [8, 9]. The highest flash rate of the most intense lightning in the tallest

thunderstorms on Earth has been observed by NASA’s Tropical Rainfall Measuring Mis-

sion (TRMM) satellite above the Córdoba region (Figure 1.1). Furthermore, in 2018, the

RELAMPAGO campaign focused on this region, with the goal of improving weather and

climate prediction across the whole planet [10].

The analysis of state-of-the-art lightning-related data, acquired in this region of interest,

is proposed as a way to contribute to the science of storm electrification, charge distri-

bution, and high-energy lightning, in some of the most electric storms on Earth. In this

context, Emission of Light and Very Low Frequency perturbations due to Electromagnetic

Pulse Sources, or elve(s), are Transient Luminous Events (TLEs) created at the base of the

ionosphere, above strong lightning strokes typical in severe convective thunderstorms [11].

The Electromagnetic Pulse (EMP), emitted from lightning during the return stroke process,

excites the plasma in the E-region of the ionosphere and induces fluorescence [12–14]. With

the observation of elves in the UV, we can probe inside the thunderstorm and recover light-

ning properties that are critical to the understanding of convective thunderstorms. Modern

fluorescence-detector technology of the Pierre Auger Observatory has been used to record

the internal structure of elves with unprecedented precision, enabling a new method to probe

lightning phenomena hidden in the deepness of Argentinian thunderstorms. In September
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Figure 1.1: Figure from Zipser et al., 2006, motivating lightning research in Argentina.
Top Panel: the mean cloud height obtained from the data of the TRMM satellite.
Bottom Panel: selection of the tallest storms and the 1% of the lightning strokes with
the most energy. The bright spot on the bottom left is in the field of view (FoV) of the
Pierre Auger Observatory.

2019, the first global map of the most energetic lightning strokes [15], dubbed superbolts,

was published using the data from the World Wide Lightning Location Network (Figure 1.2).

This paper flags Northern Argentina as the only place on Earth with a high density of super-

bolts over land. Where there are superbolts, there are super elves. A reconstruction of the

light emission of elves and super elves provides an opportunity to recover fundamental prop-

erties of the elve-inducing lightning (altitude, position, current profile, ...) and additional

information such as the height of the ionosphere.

As Boeck et al. first demonstrated, elves are visible from space [16–18]. New technology

has potential to advance the field of atmospheric electricity physics. TLE research has

captured interest across the world. In 2018, the European Space Agency (ESA) installed the

ASIM TLE instrument [19] aboard the ISS. This year, the French Space Agency (CNES) is

launching the TARANIS satellite [20] specific to TLE observation. Furthermore, the Mini-

EUSO module [21] of the JEM-EUSO collaboration, an experimental design for cosmic-ray

detection from space, was installed on the ISS at the end of last year. Mini-EUSO observes

UV fluorescence signatures, and the collaboration has internally reported on the observation
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Figure 1.2: Figure from Holzworth et al., 2019, also motivating lightning research in
Argentina. The selection of superbolts is based on strokes with more than 1 million
Joule in their radiated field. Most of these strokes occur over the ocean, but there exists
one place where land is dominantly struck: Northern Argentina and Chile, which we
partly see in the FoV of the Pierre Auger Observatory. Where there are superbolts,
there are super elves: gigantic and very luminous.

of elves. The Pierre Auger Cosmic-Ray Observatory (Auger) [22], located on the ground,

has state-of-the-art UV-fluorescence detectors that have recorded the signal of elves with

unparalleled time resolution.

Prior to Auger, in 2008, the PIPER instrument, also located on the ground, recorded elves

with two peaks in its photo-traces with a time resolution of 40µs [23](left panel of Figure 1.3).

The first observation of an elve doublet was done 10 years earlier with the time resolution

of 16µs of the Fly’s Eye photometric array, in Utah [24]. Due to the time resolution of

these experiments, the time separation between the photo-peaks in these elve doublets was

explained by EMPs from Compact Intra-cloud Discharges (CIDs), happening at relatively

high altitude for clouds (15-20 km) [25, 26]. For reference, cloud-to-ground and intra-cloud

strokes are the most well known.

4



Figure 1.3: Left panel: simulated elve caused by IC lightning, as seen by one of the
arrays in the PIPER detector and the associated trace (40µs resolution) [34]. Middle
panel: signal of a real elve as seen by three pixels of the Auger FD (2µs binning) [28].
Right panel: The 10µs integration of the same elve as seen by the FD camera.

As it turns out, the Auger Fluorescence Detector (FD) [27], located in the Mendoza

province of Argentina, has been observing elves since 2005 and will continue observations

until 2030. Its observation footprint for elves of 3 · 106 km2 overlaps the Córdoba region

of interest. With its 100 ns time resolution, the Auger FD has reported on the first elve

with three peaks in its photo-traces [28] (right panel of Figure 1.3). The Auger FD is

the only year-around, ground-based detector available for the study of the most extreme

lightning on Earth through the acquisition of elves. The creation of elve multiplets by

multiple lightning EMPs may have a few explanations. These explanations include pulses

from the Initial Breakdown (IB) process [29], or Energetic Intra-cloud Pulses (EIPs), which

are believed to be responsible for Terrestrial Gamma-ray Flashes (TGFs) observed by the

NASA Fermi Satellite [30–32]. To characterize the dim light of cosmic-ray air showers, the

FD goes through extensive calibration procedures. This calibration is used to measure the

total photon count radiated from the elves and to ultimately reconstruct the peak current of

the lightning stroke. Lightning models [33] and elve simulations [34–36] have not previously

been tested with such precision at all lightning energy regimes. With Auger data consisting

of elves from the most extreme lightning on Earth, the full range in energy of elve-inducing

lightning can be probed to test the validity of these models.
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1.1 Basics of lightning theory

The field of atmospheric electricity dates back to the 18th century, with Benjamin

Franklin being one of the first to relate electrical discharges observed in the lab to ob-

servations of lightning experiments [37]. Since then, atmospheric electricity physics has been

extensively studied and reported in the book called Lightning Physics and Effects (Rakov

and Uman, 2003), which I extensively relied on throughout my thesis [38]. Some of the

current topics in the atmospheric-electricity community include the production mechanisms

behind Terrestrial Gamma Ray Flashes (TGFs), the lightning initial breakdown process of

lightning strokes, and the characterization of the electrification process of convective thun-

derstorms. Other active research tackles the attachment process of the leader tips, improve

the measurements of the current profiles in the lightning return stroke, and attempts to

experimentally identify the seeding mechanisms of lightning strokes. This research is doable

today, because the significant improvements in detector technology and analysis techniques

in the last 40 years. As an example, lightning mapping arrays are able to record minute

electromagnetic field variations in many antennas and map the propagation of the charges

in the leader with a spatial precision better than 10m (A lightning channel is 2-10 km long).

Another example, is the research described in this document, the Auger Observatory can

record the faint UV light from elves, with a fine time resolution, to extrapolate the current

profiles in the return stroke process and reconstruct the altitude of lightning stroke, which

will infer information about the charge distribution in the thunderstorm. Lightning strokes

occur in the later stages of cloud electrification in which the convection within the clouds

redistributes charges in layers at different altitudes, each with total charge accumulating to

tens of Coulombs. To address these topics in detail, I first review the sequential steps of the

lightning process: from the creation of the storm to the occurrence of TLEs.
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1.1.1 Introducing the process of thundercloud electrification

A commonly asked question is “why is there no lightning in snow storms?” As it turns

out, most snow storms are not a result of convective storm systems. Without convection to

transport charged material, there is not enough charge buildup in the snow storm to initiate

a discharge. A convective thunderstorm system, or cell, is typically formed by the upward

motion of hot air from plains, passing through the cold air of a mountain range. Some

winter storms are created by cold air, from currents up-high in the atmosphere travelling

from Northern colder regions, falling through warmer air (e.g. winter storms in Japan caused

by Siberian air currents).

Two theorized mechanisms exist to describe the electrification process of clouds: the

convection mechanism and the graupel-ice collision mechanism. As a consensus on the

correct mechanism is not yet reached, a goal of the 2018 RELAMPAGO campaign was to

use a network of fixed and mobile radars to study the development process of thunderstorms.

Once the few charged layers are formed, a quasi-static electric field will surround the storm.

This field extends to distances reaching the ionosphere at 90 km. Using a classic tripole

approximation for the charge distribution in the cloud, and a charge accumulation of up to

40C at each layer, the peak electric field at ground is estimated to be 5 kV/m. With balloon

and aircraft measurements, the maximum electric field recorded in thunderclouds is between

0.1 and 0.3MV/m [38, p. 83]. These values fall below the breakdown threshold of dry air, at

sea level, of 2.6MV/m, and at 6 km altitude, of 1.6MV/m. In the presence of precipitation,

the conductivity of air increases and the breakdown threshold decreases. Two processes exist

as a way to provide the additional energy necessary to bridge the gap between the breakdown

threshold of air and the maximum electric field in thunderclouds: the hydro-meteor-initiated

positive streamer system and cosmic ray-initiated runaway breakdown mechanism. The

hydro-meteor process is the most popular.
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Figure 1.4: Figure from Rakov and Uman, 2003. The sequence of events in the lightning
stroke process. Enough charge is building up in the convective thunderstorm to allow for
possible discharges. The 60µs long process to the second return stroke consists of many
energetic events that could create EMPs.

1.1.2 Detailing the processes in a lightning stroke

The textbook explanation of the lightning discharge process for a cloud-to-ground (CG)

stroke is outlined below and depicted in Figure 1.4 [38, p. 100].
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• The Initial Breakdown (IB) process leads the motion of the stepped leader by locally

redistributing the charges in a layer, often occurring in fast pulses separated by tens of

microseconds, which form current variation strong enough for the creation of EMPs.

Electric field variations are observed for a duration exceeding 100ms before the first

return stroke.

• The Stepped Leader (SB) propagates the charges of one layer towards the oppositely

charged layer, a few kilometers away. The bulk of the charges is at the leader tip and

not along the trailing channel, and the path to the other layer is defined by local air

density and temperature, creating steps at each potential bifurcation along the path.

The time of propagation of SBs is around tens of milliseconds.

• The Attachment Process (AP) happens when the charges in the leader tip meet with a

charged layer or with another leader tip (of opposite charge) propagating in the opposite

direction. What happens at the attachment is not understood. It is hypothesized that

the potential difference between two leader tips (or a leader tip and charged layer)

could be at the source of TGFs. The process is not well studied. The duration of the

attachment is estimated to be within a few microseconds.

• The first Return Stroke (RS) happens less than 10µs after the AP. It is the most

studied process in atmospheric electricity physics as it is very energetic and measurable

in a wide range of electromagnetic frequencies. The charges deposited along the channel

and at the attachment point flow at speeds close to the speed of light to the opposing

charge layer, reaching peak current (I0) values as high as 300 kA for positive CG

lightning, in less than 30µs. We assume elves are created at this stage of the lightning

process.

• The Dart Leader (DL) precedes Subsequent Return Strokes (SRS), and in a few mil-

liseconds, a bulk of charges is carried back from the discharge origin to the opposite
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layer, through the path of less resistance created in the trunk of the SL. Hence, no

bifurcations are observed and the currents in the SRSs are only a fraction of the RSs.

• The Continuing Current (Ic) is a low-level current contributing to the discharge of the

cloud lasting longer than 40ms. Long (100ms) and intense currents are known for

so-called “hot-lightning” strokes, with enough resistance to set trees on fires. “Cold-

lightning” strokes, with Ic ≈ 0, would stroke trees down but not last long enough to

cause a forest fire.

• The J- and K- processes that occur between strokes are small readjustments of charge

within the cloud, preceding DLs by initiating the motion of charges down the lightning

channel. The time interval between recorded electric fields caused by these processes

is less than tens of microseconds.

To summarize, the typical duration of a lightning flash is almost 300 milliseconds. How-

ever, as atmospheric electricity has an extensive history, the phenomenon is now broken

down in many steps observable in all lightning flashes.

Positive or negative charges can travel through the lightning channel. Lightning flashes

can occur within the cloud (IC), from the cloud to the ground (CG), between clouds, or even

from the cloud to the air. Four types of charge transfer exist in lighting strokes: downward

negative, downward positive, upward negative and upward positive. Downward negative

flashes account for more than 90% of global CG lightning and the remaining discharges are

downward positive [38, p. 4]. Some lightning leaders are initiated from tall objects (100

m) and move from the ground to the cloud. The variety of lightning suggests numerous

lightning types that should be distinguishable.

In electromagnetic (EM) theory, the analytical solution for the far-field EM radiation

created from the RS will differ if the lightning is CG or IC. At the length scale of a lightning

stroke, the ground is assumed to be a perfect conductor. When solving for the fields emitted

by a CG stroke, we start from a channel of current in contact with the perfect conductor,
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dubbed the source dipole. A second Hertzian dipole is created from the image of the source

dipole. The resulting far-field radiation emitted from those dipoles is referred to as an EM

pulse (EMP). The far-field radiation is a superposition of the two EMPs emitted by the

dipoles. As the two dipoles are close to one another, the far-field radiation is effectively one

EMP radiating away from the stroke. However, when the separation between the source

dipole and its image is increased, as in the case of IC strokes above 5 km altitudes, the two

EMPs do not arrive at the same time at a point in space above the ground. An observer

at that location experiences two EMPs delayed by a time related to the separation between

the two dipoles. In other words, the EMP of the image dipole is the ground reflection of

the EMP of the source dipole. Because the EMP and its reflection arrive at the base of the

ionosphere at different times, the elve associated to the IC stroke has two light pulses visible

by the Auger FD.

A diagram of the normal charge distribution within a cloud is presented in the left panel

of Figure 1.5. As studied in this thesis, the maximum height of clouds is around 18 km. In a

normal charge distribution, the lowest charge layer is negative, the middle layer is positive,

and the screening layer at the top is negative. The screening layer is created from the

attraction of ambient negative charges above the cloud to the positive main charge layer.

The ground is induced with positive charges under the storm, and negative charges outside

the footprint of the storm. Downward negative CG strokes originate from the lowest charge

layer and hit the ground under the storm (believed to be 90% of stroke occurrences on Earth),

while downward positive CG strokes originate from the middle layer and hit the ground

outside the footprint of the storm (believed to be the remaining 10% of stroke occurrences

on Earth). However, in parts of the world where the humidity in thunderstorms is higher

than in normal storms, the charge distribution may be inverted. The charge distribution in

a cloud may be inferred from the polarity associated to the current and the altitude of the

stroke. As demonstrated at the end of Chapter 2, from elves observed by the Auger FD, I can

reconstruct the altitude of the stroke, and from a coincidence with a ground-based lightning
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detection network, I can obtain the current polarity. The current polarity of IC strokes at a

given altitude can be used to infer what charge distribution is in the cloud. However, from

the current polarity of CG strokes, it is harder to infer the charge distribution of the cloud.

A positive CG stroke may occur in both distributions.

Any discharges in the cloud are referred to as IC. The type of discharge depends on its

location in the cloud. If the discharge occurs between the two main layers, then the created

EMP is from an IC stroke. A high-energy IC stroke is referred to as an Energetic Intra-

cloud Pulse (EIP) [31], and may create Terrestrial Gamma-ray Flashes. If the discharge

occurs between the middle layer and the screening layer, then the created EMP may be

from a Compact Intra-cloud Discharge (CID), also called narrow bipolar pulses [39]. If the

discharge happens within a layer, then the EMP is created from IB processes or J- and K-

processes. This discussion is summarized in the right panel of Figure 1.5.

Due to the intensity of electromagnetic fields created at numerous steps in the lightning

flash, and due to the quasi-static field surrounding the thunderstorm, the atmosphere is prone

to the emission of light from breakdown or excitation. The ensuing TLEs are phenomena

that we can use as indirect observation of small-scale behavior in the lightning stroke (e.g.

observation of elves to obtain the peak current of the return stroke).

1.2 Transient luminous events

Since the taxonomy of lightning is complex, the taxonomy of the resulting TLEs is also

complex. TLEs were previously predicted but not officially recorded until the early 1990s.

For example, in 1925, Wilson pioneered the prediction of effects from the strong electric

fields of thunderstorms and quantified the acceleration mechanisms of particles in a very

thin atmosphere present above convective thunderstorm systems [40]. Wilson explained that

the strength of electrostatic fields around a thunderstorm may be sufficient to spark the

upper mesosphere; he was referring to sprites: low-luminosity transient discharges associ-

ated with CG lightning. These large TLEs are brightest from 40 to 80 km altitude, and

occur tens of milliseconds after lightning strokes. Sprites have sometimes been preceded by
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Figure 1.5: Left panel: figure adapted from the spring 2015 lecture on cloud electrification
of www.atmo.arizona.edu to visualize the charge distribution in a cloud. The temperature
of the air at various altitudes is presented in Celsius. Right panel: diagram summarizing
the charge distribution in a storm and the polarity of currents between charge layers. The
typical amount of charge in Coulomb is provided at various altitudes. The downward positive
lightning from the high-altitude main charge layer directly to the ground (not shown here)
is also a common type of lightning in storms with normal charge distribution.

halos [41], another type of TLE that extends radially to at most 100 km. Elves are caused

by the interaction of the lightning EMP with the base of the ionosphere at 90 km. They

are described extensively in Section 1.2.1. At lower altitudes in the atmosphere, just above

the thunderstorms, TLEs such as blue starters and blue jets, also called gnomes, have been

observed with a vertical upward propagation. These TLEs are not correlated to the occur-

rence of lightning strokes. Few theories exist for the creation of blue jets, and their study is

an active research topic. The study of highly energetic radiation such as X-rays and γ-rays

is a main focus of the atmospheric electricity community. Looking down on the Earth, the

Fermi satellite has observed upward-going TGFs associated with lightning strokes [30]. The

Telescope Array Project studying cosmic rays has recorded downward-going TGFs, also in

coincidence with lightning [42]. The Pierre Auger Collaboration has been using the Surface

Detector (SD) to investigate signals of a particle flux shown to originate close to the ground
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Figure 1.6: The different types of transient luminous events, at various altitudes. The TGF
is added to the set as to not forget the fluorescence predicted by Xu et al. [32]. Adapted
from work of Frankie Lucena.

and in association with lightning strokes [43, 44].

The TLEs that have been previously observed are illustrated in Figure 1.6. As this is

an active research field, new TLEs are still being theorized. In 2017, Xu et al. predicted

that highly energetic TGFs would have the potential for pair-production and Compton-

scattering [32]. The resulting charged particles could collide with the molecules in the at-

mosphere and induce a detectable fluorescence signature, one that Auger could potentially

observe.

1.2.1 Elaborating on the creation of elves in the context of Auger observations

In 1996, Fukunishi et al. made the first ground observation of elves and named them

after a long acronym, Emissions of Light and VLF perturbation due to EM pulse Sources.
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The EMP that creates an elve is produced by a sharp current variation at some point in the

lightning stroke process. Typically, the sharpest current variation occurs at the beginning

of the return stroke process, when all the charges deposited along the channel during the

stepped leader redistribute to neutralize the charges left behind in the stepped leader [45].

The return stroke process of CG generates a dipole-shaped EMP. In the case of IC strokes,

two EMPs are created. As the UV fluorescence atomic process lasts about 40 ns [46], the

nitrogen in the ionosphere excited by the electrons that are accelerated by the primary EMP

will already have emitted photons before the passage of the secondary EMP. Hence, IC

lightning will create elves with two peaks in the photo-traces of a UV camera [34]. The

timing separation will be correlated to the altitude of the lightning stroke. A higher altitude

IC stroke induces elves with larger time separation.

Additionally, sharp current variations that happen in the cloud have been correlated to

the initial breakdown process of lightning [29, 39]. These rapid variations sometimes occur

within tens of microseconds and could potentially be strong enough to induce multiple elves.

More recently, some return strokes have been simulated with such short current decay time

that a second EMP follows the one created during the rise to the peak current of the lightning

stroke [31]. The experimental observations of elves are listed at the end of this section and

the existing simulation(s) will be discussed in Chapter 3.

1.3 The Pierre Auger Observatory and the detection of elves

The Pierre Auger Cosmic-Ray Observatory (Auger) [22] is a hybrid detector located in

Malargüe, Argentina, on the eastern border of the Andes. The Surface Detector (SD) [47] and

the Fluorescence Detector (FD) [48] use two different techniques to reconstruct fundamental

information about cosmic rays (Figure 1.7). The SD records the particle flux from the

wave-front of Extensive Air Showers (EAS) at the ground, while the FD records the UV

fluorescence in the air created by the collisions of electrons in the wave-front of the EAS

with the nitrogen in the atmosphere. The SD is made of 1600 water Cherenkov tanks,

separated on a triangular grid by 1.5 km to form an array of 3000 km2 (left panel Figure 2.6).
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Figure 1.7: Left panel: a diagram of a telescope of the Fluorescence Detector. Right panel:
a diagram of a station of the Surface Detector.

Overlooking the array are the four sites of the FD (1: Los Leones, 2: Los Morados, 3: Loma

Amarilla, 4: Coihueco), each with six telescopes. Each telescope has a camera with 440

photo-multiplier tubes (PMT) that trigger independently on photons entering through a

2.2-m diameter aperture. The PMTs are digitized at 10MHz (100 ns), and a 100µs readout

window, or “page,” is saved for each cosmic-ray event. To accommodate the longer duration

of signals from elves, the triggering algorithms were altered to save multiple pages on disk.

In 2013, one page per event was saved. From 2014 through 2016, up to three pages were

saved. Since 2017, up to nine pages, or 900µs are saved for each elve events.

The FD was not designed to acquire such long signals. The structure of the elve signal

propagating across the telescope camera is illustrated with the time of the maximum photon

count in each trace, in the bottom of panel B of Figure 1.9. The photo-traces of a cosmic-ray

event last about 1µs. In contrast, the width of the photo-traces in an elve event vary from

5µs in width to less than 100µs for very late signal. A typical cosmic ray will travel across

the FoV of the detector in less than 10µs (see panel A of Figure 1.9), while the signal of an

elve will still be bright well after 200µs. The signal comparison between elves and cosmic

rays in the FD has been addressed in my proceeding for the 2018 UHECR conference [44].
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Figure 1.8: Left panel: a map of the footprint of Auger, near Malargüe, Argentina. Both
the SD and the FD are drawn. Right panel: the cumulative count of various elves observed
at Auger during three years of data.

The proceeding also touches on the signal difference between cosmic-ray signal and lightning-

related signal in the SD.

Auger views elves from the side and this geometry leads to a time development of signal

observed in the camera that is counterintuitive. Due to the complex geometry associated to

elves, their signal expands down and across the camera. The shortest and also the fastest

path between the lightning stroke, the base of the ionosphere, and the FD is a symmetric

geometry, with the intersection point in the ionosphere midway between the detector and

the lightning. Hence, knowing that the EMP travels at the speed of light, c, that the UV

fluorescence process lasts about 40 ns, and that the UV photons will also travel at c, we

expect the first light at the detector to arrive from this halfway point. Hence, the first light

in the detector is not the first light emitted by the elve, which is right above the lightning

stroke. The longer readout window gives time for photons arriving from the part of the elve

propagating away the detector, to reach the detector.

Due to the very high sensitivity of the FD to faint UV light, the elve-inducing lightning

stroke must happen below the horizon, which is also below the FoV of the detector (bottom
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Figure 1.9: Top panel: a diagram of the FD telescope with its 3.6m diameter mirror at the
Pierre Auger Observatory. The FD, optimized for the detection of cosmic rays up to 30 km,
also turns out to be sensitive to elve signatures that are 1000 km away. The axes of lowest
pixels have an elevation angle of 1.5◦ while the axes of highest pixels have elevation angles
of 30◦. Bottom left panel (panel A): the time signature of a cosmic-ray shower propagating
from top to bottom. Bottom right panel (panel B): the first 200µs of the propagation of an
elve across an FD telescope camera field of view, showing the one side of the elves expanding
towards the detector.

panel of Figure 1.10). The horizon shields the FD from the bright flash of the lightning.

The 30◦ × 30◦ FoV of a telescope in azimuth and elevation is large enough to encompass

the portion of the atmosphere between the top of a convective thunderstorm cloud (<20 km)

and the ionosphere. A lot of lightning-related phenomena happen in this region. The FD

may also observe UV light from sprites or even the UV fluorescence from TGFs.
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Figure 1.10: Top left panel: a convective thunderstorm cell formed during an austral summer
afternoon and drifting over the Laguna de Llancanelo, south-east of Los Leones. After dusk
and once below the horizon, this thunderstorm will be a candidate cell for the creation of
elves that are visible at night by another FD site facing the storm such as Loma Amarilla.
Top right panel: a photo of the interior of an FD telescope, with the mirror, the camera
and the entrance pupil, the latter being covered with an optical filter that transmits UV
light. Bottom panel: an FD site with the telescope apertures open during a clear night. The
Milky Way, the Magellanic Clouds, the atmospheric airglow (green light), and the city lights
(orange lights) are all visible in the background of this long-exposure photo. The FoV of two
adjacent telescope and an elve as seen by an observer on the ground (purple diagram) are
drawn almost to scale. The hole at the center of the elve is above the thunderstorm located
below the horizon, and the back of the elve (below the FoV) is too far to see through the
thick atmosphere. Photo Credit: The Pierre Auger Observatory
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As a conclusion to this chapter, in the next section, I present Table 1.1 with all the

experiments that observed elves, or that will observe elves. The time resolution of the Auger

FD is the finest, the data acquisition period of Auger is the longest, and the observational

footprint is the largest.
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1.4 Other experimental observations of elves.

Table 1.1: Non-exhaustive list of past, present, and future experiments that may detect elves or that are specifically made to
detect elve.

Experiment Location Time Resolution Aperture Size FOV Resolution Wavelength DAQ Period

Discovery Shuttle [16] Space 360 - 720 nm 10/1990

Fly’s Eye [13, 24] Ground - USA 16 µs 2.2◦ × 1.1◦ 9 PMTs 185-800 nm

Fukunishi with CCD [11]
2 CCD

PMT
Ground - USA

17 ms 46◦ × 46◦
06/1996 - 08/1996

15 µs 1.0◦ × 9.5◦ 4 PMTs 400 - 880 nm

ISUAL on FERMOSAT [17, 18, 49]

Imager

SP

AP

Space

14 ms 20◦ × 5◦ 512 x 160 pixels 623 - 750 nm

05/2004 - 08/201610 kHz (100 µs) 20◦ × 5◦ 1 pmt 337 nm / 391.4 nm

2 - 20 kHz (500 - 5 µs) 20◦ × 3.6◦ 1 pmt x 16 anodes 370 - 450 nm / 530 - 650 nm

van der Velde with CCD [50] Ground - Spain 20 ms π(0.03)2 m2 31◦ × 31◦ 811 x 508 pixels 06/2008 - 02/2016

PIPER [51] Ground - USA 25000 fps (40 µs) 18◦ × 18◦ 16 x 16 pixels 300-450 nm

JEM-GLIMS [52] [53] [54] Space 11/2012 - 08/2015

Auger FD [27] Ground - Argentina 100 ns π(1.1)2 m2 30◦ × 30◦ 24 Telescopes x 22 x 20 pixels 300-420 nm 03/2013 - Present

TUS [55] Space 0.8 µs 2.0 m2 ±4.5◦ ×±4.5◦ 16 x 16 pixels 08/2016 - 11/2016

Mini-EUSO [21] Space 2.5 µs π(0.3)2 m2 44◦ × 44◦ 48 x 48 pixels 300 - 400 nm 08/2018 -

K-EUSO [56] [57] Space 2.5 µs 10 m2 15◦ × 15◦ 52 PDM x 48 x 48 pixels 300 - 400 nm 2022 -

ASIM [19, 58]
6 CCDs

6 PMTs
Space

65 ms 20(80)◦ × 20(80)◦ 1024 x 1024 pixels 337, 391, 650-740, 762, ... nm
2018 -

100 kHz 20(80)◦ × 20(80)◦ 1 PMT 337, 391, 650-740, 237, ... nm

TARANIS [59]
2 CCD

PMT
Space

30 fps (33 ms)
2020 -
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CHAPTER 2

DATA: THE RECONSTRUCTION OF THE ELVES AT AUGER AND COINCIDENCES

WITH OTHER EXPERIMENTS

In this chapter, I describe the features of the elve data acquired by the Auger FD, how

that data is reconstructed to obtain the light emission profile at the base of the ionosphere,

and how it is paired with observations from other instruments to paint the most complete

picture possible of the phenomena. Each camera of the Auger FD has 440 PMTs with raw

data stored as traces of analog-to-digital converter (ADC) counts, digitized every 100 ns. As

the data from an elve requires a longer data-acquisition window than the data of a cosmic

ray, the traces are saved on disk in multiple pages of 100mus. As post-processing to the

analysis of the data, all pages of a trace are glued together using the 28-mus pedestal of the

first page. All traces of ADC counts are re-binned to 2-mus to reduce noise and then, they

are converted to the number of photons at the aperture using calibration factors specific

to each pixel. The conversion is around 5 photons per ADC counts. The resulting traces

are presented in Figure 2.1. From the photon count at the aperture, I can reconstruct the

number of emitted photons at the base of the ionosphere, taking into account the attenuation

of the atmosphere, the geometric acceptance of the detector, and the time structure of the

signal. The profile of the light emission at the base of the ionosphere provides the following

fundamental information about the elve:

• the location of the lightning stroke in geodetic location and time, using the timing of

individual traces;

• the surface photon density (SPD) in photons/km2;

• the maximum intensity in Rayleigh, defined as a column emission rate of 1010 photons

per square meter per column per second;
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• the minimum intensity also in Rayleigh;

• the distance of both the maximum and minimum brightness with respect to the center

of the elve;

• the attenuation profile of the light emission between these two points;

• the size of the hole at the center of the elve using the left half-maximum of the SD

profile;

• and the height of the lightning stroke, if there are two peaks in the photo-traces.

To understand how these features are dependent on the physics of the lightning stroke and

storms themselves, I performed coincidences with external experiments. The trends in these

correlations are features specific to Argentinian storms, though it is important to note that

the information they provide will significantly impact the community’s understanding of the

return stroke process, the lightning initiation processes, and the charge distribution within

clouds, at a global level. In addition, the external correlations also benefit our understanding

of the detection efficiency of the Auger FD at detecting TLEs. So far, the publications that

came out of this doctoral work are on the results of these correlations and on details of the

light emission of elves, as observed by the Auger FD. This chapter is an extensive summary

of those publications, with additional unpublished analysis.

2.1 Investigation of the elve dataset of Auger

The Auger Observatory recorded its first elve in 2005, two years before the last FD site

(Loma Amarilla) started operations. Two more events were observed in 2007, while searching

for exotic candidates in pre-scale data. Random data that passed the second level trigger

(SLT) is saved to disk for various diagnostic uses. An extensive search later identified 58

events in the 2007-2011 period [60, 61].

In 2013, the collaboration implemented a third level trigger (TLT) dedicated to the

acquisition of elves. An algorithm searches the events for a radially expanding light front
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around the first triggered pixel. Pulse start times of the pixels adjoining the first pixel are

required to grow monotonically. The algorithm also requires at least three of these adjoining

pixels to contribute to the observation of the radially expanding light. In 2014, the TLT was

modified to acquire up to 300µs of signal. And in 2017, it was increased to 900µs12. These

changes were made to record the far part of the elve propagating away from the Auger

Observatory. These longer acquisition windows provide the possibility to record different

types of TLEs, for example, sprites and halos that happen in the center of the elve in the

mesosphere. Light from such TLEs would arrive at the FD a few hundred microseconds after

the first light from elves. Additional improvements to the TLT were done in January 2019

to improve the selection of elves that were captured on the edge of the cameras, and improve

the detection of large events that cover two adjacent telescopes.

Elves are labeled as mono (detected at one site), stereo (detected at two sites), or triplet

(detected at three sites). For pairing, I require that the same event was observed at all

participating sites within 200µs. Some events may happen in the same second, but they

are assumed to be two different elves if they are separated by more than 1ms. All numbers

presented hereafter are for individual elve flashes and not individual elve detections, i.e.

a triple counts as one elve flash. Unfortunately, the multiplicity of the observations is a

resource not used in this dissertation, although it does provide a confirmation. As a reference,

the published dataset of the 2014-2016 period consists of 2311 elve candidates, including

1864 mono, 396 stereo, and 51 triplet. The ratio of these numbers was used to assess the

detection inefficiencies of the Auger FD. With the trigger algorithms prior to January 2019,

the detection efficiency of one independent FD site was 35%, we suspect the inefficiency is

due to triggering on the direct light of lightning flashes or on the obstruction of light from

elves by clouds.
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Figure 2.1: Example of three different elve events as observed by selected telescopes of the
Auger FD. Panel A: Some 300µs-long traces of a typical single-peaked elve observed in the
FD at Los Leones, on February 2nd, 2014 at 05:12:22 UTC. Panel B: I selected 10µs of signal
captured by the camera to show the arc shape of the elve. Panel C and D: selected traces
and a 10µs snapshot of a double-peaked event seen in Coihueco, on January 17th, 2016 at
04:52:31 UTC. Panel E and F: 200µs-long traces and a 10µs snapshot of a multi-peaked
event seen in Los Leones, on March 4th, 2016 at 05:32:39 UTC.
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2.1.1 Scanning the dataset for elves with multiple peaks in their photo-traces

I visually scanned all elve events from 2014 through 2018 and labeled them as single-

peaked or multi-peaked and to identify any other strange signal. From the intrinsic time scale

of the expanding elves, their varying locations and the projected geometry at hand, I expected

the amplitude, mean and width of the observed traces to vary significantly depending on the

pixel.

In panel A of Figure 2.1, I display traces of a typical single-peaked elve event. The

time is binned to 2µs to reduce the clutter in the plot. By recording the time of the peak

maximum, I created the time propagation plot in the bottom right panel of Figure 1.7. I also

summed 10µs of the photo-traces at relevant times to create a snapshot of the signal in the

camera (Figure 2.1, panel B). The arc-shaped signal correlated to a signal propagating up

the camera (inversion due to mirror), towards lower elevation angles. The cameras triggered

on the outer most edge of the elve, closest to the observatory, and later acquired the signal

above the lightning stroke. The FD only recorded the half of the flash propagating towards

the Auger Observatory. Patterns common to all observed elves are well featured in this

figure.

• The pointing direction of the first triggered pixel indicates the shortest path to the

ionosphere and back down the lightning stroke.

• The signal propagates down the rows with a rise in total photon count and pulse start

time, until the hole above the lightning is reached.

• When strokes are close enough, the hole in the emission created by the dipole radiation

above the stroke is visible with the 300µs acquisition time.

• The amplitudes of the traces are strongly affected by the amount of atmosphere between

the emission and the aperture; for example, the total photon count of Pixel 5, in panel

1With 1ms dead time per 100µs of acquisition and an average of 6 pages, the total dead time per year is an
insignificant 12 s for 2000 elves.

2The first 28µs of the first page are used for pedestals.
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A ofFigure 2.1, is much lower than that of Pixel 4, which points to a higher elevation

angle.

• The increased asymmetry of the pulses down the camera rows are a result of a wider

projected area at the base of the ionosphere for pixels pointing at low elevation angles.

In addition to the 2722 single-peaked elves, I identified 685 double-peaked elves and 68

multi-peaked elve, with more than 2 peaks in their traces (refer to Table 2.1 for a yearly

breakdown). In a typical double elve as observed by the FD, Pixel 1 recorded a trace with

two peaks that are separated by 90µs (Figure 2.1, panels C and D). To illustrate the strength

of the FD resolution, traces of an event with three clearly distinguishable peaks are shown

in Figure 2.1 (panels E and F). The triplet structure is observed independently by two FD

sites separated by 40 km, Coihueco and Loma Amarilla. In the first 100µs, the two telescopes

recorded two peaks separated by ≈20µs in three selected pixels on the right of the camera.

These two peaks may originate from IB discharges or more complex current profiles, as

described in Chapter 1. When fitting all three peaks, the standard deviation of the third one

is about equivalent to the added standard deviations of the first two peaks. The third peak

may be due to the bounces of the first two pulses on the ground, distorted by the reflection

and their projection on the ionosphere. Due to the longer path length taken by pulses that

bounce off a lossy ground, the pulses that arrive later at the FD are expected to be dimmer.

However, a tilt from vertical in the channel length may correct for that difference and the

Table 2.1: The results of the classification done with a visual scan of 5 years of elve data.
All single occurrences of events are within the same millisecond.

Year Single-peaked Double-peaked Multi-peaked Total
2014 462 87 9 558
2015 449 88 3 540
2016 562 145 6 713
2017 739 199 29 967
2018 510 166 21 697
Total 2722 685 68 3475
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first pulse at the detector will be dimmer than the second one [25].

With the visual inspection, I identified 3475 elves that were recorded across the five years

of data. This inspection was independent from any reconstruction or external coincidences.

The scan started when the 300µs readout window was implemented, at the beginning of

2014. The year 2019 was also excluded due to the delay in pre-processing the plots for the

visualization of the data.

This 5-year period was searched for coincident measurements made by external experi-

ments, to improve our understanding of this sample of 3475 elves.

2.2 Coincident measurements of external experiments

The elves paper published January 2020, demonstrates some of my analysis with indepen-

dent measurements of lightning in coincidence with the 2014-2016 sample, while the paper

on gigantic elves investigates the correlations done in the 2016-2018 period (Appendix B).

For the first paper, I used the World Wide Lightning Location Network (WWLLN) data to

evaluate the quality of our reconstruction of the lightning location. With the old reconstruc-

Table 2.2: Experiments for which Auger has the potential to obtain to measure a correlation
with elves. The status of searches is listed in the right most column. Experiments written
in bold are used for extensive analysis described in this thesis. All experiments provide the
time and geodetic location of their events. The variable column lists the specific information
that this experiment could provide.

Experiment Description Variables DAQ Overlap Comment
LMA 1 LMA in AR Channel Length 11/18-05/19 5-20 events

LF 4 sites in AR Current, Traces 11/18-12/18 Not Done

CAMMA Marx Meter Array Type 11/18-12/18 Not Done

LDS 4 sites at Auger Traces 01/14-Present Poor Corr.

LIS Satellite 03/13-02/15 No Corr.

WWLLN 4 sites in SA EMP Energy 03/13-Present 72% Corr.

ENTLN >10 sites in AR Current, Polarity 11/18-Present >30% Corr.

GLD-360 >10 sites in AR Current, Polarity 01/16-Present >80% Corr

JEM-GLIMS Satellite 03/13-08/15 No Corr.

ABI Satellite Cloud Height 06/17 to Present 100% Corr.

GLM Satellite 06/17 to Present Not Studied
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tion of the lightning location that we used for elves, we overestimated the distances of strokes

from the observatory by 15 km. For the second paper, I used the Global Lightning Dataset

(GLD360) of Vaisala, Inc. and data from the Advanced Baseline Imager (ABI) aboard the

Geostationary Operational Environmental Satellite (GOES-16) to investigate the correlation

between the peak current of the stroke and the size of Auger elves. By defining the edge of

the elves in the FD camera, I found 46 events with a mean radius of 746 km, which correlated

to a mean peak current of 307 kA. The availability of data from the external experiments

defines the length of the periods used for the correlations. I have summarized the overlap

in data taking between the Auger FD and all experiments, from which valuable information

could be recovered, in Table 2.2.

The RELAMPAGO-CACTI campaign was an NSF-funded multi-experiment operation

in Northern Argentinian, a region in the FoV of the Auger Observatory. The goal of the

campaign was to study the charge distribution and the storm formation in the Argentinian

convective cells. The RELAMPAGO team set up an extensive suite of instruments. Their

Lightning Mapping Array (LMA), the Low Frequency receivers (LF) and the Cordoba Ar-

gentina Marx Meter Array (CAMMA) would benefit the study of elves. The LMA is located

just in Cordoba and can map the charge-flow activity in the lower charge layer of the clouds

across a 50 km2 area. It provides the height of the lightning initiation for the 3-15 km region

and potentially informs if there is a return stroke. The LF receivers are similar to those used

by other ground-based lightning location networks, but they are supposed to provide a 99%

lightning detection efficiency. It will also identify the stoke type, and use a similar empirical

formula to the one used by GLD360 to calculate the peak current from the EMP strength

at the antenna. I considered the CAMMA only very recently when we started looking at

explanations for multi-peaked elves. This experiment should provide information about IB

pulses, a phenomenon that could potentially explain our double elves with peak separations

above 50µs. So far, only correlations with the LMA were performed. Analysis of elves with

the LF receivers and the CAMMA experiment would be important for future studies of CIDs
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and IB pulses and their role in elve creation.

Two industrial lightning networks of interest have more than 10 antennas in Argentina

dedicated to the reconstruction of location, time, current, and type. GLD360 and the Earth

Networks’ Total Lightning Network (ENTLN) have been tested against the reference for

lightning networks: the National Lightning Detection Network (NLDN) of the USA. These

networks are over 80% efficient at detecting high energy lightning strokes3, but cannot assign

a lightning stroke type for elve-inducing lightning. It is difficult for ground-based networks

to differentiate an EMP coming from an IC or a CG stroke when they are both vertical and

highly energetic. For example, ENTLN labels all strokes as CG when the peak current is

above 30 kA4. However, lightning theory suggests that double elves are linked to IC activity.

This issue was raised when we match double-elves to only CG strokes recorded by the

ground-based networks. Observing elves with a fine time resolution, the Auger FD provides

the capability to identify high-energy IC discharges, which global lightning networks cannot

provide. Despite this issue, these networks provide the best available information of the peak

current with a 20% uncertainty and of the lightning polarity5.

I also examined data from three satellite experiments: the Lightning Imaging Sensor

(LIS) aboard the Tropical Rainfall Measuring Mission (TRMM), the Global Lightning and

sprIte MeasurementS aboard the Japanese Experiment Module (JEM-GLIMS) and the ABI

of GOES16. The main problem that I have to note is that correlations of Auger data

with satellites in low-Earth orbits (LEO) are expected to be extremely rare. A back-of-

the-envelope estimate suggests only one coincidence a year between an Argentinian summer

storm creating elves during the observation period of the Auger FD, without clouds in the

way, and with an overpass of the International Space Station (ISS). No correlations were

found between Auger elve data and LIS/GLIMS, which ended its operation in 2015. In

contrast, GOES-16 is a geostationary weather satellite positioned on the equatorial plane

3Information provided by GLD360 contact
4Information provided by ENTLN contact
5A negative polarity means that negative charges were lowered to the ground or positive charges were raised
to the cloud.
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at -75.2◦ in longitude, and maintained by NOAA to provide storm measurements across the

Americas. The ABI provides cloud-top-height every 15 minutes. This data is key to check

that our elve-inducing lightning strokes are happening in convective cells and to validate

the reconstruction of the stroke altitude from double-elves. We expect the EMP from elve-

inducing strokes to originate below the cloud-top-height provided by the ABI. GOES-16 is

also equipped with the Geostationary Lightning Mapper (GLM), which is the first lightning

mapper to fly in a geostationary orbit that looks at IR transients. Their goal is to use

lightning as a predictor to the occurrence of tornadoes. As they are looking at lightning

from above, their detection efficiency will be much higher for IC activity and could provide

great validation for our double- and multi-elves. The correlation with GLM was not done,

but it is recommended for future work.

Finally, the Auger Observatory has its own Lightning Detection System (LDS) used for

weather data across the array. It is important to shutdown the Auger FD during adverse

weather, to limit any damage to the electronics and optics. The correlation of Auger elves

with the LDS was less than 15%. It would require a lot of work to improve the existing LDS

reconstruction of the lightning location. The main advantage of the LDS is the availability

of the raw EMP signal recorded by the antenna. Looking at these traces in coincidence

with the photo-traces of a double-elve would provide valuable information on the EMP that

interacted with the base of the ionosphere.

2.2.1 Demonstrating the correlation process with GLD360

The search for a correlation compares the lightning stroke time, reconstructed by the

other experiment, to that of the trigger time of the Auger FD on the light arriving from the

elve. This step allows me to find coincidences for elve-inducing strokes that have not been

spatially reconstructed from the Auger elve data. As the other experiment reconstructed the

time and location of a lightning stroke, I can estimate an FD trigger time by calculating how

long it would take light to go from the source to the observer through a halfway point at

90 km altitude. A diagram of the correlation method is presented in the top of Figure 2.2 .
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Figure 2.2: Top panel: a diagram illustrating the correlation geometry between a lightning
event reconstructed by a ground-based detector and an estimated trigger time at the FD.
Bottom panel: the correlation curve between 1992 elve and GLD360 events. This 85% cor-
relation of our elves with GLD360 strokes represents the narrowest spread in time difference
that we have obtained thus far.

The light from an elve created by a lightning stroke 1000 km away will arrive at the detector

after 3.4ms for a 90 km ionosphere (5ms for 1500 km) . Most of the elves recorded by the

Auger FD, >95%, have shown to have lightning strokes within a 1000 km distance from

the Auger Observatory. Next, we can infer the quality of the correlation by plotting the

distribution of the estimated trigger time minus the actual trigger time (Figure 2.2, bottom

panel).
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To validate our events, I asked Vaisala, Inc. for a list of all lightning strokes in GLD360

that occurred within the same second as the trigger times of our elves and within 1500 km of

the Auger Observatory. Vaisala, Inc. provided 41715 events from the beginning of January

2016 to the end of December 2018. Each GLD360 event includes the number of sensors

that contributed to the observation, the quality of the ellipsoid fit, the geodetic location,

the UTC time, the peak current, and the GLD360 assignment of the lightning type (IC or

CG). To identify a correlation between a GLD360 event and an Auger event, at the level

of a hundred microseconds, I estimate the trigger time of the FD for an elve created by an

EMP originating at the time and location provided by GLD360. The EMP interacts with the

base of the ionosphere, assumed to be at an average altitude of 90 km. This altitude is 2 km

lower than the height found in a previous correlation study performed with data from the

World Wide Lighting Location Network. Due to the fast de-excitation of nitrogen molecules

in the Second Positive system (40 ns) relative to the total time of the radial expansion of

elves, I assume that the first UV emission visible by the Auger FD will be from a point

halfway between the stroke and the telescope. This molecular transition is described further

in Chapter 3. This halfway point is the shortest path from the stroke, to the ionosphere, and

then to the detector. By adjusting the height of the ionosphere, I minimize the difference

between the estimated trigger time and the actual trigger time.

I started with 2312 FD events that passed the trigger for the acquisition of elves. The

time correlation analysis between Auger and GLD360 (bottom of Figure 2.2, identified 1992

Auger elves assigned to a GLD360 lightning stroke. Of these, 1982 were within a 200µs

coincidence, with a 21.2± 0.5µs standard deviation and a 10.7± 0.5µs offset. The offset in

the mean arises from an overestimation of the height of the ionosphere base, but it does not

affect the correlation process. The standard deviation is dominated by the reconstruction

quality of the GLD360 strokes, the variation of the ionosphere height through the hours of

observation of the Auger FD, and the poor assumption that all coincident strokes happened

at the ground.
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Figure 2.3: The time correlation studies done with WWLLN (3 years of data), ENTLN (4
weeks of data), and the Auger LDS (3 years of data). Left panel: the time correlation of
actual FD triggers with estimated FD triggers from WWLLN strokes (WWLLNa) and the
time correlation of the Auger reconstructed lightning stroke with the WWLLN reconstructed
lightning stroke (WWLLNb). Middle panel: the time correlation study with the ENTLN
data shows a peak almost 5 times wider than the peaks in other correlation studies. Right
panel: the time correlation study with the Auger LDS.

2.2.2 Exploring coincidences with lightning-detection experiments

LIS which was used by Zipser et al., 2006, to confirm the high rate of lightning in

Argentina, and JEM-GLIMS, which studied lightning and TLEs from space, both ended

their mission in 2015. As they were in LEO and as their observation periods did not overlap

for a long period time with Auger, I was not able to find any correlation with their public

data.

The Auger LDS would require a lot of work to yield a lightning location with a resolution

similar to WWLLN. A poor correlation was obtained using the three years of published elve

data (right panel of Figure 2.3). The peak is at least five times wider than the peak for

any other correlations and the correlation statistic peaks at 10 matched events per 20µs,

compared to 180 matched WWLLN events per 10µs.

On a better note, I found a 72% correlation between our best elve events and WWLLN

(left panel of Figure 2.3). This correlation is useful in assessing quality of our independent

reconstruction of the location of the lightning stroke. However, the resolution of WWLLN
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does not seem to be better than 8 km in our region. Furthermore, WWLLN only provides an

energy in Joule averaged every 1.3ms in a very narrow frequency band. WWLLN does not

provide parameters such as peak current or rise time, that I need as inputs to the simulation

to cross check its validity. However, this is the network that published an important paper

on superbolts. An extensive analysis of an energy correlation between Auger and WWLLN

would be useful to improve our assessment of the detection efficiency for elves of the Auger

FD.

The Earth Networks Total Lightning Network (ENTLN) was well tested across the United

States, but it was implemented in Argentina only in the summer of 2018. A 30% correla-

tion was found for FD elve triggers, before the elve data was cleaned up (middle panel

of Figure 2.3). That correlation is expected to improve when compared to elve events that

passed the confirmation scan. The test sample provided by ENTLN was collected during

the RELAMPAGO campaign, during which Auger had four weeks of data taking. ENTLN

provides ample information such as the peak current, the lightning type, and the polarity

of the current in addition to a microsecond resolution on the time of the lightning stroke.

The time difference distribution obtained from the Auger/ENTLN correlation study has two

peaks. There may be some offset in the reconstructed time applied to a subset of their

events, as I don’t see any bipolarity in any of the other correlations. As I obtained the data

from the industry standard, GLD360, very soon after the ENTLN data, I did not pursue the

correlation analysis further.

Some of the most valuable coincidences, but also the rarest, are those with the LMA of

RELAMPAGO. A few of the Auger elves were created by strokes that were measured by

the LMA. The LMA information makes it possible to recover a channel length or source

altitude for those strokes (Figure 2.4). Compared to the hundreds of kilometers separating

antennas in a global lightning detection network, the antennas in an LMA are relatively close

together, about 10-20 km. The RELAMPAGO LMA, a portable setup, had 11 antennas

spread across the Cordoba region. These antenna record the very high frequencies of the
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electric fields generated by moving charges in the cloud. In contrast, WWLLN records

data around 10 kHz, because this radio frequency propagates far in the ground-ionosphere

waveguide. With multiple nearby antennas, the LMA can triangulate the location of the

flowing charges and map out the location of the charge layers in the cloud. The LMA is

most efficient at reconstructing charge flow between 4 and 15 km altitude, which is ideal

to map the lowest charge layer in the cell. However, the stepped leader that precedes the

elve-inducing return stroke is generally below 4 km. Knowing that the purpose of a return

stroke from CG lightning is to neutralize the charge build-up in the cloud, we can expect

the flow of charges in the cloud layer to stop, for an instant. The LMA data should be quiet

every time there is a high-energy CG stroke that was able to neutralize the charged layer

for a short period of time. That gap in the data is visible under the black star in panel a),

on the right of Figure 2.4. The time of the gap corresponds to when the FD triggered on

an elve that had exactly one peak in its photo-traces. The plot of the altitude of the LMA

signal as a function of time indicates that the step-leader started around 5 km. These details

are extremely valuable when testing the EMP simulation used in the elve modeling, because

the channel length plays a significant role in the amount of energy in the EMP.

What about correlations with experiments that observe elves directly? Coincidences with

such experiments are not expected to provide any fundamental lightning parameters that

I could put in the simulation. However, if an elve was observed from space through an

insignificant amount of atmosphere, a correlation would be useful to confirm the validity of

the atmospheric attenuation model currently used in the second phase of the simulation. I

refer the reader to the table at the end of Chapter 1 that consists of a comprehensive list of

experiments that have reported (or will) on the detection of elves. I am still reviewing through

literature to identify other possible experiments. It is important to note that no other

experimental elve data besides that of Auger and PIPER had a sufficiently fine spatial and

temporal resolution, and a large enough FoV, to attempt a reconstruction of the fundamental

properties of the elve-inducing lightning.
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Figure 2.4: Top left panel: the time of the signal of an elve (GPS time: 1236754395.725)
with a single peak in its photo-trace. Bottom left panel: the photo-traces of selected pixels
are chosen to emphasize that it is a single-peaked elve. Right panels a)-e): plots of LMA
data recorded in a time window centered around the occurrence of the elve-inducing stroke,
labeled by the black star. The colors for all the plots represent the time of arrival of the
signal in respective experiments: from blue to red.

2.2.3 Improving the selection of elves for the time correlation with GLD360

The time correlation shown at the beginning of this section contains additional informa-

tion about the height of the ionosphere when the elves were produced. The reconstruction

accuracy of the geodetic location of lightning strokes in GLD360 is believed to be about

5 km, equivalent to a 15-µs time resolution. When measuring the time correlation between

the Auger FD and GLD360 for all elves, I get a standard deviation of 21.2µ (Figure 2.2 and

the black curve in the left panel of Figure 2.5). Despite the nanosecond time-stamp assigned

to each Auger event, some phenomenological effects of this analysis will contribute to the

spread in the time difference. Hence, there must be some quality selection on the elve data

that can reduce the spread of the distribution to a value closer to the expected resolution of

GLD360
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σpre = 21.2 μs σpost = 17.4 μs

Figure 2.5: Left panel: the time correlation performed with GLD360 in black, and in red
the same correlation but with the quality cuts. Right panel: the data making up the black
curve is plotted against the time after sunset for each event, showing the height variation in
the first four hours of the night.

Before addressing possible selection criteria to improve the correlation, I note that any

change in the ionosphere height will simply shift the peak, but not affect the width of the

time-difference distribution. The altitude of the lightning stroke will cause a problem, as all

strokes reconstructed by GLD360, that match elves, are assumed to be CG whether they

are or not. Hence, to improve the correlation, only single-peaked elves as determined by

the Auger FD are chosen. The height of the base of the ionosphere is not constant. During

the day, the ionosphere base is as low as 60 km while at night it stabilizes between 85 and

95 km. As an increase in the height is due to a reduced flux of particles coming from the

sun and interacting with the top of the atmosphere, we expect the transition to be at the

scale of hours. By plotting the time difference as a function of hours after sunset (right

panel of Figure 2.5), a variation in the time difference, corresponding to a lower height, is

clearly visible in the first few hours. The horizontal blue lines show the median of each bin,

while the circle represents the mean. The gray box outlines quartiles and the vertical lines
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show the full range of the data in individual bins. Hence, to reduce the spread in the time

difference, one has to select all events later than 4 hours after sunset. Even though it was not

investigated, the time difference should also have a dependence on the time before sunrise.

In addition, the extent of elves does not always reach the halfway point if the stroke was

not powerful enough and the lightning was too far away. This effect introduces a bias that

overestimate the arrival time of light at the Auger FD. To avoid this bias, I apply a cut on

the distance of the strokes from the FD (600 km). To select the highest quality events from

GLD360, I require that at least 7 sensors contributed to the observation of the EMP, which

still preserves 90% of the events in the correlation study.

The red curve in the plot on the left of Figure 2.5 shows the time-difference distribution

once all these cuts are applied and it has a standard deviation of 17.4µs which is significantly

closer to the expected time resolution of GLD360. The few unexplained microseconds that

remain in the spread of the time-difference distribution may be associated to the variation of

the ionosphere height close to sunrise, to an underestimate of the time resolution of GLD360

in the region, or to some phenomenological effects that have not yet been thought of. This

time resolution is equivalent to a 5 km precision on the GLD360 reconstructed location.

2.3 Independent reconstruction of the location of elve-inducing strokes

The Auger Collaboration now has a reconstruction algorithm which attempts to provide

the geodetic location of the elve-inducing lightning stroke with <5 km accuracy. The de-

scription and the results of this method are detailed in the first elve paper. A map of the

reconstructed location of almost 1600 elve-inducing strokes, acquired from 2014 to 2016, is

displayed in Figure 2.6. The size of a typical elve is displayed for scale, and the colors rep-

resent the number of FD sites that recorded an elve. Unfortunately, the presence of clouds

in the FoV of pixels or the occurrence of other TLEs at later times in the traces create a lot

of variability in the photo-traces of individual elves. These less-than-perfect signals make

the geometrical reconstruction non-trivial, so the precision on the location of the stroke is

currently closer to 10 km. Assessments of the quality of the reconstruction were done by
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Figure 2.6: A map of the 2014-2016 data showing the location of reconstructed elve-inducing
lightning strokes. The diagram of an elve is shown for scale. The regions where two FD
telescopes overlap are colored in blue, and the elve-inducing strokes that were reconstructed
by two telescopes are marked by blue squares. The triplet events and the triplet FoV
overlaps are marked in orange. The location of strokes, from elves observed at only one site,
are labeled with green dots.

comparing the results to the data from WWLLN, which also has its inefficiencies and inac-

curacies in Argentina. We found that the current reconstruction method was overestimating

the distance between the strokes and Auger by 15 km. This offset has to be considered

when the SPD profiles, introduced in the next section, are created using our independent

reconstruction.

To reconstruct the stroke location using the timing of the traces, we first fitted the ADC

trace for each pixel to an asymmetric Gaussian parametrized with the mean time, the signal

amplitude and the skewness, which related the left and right standard deviations: Tpeak,i,
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Apeak,i, σleft,i, and σright,i = σleft,i · (1 + δ), where i is the index of the pixel. When handling

the multi-peaked elves, we select the highest amplitude peak of each trace, which is typically

the first one. To improve the reconstruction and the comparison with WWLLN, each pulse

had to pass four quality criteria:

• Apeak,i greater than 300 ADC counts to select triggered pixels with sufficient signal

above background,

• a relative error on Apeak,i below 15% to disregard any traces with distorted profiles,

• σleft,i(T ) greater than 3µs to encompass the width of the trace in the first triggered

pixel and all subsequent signals,

• a relative error on σleft,i(T ) below 25% to enforce the quality of the fit.

The parameters from the first fit were inputs to the second fit of the reconstruction,

where we used a χ2-minimization to obtain the time, latitude and longitude of the lightning

stroke:

χ2 = Σ
Npix

i=1 (Tpeak,i − Testimate,i)
2/σ2

i (T ) (2.1)

where Testimate,i = T0 + ∆T (Lat,Lon) was the estimated time at which light reached the

detector after the propagation time, ∆T , when added to the time of the lightning stroke, T0.

We minimized the χ2 by incrementally varying the position and time of the lightning, while

the height of the ionosphere was fixed to 90 km. The error on Tpeak,i came from the fit of

the pixel trace. The model assumed that the EMP generated by the return stroke interacted

in an infinitesimal layer at an atmospheric altitude HE. The nitrogen fluorescence happens

at short time scales (≈40 ns [62]) with respect to the total light propagation time from the

stroke to the detector. The regression published in the first elves paper is generalized to

include the height of the ionosphere and the height of the stroke as free parameters.

In other words, we can vary the location, time and altitude of the stroke and the height of

the ionosphere until we minimize the difference between the time estimate for light to reach
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all pixels and the actual time at which the light reached all pixels. The longer the acquisition

time the more pixels we allow to contribute to the reconstruction. Inconsistent light emission

at the base of the ionosphere can be responsible for greater differences between the expected

and actual arrival time of light at the FD. By studying the difference between expected and

actual arrival time, on a pixel-to-pixel basis, we isolate potential elves with modulated light

emission patterns. Gravity waves, which affect the density of the ionospheric plasma over

kilometer length scales, may be identified by looking in greater details at this regression.

2.4 Recovery of the number of UV photons emitted by elves

Another important advantage of fitting a photo-trace is that its integral is the total

number of photons observed by that pixel at the aperture, which is correlated to the number

of photons emitted by each elve, or the intrinsic brightness of each elve. The brightness of

the elve and the distribution of the brightness along its radius is dependent on the physical

properties of the stroke, such as the peak current, the channel length or the return stroke

speed. Variations of these physical properties and their effect on the brightness of elves are

extensively investigated in this thesis.

The number of photons at the aperture can be converted to the number of photons

emitted at the ionosphere. The number of photons emitted by the elve is obtained by

making the assumption that the light is emitted isotropically from a thin atmospheric layer.

The scaling factor comes from the atmospheric attenuation between the ionosphere and the

telescope, and also from the geometric acceptance of each telescope. An example photo-

trace of a double-elve is presented on the left of Figure 2.7. After applying the geometric

and atmospheric corrections, discussed in greater details later in this section, the trace on the

right of Figure 2.7 contains the scaled number of photons, or the number of photons at the

ionosphere through time. However, the timing has not been corrected for the propagation of

light from the ionosphere to the detector, and for the path of the EMP through the FoV of

the pixel. This complex time correction is being investigated by an Auger collaborator. We

typically integrate the trace and refer to the total number of photons emitted in the FoV of
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Figure 2.7: Left panel: an example trace of an elve with two peaks in its spectrum. That
trace shows the photons at the aperture. Middle panel: the two corrections applied to each
trace depend on the pointing angle of the pixel. The atmospheric correction is tuned to
355 nm. Right panel: the same example trace is presented after the corrections. It now has
the number of photons emitted as the EMP traveled through the FoV of that pixel.

the pixel. As the projected surface areas of the pixels vary as a function of elevation angle,

we scale the total photon count by the size of the projected area. This new metric is what

we refer to as the surface photon density (SPD), and with each pixel we measure the SPD

of the elve along its radius. To contribute to the total SPD profile of the elve, photo-traces

are required to pass the quality cuts described in the previous section. The SPD is detector

independent and it provides the integrated light emission profile of the elve at the base of

the ionosphere, which is easily obtainable from elve simulations.

2.4.1 Correcting for atmospheric attenuation and geometric acceptance

To reconstruct the energy of cosmic rays, the Auger Observatory is equipped with the

Central Laser Facility and the eXtreme Laser Facility [27, 63]. These UV lasers produce

tracks in the FD camera that are used to estimate the aerosol vertical-optical-depth profiles

each hour. These facilities are located in the center of the footprint of the observatory and

they contain a 355-nm laser firing vertically every hour. The UV photons are scattered to the

FDs, about 30 km away, through molecular and aerosol scattering. The recorded variation

in the laser tracks every hour is due to the presence of clouds and aerosols between the

laser and the FD. The vertical optical depth profile for aerosols (τaer), for the UV spectrum
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detected by the FD, is recovered from the hourly signal by comparing it to the cleanest

signal observed that year in a night: the reference night [61]. The vertical molecular optical

depth is derived from radiosonde measurements available in the Global Data Assimilation

System [64].

A similar method should be applied to the reconstruction of the elve brightness, but

it involves testing the current atmospheric parametrization of Auger at altitudes that the

collaboration is not currently testing. As a temporary solution, we use Kasten and Young’s

empirical model of 1989 to parametrize the amount of air between the ground and the

ionosphere. Kasten and Young studied data from the solar spectrum as a function of elevation

angle, for various wavelengths, and extrapolated a best-fit for the airmass, m(θ), which is

the amount of air between the ground and an infinite altitude:

m(θ) = (sin(θ) + a× (θ + b)−c)−1, (2.2)

where θ is the elevation angle, a = 0.50572, b = 6.07995◦ and c = 1.6364 are corrective

constants to the typical airmass distribution that is assumed to follow an arcsin(θ) function.

By definition, the estimate of the attenuation profile of UV light (300-420 nm) follows an

exponential decay:

fatmo(θi) = e
−

τaer+τmol

m(θi) , (2.3)

where τaer = 0.06 and τmol = 0.54, are typical average values for a wavelength of 355 nm and

i is the index of the PMT in the FD camera. While the molecular optical depth is assumed

to be constant, the vertical aerosol optical depth can vary from less than 0.01 to greater than

0.1, depending on the conditions. Furthermore, applying this model directly to the FD data

assumes that their airmass model is valid at the Auger altitude as well. Assuming the same

τaer for all elves can introduce discrepancies in the signal reconstructed at low elevations,

for elves recorded during periods that were much hazier or clearer than average. For this

reason, we limit studies of intrinsic brightness to pixels above 5◦, eliminating the lowest 3

rows of the camera.
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The raw FD data is in analog-to-digital converter (ADC) counts. It is converted to

photons at the aperture by applying calibration factors for each PMTs. The end-to-end

calibration is obtained from periodic measurements of a calibrated diffuse light source, place

across each telescope aperture [65]. The typical calibration factor is 4-5 photons per ADC

count.

To recover the total amount of light emitted at the base of the ionosphere, we have to

assume an infinitesimal emission plane at 90 km altitude, despite an emission thickness of

approximately 5-10 km. The hexagonal FoV of individual pixels have well-defined area in

sq. km, Ai, when the pixel FoV is projected to that plane at a distance, dE,i, that separates

the detector from the emission region. Hence, we can approximate the geometrical factor

assuming an isotropic emission of light in the FoV of the pixel:

fgeom(dE, i) =
Aaperture

4πd2E,i

, (2.4)

where Aaperture = π1.1m2. The factors are different for each PMTs as they depend on the

elevation angle of the pointing axis and the distance to the elve. Emission of UV fluorescence

of nitrogen in air is assumed to be isotropic as there is no preferred axis for the nitrogen

molecules.

2.4.2 Reconstructing the Surface Photon Density (SPD) at the ionosphere

To recover the total number of photons emitted towards the detector for the region of

the elve in the FoV of the pixel, NE,i, we first integrate over time the photo-traces to find

the total number of photons measured by each participating pixel, NPA,i. We use the same

phenomenological fit as for the location reconstruction, an asymmetric Gaussian distribution.

We then normalize NPA,i by the geometric and atmospheric factors to find the corresponding

amount of light emitted by the elve:

NE,i =
NPA,i

fgeom(dE,i)fatmo(θi)
. (2.5)
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The error propagation on NE,i, δNE,i, is a little involved mathematically due to the non-

linearity of the atmospheric attenuation. However, the sources of error, that are propagated

through the calculations, are assumed to be the following:

• the location of the center of the elve, above the stroke, has a 10 km error,

• the height of the ionosphere, HE, has a 5 km error, which affects the distance to the

ionosphere,

• the numerical integration error obtained from the covariance matrix of the fit,

• the error on the vertical optical depth values assumed to be 10%,

• and the error on the radius of the telescope aperture of 1 cm.

The correction of an example trace (Equation 2.5) from photons at the aperture to

photons emitted at the ionosphere is illustrated in Figure 2.7. In the left panel, a 200µs-long

trace of a double-peaked elve contains the photons at the aperture every 2µs. The pedestal

of 28µs shows fluctuation that I quantify with an RMS value, to assess how much leftover

noise there is in the signal after the electronic/dark-noise/ambient background subtraction.

This quantification is of utmost importance when dealing with the faintest photo-traces

contributing to the observation of the edge of the elves, used to reconstruct the radial extent

in Section 2.5.

The correction factors described above are plotted as a function of elevation angle in

the middle panel of Figure 2.7. The exponential effect of atmospheric attenuation of UV

light emitted at the base of the ionosphere is larger at lower elevation angles, where the

lowest pixels are attenuated by 4 more orders of magnitude than the higher pixels, (roughly

e−(τm+τa)/ sin θ). In Chapter 3, I discuss in more details the spectrum of elves that the Auger

FD is sensitive to.

The vertical blue line in the middle panel of Figure 2.3 indicates the elevation angle of

the pixel that observed the signal presented as an example. On the right side of the figure,
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the photo-trace of the double-peaked elve is now a time series of the photon count at the

base of the ionosphere. The shape of the trace remains the same as no deconvolution of

the signal was performed, based on the shape of the projected FoV of the pixel, was done

to recover the light emitting pulse. The deconvolution of the time dependent signal within

each pixel will allow more accurate description of the light emission from the base of the

ionosphere, but requires a detailed parametrization of multiple scattering effects which are

expected to alter significantly the signal from pixels at lower elevations.

Once we have NE,i, which assumes an isotropic emission of light at the ionosphere, we can

calculate the SPD in the projected FoV of that pixel at the base of the ionosphere, in photons

per sq. km, by dividing by the area of the projection. The SPD for each pixel, as a function

of the distance from the center of the elve, is the total SPD profile of the elve. The total SPD

is a property independent of the Auger FD, easily comparable to simulation and external

elve observations. The location of the stroke is obtained from the ground coincidences (±5-

10 km) or from the Auger location reconstruction (±10 km). An SPD profile is shaped by

the field of a perfect dipole, projected on a 2D plane. If no clouds are present, an ideally

reconstructed SPD profile has a clear hole in the center of the elve, with a quick rise to its

maximum around 100 km from the center, and with a long right tail that extends to the

edge of the elve (left panel of Figure 2.8). However, despite the same quality cuts applied

on the fit in the location reconstruction, the SPD of most events are not that well-defined.

In Chapter 4, I will investigate further how clouds can affect the reconstruction of the SPD

profile of an elve.

2.5 The radial extent of elves at Auger and the discovery of giants

In this section, I estimate the size of elves by defining their edge at the location where

the FD recorded the least light emitted at the base of the ionosphere. That observed edge

exists either because the elve no longer emits photons, or because the detector is not sensitive

enough to detect the dim light at the true edge of the elve.
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The energy density in the EMP from lightning is sufficiently high to accelerate the elec-

trons in the ionospheric plasma to the kinetic energy needed to initialize nitrogen fluorescence

in the ionosphere. As the EMP expands, its energy density drops. Hence, we expect elves

to have a natural turn-off effect.

The Auger FD, like any other instrument, has a threshold on the minimum number of

photons that can be detected above the UV night-sky background (NSB). To detect the

faint UV light of cosmic rays and reconstruct their energy, the NSB at Auger is extensively

measured [27]. The background for each Auger event is recovered from the 28-µs pedestals

and depends on the photon flux at the aperture, in variable nightly conditions, and on the

electronic noise. Each trace that I analyze is background-subtracted. Hence, the integrated

photon count obtained from the trace of a pixel that observed an elve is the total number of

photons detected from that elve. If the photo-trace did not pass the selection criteria applied

to the fit, used for the lightning-location reconstruction (Section 2.3), then I claim that no

light was recorded from the elve, in that pixel. Unfortunately, the light form elves has to

cross the whole thickness of the atmosphere and, more often than not, clouds obstruct the

path. Hence, a pixel may not detect light from the elve, but the light may still have been

emitted.

In this analysis, I do not define a detection threshold as a function of signal-to-noise ratio;

however, I am able to quantify the minimum integrated photon-count that a pixel detected

from light emitted by elves. When combining the atmospheric and geometric correction

(blue curve, middle panel of Figure 2.8), a minimum of 1012 photons have to be emitted

from the ionosphere to create one photon at the aperture of the detector. The minimum

integrated photon-count from elves at the aperture is 104 photons (black curve, middle panel

of Figure 2.8). Hence, the minimum integrated photon-count from elves at the ionosphere

is 1016 photons. As the maximum projected surface area of a pixel at the base of the

ionosphere is just over 2000 km, the expected minimum SPD reconstructable from a pixel

is 5 · 1012 photons per sq. km. From my work with the elve simulation, I have reasons to
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Figure 2.8: Left panel: the SPD profile of an example event discussed further in Chapter 4,
with its edge defined by the mean SPD and mean location of the 5 furthest pixels from the
center, called a cluster. Middle panel: information of clusters for all 2016-2018 elves, as
a function of elevation angle, including (1) RMS of pedestals after background subtraction
(gray), (2) photon count at the aperture (black), (3) combined atmospheric and geometric
correction (unit-less, blue), and (4) number of photons at the ionosphere (red). Right panel:
brightness and location of all pixels, from all elve observations, with respect to the brightness
and location of the cluster.

believe that this elve-detection threshold is near the turn-off threshold of the elve, making

the interpretation of the observed edge of the elve difficult. Throughout this section, as I

define the edge of the elve, I also investigate its causes. Using the azimuthal extent of the

signal in the camera may have been a simpler solution to recover the size of elves; however,

the sizes would have been limited by the 30◦-FoV of a telescope.

2.5.1 Defining the edge of the elve as detected by the Auger FD

Selecting the furthest pixel of all pixels contributing to the observation of an elve is

inadequate. The signal in one pixel may be assisted by a statistical upward fluctuation and

yield an elve size estimate that is systematically too large. Hence, after exploring a few

methods, including a weighted mean or median of all pixels above the halfway point (which

underestimates the radial extent), I settled with a cluster method.

One pixel in the center of the elve is bordered by two pixels in the same row, and two

pixels in the row above and below. Using the error estimates of the SPD and the geodetic

location of the projected FoV of these 7 pixels, I calculate the weighted mean of the SPD and
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the location for this cluster. To form a cluster also on the edge of the camera, or on the edge

of the signal, I require at least 5 of these 7 pixels to have observed light and to have passed

the selection criteria on the fit. Then, I calculate the mean SPD and location of a cluster

at each pixel on the camera. The dimmest and furthest cluster from the vertical above the

elve-inducing stroke observes a small section of the edge of the entire elve. I obtain an edge

cluster for all Auger elves from 2016 through 2018, which have a GLD360 reconstructed

stroke location. For all the edge clusters of these events, I study the elevation angle, the

mean integrated photon-count at the aperture and at the ionosphere, as well as the RMS in

the pedestals (middle panel of Figure 2.8).

I use the RMS of the first 28µs of the background-subtracted trace to quantify the

remaining noise in the trace, before I integrate the trace. The mean RMS in the cluster is

100 photons (gray curve, middle panel of Figure 2.8), and its independent on the elevation

angle. The integrated-photon-count at the aperture of the edge cluster, is on average 104

photons, and it increases at lower elevations. Above 10◦ in elevation, the mean integrated-

photon-count at the ionosphere flattens out to 1016 photons, indicating that no light emission

below that threshold creates traces that pass the trigger algorithms and the quality-selection

of the fits. For further exploration of the edge of the elve, I select elves with an edge cluster

above 10◦ in the elevation angle. There is a relatively large uncertainty in the standardized

approximation of the atmospheric attenuation applied to all elves. To use pixels below 10◦,

an individual atmospheric correction is required.

To further understand if the FD is observing an actual edge of the elve, or simply at

the FD threshold response, I study the brightness and location of all pixels contributing to

the observation of an elve with respect to the brightness and location of the edge cluster.

I present the heat map for all elves in the right panel of Figure 2.8. By comparing the

integrated-photon-count of a pixel at the ionosphere (NE,i) to the integrated-photon-count

of the edge cluster (NE,min), I assess if some pixels recorded values lower than 1016 photons,

and at further distances than the edge cluster. Some pixels are 20-40 km further from the
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center of the elves and 10 times dimmer than the edge cluster. This result implies that the

current algorithm doesn’t appear to select the faintest signal that the FD could potentially

detect and that elves do not have a natural turn-off above the threshold of the FD.

I define the maximal radial extent of the elve from the location of the cluster with respect

to the vertical above the lightning stroke provided by GLD360. This distance is an arc length

at 90 km altitude, the base of the ionosphere. The maximal radial extent of the elve cannot

be expected to be the actual radius, because it’s measured from a point on the entire edge

of the elve. Furthermore, the natural light-emission cut-off may be below the threshold of

the Auger FD. Despite a 5-20 km error in the location of projected FoV of pixels at the base

of the ionosphere, using the weighted mean of the location of the cluster reduces the error

of the maximal radial extent to less than 10 km, or to about 1% for the largest elve. The

maximal radial extent is dependent on the sensitivity of Auger to photons emitted from the

elve. Without the atmosphere and with a larger aperture, an instrument would reconstruct

even large elves.

2.5.2 Visualizing the edge of four example elves.

The observed elves are very large. I plotted four selected elves that were in the largest

2% of the 2016-2018 dataset (Figure 2.9). The signal in each FD camera contributing to the

observation of these events is projected to the base of the ionosphere. To illustrate the radial

extent of these elves, the hexagonal shape of the PMTs is projected to a 90 km curved plane.

The four red dots are the location of the lightning stroke as reconstructed by GLD360. The

white star represented to location of the halfway point for Events 1 and 3. The color axis

represents the SPD reconstructed by pixels. The white dashed-line shows the maximal radial

extent of the event, as defined by the edge cluster.

At almost 1000 km, Event 1 is the largest event we have recorded in the Auger data thus

far. The 1000 km radial extend estimate for this elve is limited by the FoV of the FD. That

elve was created by a CG lightning stroke with more than 300 kA in peak current. Assuming

the elve was radially symmetric, the full extent of the elve (the diameter) is more than
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Figure 2.9: The SPD calculated by each pixel of four events projected to the base of the
ionosphere, with the white dot and the white dashed line indicating the location of the
furthest cluster of pixels contributing to the observation, i.e. the maximal radial extent.
The white lines follow the curvature of a circle centered around the stroke.

2000 km, i.e. the distance between the Canadian and Mexican border. The peak intensity

of these four events, usually occurring between 50 and 100 km from the center of the elve,

is fully below the FoV of the FDs as the lightning stroke was so far away. Hence, these four

events have a reconstructed peak brightness that is underestimated.

The method used to find the edge of the elve worked as expected by selecting pixels that

are in the furthest and dimmest region of the signal. For example, Event4 is the smallest of

the elves, and the light did not propagate to the border of the camera. One pixel close to the
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Figure 2.10: Left panel: I present the correlation between peak current and radius. The
vertical dashed line is the cut applied to select the largest two percent of the events. The
adjacent histograms show that we have more elves associated to positive lightning than
negative ones. Right panel: I mapped the events over Argentina and Chile. The larger
markers represent the lightning strokes matched to gigantic elves.

Auger FD passed the quality cuts on the fit, but it is statistically not significant in defining

the edge of the elve. In the next section, I investigate the size of all elves in coincidence with

GLD360.

2.5.3 Identifying gigantic elves

The selection for gigantic elves is motivated by the process developed by Holzworth et

al. to isolate regions on Earth with superbolt activity, as detected by WWLLN [15]. To

select gigantic elves, I select 2% of elves with the longest radial extent, independently of the

coincident peak current recorded by GLD360. Assuming that the base of ionosphere stays

constant in altitude and in electron density, selecting the higher end of the size distribution

is equivalent to selecting the strokes with the most energetic EMP.

By selecting this tail of the distribution we are in the same energy regime as the selection

done by WWLLN. With WWLLN, Holzworth and al. selected 104 strokes with energies above

1MJ, in a nine-year dataset which originally contained 109 strokes. From the published elve-

stroke correlation with WWLLN, I showed that the radiated energy of strokes matched to
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elves ranged from 1 kJ to 1MJ. As the density of WWLLN detectors is relatively sparse,

the reconstruction of the energy from WWLLN was not efficient in our area, so only 25%

of our events were used to create an energy distribution of elve-inducing strokes. None were

above 1MJ. Originally, the time correlation yielded 72% of our elves assigned to a WWLLN

flash. If the energy reconstruction of WWLLN strokes was improved, the higher tail of

the coincident stroke-energy distribution would extend beyond 1MJ. More energy in the

radiated field, as measured by WWLLN, would be correlated to a larger elve, hence the best

correlation between elve size and energy would be with WWLLN data. However, given the

poor correlation in energy of WWLLN, I decided to use GLD360 for this analysis instead.

In GLD360, Vaisala provides the peak current and the rise time, which is not a direct

measurement of radiated energy in the EMP. However, peak current is one of the most

valuable information used by the engineering community for studies of lightning damage to

designs that are exposed to severe weather. For GLD360 strokes, the peak current is obtained

from an empirical formula derived from data of one study done in Florida. This experiment

used rocket-triggered strokes in a storm above an array of low-frequency antennas. The

current, recorded in the wire attached to the rocket, was plotted against the energy recorded

in the EMP a few tens of kilometers away. The empirical formula was developed from 80 data

points with no strokes above 100 kA, and was later scaled to accommodate the detection of

EMPs at far distances [66, 67]. Using this empirical formula as a calibration, ground-based

detectors which record the peak electric field of EMPs provide the peak current of the stroke,

in addition to the location and time. The peak current has 20% uncertainty, which may be

higher for strokes above 100 kA. Knowing that the radiated energy is the only parameter

needed in the linear empirical formula to obtain peak current, a correlation between peak

current and elve size should provide similar results to a correlation between EMP energy

and elve size. The advantage of the GLD360 dataset is that 80% of the elves were correlated

to a lightning stroke.

54



In panel A of Figure 2.10, I display a scatter plot of the peak current provided by

GLD360 versus the maximal radial extent of elves measured by the Auger Observatory.

The peak current values have a 20% uncertainty, while the radii have less than a 1% error.

The minimum observed extent is 100 km, while the maximum is just under 1000 km. The

method used to define the edge, in conjunction with the detection threshold of the Auger

FD, provides only a lower limit on the true extent of these elves.

Only a fraction of the full circumference of an elve is in the FoV of the Auger FD. There

may be asymmetry in light emission if the EMP is favored to a direction towards the Auger

Observatory, e.g. the channel of IC lightning is tilted towards Auger. I plotted the 1D

projections of peak current for both positive and negative current polarities on the side of

the left panel of Figure 2.10. The peak-current distribution of elve-inducing lightning strokes

peaks at 100± 10 kA. The elve turn-on threshold was previously reported to be 88 kA [68].

An additional feature of this coincidence between GLD360 and single-peaked Auger elves, is

the predominance of elves matched to positive polarity lightning strokes despite the higher

occurrence of negative polarity stroke worldwide.

There were 46 gigantic elves that were detected by the Auger Observatory with a maxi-

mum radial extent averaging 746 km, and a mean peak current of 307 kA. To put the high

peak-current value into perspective, the probability that any lightning stroke has 10 kA is

90%, but the probability that the peak current is 300 kA is less than 0.1% [69]. From 28

gigantic elves with multiple peaks in the photo-traces, we concluded that two thirds of the

gigantic elves detected by the Auger FD were caused by intra-cloud lightning activity.

When mapping the location of the events, as in panel B of Figure 2.10, we recognize the

typical distribution in lightning stroke density, biased by the positioning of the Auger FD

sites. The inner limit of lightning coincidences with GLD360 is due to storms being too close

to the Auger FD causing the telescopes to trigger on direct light from the lightning stroke

and not on the elves. Despite an in-homogeneous elve-detection probability of the Auger FD,

the high density of events in the north-east is consistent with the high density of lightning
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Figure 2.11: Left panel: a snapshot of the cloud-top-height provided by the ABI of GOES16
in the second hour of the storm, the star is the location of the superbolt during the 8-minute
window around 02:03:17 UTC, and it falls just below the thunderhead. Right panel: the
accumulation in time of all elves (top) during the three-year data and the accumulation of
all gigantic elves (bottom).

strokes of northern Argentina, and more specifically, the Córdoba region [28]. In the map, we

also notice a higher population of single-peaked elves with positive current, which are closer

to the Atlantic Ocean. This in-homogeneity suggests the presence of different polarities in

the charge distributions within thunderclouds that depend on the location in Argentina. The

larger markers represent the location of the center of gigantic elves. In particular, in the

North-East over Santa Fe, Argentina, the map reveals a cluster of 12 gigantic elves, created

over a period of just 4 hours at the same location. This cluster was created by a single storm

on April 8, 2018. Furthermore, these 12 events represent 25% of all gigantic elves observed

over a three year period (2016-2018).

The net count of gigantic elves during that storm was larger than any other nights in

the 2016-2018 data of the observatory (right panel of Figure 2.11). The coincidence with

GLD360 led to the calculation of an average magnitude for the peak current (232 kA) for all

elve-inducing strokes within that storm. The polarity of the current for all strokes, but one,

was negative, in contrast with the positive polarity observed for the majority of the events
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in the whole 2016-2018 dataset. Out of the 30 elves in that storm, fourteen events were

double-peaked and four had more than two peaks, suggesting that only 40% of the strokes

were CG.

To improve our understanding of the storm, I looked at CTH maps from GOES16 that

were recorded during the Auger detection of the 30 events. The period started at 0h UTC

and ended just before 4h UTC, with the detection of a gigantic elve every 10-30 minutes.

During this period, GOES16 provided data every 15 minutes. The height of the storm was

obtained by identifying the maximum cloud-top height in a 10 km vicinity of the lightning

stroke. The maximum cloud-top height of the convective cell varied in time through the

data acquisition period (Table 2.3). An example of the cloud-top height recorded within

eight minutes of the superbolt at 02:03:17 UTC is displayed in panel A of Figure 2.11. The

maximum height of the storm of 14.5 km is the average height of all the storms I studied

in coincidence with Auger elves. The strokes with the highest peak current values occurred

towards the later part of the storm, when the frequency of elve-inducing strokes went down.

From the trend seen in the 30 elves detected in that storm, the count of gigantic elves was

somewhat proportional to the count of all elves in each hour, suggesting that a higher flash

rate in the storm raised the chance to create a gigantic elve.

2.6 Altitude reconstruction for double-peaked elves

The altitude of IC strokes can be recovered from the time structure in the photo-traces of

double elves recorded by the Auger FD. This reconstruction assumes that all double elves are

caused by an IC stroke. The two EMPs that induce double-elves are assumed to be created

at the same location and at the same time. Analytically, the reconstruction process is simple.

A dipole source and its image radiate an EMP on either side of a perfect conductor (left panel

of Figure 2.12). The EMP from the source and the image will both reach the same point in

space at different times, provided that point is not on the ground. The method of images is

used to calculate the location of the field, that effectively bounces off the perfect conductor,

at any time. The reconstruction method described here is applied to all double-elves. I
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Table 2.3: List of Auger-GLD360-GOES16 coincidences in the storm event of April 8, 2018.
The types 1, 2, and 3 represents the single-peaked, double-peaked and multi-peaked elves,
respectively. CTH is the cloud-top-height and the negative sign on the current is the polarity
(negative charges are flowing down).

Time (UTC) Type Extent (km) Current (kA) CTH (km)
00:14:14 2 741± 5 -255 12.3
00:24:37 3 580± 9 -250 13.0
00:28:48 2 523± 10 -212 13.0
00:29:30 1 593± 9 -212 11.8
00:32:30 2 620± 8 -224 12.2
00:33:49 2 767± 4 -210 13.1
00:36:44 2 517± 11 -157 13.1
00:42:04 2 542± 9 -221 13.1
00:43:16 3 595± 7 -208 12.7
00:51:09 2 649± 7 -228 13.8
00:52:19 1 694± 7 -278 14.5
00:52:59 2 474± 11 -158 14.5
00:55:12 2 493± 11 -188 14.5
01:03:51 1 647± 8 -246 14.3
01:08:10 1 727± 7 -240 14.4
01:10:17 2 587± 9 -221 14.4
01:11:04 1 672± 7 -229 14.4
01:27:04 1 727± 7 -205 14.2
01:27:54 2 619± 8 -180 13.9
01:29:36 2 647± 8 -260 14.2
01:32:00 1 660± 7 -228 13.2
01:35:19 1 566± 10 -184 12.9
01:39:03 2 450± 9 -204 12.7
01:39:44 3 548± 9 +172 12.7
01:41:59 1 695± 8 -243 13.0
01:52:19 1 734± 5 -369 13.6
02:03:17 1 715± 6 -308 14.5
02:30:24 3 724± 5 -226 14.5
03:30:41 1 641± 6 -288 12.4
03:54:15 2 722± 5 -360 14.5
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show that this method will work for a subset of double-elves, for which the source may be

an IC stroke, an EIP, or a CID. The reconstructed altitudes of the sources of the remaining

double-elves are higher than the cloud-top-height of any thunderstorms recorded by GOES-

16 in coincidence with Auger elves, thus the source of these elves cannot be explained by a

typical IC stroke model. These double-elves from unknown sources may be induced (1) by

two different EMP sources that are at different altitudes and/or different times, or (2) by

two EMPs originating from a physical phenomenon above clouds that is still unknown to

the scientific community.

In this section, I detail the reconstruction method used for the altitude of a single source

for all double-elves. Then, I discuss the implications of the reconstruction of legitimate

IC sources, but with varying current polarities obtained from GLD360. Finally, I use the

GOES16 data to confirm that clouds do not reach the altitudes of some of the reconstructed

sources and I discuss potential alternative sources to the typical IC stroke. This analysis is

at the edge of the current research done in atmospheric electricity physics and the results

discussed here are open for alternative interpretation.

2.6.1 Describing the altitude-reconstruction method for double-elves

To validate the results, I tried two different methods to recover the height of the stroke

that created the observed double elves. Marshall and al., 2015, derived the equations needed

to reconstruct the height of strokes from the time separation between the EMPs projected

at the base of the ionosphere [70]:

d22,1 = (RE ± hS)
2 + (RE + hiono)

2 − 2(RE ± hS)(RE + hiono) cos(D/RE) (2.6)

where d2,1 is the distance between a point at the base of the ionosphere and the real source

(d2) or the image source (d1). The ionosphere height (hiono), the radius of the Earth (RE),

and the distance of the observation from the center of the elve (D) are all fixed parameters

when calculating the height of the stroke (hS). The propagation from the observation point,

i.e. the projected optical axis of each FD pixel, are equivalent for the light emitted by the
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d2

d1

Figure 2.12: Left panel: diagram adapted from Marshall and al., 2015, in which the variables
are labeled for the geometry at hand. Right panel: the variation in the separation between
peaks as a function of the height of the stroke, for observation points at various elve radii.

real and image EMPs interacting with the ionosphere. It follows that the time separation

between the two EMPs, or between the two peaks in an elve is given by td = (d2−d1)/c. The

cosine term at the end of the equation accounts for the Earth curvature, and is especially

important for distances further than 200 km. By inverting the equations, it is possible to

get an analytical solution working in a curved Earth coordinate; however, it is just as simple

to solve this equation by incrementing hS until the time separation between the peaks is

obtained. The analytical solution is faster for a computer to calculate, but the formula is

complex and does not work for all geometries. Both approaches yield the same result for

distances that are far from the center of the elve, which is why I only quote results from

the numerical method hereafter. In addition, I have used the internal classes of Offline to

make the computations in a software environment that manages the curvature of the Earth

properly. In this framework, the calculation is just done in a few lines, but the principle of

varying the height of the stroke to obtain td is the same.

I make the approximation that the location of the peaks in the photo-traces of the

FD pixels corresponds to EMPs located at the projected center of the pixel, despite the

broadening of the pulses in time due to the large projected pixel area. The height of the
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base of the ionosphere is assumed to be 90±5 km. The error on the height of the ionosphere

has a minimal effect on the error of the reconstructed altitude stroke. I also require more

than 7 pixels to pass the quality cuts on the fits of both peaks in their traces. Some pixel

photo-traces are recording light emitted close to the center of the elve, and that light may

be created by another TLE, at later times. Typically, not more than 3-7 pixels detect a

secondary signal in the center of the elve. Hence, the choice of 7 pixels is to ensure that a

significant number of pixels observed the two peaks of the elve. The quality cuts for the fits

are the same as described in the method to reconstruct the location of the stroke (Section 2.3).

As the calculation of the stroke altitude is performed at the pixel level, I calculate the mean

altitude of each stroke from all the pixels that contributed to the analysis. The error in the

location of each pixel with respect to the center of the elve is less than 10%. For this error,

I consider the width of the effective area of the pixel, the error in the lightning location

(i.e. the center of the elve), and the height of the ionosphere. The error on the lightning

location (±5 km for GLD360 strokes) is the dominating contribution to the total error. The

error analysis is the same as the one applied to the reconstruction of the SPD. When taking

the mean of the reconstructed altitude for each pixel, the error on that altitude is less than

10%/
√
N , where N is the number of pixels that contributed to the observation. Hence, the

error on the altitude is very small due to the number of pixels contributing to the observation

of each double-elve (at least 7). The error on the GLD360 peak current is 20%. The result of

the altitude reconstruction is discussed in the next section and presented in the right panel

of Figure 2.13.

2.6.2 Analysing the reconstructed altitude of lightning strokes that induce
double-elves

The cloud-top-height (CTH) above each elve-inducing stroke obtained in coincidence with

GOES-16, in the period spanning 05/2017 to 12/2018, has a maximum just below 19 km (left

panel of Figure 2.13). The altitude of 19 km is an upper limit of CTH correlated to elve

detection by the Auger FD during the 18-month period, and I expect that limit to be valid
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Figure 2.13: Left panel: single- and double-elves of the Auger data in coincidence with both
GOES16 and GLD360, during the 05/2017-12/2018 observation period. The coincident
GLD360 peak current (and polarity) is plotted against the GOES16 cloud-top-height (CTH)
measured right above the stroke. The maximum correlated CTH is just below 19 km altitude.
Right panel: the reconstructed altitude of the source of EMPs that induced double-elves
detected by Auger in coincidence with GLD360 (01/2016-12/2018), assuming that the source
is at the same location and time for both EMPs (i.e. an IC stroke). All reconstructed stroke
altitudes that are above the maximum CTH are indicating that (1) the assumption of a same
source for both EMPs is wrong, or (2) the source is of unknown origin. At the bottom of
the right panel, I plotted the counts of single-, double-, and multi-peaked elves as a function
of peak current. The blue histogram in that lower panel is the projection of the double-elve
data of the main plot on the x-axis. Typical charge distribution of Argentinian storms can
now be inferred using Figure 1.5.

across all thunderstorms in the Auger elve-observation region. Due to the convection pro-

cess within a thunderstorm, the free charges created from friction between ice droplets in

a cloud separate into two main charge layers, described in Chapter 1. One main layer is

located towards the top of the cloud, and the other main layer towards the bottom. A third

weaker charge layer (10% the charge of a main layer) exists at the bottom of the cloud and

contributes to the idealized tripolar structure of charge distribution in thunderstorms [38,

p. 69]. Additional screening charges build up at the top of the cloud as the ambient atmo-

spheric free charges are attracted to the charged convective cell. The storm induces charges
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on the ground. The typical charge structure is depicted in the diagram in the left panel

of Figure 1.5. As a quick fact, the temperature at the top of the super-storm of April 8,

2018, was about -75 ◦C at 14.5 km altitude, and the temperature at the ground was about

+24 ◦C. This information was also available from GOES-16. The high temperature gradient

in the 10 km height of that cell is a requirement for the strong convective processes present

in Argentinian storms.

Lightning discharges may occur between any of these charge layers to restore the charge

equilibrium. The convention is that negative current signifies that negative charges are flow-

ing down or that positive charges are flowing up. Positive current signifies that positive

charges are flowing down or that negative charges are flowing up. By combining the infor-

mation of the current polarity provided by GLD360, the altitude of the elve-inducing stroke

reconstructed by Auger, and the type of stroke from the number of peaks in the photo-trace

of elve events, I can infer the polarity of the charge layers linked by the lightning channel.

As I expect most elves to be created by a return stroke process with high peak current, I

also expect the majority of these elves to be created by strokes that link the two main charge

layers in the cloud, or either of those main layers and the ground. As a result, I should also

be able to infer if the idealized charge distribution in the cloud was normal or inverted.

The charge configuration is difficult to infer solely from CG discharges, or single-peaked

elves, as the discharge may initiate from either the top or the bottom main layer and reach

the ground. However, as a tall structure is typically required, CG lightning rarely initiates

close to the ground to terminate at any of the main layers in the cloud. The majority of

elve-inducing CG strokes have been identified by GLD360 to be of positive polarity (black

curve, right panel of Figure 2.13). Those CG stroke lowered positive charges to the ground

or raised negative charges to the cloud. As the lalter process is much rarer, it is more likely

that most elve-inducing CG strokes lowered positive charges to the ground. In a storm

with normal charge distributions, positive CG strokes are expected to account for 10% of all

strokes, but in storms with inverted charge distributions, positive CG strokes are expected
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to account for over 90% of all strokes. Also, downward positive strokes are known to occur

more frequently at higher peak current than downward negative strokes [38, p. 145], which

may explain why more Auger single-elves are associated to positive polarity strokes.

On the other hand, the charge distribution may be more easily inferred from IC strokes

as high-energy EMPs are expected to be created by strokes that linked the two main charge

layers within the clouds. If the double-elve inducing stroke is reconstructed below 19 km, and

above 7 km, and is correlated to a GLD360 stroke with positive polarity, then the stroke is a

candidate for an IC, EIP, or CID created in a storm with a normal charge distribution. Only

5 events were reconstructed below 7 km (as low as 5 km altitude). For Figure 2.13, I cut on

that lower altitude because the result of a simulation-based sensitivity study of IC strokes

indicates that the Auger FD is not sensitive to altitude lower than 7 km (Chapter 3). In the

right panel of Figure 2.13, a cluster of positive IC strokes exists between 6 and 12 km, which is

the expected height of most IC strokes in tall convective cells (refer back to Figure 1.5). The

strokes in this low-altitude cluster are at the lowest altitude ever reported for elve-inducing

IC strokes. The positive strokes between 12 and 19 km are candidates for CIDs.

Unlike the presence of a cluster of positive IC strokes, there is no cluster of negative

IC strokes. The altitudes are homogeneously distributed above 7 km. However, the high

count of double-elves associated to negative polarity current of strokes reconstructed below

19 km altitude indicates that double-elves detected by Auger may be created by a significant

number of storms with inverted charge distribution (Figure 2.13).

This altitude analysis reveals a puzzle. Over half the reconstructed stroke altitudes, for

any current polarity, are above 19 km. From the analysis, time differences between the photo-

peaks of double-elves that are above 50µs are typically reconstructed to altitudes that are

too high to be a IC, or EIP candidates. The underlying phenomenon of these high-altitude

sources is unknown, and as I mentioned at the beginning of this section, either (1) the source

of the two EMPs is at the same location and time (maybe gigantic jets), or (2) the source

is different for each of the two EMPs (maybe IB pulses). The PIPER data contained 20
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selected double-elves that were correlated to the National Lightning Detection Network, and

the reconstructed stroke altitudes were homogeneously distributed between 13 and 26 km,

with a few strokes above 30 kA [25].

The Auger altitude reconstruction and the PIPER altitude reconstructions are not the

only reconstructions of altitudes of discharges that are above cloud-top-heights. Nag and al.,

2010, as well as Smith and al., 2004, both reconstructed lightning heights and ionosphere

heights using Narrow Bipolar Pulses (NBE), which are CIDs [71, 72]. CIDs have been shown

to have enough energy in the radiated fields to produce elves, and Marshal and al., 2015,

even simulated the effects to reproduce some of their high-altitude elve-inducing strokes [25].

Wu and al., 2012, showed that positive polarity CIDs occur at lower altitude in the cloud,

around 15 km [73], which is consistent with a cluster of Auger reconstructed altitudes of

positive strokes (right panel of Figure 2.13). Wu and al. also showed that negative polarity

CIDs occur between the top main layer and the screening charges, and that no strokes are

reconstructed above 19 km. To explain the lack of events above 19 km, Wu and al. addressed

possible discrepancies between his reconstruction method and the methods used in other

papers. These high-altitude strokes are created by a very obscure phenomena sometimes

referred to as “dark lightning” as they are often not associated to a detection by conventional

methods. The cloud tops are typically defined by the troposphere, and in this case we are

talking about discharges going into the stratosphere, possibly in the form of gigantic jets.

Again, being relatively confident about the reconstruction methods used here, CIDs are one

explanation for the very high altitudes that I reconstructed. If that’s not the case, there is

a lot of future work to be done and to understand how these elve “doublets” are created.

2.7 Concluding thoughts

The overall goal of the work reported in this chapter was to recover as much information as

possible for each of the elve events that we measure. Some of the information is fundamental

properties of lightning, such as the peak current, and the altitude. Some of the information

is more phenomenological, such as the radius or brightness of the elve. Ultimately, the
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information can be used as inputs in the EMP model to simulate the phenomenological

results and compare the results of the model to real data.

The information recovered from the Auger data and presented in this chapter is novel

to the lightning community. There is no instrument with the capabilities of the Auger FD.

Hence, the bulk of my work during my PhD was to explore this data, especially in coincidence

with measurements from other instruments. Two full-author list papers are coming out of

this chapter. The goal of the next chapters is to set a foundation for any analysis of signal

such as elves created by IC strokes, in the Auger FD.
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CHAPTER 3

SIMULATION: PHASES OF THE END-TO-END SIMULATION, NUMERICAL ERROR

ANALYSIS, SENSITIVITY STUDIES AND PRODUCTION OF A MONTE CARLO

DATASET

Since their first observation in 1990, elves have been extensively simulated using models

of ionospheric heating by an EMP from lightning strokes [12, 14]. More recent simulations

have increased sophistication by adding spatial dimensions and by considering the curvature

of the Earth to improve the representation of the effects of the Earth’s magnetic field or the

modulation of gravity waves on the light emission [25, 34–36, 49]. One of the best models of

elves is a publicly available framework developed by Marshall et al., 2012. This simulation

and analysis framework was extensively tested against data from the PIPER instrument [23].

The simulation uses the Finite-Domain Time-Difference (FDTD) EMP model, which mainly

focuses on an accurate simulation of the EMP and its interaction with the ionosphere, to

estimate the amount and distribution of light produced in an elve.

For their research in fundamental astrophysics using cosmic rays, scientists from the

Pierre Auger Collaboration developed an accurate simulation of the Auger FD. The detec-

tor simulation, which includes—PMT quantum efficiency, mirror reflectively, photon ray-

tracing, photon interaction in the FD geometry, electronic noise, background noise, trigger

algorithms, and more—is key to the validity of cosmic-ray research. The implementation of

these details is done via the Auger Offline analysis framework [74].

In this chapter, I describe the end-to-end simulation of elves for Auger, from fundamen-

tal lightning properties to photo-traces in the Auger FD. This simulation includes: (1) the

lightning stroke as the source of an EMP, (2) the EMP propagation to the ionosphere and

interaction that creates an elve, (3) the elve as a source of UV photons, (4) the propaga-

tion of photons through the Earth’s atmosphere, (5) the detection of photons at the Auger
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Figure 3.1: The end-to-end elve simulation process for the Pierre Auger Observatory is sep-
arated into two phases: P1 (left) and P2 (right). Top left panel: P1 starts from fundamental
lightning parameters and uses classical E&M to propagate the EMP over the simulation grid
and create an elve in 2D. Bottom left panel: the surface photon density (SPD) plotted as
a function of altitude and distance from the vertical axis above the lightning. The SPD at
each time steps shows the propagation of the elve along the base of the ionosphere. Top right
panel: the list of parameters needed in P2 and a colored label showing the time and location
of arriving photons, as seen by the Auger FD. A simulated event was moved at 600 km and
then at 300 km to show the effect on the signal in the detector. Bottom right panel: the
output of this simulation is the traces in the pixels that view the elve at a 600 km distance,
similar to the distance to the RELAMPAGO LMA.

FD. The physics modeled at each of these steps are the following: (1) lightning physics,

(2) electromagnetism, (3) plasma physics, (4) atmospheric physics, and (5) detector physics,

respectively. To take advantage of developments already made in the field of atmospheric-
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electricity physics and detector physics, the end-to-end simulation combines existing sim-

ulation frameworks: the EMP simulation of Marshall and al. and the Offline framework.

Phase 1 (P1) of the end-to-end simulation encompasses steps 1, 2 and 3, and is processed in

the EMP simulation. Phase 2 (P2) encompasses steps 4 and 5, and is implemented in the

Offline Framework. My major contribution to the development of the end-to-end simula-

tion of elves at Auger was merging these two frameworks. I synthesized the output of P1 to

facilitate the implementation of step 4, the propagation of photons to the detector. I also

tested the results of the simulation extensively against real data. P1 and P2 are presented

in Figure 3.1. In the top left panel, the lightning source, the EMP propagation, and the

number density of excited nitrogen are depicted over the simulation grid used in P1. In

this chapter, I discuss sensitivity studies and numerical error analysis that I conducted to

investigate the effect of the input variables of P1 on the output of P1. The size of a cell in the

2D grid is defined by its length along the ground, ∆r, and its length along the perpendicular

axis to the ground, ∆z. The size of the time step of the simulation is ∆t. By optimizing the

size of the steps, I reduce the computational burden of the end-to-end simulation.

The lightning physics that is relevant to the creation of an elve is parametrized by six

variables: the peak current (I0), the current rise time (τr), the channel length (Lch), the

return stroke speed (vrs), the height of the stroke (HS), and the type of stroke. I will refer

to these six parameters throughout the text. Elve-relevant plasma physics is parametrized

by two variables: the height of the ionosphere (HE) and the altitude decay constant of the

free electron density (β). The parametrization of the ionosphere is investigated extensively

in Chapter 4. The output of P1 is the excited nitrogen density at a given time and location

at the base of the ionosphere. From there, the analysis can take either of two directions: (1)

I convert the excited nitrogen density to a surface photon density (SPD) as a function of

altitude and time (bottom left panel of Figure 3.1). (2) I pass the excited nitrogen density

as an input to P2. The second direction is discussed further below. When the SPD at each

vertical step of the grid is summed in time and altitude. The result is a 1D distribution of
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the light emission as a function of distance from the elve center. From the simulated SPD at

various time steps, one can calculate the speed of the propagation of the light emission along

the base of the ionosphere. In this illustrated example, this propagation speed is faster than

c at radii smaller than the location of the peak of the total SPD and c at larger radii. As

discussed in Chapter 2, the total SPD is also reconstructed from the Auger data. I compare

the data with the simulation in Chapter 4.

In the top right panel of Figure 3.1, I show a diagram of the FD telescope and I list the

variables that parametrize P2. The time (tS), latitude (Lat), and longitude (Lon) of the

stroke, as well as the vertical aerosol optical depth (VAOD) affect the signal at the detector

level. The location of the elve with respect to the detector is also a fundamental parameter,

but the geodetic location of the FD sites are always a constant in P2. The input of P2 is

the excited nitrogen density in 2D, on an origin-independent space-time grid. The output of

P2 is a set of signal traces for the pixels that detected light from the simulated elve (bottom

right panel of Figure 3.1). This diagram also includes the region of the elve that is first

visible at the detector. This region occurs at the halfway point between the stroke and

the detector. To accurately simulate the arrival time of photons at the detector, I have to

introduce an azimuthal dimension with step size ∆φ. Using the size of each 3D grid cell and

the size of the time step, the total photon count at each 3D grid cell is calculated from the

excited nitrogen density. The total photon count at the ionosphere, for each grid cell, at

each time step, is propagated to the detector and attenuated through the atmosphere.

In this chapter, I describe sensitivity studies that I conducted to exemplify the effects

of the input parameters of Phase 1 on the results of the simulation. With the accurate

simulation of the detector physics provided by Offline , the sensitivity study of the end-to-

end simulation is also a sensitivity study of the Auger FD to properties of lightning.

To validate the end-to-end simulation, I used the simulated elve traces to reconstruct the

SPD, with the same SPD reconstruction method applied to observed elve traces in the real

data (see Chapter 2). The SPD provides the brightness of the elve as a function of its radius

70



in one dimension. If the reconstructed SPD profile is similar to the SPD calculated directly

from P1, then the forward propagation of photons from the ionosphere to the detector is

consistent with the backward propagation of photons from the detector to the ionosphere.

This comparison is used to validate numerous aspects of the work done in this dissertation

(e.g., the two different methods of calculating the SPD in the simulation).

Using P1, I also created a Monte-Carlo dataset of elves. The MC is a set of 10,000

simulated elves that are created from a random uniform selection of 5 P1 input parameters.

The creation of the MC is very computationally intensive; consequently, the MC is only

simulated from P1 and it is not processed through P2 for a set of randomly generated photo-

traces. By visualizing the SPD profiles of the elves in the MC, I provide an example of a

selection criteria on the channel-length parameter. This selection improves the set of SPDs

in the MC by removing elves that are not physical.

Finally, I also present an example application of the end-to-end simulation. To improve

my understanding of the timing between the photo-peaks of double-elves, I simulate an IC

stroke at various altitudes and I characterize the simulated photo-traces at the detector level.

3.1 Phase 1 (P1) of the end-to-end simulation: the EMP and elve created from
an existing numerical model

P1 takes advantage of the existing simulation of elves that was created by Marshall et al.

However, this simulation has not been tested with the time resolution of the FD nor with

the elves associated to the high-energy lightning observed in Argentina. The details of this

simulation are well detailed in literature [25, 34, 75]: it is a 1D, 2D, or 3D FDTD solver of

Maxwell’s equations, with calculations of the EMP interaction with the plasma at the base

of the ionosphere. Other simulations exist [31, 35, 36, 76], but they were not tested as an

alternative elve simulation for P1.
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3.1.1 Describing the inputs of the lightning stroke parametrization, i.e., initial-
izing P1

The current classification of return stroke (RS) models is broken into four categories:

gas dynamic models, electromagnetic models, distributed-circuit models, and engineering

models. The latter are the models used in the elve simulation used here. Gas dynamic mod-

els are used to model the radial expansion of the channel length, during the return stroke

process. Those models are governed by thermodynamics and do not compute electromag-

netic fields; they are used to describe a short cylinder of plasma under the strain of large

currents. Electromagnetic RS models use a lossy antenna as an approximation for lightning

channel. The solution for the current flow in the channel is obtained from a numerical so-

lution of Maxwell’s equations using the method of moments. A 3D electromagnetic model

can include the description of lightning branches of arbitrary shapes, the struck object, and

non-linearities from the attachment process to obtain numerical solutions of the current flow

in the channel. Using such a simulation to describe an EM field is probably too much detail

for this thesis; furthermore, the propagation of those fields is also computationally intensive.

Distributed-circuit models obtain current profiles for the channel length by solving the tele-

graph equations, two coupled linearly dependent differential equations that solve an RLC

transmission line. Exact closed form solutions are typically obtainable for constant R, L,

and C. However, the calculation of the resulting EM-field still has to be done, and the RLC

parameters are too specific to provide a physical intuition for the amount of current that

passed through the lightning channel.

The engineering models are most popular [77] for the study of the radiated EM fields.

For cloud-to-ground or intra-cloud lightning, the spatio-temporal distribution of the current,

I(z, t), is written as a function of the initial current at the base of the channel, I(0, t). As

the current front propagates to the opposite side of the channel at speed, vrs, it is expected

to decay as a function of distance from the base of the channel. The maximum of the current

profile at the channel base is called the peak current, I0, a fundamental property commonly
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used to describe the strength of lightning strokes. The peak current typically occurs at

the channel base for CG strokes, right after the attachment point. These models assume a

smooth, vertical channel without any bifurcations, which may be a problem for some of the

emission profiles we are observing at Auger. Some elves observed by the Auger FD do not

have a clear azimuthal symmetry around their central axis and a tilt in the channel could the

cause of the effect, especially if the rise time of the current is too long. The 3D simulation

of Marshall et al. has the possibility to simulate horizontal and vertical IC strokes, but it

would require significant effort to implement a tilt of the Hertzian dipole. Hence, I chose

not to investigate this effect as part of this thesis, but it is recommended as future work.

The complexity of I(z, t) is limitless; however, there are accepted parametrizations that

have accurately represented the EMP as measured by ground-based lightning detection net-

works such as WWLLN and GLD360. The typical approximation separates the temporal

component from the spatial one: I(z, t) = I(0, t)I(z). As an EMP is created from a sharp

current variation, the simplest model for I(0, t) is a linear rise in time, from no current to

I0 with a current rise time, τr. The decay of the current in time is typically modeled by an

exponential decay. The cusp at I0 has created numerical issues when simulating the fields

near the stroke. However, when dealing with the radiated EM field at far distances, I(0, t)

does not need to be smoother than a linear rise and a linear/exponential decay. In most

instances, the decay of the current through time is too slow for the creation of a second

EMP; however, Liu et al. simulated sharp current decays consistent with lightning profiles

correlated to TGF observations made by the Fermi satellite [31].

The dependence of the current along the length of the channel can remain constant

(Transmission Line model, TL), decay linearly (Modified Transmission Line with Linear

decay, MTLL), or decay exponentially (Modified Transmission Line with Exponential decay,

MTLE). The MTLE model is the most accepted model, but a lot of the simpler versions

are still used in simulation papers. For simplicity, the decay constant along the channel is

parametrized as a third of the channel length. As we are most interested in the far field

73



approximation and its interaction with the ionosphere, a lot of the complexity of the models

may be lost when looking just at the elve.

With some insight from experts, some investigation of the literature, and some sensitivity

studies, the variation in elves seen by the Auger FD is not expected to be sensitive to anything

more complex than an MTLE model with a few parameters: the channel length (Lch), the

return stroke speed (vrs), the current rise time (τr), and the peak current (I0).

3.1.2 Synthesizing the outputs of P1 into the ROOT analysis framework.

My initial work done with the simulation used the 3D model; however, the computation

time was too long to create a Monte-Carlo dataset. Also, some numerical effects created

asymmetry in the light emission at the base of the ionosphere, which was significant enough

to create significant error in an end-to-end simulation. In addition to the need of minimizing

numerical instability when using larger time steps (or spatial steps), the simulation grid of

P1 needs to be fine enough to have enough simulated source points in the FoV of each FD

pixel. The Auger FD has a signal digitization at 10MHz and the surface area of the pixels

projected to the ionosphere varies between 36 km2 for higher elevation angles and 2400 km2

for lower ones. As the focus of this thesis is to study the effect of various lightning properties

on the photo-traces, the 2D simulation is now used for all elve simulation study.

The 2D model assumes an azimuthal symmetry around the vertical axis above the light-

ning stroke. The elve is simulated on a grid parallel and perpendicular to the ground. With

an origin at the center of the Earth, the grid intrinsically follows the curvature of the ground.

The grid is aligned with the geodetic coordinates, independent of the Auger detector. To

maximize simulation time and minimize numerical error, I chose 500m2 as the size of spatial

steps and 100 ns as temporal time step. A more extensive study of the numerical errors are

presented later in this section. Elves are very far from the detector, so the intrinsic time

scale detectable by each pixel is defined by their FoV at the location of the light emission. A

signal traveling at the speed of light across the smallest PMT FoV would take 30µs, which

is too large to see any variations on the 100 ns scale. In other words, the propagation to the
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detector dominates the arrival time of photons at the aperture of the FD, not the size of

time step used in P1. Unfortunately, time steps longer than 1µs are typically not permitted

in the FDTD model as they introduce instabilities in the simulated EM field. At the end

of each simulation, to save memory, the total number of exited nitrogen molecules in the

atmosphere is saved every 2µs for every grid cells from 70 to 110 km. Now, the computation

time on my computer is about nine minutes instead of two hours for the 3D simulation, and

each file is saved in a ROOT format (CERN’s Computational Framework). The file size

varies from 12 kB for very faint elves to 60MB for the brightest.

In each ROOT file, I save the number density of exited N2 in the Second Positive sys-

tem (C3Πu → B3Πg, 300-400 nm), the number density of N+
2 in the First Negative system

(B2Σ−

g → a4Πu, mostly at 391 nm), the location of each grid cell, the time since the lightning

stroke occurs, and the amplitude of the effective electric field for an easy validation against

analytical calculations.

3.1.3 Detailing the UV emission spectrum of elves as detected by the Auger
FD

Due to our knowledge of the composition and densities of molecules in the atmosphere,

we know exactly which molecular transitions will emit in the 300-400 nm range . To be able

to represent the real elve data the most accurately with simulations, I need to account for

every emission lines. The AIRFLY Collaboration has measured the fluorescence spectrum

of air at sea level in the 300-430 range (top left of Figure 3.2) [78]. UV light in that range

comes from N+
2 in the First Negative system (286-587 nm) and from N2 in the Second Positive

system (268-546 nm), the latter being the brightest. Out of all the molecules at the base

of the ionosphere, nitrogen is the only one emitting a UV spectrum. Even though I save

the dimmer emission line in the output files of P1, I do not actually account for N+
2 in later

phases of the simulation, as the emitted light is too dim.

On the bottom left of Figure 3.2, I present the table associated to the work of the

AIRFLY collaboration, which details explicitly which peak of the spectrum is associated to
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680-nm line

ISUAL elves simulation, Kuo et al., 2012

ISUAL nitrogen de-excitation properties, Kuo et al., 2008

680-nm line300-400 nm

AIRFLY atmosphere  
UV measurement  
at sea level, 
Ave et al., 2007

Auger FD Transmission 

λ (nm)

MUG-6 Filter

Pixel QE

1% transmission 

at 680 nm

Figure 3.2: An introduction to the emission spectrum of Nitrogen in the UV and to the
sensitivity of the Auger FD to the spectrum of elves. Left top panel: data and table from
AIRFLY, by Ave et al., 2007, showing the UV fluorescence spectrum of air at room tem-
perature and pressure and the corresponding relative intensities of emission lines of nitrogen
molecules. Left bottom panel: the transmittance of the Auger MUG-6 filter and the quan-
tum efficiency (QE) of the FD pixels, from 300 to 1000 nm. Right top panel: the simulated
spectrum of elves by the ISUAL collaboration adapted from Kuo et al., 2012, for all possible
emissions. Right bottom panel: the table of brightest emissions adapted from Kuo et al.,
2008. The Einstein A-coefficient, Ak, is the de-excitation rate of individual bands also used
in P1.

which Nitrogen molecular transition. Due to a missing electron, the transitions from the

first band of N+
2 are much less complex than that of N2. The ISUAL experiment simulated

all the emissions of N2 specifically for elves. see the top plot in the middle of Figure 3.2 [79].

The gray band highlights the region that the FD is sensitive to, and the only emissions in

that region are from the two Nitrogen systems. The ISUAL simulations also show that the

391-nm line is 115 times dimmer than the 340-nm line, but they were not able to validate
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Figure 3.3: Left panel: the SPD from all the photons of N2 in the Second Positive system
(268-546 nm). Right panel: the SPD from all the photons of N+

2 in the First Negative system
(286-587 nm).

against their data as they did not make observations in that band. However, they simulated

elves of various intensities and estimated their total brightness in various emission bands,

see the bottom table in the middle of Figure 3.2.

My investigation of the quantum efficiency (QE) of the FD pixels and of the transparency

of the UV filter yields an estimated conversion of photons at aperture to photo-electrons at

the PMT photo-cathode that peaks at 27%. The actual calibration constant is closer to

20% [27]. The plots on the right of Figure 3.2 show QE and transparency as a function

of wavelength for the Auger PMTs and the MUG-6 filter of the aperture. With this in-

vestigation, I also found that the Auger FD was transparent to less than 1% of photons at

680 nm and that the number photons emitted by nitrogen molecules at exactly that wave-

length was minimal. The conclusion of this investigation is that no other light than UV-light

significantly contribute to the photon count in the PMTs of the Auger FD.
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3.1.4 Verifying the dependence of the simulated UV-emission spectrum of elves,
as detected by the Auger FD, on the Second Positive system of Nitrogen.

To emphasize that the contribution from N+
2 is a minimal part of the total number of

photons detected by the FD, I am presenting two surface density profiles of the same event,

as they were simulated in P1. In the left panel of Figure 3.3, I am showing the SPD for N2 in

the Second Positive system and on the right, that for N+
2 in the First Negative system. The

amplitude of the left SPD is three orders of magnitude higher than that of the right SPD.

This difference is consistent with the ISUAL simulations of the total brightness of these

spectra. Hence, the dimmer spectrum of N+
2 does not need to be carried through in the

simulation of the photo-traces of the FD. The simulated stroke used here had a peak current

of 75 kA, a channel length of 5 km, a rise time of 20µs, and a return stroke speed of 0.6c, and

the ionosphere height was set to 90 km, which is a lot dimmer elve-inducing stroke than the

one ISUAL simulated. As I demonstrate in Chapter 4, the current state of the simulation

seems to be overestimating the peak brightness of elves, just with the N2(2P ) band. If the

N+
2 (1P ) band was much brighter than the simulation predicts, this would introduce an even

greater discrepancy between the simulation and the Auger data.

Table 3.1: List of parameters and ranges used for the sensitivity study of P1.

Parameter Minimum Reference Maximum

I0 (kA) 50 100 300
Lch (km) 2 4 5
vrs (c) -0.1 -0.4 -0.7
τr (µs) 1 15 30
τf (µs) 100 150 200
HE (km) 85 92 100
Ic (A) 0 150 300
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Figure 3.4: Sensitivity of the total SPD shape and amplitude to changes of different input
parameters of the EMP simulation: channel length (Lch), return stroke speed (vrs), current
rise time (τr), peak current (I0), ionosphere height (HE), continuing current (Ic), and current
fall time (τf ). Each marker compares the SPD from an elve differing from the reference elve
when exactly one parameter is changed. The data is the ratio of an SPD profile parameter
from the test elve to that of the reference elve, hence arrows pointing inward indicate an anti-
correlation. The test values are in Table 3.1. From left to right: variation of the amplitude,
variation of the location of the maximum, variation of the location of the left half-maximum,
variation of the FWHM of the SPD.
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3.1.5 Conducting a sensitivity study of the time-integrated Surface Photon
Density (SPD)

A change in the lightning properties will change the shape and amplitude of the SPD of

an elve. At the bottom left of Figure 3.1, the time-integrated SPD profile of one simulated

elve is plotted as a function of altitude and distance from the vertical of the lightning stroke.

I extrapolate information about the SPD shape directly from the histogram: amplitude,

peak location, left location of half of the maximum, and FWHM.

In this sensitivity study, I investigate how these four parameters vary for instances of CG

lightning strokes. The lightning properties that I am testing are the peak current, the rise

time, the return stroke speed, the ionosphere height, and the channel length. In addition, I

am varying the current fall time (τf ), and the continuing current (Ic), to confirm that these

input variables do not affect the elves in the chosen ranges listed in Table 3.1.

The results of the study are presented in Figure 3.4. I simulate a reference elve with

the parameters listed in the middle of Table 3.1, then I vary the other parameters one

at a time to accepted maximum and minimum values [38]. Next, I define a ratio of the

SPD amplitude between a simulated elve at a maximum value to that of the reference elve,

RA,max,p = Amax,p/Aref,p, where p is any of the input parameters: I0, Lch, vrs, τr, τf , HE,

Ic. Similarly, I introduce the ratio RA,min,p = Amin,p/Aref,p for the simulated elve at the

minimum value of the lightning property. As an example, both the SPD-amplitude ratios

of peak current, RA,max,I0 and RA,min,I0 , are plotted as the most left pair of markers in the

most left panel of Figure 3.4. The upward-pointing triangle represents RA,max,I0 and the

downward-pointing triangle represents RA,min,I0 . The peak current is positively correlated

with the amplitude of the SPD. In contrast, the pair of markers for the rise time is inverted,

implying a negative correlation between the rise time and the amplitude of the SPD. Using

the results of this sensitivity study summarized in this plot, I can adjust the lightning

properties and predict the changes on the SPD.
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t = 702 μs t = 752 μs 
Lch = 2 km   

Lch = 4 km   

Lch = 6 km

t = 702 μs t = 752 μs t = 702 μs t = 752 μs 

τ = 1 μs   

τ = 11 μs   

τ = 21 μs   

vrs = -0.4c  

vrs = -0.6c  

vrs = -0.8c  

Figure 3.5: Sensitivity of the SPD at two time steps of the simulation, 702µs and 752µs,
to changes in fundamental lightning parameters for the MTLE model on a constant grid
size. Left panel: the effect of changing the channel length on the shape and amplitude of
the pulses. Middle panel: the effect of changing the rise time. Right panel: the effect of
changing the return stroke speed.

In summary, lightning with 300 kA will create an elve which will emit almost a hundred

times more photons than the 100 kA reference elve. A 50 kA elve-inducing lightning will

create an elve a thousandth the brightness of the reference elve. As this range is the largest,

peak current is the driving factor of the peak brightness of elves. On the other hand, channel

length is a parameter that does not affect significantly the amplitude or shape the total SPD

profile. An exponential attenuation of the current along the channel length implies that most

of the current is dissipated within a few kilometers, independently of the length of channel.

Hence, the amplitude of the SPD is similar for 4 km and 5 km channel length.

From the investigation of the data done in the next chapter, the chosen parameter ranges

used here turn out to be too wide for all parameters but the peak current. However, this study

still provides the first insight on how the integrated SPD varies with changes in lightning

parameters.

3.1.6 Conducting a sensitivity study of the time-specific SPD

The total SPD is the sum in time and in altitude of the induced light by the propagation

of the EMP across the base of the ionosphere. From simulation, the SPD can also be analyzed

at a point in time, providing a snapshot of the light induced by the EMP at a distance from
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the center of the elve.

The next step in this analysis is to study in greater detail the shape of the SPD at a

specific time step, to see how it varies based on selected parameters. The Auger FD will

have the possibility to observe such a narrow pulse in the pixels high in the camera, where

the field of view is small. A small FoV implies less total integrated light as the pulse crosses

the observation region. Hence, the recorded photo-trace is closer in time-width to that of

the EMP crossing the FoV of the pixel. If the reconstructed total SPD profiles of the FD

data are not sensitive to some of the lightning parameters, then we may want to analyze the

shape of individual traces captured by the PMTs.

In this sensitivity study of the time-specific SPD, I am reducing the focus to Lch,

vrs and τr, and how these input parameters affect the light emission at the base of the

ionosphere. I am testing those input parameters at three different values each: Lch ∈

{2 km, 4 km, 6 km}, vrs ∈ {0.4c, 0.6c, 0.8c}, and τr ∈ {1µs, 11µs, 21µs}. I fix the other

parameters: I0 = 75 kA, HE = 90 km. Each change of an input parameter is presented

in Figure 3.5, for two time steps of the simulation: 702µs and 752µs. I expect a decrease

in the amplitude of the emission between each time step, but I expect the width of the

emission to be constant as the EMP propagates across the ionosphere. The time-specific

SPD conserves its width, at any distance away from the center of the elve. Hence, as the

elve crosses the FoV of the pixel, the brightness of the emission decreases but the width of

the emitting light pulse is constant. For scale, the longest extent of the projected area of an

FD pixel will vary from 10 km to 120 km.

At first, I expected the rise time to be responsible for a change in width of the light

emission region. However, the only change in width that I noticed was from the variation of

the channel length, see left of Figure 3.5. The pulse increased almost by 50% from a channel

length of 4 km to one of 6 km. The change in width was even more drastic for the 2 km

channel length. From the plot in the middle of Figure 3.5, the rise time affects the arrival

location of the pulse at the base of the ionosphere, but the width remains constant. Despite
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a change in amplitude also visible in the other plots, the effect of the return stroke speed

shown on the right of Figure 3.5 seems to be very minimal on the width. The change in the

amplitude of the signal was expected from the study done on the total SPD.

To conclude, the width of time-specific SPD is dependent on the length of the channel,

with the MTLE model and the current parametrization of the elve. Even though I have not

finalized a study looking for the distribution of time-width for pixel traces looking at the

halfway point, I think Auger has the potential to reconstruct not only the peak current, but

also the return stroke speed from the hole radius, and possibly the channel length from the

width of the first pulse reaching the detector.

3.2 P1 numerical error analysis

Numerical models have errors associated to them. When a discrepancy exists between

simulation and data, numerical errors of the model have to be quantified before conclusions

on the physics can be reached. When I run the EMP simulation twice with the same set

of input parameters, I recover the same result in the number of photons emitted at the

ionosphere. At first glance, one would think that there are no numerical problems associated

with the result. Of course this simple check of repeatability does little to address whether

there are numerical problems. In this section, I try to quantify a numerical error associated

to the results of the EMP simulation. Due to time constrains during this PhD project,

this error analysis is not exhaustive. However, the results show that significant care has

to be taken when simulating elves with a numerical model, especially when the results are

compared to the elve data of the highly sensitive Auger FD.

The numerical errors associated to the electromagnetic field solved by the FDTD method

are the major contribution to numerical errors associated to the SPD profile. There are two

quantifiable errors associated to the rounding or truncation of calculated EM field values:

the true error and the approximate error.

The true error is calculated from the difference between the numerical result and the

analytical result, which is difficult to obtain in a phenomenon as complex as electromagnetic
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radiation from lightning strokes. Any analytical solution requires integrals, which are solved

numerically for complex representations of the lightning current. There exists a simple,

but approximate, solution of one component of the far-field electromagnetic radiation along

the ground, Ez(r, t) = vrs
2πǫ0c2

I(0, t − r/c), where r is the distance along the ground. The

maximum brightness of the elve is at 100 km away from its center, and that is not far

enough to be representative of a purely far-field approximation. The size of the sources

considered is defined by a channel length of 5 km. The fields simulated in this analysis

and in all simulations in this thesis, are propagated over a perfect conductor. As this is

a complex numerical system, the estimation of the approximate error of the far-field EM

radiation seems to be an appropriate method to quantify the numerical errors.

3.2.1 Estimating the approximate error on the vertical component of the ra-
diated electric field at the ground

To estimate the approximate error, I compare the values of the electric field in two

adjacent cells of the simulation. As the electric field along the ground is vertical, the value

of the electric field at 100m altitude is the same as the value at 200m, especially at far

distances and with 100 ns time steps. Hence, by looking at an error defined as (Ez,i=0(t, r)−

Ez,i=1(t))/Ez,i=0(t, r), where Ez(t, r) is the electric field component along the vertical that

varies through time and i is the index of the step along the z-axis, I estimate the numerical

error associated to this electric field component close to the ground. The FDTD method

solves the whole 2D grid at every time step. The grid cells that settled to zero once the

EMP passed through will still be updated to a new value of zero at every time step, which

introduces numerical effects that can be seen in Figure 3.6. As there are a few dimensions to

deal with, in the left column of Figure 3.6, I plotted the error as a function of time for three

different distances from the lightning stroke: 10, 100, and 250 km. In the right column, I

plot the histogram of the error for all time and distance, which is a projection on the y-axis

of the plots in the left column, for all grid cells along the ground. The vertical step size,

∆z, is set to 250m and the horizontal step size, ∆r, is varied for every row. As a reference,
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Figure 3.6: The approximate numerical errors associated to the component of the electric
field that is perpendicular to the ground, at the ground. The approximate error is quantified
as the difference in the value of the field at two adjacent vertical steps closest to the ground.
Each row has plots of the error for varying simulated grid size along the horizontal (∆r),
while the size of the grid along the vertical remains constant (∆z = 250m). In the left
column, I show the error through simulated time for three different distances away from the
stroke (10, 100, and 250 km). In the right column, I present the approximate error for all
time and distances. The large grid cell results in a small approximate numerical error, below
0.2%.
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the third row has the data for the grid chosen for all the future simulations done with elves,

∆r = 500 km and ∆z = 250 km.

When simulating the EMP with a horizontal step size of 100m and a vertical step size of

250m, as used for the plots in the first row of Figure 3.6, the value of the error has drastic

fluctuations visible throughout the time of the simulation. At a distance of 10 km, displayed

with black circles, the grid is updated very quickly after the initiation of the current in the

channel of the stroke. The value of the field at the two altitude steps differ at very early

times, but once the EMP passes beyond 10 km, both cells have exactly the same values, even

if static fields are present. The difference between the values of the two steps is growing until

the end of the simulation at 1.2ms. This divergence is actually not an issue as those distances

are too close to the stroke to affect the elve calculation and as the maximum divergence at

1.2ms is less than 0.4%.

If we shift our attention to the 100-km distance, shown in dark gray, the grid cells are

both zero until the values of the field start getting updated, around 0.2ms after the start

of the simulation. The two electric field values differ slightly in the far-field approximation.

Once the EMP is through, at 0.45ms, the behavior of the error seems to be chaotic, reaching

extremes of 2-3% in difference, which is outside the chosen ranges for the plot. The extreme

fluctuations are happening at later times of the simulation, once the EMP passed through

the grid cell and moved on to further distances along the ground. If we anticipate this

behavior at the base of the ionosphere, which is also in that range of distances, the EMP will

come through and create the elve without significant error in the number of photons emitted.

However, if there are any photons emitted at later times of the simulation, the numbers need

to be examined in more details, especially when looking at the secondary bounces in the

wave-ionosphere waveguide.

Looking at the light-gray dots, which represent the error at 250 km, there are two spikes at

0.6 and 1ms, created by the primary EMP illuminating those grid cells once and the bounce

off the ionosphere and back to the ground a second time. The error starts to fluctuate up
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to 0.6% after 1.1ms. To narrow down the amount of information and to try to quantify

the total error, I present the y-projected distribution on the right of that first row, where

the errors for all time steps and all distances are presented in one histogram. The peak of

the distribution, at zero, diverges due to the large number of grid cells initialized with zero

electric field at the beginning of the simulation. The FWHM of the peak (between 10 · 103

and 50 ·103 counts) is shaped by the amount of error created by effects such as the divergence

at 10 km that was just discussed. The tails of the distribution, which extend beyond 1%, are

created by numerical effects such as what happened at 100 and 250 km, at later times, once

the EMP passed through.

As the horizontal step size is increased, the numerical effects diminish, especially at

larger distances. The base of the error distribution is reduced in width by 30%, from less

than 0.3%, when increasing the step size also by 30% (right histograms of the third and

fourth rows of Figure 3.6). The resonance of the error at later times and at 10 km distances

from the strokes are always present, but when the step size is increased, the approximate

error investigated here is reduced. This numerical error is not problematic for the value of the

fields when the EMP is crossing a given cell of the first time. Once the EMP came through,

at later times of the simulation, the error on the values at each grid cell is small relative to

the values of the field, less than 0.3% if one considers the full width of the distribution with

∆r = 500m. Hence, I do not expect the approximate error on the vertical component of the

field (and by affiliation, all the other EM components) to induce a significant error on the

SPD.

3.2.2 Estimating the error on the SPD

I investigated a second numerical behavior. Maximizing the size of grid cells to speed

up computations is not that simple. Previously, we studied the field at the ground. Now

I investigate the number density of excited nitrogen at the base of the ionosphere. For the

propagation of light from the ionosphere to the Auger FD, treated in the second phase of

the simulation, enough simulated grid cells have to fit within the projected FoV of the pixels
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Figure 3.7: The effect of increasing the vertical step size on the number density of excited
nitrogen for an example simulation. Left panel: the set of surface nitrogen density plots
created with varying the vertical grid size (in meters). Right panel: the amplitude of the
surface nitrogen density plots, as a function of grid size, shows a divergence of the results
when the steps are too large. The large orange dot is the 500-m step size I use in this thesis.

(> 30 km2) at the base of the ionosphere, in Phase 2 of the simulation. To have at least

10 grid cells per altitude layer that contribute to the light emission of the elve in a 30 km2

area, the horizontal step size (∆r, the size of the cell along the base of the ionosphere) has

to be below 1.5 km. This limit assumes a size of 2 km for the creation of the 3rd dimension,

discussed in the next section. The choice of t∆r is closely linked to the choice of the vertical

step size, ∆z. In Figure 3.7, I varied ∆z to verify that the number density of excited nitrogen

remained consistent.

The EMP simulation uses two different vertical step sizes to refine the grid size for

small EMP wavelengths close to the lightning source. Throughout this thesis, including the

analysis on the approximate error, ∆z1 is kept to 250m. At higher altitude, ∆z2 has to be

fine-tuned to limit any numerical dispersion. Though it depends on the size of both ∆z1 and

∆z2, the change in step size occurs at 70 km altitude, just before the interaction with the

ionosphere begins. To limit numerical dispersion in the field calculations, the instructions

of the simulation recommend 10-20 cells per smallest wavelength of the EM field. Due to
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the memory limitations of the next phase of the simulation, the choice of ∆z2 has to be

optimized.

Increasing ∆z2 from 200m (drawn in blue in Figure 3.7) to 500m (drawn in orange),

lowers the amplitude of the surface density of excited nitrogen by 3%, but retains the shape

of the distribution. Increasing ∆z2 from 500m to 1000m reduces the amplitude by 10%.

Doubling again ∆z2, from 1000m to 2000m, the amplitude is reduced by 30%. The original

idea of choosing ∆z2 = 1500 was wrong. From this analysis, ∆z2 needs to be the smallest

possible, which is not computationally possible, yet.

Consequently, I can introduce another quantifiable error on the outputs of P1. Using the

plateauing of the distribution at lower step size as an indicator, the 200m size is represen-

tative of the least numerically dispersed result. When ∆z2 = 500m, the amplitude of the

surface density is almost 3% lower than the least numerically dispersed result. Introducing

an error of 3% on the results of the distribution is not problematic for a future compari-

son with data, as long as it is tracked with care (refer to Chapter 4 for a data-simulation

comparison of SPD profiles). However, this instability is also present when varying ∆r.

Assuming a similar behavior in ∆r and ∆t, the combined error is about 5%. This error is

still an underestimate because the problem studied here may be dependent on the frequency

spectrum of the EMP, which is itself dependent on the energy radiated from the lightning

stroke. To account for this frequency dependence of the error, the estimated error should

not be more than double the combined error due to the grid size.

Future work is needed to investigate the dependency of this error estimate on the energy

of the EMP, especially for low-energy strokes. For now, a 10% error will be associated to

the surface density of all simulated elves. Choosing a lower step size (500m for both ∆r and

∆z) implies a longer computational time in P1, but it allows me to increase the step size of

the 3rd dimension implemented in the following section.
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3.3 Phase 2 (P2) of the end-to-end simulation: the propagation, attenuation
and detection of light from elves by the Auger FD

The second part of the end-to-end simulation (P2) aims at reproducing the raw photo-

traces observed in the Auger FD pixels from the output of P1 (the number density of excited

nitrogen in 2D). The basic method behind P2 is to count the number of photons at each

simulated grid cells of P1, in time and in space, and propagate them through the atmosphere

to the FD. In this step, the location of the lightning stroke is critical, as it defines the position

and intensity of the elve in the FoV of the camera. Then, with the entry vector of the photons

at the aperture, their intensity and their wavelength, the Offline framework handles the ray-

tracing through the FD geometry and applies the first two levels of trigger algorithms that

are designed for cosmic-ray detection. We know real elves pass the second level of trigger

algorithms in the data, and with the end-to-end simulation, I also confirm that they pass

the simulated second level trigger algorithm as well.

To accomplish these steps, the following is considered: 1) Offline is not originally de-

signed to deal with traces longer than 100µs, 2) the third level trigger algorithm for elves is

not yet implemented, 3) the elves out of P1 need to be 3D for the proper treatment of time

propagation, 4) the atmospheric attenuation due to aerosols and molecules is parametrized

by an exponential decay of the air mass as a function of elevation angle (the empirical model

of the airmass is that of Kasten and Young, 1989 [80]).

A change in the location of the lightning stroke alters the shape and amplitude of the

signal received at the FD (Figure 3.1). As shown in Figure 3.1, the point on the ionosphere

halfway between the detector and the lightning stroke is the shortest path for information

to travel from the source to the observer. Hence, if the radius of an elve is large enough

to reach that point, or go beyond it, the first light in the detector will be from the halfway

point. If the radius of the elve is smaller than half the distance between the lightning and

the FD, then the first light at the detector will be the edge of the elve and the upper-half of

the signal on the camera will look “chopped.” The longer the acquisition time, the greater
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Figure 3.8: Left panel: a visualization of a constant azimuth discretization of a 2D simulated
elve (boxed in red), and the projected FD pixel FoV as an overlay. Top right panel: geometric
correction applied to the photons emitted at the ionosphere when calculating the number
of photons reaching the aperture. Bottom right panel: the correction for the atmospheric
attenuation due to molecules and aerosols as a function of elevation angle, using the air-mass
parametrization of Kasten and Young [80].

the fraction of emitted light from the elve arrives at the detector in time to be recorded.

The light closest to the center of the elve will arrive a few hundred microseconds later, while

the light from the back of the elve will arrive closer to one millisecond later at the FD. The

development of P2 improved my understanding of the geometry for viewing elves from the

Auger FD on a curved Earth.

In this section, I detail the calculations implemented in Offline to manage the output of

P1 and create photo-traces in the Auger FD.

3.3.1 Discretizing the azimuthal dimension of elves to calculate the arrival time
of photons at the detector.

P1 outputs a 2D wedge of a whole elve in a coordinate system with an origin at the center

of the Earth. In Offline , I transform the coordinate system to a cylindrical coordinate

system with the lightning stroke at the origin. To create a 3D elve with an azimuthal
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symmetry, I take the 2D wedge and swing it around the vertical axis above the lightning

stroke. To limit the amount of data and a lack of grid cell in the projected FoV of Auger

pixels, defining the step size in azimuth requires attention. On the left of Figure 3.8, I show

the trivial method of a fixed azimuthal step. The total SPD of simulated elve is mapped

in latitude and longitude, in the red wedge. The peak of the SPD is visible about 100 km

from the vertical center of the elve. To save memory, I only create the half of the elve

expanding towards the detector, which is sufficient for a 300µs acquisition. The problem

with this method is that at far elve radii, each grid cells may be separated by 100 km, which

is too large for the effective size of the FD pixels projected to the base of the ionosphere.

Reducing the azimuth step size oversamples the center of the elve and leads to an unnecessary

computational time at lower elevation in the camera.

The method that I eventually implemented uses an azimuthal step size that varies as a

function of the elve radii, ∆φ(relve). Because I am dealing with nitrogen densities, I can be

imaginative with the shape of the 3D grid, as long as I can calculate the volume the cell. As

the size of the cell along the radius of the elve is 500m, I am able to maximize the size of

the step in azimuth to 3 km, and still create enough sources of emission in the FoV of each

pixel.

Once the location of the stroke is defined, each grid cell of the 3D elve is at a fixed

distance from each of the four FD sites. I calculate the propagation time from each of the

cells to each of the FD sites. By adding the propagation time to the time provided in the

output of P1, I obtain the total time needed for photons to arrive at the aperture of each

FD telescope since the lightning struck. The conversion from the number density of excited

Nitrogen to the number of photons is discussed in the next section. The total propagation

time is converted to the arrival time of the photons at each site, which is needed to create a

trace of photons at the aperture. The size of the time step in P1 is defined by the numerical

dispersion in the calculation of the EM field. However, an emission of photons every 100 ns

from each of the cells is unnecessarily fine. An emission every 1µs would be sufficient to
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reproduce the arrival time of the photons at the detector, and the data would require 10

times less memory. I use the recommended time step size of 100 ns.

In addition to the arrival time of the photons, Offline requires the entry angle and

the entry location of the photons on the telescope entrance pupil. The entry location is

randomized over the 2.2-m diameter pupil. The entry vector is used to trace the photons

through the simulated detector. The Auger FD has been parametrized in the GEometry ANd

Tracking (Geant4) framework, to accurately describe the loss of photons at any wavelengths

when they travel through the detector. The transparency of the UV filter, the reflectivity of

the mirror, the gaps between the pixels of the camera, and the QE of the pixels are treated

by the Geant4 framework. In the Offline framework, the simulation of the telescope, the

background and the electronics have already been implemented and tested for cosmic-ray

research. The final output of the end-to-end simulation are the traces of analog-to-digital

converter (ADC) counts, at every 100 ns bin, for each pixel that passed the two trigger levels.

3.3.2 Converting the number density of excited Nitrogen at each grid cell to
photons at the Auger FD aperture

The number density of excited nitrogen molecules in the Second Positive system (calcu-

lated in m−3), nN22P , already calculated from the free electron density in the ionosphere,

needs to be converted to the number of emitted photons per cell, Nγ,cell. The output of

P1 is on a grid with a coordinate-system origin at the center of the Earth. The 2D elve is

extrapolated to a third azimuthal dimension, around the vertical above the lightning stroke,

with step size dependent on the radius of the elve. Hence, the total number of photons at

each time step is calculated from the following equation:

Nγ,cell = AN22PnN22P∆t∆r∆z∆φ(relve), (3.1)

where AN22P is the Einstein coefficient of emission for the fluorescence from the Second Pos-

itive system, 2× 107 per second [81]. From recent experiments, the rate has been calculated

to be closer to 2.5×107 per second [62]. Then, the number of photons at the detector, Nγ,D,
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is obtained using:

Nγ,D = Nγ,cell
R2

M

4d2
, (3.2)

where RM is the radius of the mirror and d is the distance between the FD telescope aper-

ture and the simulated grid cell. The assumption is that each molecule of nitrogen emits

photons isotropically, and a fraction of these photons reaches the relatively small aperture of

a telescope, hundreds of kilometers away. The geometric factor is of the order of 10−12. For

grid cells located 300, 500, 700, and 1000 km away from the detector, the total multiplicative

factors to convert from nN22P to Nγ,D are approximately 8×105, 3×105, 2×105, and 7×104

m3, respectively.

In addition to the geometric factor of equation 3.2, there is an atmospheric attenuation

that is obtained using the vertical optical depth of the atmosphere due to molecules and

aerosols. Clouds are not included in this estimate. The atmospheric attenuation was already

introduced in Chapter 2 for the reconstruction of the SPD of data. This correction is applied

in reverse to individual cells, as a function of their elevation angle, θ, with respect to the

detector:

Nγ,D,atm = Nγ,De
−(τmol+τaer)/airmass(θ), (3.3)

where τmol and τaer are the vertical optical depths of 355-nm light for the molecular and

aerosol contents, respectively. The attenuated number of photons at aperture is obtained

through Equation 3.3 and the curve for a total VOD of 0.6 is plotted on the bottom right

of Figure 3.8. The exponential curve of the atmospheric attenuation is showing us that

the UV light detected in the lower rows of pixels (1-5◦ elevation) is significantly affected

by the choice of VOD. Not accounting for atmospheric attenuation in the simulation would

introduce significant error in the amplitude of traces.

A simulated lightning stroke with an MTLE model, created an EMP that was propagated

numerically in 2D with Maxwell’s equation, to the ionosphere. The simulation of the interac-

tion of the EMP and the ionospheric plasma led to a number density of nitrogen molecules,
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exited in the Second Positive system, distributed across a simulated grid in time and space.

SPD profiles of elves produced by P1 can be calculated directly from the output and then

compared to reconstructed SPD profiles of data. To bridge the gap between the simulation

of an elve at the base of the ionosphere and the creation of simulated traces in the detector

pixels, I developed P2. Ultimately, the end-to-end simulation (P1 and P2) can be validated

by reconstructing the traces of the simulation in the FD using the same method employed

with the data. If the reconstructed SPD profile of a simulated event, as reconstructed from

the simulated traces of the pixels in the detector, matches the SPD profile produced out of

P1, then all the steps described in this section would internally consistent.

3.4 Validation of the end-to-end simulation

The third part of the simulation process, reconstructing the SDP from the simulated

traces in the detector pixels, is the same process as reconstructing the actual SPD from the

real traces in the detector pixels. Hence, P2 can be considered a forward propagation of the

signal, and it can be validated with a backward propagation. The reconstruction process of

the SPD of a simulated event is the same as the process described in the previous chapter,

where the pixel traces of an elve that have been glued, fitted, selected, and corrected, are

now integrated in time. I have two methods to calculate an SPD profile: (1) directly from

the 2D output of P1 or (2) by reconstructing the simulated photo-traces of the end-to-end

simulation. If the reconstructed SPD profile (2) is within error of the original SPD profile

(1), then the two calculations are internally consistent. The internal consistency of these

two calculations also validates the reconstruction method that I apply to the data to recover

the SPD.

3.4.1 Characterizing the agreement between the output of P1 and the recon-
struction of the output of P2

I simulated an elve that was representative of the amplitude of one of the elves with

the best-measured SPD by the Auger FD. I detail this event in the next chapter. Here,
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Figure 3.9: Left panel: the reconstructed SPD profile from the simulated traces of the end-
to-end simulation, which uses the pixels (color-coded by row) that passed all the quality cuts.
Right panel: the same reconstructed SPD profile is displayed in black on top of the original
SPD profile calculated directly from P1. The percentage difference with respect to the
original simulation is plotted at the top. A 10% error associated to both SPD distributions
is not accounted for in this plot (see Section 3.2).

I discuss the SPD profiles that came out of P1 and of end-to-end simulation. The event

that was simulated out of P1 had a peak current of 75 kA, a channel length of 5 km, a

rise time of 20µs, a return stroke speed of 0.6c and an ionosphere height of 90 km. The

result is the SPD profile presented in blue on the right panel of Figure 3.9. Its maximum

brightness is almost 8 · 1015 photons per sq. km and its radial extent is over 200 km. For

P2, the parameters were a geodetic location of (-33.4◦,-65.6◦), a VAOD of 0.06 for a 355-nm

wavelength, a ∆φ(∆r) = 3 km for an azimuthal discretization of the third dimension at each

grid cell along the base of the ionosphere, a 300µs total acquisition length at 100 ns. To

reconstruct the SPD from simulated photo-traces, the parameters were an ionosphere height

of 90 km, the same geodetic location, and also a VAOD of 0.06. The reconstructed SPD

profile is displayed in the left panel of Figure 3.9, color coded for the rows of pixels that

contributed to the observation. The error bars are obtained by the same calculation used to

project real data from the detector to the ionosphere. The 10% error from the numerical error
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estimate is not presented. This reconstructed simulated SPD is also presented as an overlay

to the original SPD calculated directly from P1, in blue in the right panel of Figure 3.9. This

simulated SPD is extensively studied in the next chapter and compared to the best-measured

real event.

The disagreement between the reconstructed SPD and the original SPD is 30% at the

maximum and close to null at the tail. Two pixels are pointing too far off-elve-center to

acquire the full emission in the 300µs acquisition and the SPD is underestimated by almost

40% as the fit did not adequately extrapolate the signal beyond the end of the trace.

A lot of information can be recovered from this result. The inner radius of the elve, aka

the radius of the hole, is very well defined after the reconstruction of the simulated traces. As

will be seen in the next chapter, the choice of the ionosphere height in the reconstruction does

not change the amplitude of the detected signal, only the location of the pixels with respect

to the center of the elve. In this case, the choice of 90 km allows for the reconstructed pixels

to be very well aligned with the right tail of the original SPD, where the effects are the most

drastic. The atmospheric correction in the forward propagation is applied to individual grid

cells of the simulation and in the backward propagation it is applied to the camera pixels.

As the atmospheric correction is applied to the elevation angle of the camera pixels, the poor

spatial resolution of the camera leads to small discrepancies between pixels expected to be

at the same distance from the elve center, but at different elevation angles. Despite being

within error bars, the reconstruction is slightly overestimating the peak brightness of the

event and the two rows of pixels that point at this region are not giving exactly the same

value. The reconstructed SPD from row 8 of pixels is overestimating the peak brightness

compared to the reconstructed SPD from row 9. The lower the pixel is pointing, the larger

and more asymmetric its projected surface area is going to be, which can induce small

geometrical bias since the back of the projected pixel is much further than the center. The

asymmetric Gaussian fit is not perfectly representing that effect and all the photons may not

be accounted for properly in the numerical integral, which is the part of the reconstruction
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process that will induce the most variation in the data. The error from the integral, which is

based on the error of the fit parameters, is accounted for in the SPD profiles. A better fit will

fix the overestimate of the maximum of the SPD. The error bars presented in Figure 3.9 do

not contain the contribution of numerical errors from P1 and P2, they only show the error we

would quote for the reconstruction of the data. An additional 10% error from the numerical

error approximation is not accounted for those two distributions. With this additional error,

both curves would be in better agreement.

The pixels did not reconstruct the SPD distribution beyond 175 km, even though the

original simulation extended further. The detection threshold of the FD obtained from the

data is believed to be between 5 · 1013 and 1014 photons per sq. km. The pixel projected to

the observed edge of the elve reconstructed an SPD of 3 ·1014 photons per sq. km. This value

is higher than the threshold, because the dimmer traces either did not pass the fit quality

selection or the number of photons at aperture was washed out by the simulated electronic

or background noise implemented in P2.

In conclusion, the backward and forward propagation of photons from the ionosphere to

the detector are consistent with one another. The SPD calculation out of P1 is consistent

with the SPD calculation from the reconstruction of simulated traces from the output of P2,

indicating that the method to calculate the SPD from real events is correctly reconstruct-

ing the amount of light emitted at the base of the ionosphere. The comprehensive error

calculation may be slightly underestimated. In the next chapter, this internally consistent

end-to-end simulation will be used to describe the real elves observed by the Auger FD.

3.4.2 Itemizing the implication of the end-to-end simulation validation.

By reconstructing the SPD from the output of P2, comparing it to the SDP from P1,

and showing that the difference is within errors, I am validating all the following steps of my

work:

Phase I:
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• the time integration of the signal output of the EMP simulation, done to save memory;

• the calculation of the surface photon density from the number density of excited ni-

trogen resulting from the EMP simulation;

• the estimate of the range of the grid over which to simulate the events;

Phase II:

• the geometrical conversion from 2D to 3D done for the time-ordered arrival of photons

at the detector from each grid cells of the simulation;

• the choice of a sufficiently fine discretization in azimuth of the elve that does not

overwhelm the detector simulation in computational time;

• the calculation of photon counts arriving from each simulated cell;

• the calculation of the atmospheric and geometric corrections for the forward propaga-

tion;

Data reconstruction:

• the calibration from ADC to photon counts at the aperture and the re-binning to 2µs;

• the combination of different parts of the traces using the simulated pedestals;

• the selection of traces based on the quality of the fits;

• the time integration of the traces over three standard deviations;

• the numerical estimation of the pixel area and location from the elve center;

• the matching choice of the height of the simulated ionosphere for P1 and for the

reconstruction;

• the calculation of the atmospheric and geometrical corrections of the backward prop-

agation;
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• the calculation of the SPD, which is completely alternative to the one done on the

output of P1;

• and the SPD reconstruction error estimates from the numerical integration, the atmo-

spheric and geometric correction, and the area of the pixels.

The next step is to create a Monte-Carlo (MC) set of simulated events to develop our

understanding of elves and their relationship to the parent stroke.

3.5 Creation and exploration of a Monte-Carlo dataset of 10,000 elves

The motivations for creating an MC dataset with P1 are the following:

• create a database of simulated elves to compare to Auger elves, as well as elves observed

by other experiments,

• characterize the SPD profiles of simulated elves, using more statistics than the study

done in Section 3.1.5 and Section 3.1.6,

• confirm the number of events needed in the MC to fully represent the elves that occur

naturally,

• anticipate the creation of a full MC dataset of the end-to-end simulation to compare

directly to traces of the Auger elves,

• assess the validity of the current ranges chosen for the creation of the MC and describe

the improvements needed to improve the MC for future applications,

• parametrize the correlation between peak current and the amplitude of SPD profiles

to reconstruct the peak current of Auger elve-inducing strokes,

• and use that parametrization to quantify any discrepancy between the data and the

simulation.
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Figure 3.10: Some insights on the new MC simulated data. Left panel: the counts of events
in a 2D bin of peak current versus channel length. Middle panel: the mean location of the
maximum SPD in each bin of the parameter space. Right panel: the mean amplitude of the
SPD at each bin of the parameter space, which is investigated further in Chapter 4.

This list captures the work done in this thesis with the use of the MC. The ultimate

goal was to create a MC of photo-traces in the detector, to compare directly to elve data at

the detector level using machine learning. However, as explored in Chapter 4, a discrepancy

between the data and the simulation has to be fixed before creating an MC of the end-to-

end simulation. In addition, the development of a neural network, for the reconstruction of

lightning properties from photo-traces, is too ambitious without a proper sensitivity study of

the end-to-end simulation, presented in Chapter 4. With this thesis, I try to build a strong

foundation of our understanding of the sensitivity of the end-to-end simulation to variations

in lightning properties.

In this section, I present the method used for the creation of 10000 MC simulated elves.

Then, I explore the simulated data by focusing on the SPD profiles. Finally, I introduce the

result of the T-Distributed Stochastic Neighbor Embedding (t-SNE) method to visualize the

variety in SPD profiles.

3.5.1 Creating an MC of 10,000 events and understanding its limitations.

With the chosen grid parameters of P1, the creation of an elve requires about ten minutes

of computing time, with the 16 threads of CPU running in parallel. The result is an elve

created independently of a location on Earth or a detector. P2 of the simulation assigns the
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location and time to the events and creates the third dimensions needed for the propagation

of elves to the detector. P2 requires 3 to 10 minutes, depending on how many photons need

to be propagated to the detector. P2 is the memory-intensive step of the simulation, while

P1 is the more processing-intensive step. A end-to-end simulation of one elve requires 13 to

20 minutes of computation.

If 10,000 elves are created by randomly sampling the ranges of the five main input param-

eters of P1, the goal would be to re-sample each of these elves at least ten times during P2

to randomize their geodetic position and atmospheric correction. The simulated data would

now consist of 100,000 elves probing the 8-parameter space. The amount of computational

time for an end-to-end MC simulation amounts to at least 30,000 CPU hours. I only had

the capability and time to simulate the 10,000 events through P16.

Is 10,000 events even enough data? Some of the fundamental parameters affect the SPD

in a degenerate manner (e.g. both channel length and peak current affect the amplitude),

and there may not be a way to disentangle their contribution to the creation of elves with

only 10,000 simulated events. One of the options would be to reduce that parameter space by

introducing, for example, the current moment which is a variable that combines the current

intensity and the channel length into one. Another solution would be to fix some of the input

parameters and reduce the parameter space to the variables that are the most important to

the community. As I will show at the end of Chapter 4, limiting the MC to one value such

as the peak current is a solution to reconstructing fundamental physics, when looking only

at the time integrated SPD profiles.

To explore the limits of this MC, I created 10,000 MC event through P1. I uniformly and

randomly sampled the five input parameters within the following ranges: 50 < I0 (kA) < 300,

1 < τr (µs) < 30, 2 < Lch (km) < 8, 85 < HE (km) < 95, and −0.7 < vrs (c) < −0.2. These

ranges were chosen based on the sensitivity conducted in Section 3.1.5; however, with the

additional studies done in Chapter 4, the ranges can be optimized even further for the

6The MC creation took 2 months on 4 nodes.
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creation of a new MC.

The Lch-vs-I0 portion of the parameter space can be seen in Figure 3.10. From an

investigation of this phase space, the distribution of counts in all 1.3 km×5 kA bins follows

a Poisson distribution, indicating a randomization of counts in this parameter space (left

panel of Figure 3.10). This bin size was chosen to optimize the number of events at each bin

of Lch and I0. The counts vary from 5 to 26 a median around 15. To create a MC dataset

that sampled a parameter space with enough statistics, I estimate that I need at least ten

events per 5D bin, which is ten times more than what I already created.

In the middle and the right panels of Figure 3.10, as a function of peak current and

channel length, I plot the mean amplitude of the SPD profiles in each bin and the mean

location of the maximum of the SPD profiles in each bin, respectively. The middle plot has

a clear minimum indicated by the blue region. This minimum coincides to an increase in

the contribution of the induction field components to the light emission, an unexpected and

possibly nonphysical behavior. Hence, a cut on the range of input parameters has to be

made in future work to remove any events simulated with channel length greater than 6 km.

When investigating the events with a channel length lower than 6 km, there is a small trend

showing the contribution of peak current to the location of the peak brightness. The higher

the current, the closer the peak brightness is to the center of the elve. A 50 kA current

created an elve with a maximum SPD around 90 km, while a 300 kA current created an elve

with a maximum SPD around 75 km. This almost 20% reduction in distance is consistent

with the sensitivity study conducted in Section 3.1.5. In the right panel of Figure 3.10, the

fine dependence of the amplitude of the SPD on the channel length and the peak current is

hidden without a log scale. I investigate that dependence further in Chapter 4.

3.5.2 Visualizing the variety of SPD profiles created in the MC using t-SNE.

As I discussed during my proposal defense, I was interested in using Machine Learning

(ML) to recover the lightning properties from an SPD profile, or even from the photo-traces

in the detector. However, after some exploration of the MC data and taking into account my
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Figure 3.11: A clustered visual of all the different SPD profiles in the MC using the t-SNE
algorithm (courtesy of fellow physics PhD graduate, David Hensle). Each dot represents
an SPD profile. Each cluster of dots is similarly shaped SPD profiles. The plot is a map
of the probability that two SPD profiles are the same distribution. The x and y axis are
arbitrary distances that are minimized using the probability that the two SPDs are the same.
Selected SPD profiles belonging to each major cluster of dots are also drawn to help guide
the interpretation of the phase space.

current knowledge of ML, I felt that the development of an ML reconstruction method, based

on MC data, would make it difficult to assess any discrepancy between data and simulation.

I did not feel confident to spend time on the development of this method without a greater

understanding of the elve phenomena and the end-to-end simulation. However, as this

dataset is very suitable to ML applications with its representations at the ionosphere and at

the detector level, my fellow physics PhD graduate, David Hensle, and I investigated various

ML algorithms. Even with the underlying issues of the MC, this dataset is ideal to develop

ML skills and knowledge about Deep Learning techniques. I do not share these studies here,

but I do share one result of the data exploration that simplified the visualization of the
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numerous SPD profiles obtained from the MC (Figure 3.11). After the ranges of the MC are

refined and the data-simulation discrepancy discussed in Chapter 4 is fixed, or accounted

for, I recommend future work to use ML to improve our reconstruction of the location and

other properties of the lightning stroke.

t-SNE is a ML algorithm developed to visualize high-dimensional dataset [82]. A non-

linear dimensionality reduction is applied to high-level data, such as normalized SPD profiles

of the MC. A pair of SPD profiles is assigned a probability distribution. If the SPD are sim-

ilar, they are assigned a high probability of being similar in shape; if the SPD are dissimilar,

then the assigned probability is low. t-SNE creates a 2D map of the probability distributions,

and by defaults, minimizes the Kullback–Leibler divergence between the two distributions,

with respect to the distance of the points on the map. The result is a clustering of SPD

profiles that are visually similar. The clustering is dependent on the parametrization used

for the algorithm, which allows the user to select different perplexity levels.

In Figure 3.11, I present one result of the ML algorithm on the MC dataset. Each dot

is a normalized SPD profile. The example SPD profile associate to a major cluster is also

displayed. On the top right, there are 114 flat SPDs. Some set of P1-parameters of the

simulation did not create any light at the ionosphere. All the clusters on the right side of

the plot show SPDs with varying width and curvature. On the top left of the plot, there

are SPDs with light emitted at the center of the elve. These profiles are created by a set of

P1-parameters which are conducive for the inductive component of the EM field to induce

more light than the radiative component. These elves are not believed to occur in nature and

were created by high peak currents and long channel lengths, as mentioned in the previous

section.

I use a similar concept in Chapter 4 to match an individual event from the data to the

MC. The Kolmogorov-Smirnov test is a method that quantifies the probability that two

distributions are drawn from the same distribution. The test is applied to the SPD profile

of an Auger elve and all the SPD profiles created from the MC, and finds a set of perfect
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matches. As can be seen from Figure 3.11, there isn’t a lack of SPD profiles to choose from

in the MC if the Auger elve has a well-reconstructed SPD profile.

3.6 Sensitivity study of the end-to-end simulation to the altitude of IC strokes

I present an application of the end-to-end simulation by conducting a sensitivity study of

the simulated pixel traces to variations in the altitude of a simulated IC stroke. This example

is the first look at simulated signal at the detector level from the end-to-end simulation

developed in this thesis. The work presented below focuses on the timing of traces, while

Chapter 4 explores the amplitude of the signal in extensive details.

At the end of Chapter 2, I introduced the method the reconstruct the altitude of strokes

from photo-traces of double-elve. The method assumed that the source of the two EMPs

that induced double-elves was the same, which is the case for IC strokes, EIPs, or CIDs.

As a result, a few IC strokes were reconstructed as low as 5 km altitude, but the majority

were above 7 km. In this section, I simulate an IC stroke at various altitudes and I infer the

minimum altitude of a stroke that the Auger FD may be sensitive to.

On the other hand, the results at the end of Chapter 2 also had sources that were

reconstructed at too high altitude to be explained by typical IC strokes. I argued a similar

case than other research done on the topic: some high-altitude “dark” CIDs may induce

double-elves with very large time separations between the photo-peaks of pixel traces. To

test the concept of having an EMP source at very high altitude, I simulate the IC stroke at

altitudes that are not physical. As explained in Chapter 1, an IC stroke or a CID, creates

one EMP. The upper hemisphere of the EMP radiates to the ionosphere and interacts first

with the plasma, I refer to this first pulse as the primary EMP. The lower hemisphere of

the EMP radiates down to the ground and is reflected back up to the ionosphere to interact

with the ionosphere after the primary EMP. This pulse is the secondary EMP. The primary

and secondary EMP interact with the ionosphere to induce a double-elve at the base of the

ionosphere. The two light pulses become the two photo-peaks in the traces of the Auger

FD. By analyzing the timing between the photo-peaks of double-elves induced by strokes at
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various altitudes, I can infer the altitude for an IC stroke. In this section, I use simulation

to define the approximate time separation between photo-peaks that corresponds to altitude

threshold at which IC strokes are no longer a reasonable candidate for the source of double-

elves.

To confirm that any IC stroke with an altitude above 19 km create an elve with photo-

peaks separated by more than 50µs, I use the end-to-end simulation. In addition, I show

that a stroke as low as 9 km altitude creates two distinguishable peaks in the photo-traces.

The input parameters used for the end-to-end simulation, and inspired from the sensitivity

study conducted in Chapter 4 are the following:

• Stroke Type = IC,

• HS ∈ 3, 9, 15, 21, 27, 33 (source altitude in kilometers),

• I0 = 150 kA,

• Lch = 2km,

• τr = 20mus,

• vrs = 0.5c,

• HE = 90 km,

• VAOD = 0.16,

• and geodetic location = (-33◦, -65◦).

The median channel length of IC strokes found in experimental data of a ground-based

instrument is very short, 2.6 km [83]. Also, from the sensitivity study done in Section 3.1.6,

the channel length affects the width of the emission at the base of the ionosphere. By

choosing 2 km for the channel length, I constrain the source of the EMP to a small localized

region at a given altitude, and I minimize the width of the primary and secondary EMP at
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the base of the ionosphere. Hence, the two light emission peaks of a time-specific SPD at the

ionosphere are distinguishable even when the source is at low altitude. The time separation

between the two EMPs (in reality the same EMP) is a function of the height of the source.

I chose (-33◦, -65◦) for the geodetic location, which is a location further than average. I

know that 0.16 for a VAOD is much higher than average, and almost not physical; however,

I chose that VAOD to artificially reduce the peak brightness of the traces at the detector. A

high VAOD does not affect the timing between photo-peaks in the traces of the Auger FD;

hence, this parameter is not relevant to the arguments made in this section.

I first introduce the results of P1 by presenting the time-specific SPD at the base of the

ionosphere for 6 different altitudes. Then I present the output of P2, which is the set of

photo-traces for each elve induced by the strokes at various altitudes. I am investigating the

concept of a single source for double-elves with large time separation between their photo-

peaks. If the source of the two EMPs is not the same, e.g. it occurred at the same location

but not at the same time, then the sensitivity study presented in this section is not helpful

to understand the phenomena. For example, two different IB pulses may create two EMPs

separated in time by 100µs. These two EMPs will induce two elves, which will result in two

photo-peaks in the pixel traces separated in time by about 100µs. An Auger colleague is

investigating methods to differentiate between a single source that induced a double-elve and

two sources (at the same location but at a different time) that also induced a double elve.

Though this discussion is outside the scope of this thesis, the method analyzes the variation

in the time separation between the two peaks across the FD camera. If the time separation

stays constant, then the two EMPs are probably originating from the same location but at

different times. If the time separation decreases as a function of distance from the center of

the elve, then the source is probably the same for both EMPs, and the secondary EMP is

the ground reflection of the primary EMP. The work is ongoing and will be one of the future

publications of the collaboration.
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Figure 3.12: Left panel: the time-specific SPDs of 6 different double-elves created by IC
strokes of at various altitudes. The EMPs from the highest altitude stroke (33 km) induce
two light pulses (red) separated by the longest distance. The EMPs from a 3 km stroke are
already merged into one light emitting pulse at the base of the ionosphere (darkest blue),
with an amplitude that is off the chart. Right panel: the light pulses of double-elve created
by a stroke simulated at 9 km altitude, at various time steps of the simulation. The edge of
the elve is below the detection threshold of the Auger FD at about 1014 photons per sq. km.

3.6.1 Validating the time separation between emission peaks in the output of
P1, at the ionosphere

With the simulation, I created 6 IC strokes, one at each of the 6 heights listed above. Six

different elves were induced at the base of the ionosphere. As the stroke simulated here is

an IC stroke, at any given time, two EMPs are reaching the ionosphere at different locations

along the base of the ionosphere. These two EMPs induce double-elves. As time evolves

in the simulation, the two light emission pulses propagate along the base of the ionosphere,

away from the center of the elve. At a time of 750µs after the initialization of the return

stroke, all pulses of the 6 double-elves are between 150 km and 220 km from the center of

the elve (left panel of Figure 3.12). The distance separation between the two light pulses

of each double-elve is similar in value to the altitude of the stroke . Hence, the two red
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pulses, representing the double-elve of the stroke created at 33 km altitude, are separated

by about 33 km. As another example, the two turquoise pulses, representing the double-

elve of the stroke created at 15 km altitude are separated by about 15 km. In this figure,

I am presenting the time-specific SPD, calculated from P1, for the 6 different double-elve

simulations. As the two EMPs induce pulses that are only a few kilometers wide, the light

emission from the EMPs of the stroke at 3-km altitude is effectively a superposition of two

light pulses (dark blue curve at furthest distance from the elve center). The plot is scaled

to keep the smaller pulses in sight and the two light pulses induced by a 3-km altitude IC

stroke are completely merged into one pulse. The EMPs from the stroke at 9-km altitude

created two distinguishable emission peaks. Though intermediate altitudes are not presented

here, I expect a 7-km altitude stroke to induce two adjacent emission peaks that are still

distinguishable. The standard deviations of these pulses are around 3 km. Strokes lower in

altitude would induce two peaks that are harder to distinguish. The 7 km limit is consistent

with the lower limit of altitudes reconstructed from the Auger data.

The distances presented in this plot are too small to be affected significantly by a curved

Earth geometry. Hence, the time delay between the two pulses can be easily estimated from

the difference in path length to the ionosphere, from an EMP originating at an altitude

HS and another EMP at an altitude −HS. This calculation is using the method of images:

c∆t =
√

(HE +HS)2 +D2 −
√

(HE −HS)2 +D2, where D is the distance from the center

of the elve of the first pulse.

At far distances, the difference in path lengths of the two EMPs diminishes. Hence, as

the elve expands, the separation between the two EMPs decreases. For a 9-km altitude, the

two pulses are almost merged into one by the time the extent of the elve is 300 km (right

panel of Figure 3.12). From this log plot with multiple time-specific SPDs, the reduction

of the peak SPD as a function of elve radius is clearly visible. The maximum of the time-

specific SPD is just over 1016 photons per sq. km at around a 100-km radius. At the edge of

this double-elve, the maximum of the time-specific SPD is just over 1012 photons per sq. km
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at 300 km. In the study of Chapter 2 on the minimum SPD detectable by Auger pixels,

I concluded that 1013-1014 photons per sq. km is the minimum SPD of real elves to which

the Auger FD is sensitive to. From the simulation work in Section 3.4.1, I found a lower

threshold closer to 5 · 1014 photons per sq. km. Hence, I expect that any light beyond a

200 km radius will not be detected by the Auger FD. For the second part of this analysis, I

investigate the results of P2 for each of these double elves.

As a side note, I can recover the propagation speed of the emission region induced by

the primary EMP of the IC stroke from the plot in the right panel of Figure 3.12. The

first significant pulse visible in the plot is at 350µs, induced by the primary EMP. The time

and distance of the emission of the primary pulse, from the center of the elve and for the

first four time steps, are the following: (350µs, 60 km), (450µs, 105 km), (550µs, 140 km)

and (650µs, 175 km). Hence, due to the projection of the EMP propagating from a source

close to the ground, the radial speed of the emission region as it propagates outward along

the base of the ionosphere starts at 1.5c and slows down to c after 105 km. I expect faster

speeds for the first 50µs of the light emission, which precedes the first pulse presented here at

350µs. From the analysis of the SPD profiles, the location of the peak brightness of elves is

between 70 and 110 km. If an observer is located directly above the elve and if that observer

is measuring propagation speeds greater than the speed of light, the photons are most likely

emitted within a 100-km radius from the elve center. The estimate presented here is using IC

strokes, but I expect the propagation speed of the emission created by CG strokes to behave

similarly. I already walked the reader through this exercise with a simulated elve-inducing

CG stroke, at the beginning of this chapter. This side note is detailing the process in more

details with a simulated elve-inducing IC stroke.

In this section, I investigated the time-specific SPDs induced by IC strokes at various

altitudes to understand the limits in the creation of double-elves. An IC stroke too close

to the ground does not induce a double-elve, but a single-elve. Hence, there is an intrinsic

lower limit in the time separation of photo-peaks in the pixels of any camera. The width
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of the individual peaks in these simulated double-elves is around 3 km, which is mainly due

to the chosen channel length. A camera with a time resolution below 10µs will be able to

distinguish the two peaks of a double-elve until they are almost in contact. The two emission

regions will be in contact at the start of the elve, if the IC stroke is at 6 km altitude. By the

time the elve reached 100 km radii, the two emission regions will be merged into one. The

time resolution of the Auger FD, 100 ns, is much below that threshold. The lower limit of

reconstructed stroke heights from the Auger data is not due to the Auger FD capabilities,

but due to two emission regions (induced by the EMPs) being already merged at the base of

the ionosphere. By re-binning the photo-traces to 2µs, which is done in all elve analysis, I

do not limit the reconstruction of low-altitude IC strokes as the 2-µs bin size is still 5x lower

than the intrinsic limit in the time separation of the two light pulses in double-elves.

3.6.2 Analyzing the separation in time between photo-peaks of the simulated
FD pixel traces of elves created by IC strokes

In Figure 3.13, I display the time separation between two peaks (if any) in the traces of

FD pixels for the same elve-inducing IC stroke, initiated at 6 different altitudes. The center

of the elve is close to the left edge of the camera. The stroke was 460 km away from the

center of the Auger Observatory. The light of the elve was too dim above 15◦ elevation to

create two distinguishable photo peaks. As the peak brightness of these simulated elves was

very bright, but the brightness at the edge was very dim, I used a high VAOD of 0.16 as a

parameter of P2 to reduce the extreme variation in brightness (the VAOD does not affect

the timing between photo-peaks). The peak of the total SPD was around 10◦ in elevation,

which is equivalent to the location of the maximum time-specific SPD at 100 km from the

center of the elve. Hence, there are no pixels below 10◦ with two peaks in their photo-trace.

The brightest photo-peak is fitted with an asymmetric Gaussian distribution, as described

in Chapter 2, and the resulting function is subtracted from the photo-trace. The next

brightest peak is fitted with the same distribution. The error on the fit parameters is

required to be less than 75%. This very loose selection is intended to maximize the number
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Figure 3.13: The 6 simulated double-elves as seen in the 440 pixels of an FD camera, which
are each induced by an IC stroke placed at various altitudes. Each panel has the time
difference between photo-peaks recorded by the hexagonal pixels of the Auger PMTs. The
color scale represents the time difference between photo-peaks in the trace of a pixel. In
the sequence of plots, the altitude of the stroke increases, so the time difference between the
photo-peaks increases. The double-elve expected from a 3 km IC stroke did not have two
distinct light pulses at the ionosphere, hence no data is available in that panel.

of pixels that observed two peaks in their trace. Hence, some pixels without a double-elve

in their FoV may pass the cut (3-km altitude in Figure 3.13).

The time difference between the mean of the two fits is color-coded on a scale from 20

to 100µs for all the plots. The time difference between the photo-peaks in the detector is

dependent on the altitude of the stroke. A simulated double elve in the Auger FD, with

an average time separation between its photo-peaks of 40µs, is created by an IC stroke at

15 km. From the varying color across a row of pixels, the time difference in the center of the

camera is lower than the time difference on the left edge. This confirms that a double-elve

induced by a single source will have varying time separation across the camera. Double elves

created by IC strokes below 15 km have not been reported by other instruments, because a

fine time resolution is required to resolve the two photo-peaks. From this sensitivity study,

Auger is able to reconstruct elves from IC strokes as low as 7 km. This intrinsic limit is
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consistent with the lower end of the reconstructed altitudes presented in Chapter 2.

On the other hand, I infer from this study that photo-peaks separated by more than 60µs

are created by sources above 21 km (bottom left panel in Figure 3.13), if there is only one

source for both EMPs inducing light emission. Though I did not present data for a 19-km

altitude IC stroke, the time separation between the photo-peaks in a pixel trace is just above

50µs. In current analyses of double-elves done at Auger, and as I presented at the end of

Chapter 2, we use 50µs, or 19 km, as the threshold to differentiate double-elves from IC,

EIP or CID candidates from unknown sources. The results of this end-to-end simulations

are also consistent with our expectations of the change in time difference of photo-peaks

across the pixels of the camera. This time difference is expected from the two light-emitting

pulses converging at large elve radii, if the inducing EMPs originate from the same geodetic

location, altitude, and time.

The sensitivity study conducted in this section is an example of the possible investigations

that we can perform with an end-to-end simulation. As Auger has reported the first elve

with more than two peaks in its photo-traces, understanding elves with complex emission

profiles has become the most attractive research topic.

3.7 Concluding thoughts

With the help of the existing simulation of the physics from the EMP simulation, and

with the help of the simulated detector physics from the Pierre Auger Offline framework, I

created an end-to-end simulation of elves. This elaborated simulation allows me to compare

directly the real traces of an elve to simulated traces, retaining all the physics that Auger

might be sensitive to. When comparing reconstructed data to simulation (e.g. SPD profiles),

information will get lost; however, comparing real and simulated traces at the detector pixel

level preserves all the properties of elves as observed.

In this chapter, I validated the novel end-to-end simulation of elves by reconstructing the

SPD of simulated traces. The reconstructed SPD was in agreement with the original SPD

calculated from the outputs of P1. A sensitivity study of the simulation to lightning stroke
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altitude confirmed that photo-peaks from the resulting elve separated by more than 50µs

were created by strokes at altitudes greater than 19 km. This is higher than maximum CTH

of 19 km recovered from GOES16 data. This implies that either the source of the two EMPs

is from an unknown phenomenon or that the two EMPs are not created by the same charge

flow that occurred at the same time (IB pulses being one possible candidate).

In the next chapter, I take advantage of this simulation to explore how the photo-traces

vary with different lightning properties. By comparing the simulated traces to two real Auger

single-elves, I explore the validity of the simulation by investigating the creation of single-

peaked elves from CG strokes. Using the high-quality Auger elves, I find a fundamental

discrepancy between the data and the simulation that I attempt to resolve.
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CHAPTER 4

ANALYSIS: INVESTIGATING THE (DIS-)AGREEMENT OF THE DATA AND THE

SIMULATION TO RECONSTRUCT THE PEAK CURRENT OF AUGER

ELVE-INDUCING STROKES

In this chapter, I compare and evaluate the elve data collected at Auger and the end-to-

end simulation developed in Chapter 3, in four exploratory stages that are described in four

major sections:

1. I characterize an example Auger elve, denoted as EVENT19, that was detected on

March 16, 2019 in coincidence with independent measurements of the lightning stroke.

Then, I introduce a second example elve, denoted as EVENT14, that was detected on

February 2, 2014, which has a well-reconstructed surface photon density (SPD) profile.

2. I create a reference-simulated elve of EVENT19, using the independent measurements

as constraints of the lightning properties passed as inputs to the simulation. Then,

I conduct a sensitivity study of the end-to-end simulation to properties of the elve-

inducing stroke, by varying the input parameters around the values used for the

reference simulation. The simulated photo-traces of each variation are compared to

EVENT19. Based on this study, I identify a fundamental discrepancy between the

simulation and the data. The simulated elves are brighter than EVENT19 and do not

extend to the size of EVENT19.

3. I test my understanding of the sensitivity of the end-to-end simulation by simulating

the SPD of EVENT14 from an educated guess of input parameters. By comparing

the SPD of the simulation and the data, without the additional complexity of Phase 2

(P2) of the end-to-end simulation, I confirm that the discrepancy is still present when

looking only at the output of Phase 1 (P1) of the simulation (P1 is the simulation of
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the EMP and the fluorescence of the ionospheric plasma and P2 is the simulation of

the propagation and detection of the UV photons).

4. I develop a method to reconstruct the peak current of the elve-inducing strokes of the

whole Auger dataset, using the Monte-Carlo (MC) dataset of SPD profiles introduced

in Chapter 3. I attempt to quantify the disagreement between the simulation and the

data using the whole Auger elve dataset. Finally, I identify the steps for future work

to resolve the simulation-data discrepancy.

The lightning that created EVEN19 was well characterized by independent measurements

from the RELAMPAGO LMA and GLD360. The data from these two instruments is used as

inputs to the elve simulation to create the reference-simulated event used for the sensitivity

study. The LMA is over 600 km away from the Auger FD. Because of this long distance, the

elve was detected low in the camera. Events that are detected low in the camera are more

attenuated through the atmosphere, require longer readouts and have a higher likelihood of

being obstructed. Thus, the reconstructed SPD of EVENT19 is not ideal to compare with

simulation. However, EVENT19 is the highest quality elve event with LMA measurements

and comparison of the traces of this event with simulated traces provide valuable information

about the physics of the phenomena. To find out if the simulation can reproduce the recon-

structed light emission profile of data, I selected EVENT14 which does not have coincident

measurements from other instruments. The reconstructed light emission was shaped as I

would expect from an ideal, dipole radiation pattern of the EMP.

There are two ways to represent the data conveniently: as photons per second in the

pixel of the camera of the Auger FD and as integrated photons per sq. km at the base of

the ionosphere. In this chapter, I discuss which of these representations is most suitable for

studying specific lightning stroke properties, e.g., peak current, return stroke speed, channel

length, and rise time. As was determined from the simulation, these parameter spaces are

degenerate. In other words, two different sets of lightning parameters may give exactly the

same SPD profile. Having these two ways to represent the data helps me disentangle the
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degeneracy in the lightning parameters. For example, changing the stroke channel length is

expected to change the width of the EMP at a given time, but is not expected to change the

SPD profile. By studying the width of the time traces recorded by an FD camera, I may

reveal a sensitivity to channel length that was not recoverable by studying the SPD. These

representations facilitate the quantification of the sensitivity of the end-to-end simulation to

variations in lightning properties and allow me to compare real data to simulations before

and after P2.

Simulated elve data produced by the end-to-end simulation (described in Chapter 3) has

never been compared to data from real elves that were observed by a detector as sensitive

as the Auger FD. Many components of the simulation have been previously validated at an

individual level against experimental data: the Hertzian dipole physics, the EMP numerics,

the ionospheric plasma densities, the atmospheric propagations, the curved Earth geometry,

and the detector physics. To test the combination of these components as assembled in

the end-to-end simulation, I propose to constrain the elve-simulation inputs with the values

from obtained from GLD360 and the LMA. The photo-traces that result from the end-

to-end simulation are very sensitive to the properties of the simulated stroke and to the

parametrization of the ionosphere; consequently, I increment the input parameters within

the range of error provided by the coincidence measurements. These ranges define the

parameter space that was explored for the sensitivity study described in Section 4.2.

From the features observed in the reference simulation (and its variations) of EVENT19,

I gained the knowledge to constrain the simulation of the SPD of EVENT14. This section

of the work also allows me to investigate further a disagreement between the data and the

simulation, at a level that omits P2 of the simulation. Using the MC SPD data introduced

at the end of Chapter 3, I find a better fit of the shape of the SPD profile of EVENT14.

The new match confirms that the SPD profiles in the MC, created by P1 of the simulation,

now extends over the size of the data, to the cost of being much brighter than the SPD

of EVENT14. It turns out that this effect was visible in the sensitivity study conducted
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with EVENT19, which was obstructed by clouds. In the two different representations of

the simulated elves, different calculations were performed on the output of P1. The data-

simulation disagreement is observed in both of the two representations and thus confirms

that this discrepancy is created in P1.

This data-simulation discrepancy should not overshadow the analysis opportunities made

available with such an elaborate EMP simulation. At the end of this chapter, I develop

a proof-of-concept for the reconstruction of peak current for all Auger elves that have a

reconstructed SPD. The EMP simulation of Marshal et al., validated with the PIPER data,

remains the most reliable simulation of the interaction of the EMP with the ionosphere.

By comparing the Auger reconstructed peak current to the GLD360 peak current across

three years of data, I contribute to the improvement of the simulation by quantifying the

simulation-data discrepancy. Ultimately, I created a novel method to recover a fundamental

lightning property from elves. To my knowledge, this has never been done for lightning peak

current. The method works, but I had to introduce a multiplicative factor to adjust for the

data-simulation discrepancy.

4.1 Representations to streamline and characterize EVENT19 and EVENT14:
at the detector and at the ionosphere

EVENT19 was created by lightning that struck on March 16, 2019, at 06:52:57 UTC

(GPS time: 1236754395). EVENT14 was detected on February 02, 2014, at 03:52:17 UTC

(GPS time: 1075348353). EVENT19 was selected for this study because the elve-inducing

stroke was simultaneously recorded by GLD360 and the LMA of RELAMPAGO. EVENT14

was only recorded by the Auger FD, but its SPD profile at the ionosphere matched the

expectation for radiation from an ideal dipole.

To parametrize the 440 photo-traces of each event, all traces are fitted with an asymmetric

Gaussian:

fADC(t) =







Ae
(t−µ)2

σ2 t < µ

Ae
(t−µ)2

(σδ)2 t > µ

(4.1)
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The results of the fit parameters are subject to the same quality criteria applied in Chap-

ter 2 and they allow me to simplify the description of an elve from a parameter space with

440 pixels by 3000 time bins of 100 ns (1+ million parameters) to a parameter space with 440

pixels by 4 significant parameters. This smaller parameter space is the first representation

of the data that we use to improve our understanding of elves. To obtain the fit parameters,

I only use the first 300µs of data for the following reasons:

• to take advantage of a larger Auger dataset (2014-present),

• to reduce computational time of the end-to-end simulation,

• and to limit the light from possible follow-up TLEs, such as halos, which complicate

the data.

A problem with selecting shorter traces is that the readout length maybe too short to

record the maximum brightness emitted by elves that are too far away. For these distant

elves, we cannot measure well the size of the hole at the center of these, which is a good

proxy for the return stroke speed when using the MTLL model [84]. However, the return

stroke speed in the MTLE model seems to affect the brightness of elves significantly.

As described in Chapter 2, we developed a reconstruction method to obtain the number

of photons emitted at the base of the ionosphere (i.e., the surface photon density profile

(SPD)), which corrects for atmospheric attenuation. By removing the detector from the

equation, the SPD representation of an elve can be compared to the SPD measurement (and

simulation) of elves by other experiments. For example, the SPD is easily transformed into

flux brightness, in units of Rayleigh, which I used in the drafted manuscript on gigantic

elves. Flux brightness is easily comparable to other transients in the atmosphere, such as

aurora. The SPD is also valuable for other experiments observing elves such as Mini-EUSO

aboard the ISS. As the light emission is isotropic, the measurement of the SPD by Auger is

the same as the SPD measured by an experiment looking at elves from above. In addition,

the SPD profiles are directly comparable to the output of P1. The Auger elve data is not
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always clean enough to reconstruct a smooth SPD profile. EVENT19 exemplifies the issue

that arises when measuring elves from the ground. On the other hand, EVENT14 is the

holy grail of a perfect signal created by an ideal dipole field.

4.1.1 Characterizing EVENT19 and EVENT14 in the Auger FD

The detector-level information for EVENT19 is summarized in Figure 4.1. The elve-

inducing stroke occurred 630 km away from Coihueco. The detected signal was observed

between 5◦ and 19◦ in elevation in telescope 5. The first triggered pixel points at an elevation

angle of 13◦. The emission propagated to higher and lower elevation pixels after light first

reached the detector. The first triggered pixel points to the location halfway between the

detector and the stroke, at the base of the ionosphere, above a distance 315 km away along

the ground. The number and the location of the triggered rows inform us about the size of

the elve. The radial extent of this elve exceeded 315 km, which was larger than the average

of 300 km at Auger. Given this size, it is probably correlated to a stroke with significant

peak current.

In the upper left panel left of Figure 4.1, I display a set of traces that are in a column

which points directly to the center of the elve. Thus, the light is less affected by geometric

effects than light from the edges of the elves. The peak brightness of the trace in row 11

is later than that of row 9, because the total path length from the stroke to the emission

region, and to the detector, is longer. The traces vary in width from < 20µs in the upper

rows to about 100µs in the lower row. The EMP width stays approximately constant in time

(10-20µs) as it propagates and illuminates the ionosphere, but the pixels in lower rows have

larger projected areas at the base of the ionosphere. Consequently, the increasing width of

the traces is due to the longer time it takes for the EMP to cross the FoV of the lower pixels.

Pixels in lower rows have projected areas as large as 2000 km2. As the pixel elevation angle

gets higher, their projected FoV gets as low as 30 km2, thus, the time it would take for the

light emission to cross the FoV is almost equivalent to the width of the emission. The time

characteristics of the traces are conserved in the fit parameters of the Asymmetric Gaussian.
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Figure 4.1: EVENT19, a reference elve event that was created on March 16, 2019, at 06:52:57
UTC. Top left panel: the traces in column 2 facing the center of the elve, highlighted in
black. Bottom left panel: a diagram of asymmetric Gaussian fit applied to each trace and
the labeled parameters plotted on the right. Right panel: the fit parameters in all pixels
that observed the elve with the amplitude (top left), the mean (top right), the left standard
deviation (bottom left) and the scale factor of the right standard deviation (bottom right).

The width of a trace is a convolution of the width of the light-emitting pulse and the projected

shape of the pixel. Exploring this convolution is ongoing work of an Auger colleague. The

remaining feature captured by the fit is the amplitude of the signal. The signal at the edge

of the elve, or at higher elevation angle, is lower in amplitude than the signal that is closer

to the light-emission maximum (about 100 km from the elve center). However, a cloud is

present between the detector and the ionosphere. In the right panel of Figure 4.1, the right

edge of the signal is consistent in the expected time propagation of the signal across a row,

but the widths are much larger than the expected increase. Additionally, the amplitude of

the traces, from the left camera edge to the center shows an abrupt decrease. The light is

obstructed by a cloud in those central pixels. Despite the cloud, the observed extent of the

elve is large, as it almost propagated through the whole camera.
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EVENT14 is valuable because of its smooth SPD at the base of the ionosphere. How-

ever, the light propagation as recorded across the camera appears smoother than that of

EVENT19 (right panel of Figure 4.2). The observed signal of EVENT14 is also much dim-

mer than EVENT19. The lightning stroke that created EVENT14 was 390 km away. With

300µs of acquisition, the maximum of the SPD and the size of the central hole is recon-

structable. Despite having a greater number of triggered rows, its radial extent is smaller,

around 200 km. This event is at a high elevation angle, so this observation is less atten-

uated by the atmosphere than EVENT19, which minimizes atmospheric-correction error.

The amplitudes of traces in the higher rows (13-15) of column 19 of telescope 6, eye 4 (left

panel of Figure 4.2), are almost constant compared to the variation visible in column 2 of

EVENT19 (left panel of Figure 4.1). The expanding elve crossed the FoV of pixels in rows

that have a similar projected surface area, thus the dimming was dominated by the light

emission itself being dimmer rather than surface area of the pixels getting smaller. The low-

est pixel trace that passed the quality cuts on the fits, in row 9, is very symmetric compared

to the lowest select trace of EVENT19, illustrating another example of the FoV distortion.

We expect δ to carry the geometric information of that distortion.

In the telescope reference frame the photo traces inform us about the maximum radial

extent, the height of the ionosphere and the width of the EMP. These parameters are linked

to the fundamental properties of the stroke and of the ionosphere. In some instances, it is

more convenient to look at the SPD instead of the traces at the detector level.

4.1.2 Characterizing the SPD profile of EVENT19 and EVENT14 at the iono-
sphere

The process of reconstructing the SPD of elves across thousands of sq. km at the base

of the ionosphere demonstrates the photometric sensitivity of the Auger Observatory. The

reconstruction process of the SPD is detailed in Chapter 2. In Figure 4.3, I present the SPD

of EVENT14 (left) and EVENT19 (right) on a log scale, including the error analysis for each

pixel. EVENT19 has a clear decrease in photon count across any given row, reaffirming the
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Figure 4.2: EVENT14, a reference elve event that occurred on February 2, 2014, at 03:52:17
UTC. Top left panel: the traces in column 19 facing the center of the elve, highlighted in
black. Bottom left panel: a diagram of asymmetric Gaussian fit applied to each trace and
the labeled parameters plotted on the right. Right panel: the fit parameters in all pixels
that observed the elve with the amplitude (top left), the mean (top right), the left standard
deviation (bottom left) and the scale factor of the right standard deviation (bottom right).

obstruction of the signal. The stroke was far from Auger and with a 300µs readout window,

we cannot distinguish the peak of the emission.

EVENT14 is much smaller and we have a clear reconstruction of the peak of the SPD.

The peak is around 100 km from the center of the elve. The emission spectrum dips towards

the center of the elve, due to the dipole radiation pattern having a hole above the lightning

stroke. The size of the radius of the hole is dependent on the return stroke speed. In the case

of EVENT14, 50 km is the location of the left half maximum. This radius is 2σ larger than

the mean radius of the elves analyzed in the PIPER data. Using the parametrization of Blaes

et al., 2014, 50 km is equivalent to a return stroke speed of 0.4c [84]. Although I am only

looking at one event, one explanation of this discrepancy is that the Auger reconstruction

location overestimates the distance to the stroke by 15 km. In the case of EVENT14, the

SPD could be as much as 15 km closer to the elve center.
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Telescope 5

Telescope 6

Figure 4.3: Left panel: the reconstructed SPD of EVENT14. Right panel: the reconstructed
SPD of EVENT19. Both are on a log scale and are color coded based on the row of the pixel.
A clear sky during the observation of EVENT14 allowed for the almost a full reconstruction
of the SPD, but the presence of clouds over the array during the observation of EVENT19
lead to a gradual obstruction of the signal across any given row of telescope 5.

Since the Auger FD measures a small slice in the near side of the elve ring, we produce a

1D-SPD profile and assume that the elve has azimuthal symmetry around the vertical, above

the lightning stroke. Some events show an observed brightness difference between pixels on

the left and right side of the elve. A cloud was responsible for the visible asymmetry of

EVENT19 between the adjacent telescopes 5 and 6 (right panel of Figure 4.3). However,

other effects such as the magnetic field of the Earth, may also interact with the EMP at the

ionosphere and create an asymmetry in the light emission of elves.

Events due East or West of the detector would be the most suitable to study this effect at

Auger. Pixels in the same row, and at the same distance from the elve center, are observing

North and South regions of the elve at the same time and through a similar atmosphere.

EVENT14 is in a configuration that can provide the opportunity to study the effect of the

magnetic field. Unfortunately we are missing the second half of the event to be able to

truly confirm that the Earth’s magnetic field is distorting the SPD. The SPD of EVENT14

shows bifurcations at 160, 170 and 180 km from the center of the elve. The pixels at the
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same distance from the center of the elve vary by almost 50%. If the other half of that elve

was captured, this effect may be even more apparent. The Auger dataset has a few events

that would be better suited for this analysis, those events show a more drastic asymmetry.

Studying these events is recommended for future work. The 3D simulation of Marshall et

al. simulates the effect of the Earth’s magnetic field.

Despite the imperfect data of EVENT19, the event will be used for the sensitivity study

as the EMP from the stroke was extensively measured by other instruments. The photo-

traces will still be comparable to the simulated traces of an elve with lightning properties

constrained by experimental data. The sensitivity study performed with EVENT19 will

facilitate the selection of the input parameters of EVENT14. Even with the partial obstruc-

tion of light by a cloud, the simulation will reproduce the brightness and shape of most of

the traces of EVENT19. The SPD of EVENT14 will be representative of a simulated SPD

obtained from the knowledge gained with EVENT19. EVENT14 will be used to confirm the

discrepancy found in the sensitivity study, using a different representation of the brightness

of elves.

4.1.3 Confirming the cloud obstruction of EVENT19

EVENT19 was recorded within 8 minutes of an image from the ABI instrument aboard

GOES16, which provides an estimate of the average height of the cloud tops in each pixel.

The pixels of the ABI map to about 10 km in width on the ground, which is ideal to confirm

that a lightning stroke was created by a convective thunderstorm or a large meso-scale

systems (see left panel of Figure 4.4). However, that spatial resolution is not ideal for a

fine mapping over the array (right of Figure 4.4). Analysis of this image suggests a cloud

obscured at least part of the FOV of the FD telescope that observed this elve.

EVENT19 was detected at the Coihueco site, which is the green FD site. Telescopes 5

and 6 are marked by the wedge that point just a little higher in azimuth than directly due

East. The lines are marking the edges of the telescopes, and the black star is the location

of the stroke that induced EVENT19. The position of the star is a good reminder that the
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Figure 4.4: Left panel: cloud cover over Argentina during the ±8-minute window around
the time of EVENT19, provided by GOES-16. The cloud-top-height (CTH) are measured
with respect to sea level. The blue lines represent the FoV of the 6 telescopes at Coihueco
and the star is the location of the stroke that created EVENT19. On the right, the same
information zoomed in, which shows the discretization of the GOES16 data. Each dot is the
center of each camera pixel of the ABI, with the color adjusted for the height of the array
at about 1400m altitude.

center of the elve was at the edge of the camera. In the right panel, I plotted a zoom of

CTH over the array. There was no cloud directly above the Coihueco, which confirms that

there was an opening for the light from the elve to reach the detector. The first cloud in

the FoV of the relevant telescope was about 20 km away at 2 km altitude, which is almost

6 degrees in elevation angle. Part of the FoV of that telescope was obstructed. Any cloud

beyond 60 km will be below the FoV of the FD. This obstruction was transparent enough for

the FD to detect photons from the elve, but modeling the optical depth of clouds is beyond

the scope of this thesis.

As can be seen from the SPD of EVENT19, the major part of the obstruction was in the

middle of the camera of telescope 5. The pixels on the edge of the camera, which are in line

with the center of the elve, have the least obstruction. The SPD for each row of EVENT19

bifurcates between telescope 5 and 6, indicating that the light in telescope 5 is gradually

obstructed across a given row. As most of the elve is in the FoV of telescope 5, that is the
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Figure 4.5: Left panel: the effect of the variation in the vertical aerosol optical depth on
the reconstructed SPD of EVENT14. Right panel: the effect of the change in the expected
height of the ionosphere and its effect on the shape of the SPD profile of EVENT14.

camera used for the sensitivity study. Any comparison with simulation will have to focus on

the first two columns of the camera.

4.1.4 Evaluating the sensitivity of the reconstructed SPD data using EVENT14
as an example

With a high quality dipolar SPD profile, I can test the effects of changing the reconstruc-

tion parameters such as the estimated aerosol content of the atmosphere or the height of the

ionosphere. Quantifying how the SPD of the data is affected by reconstruction parameters

will motivate that any discrepancy between the SPD of EVENT14 and the simulated SPD

will not be from the reconstruction of the data.

In the left plot of Figure 4.5, I varied VAOD (the unit-less vertical aerosol optical depth)

at values of 0.06, 0.16, and 0.26, to understand how more aerosol content affects the SPD

reconstruction. With this variation of the VAOD, I quantify the effects of atmospheric atten-

uation on the pixels at lower elevation angles. The atmospheric attenuation is parametrized

as a function of the elevation angle of the pixels, which is itself a function of distance from the

center of the elve once we know the location of the elve-inducing stroke. As the distribution
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is exponential in elevation angle, or in distance from the elve center, a higher VAOD will

affect the peak brightness of the elve more than its edge. This manipulation will preserve

the observe extent of the elve, but make the peak brightness dimmer. By increasing the

VAOD from 0.06 to 0.16, the maximum reconstructed brightness increased by 50% but the

edge brightness increased only by 25%. Similar factors describe the increase from a VAOD

of 0.16 to one of 0.26. An elve at lower elevation angle, associated to a more distant stroke

than that of EVENT14, would have much greater disparity between the correction at the

peak brightness and the correction at the edge. Here, I studied how the SPD of data was

affected by the VAOD. In the next section, the sensitivity study will investigate the effect of

the VAOD on the simulation of traces at the detector.

The height of the ionosphere defines several important aspects of the SPD reconstruction:

the surface area of each pixel projected on the ionosphere, the location of each pixel with

respect to the center of the elve, and the distance of the projection from the detector. From

literature and from the correlation studies done in this thesis, the altitude of the base of the

ionosphere at night may be anywhere between 85 and 95 km. Based on the demonstrated

sensitivity of the simulation to the ionosphere height (Chapter 3), I expected that the iono-

sphere height in the parametrization of the reconstruction would have a significant impact

on the SPD. However, when varying the ionosphere from 86 to 94 km, the reconstructed

SPD changed in shape, but not in amplitude. Based on this analysis, I found that a greater

ionosphere height yields a lower photon count at the detector, but the larger projected area

of individual pixels compensate for that loss of photons. For a uniform extended source, in

the absence of attenuation, the projected area increases as r2 while the signal at the detector

from that area will fall off as 1/r2, where r is the distance between that area and the detector.

Consequently, there is no significant change in the amplitude of the SPD when changing the

height of the ionosphere in the reconstruction. However, at higher ionosphere heights, the

location of pixels shifted towards the center of the elve.
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In this section, using EVENT14, I tied loose ends in the reconstruction of the data by

quantifying the effects of VAOD and ionosphere height on the SPD. If there is disagreement

between the simulation and the data, either in the SPD or at the detector, I will be able

to assess how much the problem originates from a variation of these two parameters of the

reconstruction.

4.2 Sensitivity study of the end-to-end simulation using EVENT19 as a baseline

In this section, I study how variations of lightning properties change the result of the

end-to-end simulation. All simulation results are compared to the traces of EVENT19, as I

was able to create a reference simulation from the coincident measurements of the lightning

properties by the LMA and GLD360. Having inputs from these experiments as a starting

place for the simulation allows me to reduce some of the degrees of freedom in the sensitivity

study.

4.2.1 Evaluating the end-to-end simulation using EVENT19 and its coincidence
measurements from GLD360 and the LMA of RELAMPAGO.

The stroke that created EVENT19 was observed by the LMA of the RELAMPAGO

campaign and by GLD360. The cloud coverage over Argentina was recorded by GOES-16.

The information provided by the coincidence measurements is listed in Table 4.1 and the

process for obtaining the values is summarized below.

The data of the LMA for this event was presented in Chapter 2, and the meaning of the

gap in the charge flow was argued to be due to a CG return stroke. Also, from the location

of the charge flow, I estimated a channel length of 5 ± 1 km, which is within the expected

range of 3-6 km for large peak current values.

EVENT19 was a single-peaked elve, which indicates that it was created by a CG stroke.

This indicates that the ground charge-layer neutralization did occur, validating the method

I used to estimate the channel length. The LMA and GLD360 recorded a lightning stroke

within 2ms of the trigged signal of the Auger FD and within 5 km of the lightning stroke
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reconstructed by Auger and recorded by the LMA. Fifteen of the GLD360 sensors were used

to identify the location of the lightning stroke. The GLD360 database reported a current of

200 ± 40 kA and rise time of 14 ± 7µs. I was told by our contact at GLD360 that Vaisala,

Inc. was not confident with the reconstruction of the rise time, so I assign it a 50% error.

As the value for rise time seemed too low for such a high peak current, I set it to 20µs. The

maximum of the time derivative of the current is expected to be on average 12 kA/µs for

strokes below 100 kA [38, p. 146]. The peak current of the stroke that created this elve was

200 kA (according to GLD360), resulting in an expected rise time of at least 16µs.

The return stroke speed is the only significant parameter that was not constrained by

experimental data. The quick analysis performed on EVENT14 by assessing the size of the

hole at the center of the elve is not reproducible with EVENT19. I assigned a return stroke

speed of 0.15c, which is low compared to the mean values for naturally occurring strokes,

0.25c − 0.63c [38, p. 151] and also low compared to the value for elve-inducing strokes,

0.67c [84]. A simulation of EVENT19 with the values from literature, combined with the

constraints from the coincident measurements, created an elve that was too bright compared

to EVENT19. Additionally, from the simulation sensitivity analysis of Chapter 3, a low

return stroke speed changes the shape of the elve and increases the radial extent of the elve.

I chose this low of a return stroke speed in the simulation to reduce the brightness of the

Table 4.1: The list of all the simulation parameters and their constraints to be able to
simulate EVENT19.

Input Parameter Abbreviation Constrained Value Experiment
Geodetic Location (Lat, Lon) (-32.1◦, -63.6◦) GLD360, LMA, and Auger
Peak Current I0 200 kA GLD360
VAOD τa 0.06 Auger
Rise Time τr 20µs GLD360
Ionosphere Height HE 92 km Auger vs WWLLN
Return Stroke Speed vrs 0.15c
Channel Length Lch 5 km LMA
Lightning Type CG Auger and LMA
Current Polarity positive GLD360
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I0 = 200 kA

τr = 20 μs

HE = 92 km

vrs = -0.15c

Lch = 5 km
τr = 20 μs

Figure 4.6: The comparison of the traces between the reference simulation and EVENT19,
visualized in the FD camera. The reference simulation is the match obtained from constrain-
ing the inputs of the simulation with coincident measurements from GLD360 and the LMA
of RELAMPAGO. The color scale quantifies how much the simulation deviated from the
data, using the ratio of the difference in the fit parameter of the data and the simulation,
over the fit parameter of the data (amplitude, mean, left standard deviation, skewness).
A red-ish pixel color indicated that the simulation overestimated the fit parameter, and a
blueish color indicates that the simulation underestimated the fit parameter.

reference simulation of EVENT19 and to try to increase the extent of simulated elves.

All the chosen parameters were used to constrain the end-to-end simulation and create

this reference simulation, presented against EVENT19 in Figure 4.6. In this figure, I present

the relative difference in the fit parameters of simulated traces for each pixel with the fit pa-

rameters of the traces of EVENT19. The results of the fits for individual traces of EVENT19
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are presented in Figure 4.1.

The photo-traces of both the data and the simulation were glued to accommodate the

300-µs readout, calibrated from ADC counts to photons at aperture and subject to quality

selection on the results of the fits. I applied looser quality cuts on the traces of the reference

simulation than the ones used for data (discussed in Chapter 2). This selection maximizes

the number of pixels that contribute to the observation of a simulated elve. The photo-

traces of the simulation pass the quality selection if the fit parameters are greater than zero,

ǫAS
/AS < 0.75, ǫµS

/µS < 0.75, ǫAD
/AD < 0.5, ǫµD

/µS < 0.5, and the width of the pulses

is more than 3µs. The looser cuts allow for a greater overlap in triggered pixels between

the simulation and the data, but noisy pixels are now visible in Figure 4.6 with amplitude

values outside the bounds. All the other input parameters are fixed to the values used in

Chapter 37.

The metric on the color scale of each plot is (XS −XD)/XD, where XS is any fit variable

of the traces of the simulation and XD that of the traces of EVENT19. Thus, this metric

indicates whether the simulation overestimates (red) or underestimates (blue) the fit param-

eters of the data, and by what fraction. In addition to the color scale, it is important to

consider the number of pixels that are colored.

EVENT19 had more pixels that passed the quality cuts than the reference simulation

(Figure 4.1). This discrepancy provides information about the lack of light simulated in the

upper rows of the camera. EVENT19 had triggered pixels that passed quality cuts from row

4 to row 12, while the reference simulation only had triggered pixels that passed the quality

cuts in rows 4 through 8. This difference indicates that light emitted far from the center

of the elve, which travels towards the detector at higher elevation angles, is too dim to be

detected by Auger. Even when the simulation and the data had similar peak brightness

(i.e., in rows 5 and 6 there was 0% difference in most pixels), the simulated light emission

7P1: 2D simulation of N2(2P ) emission, MTLE model, 500m by 500m spatial step sizes, ionosphere
parametrized with a β factor of 0.7, a falling rise time of 200µs, upward-propagating return stroke. P2:
discretization of 3rd dimension of 3 km, VOD of 0.6
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decreased too quickly with respect to the center of the elve (e.g., rows 7 and 8 were -60%

compared to the data). The simulated light in the pointing directions of rows 8 through 12

was too dim to reproduce the photo-traces of EVENT19.

The gradient across any row of pixels is consistent with the obstruction of clouds that

reduce the signal in the data, compared to what is predicted by the simulation. The columns

on the left edge of the camera, which point to the center of the elve, show a smaller difference

in amplitude than the columns in the center of the camera, which are looking at the edge

of the elve. This effect was apparent in SPD profile of EVENT19, but not it was not

distinguishable directly from the traces. Now that the reference simulation is present, the

presence of the cloud is clearly visible in the camera. The traces in columns on the left

edge of the camera are the least obstructed by the cloud, so I will focus on rows 5 and 6

of columns 1 and 2 when addressing the sensitivity study of the FD to variations in the

stroke properties. I will refer to these four pixels going forward as the least-obstructed pixels

(LOPs).

4.2.2 Testing the sensitivity of the end-to-end simulation to lightning and iono-
sphere properties

In this section, I compare the simulated photo-traces for different values of the lightning

properties and ionosphere height against photo-traces of EVENT19. I discuss how slight

variations of the stroke properties influence the signal at the detector. This sensitivity study

will help me make a better educated guess of the lightning and ionosphere properties that

created EVENT14. With this exploration, we will have a more detailed characterization

of the output of Phase 2 of the simulation (the simulated photo-traces). Comparing the

results of the end-to-end simulation with data is imperative to understanding elves as seen

by Auger and identifying potential problems with the current models. In this section, I also

test reasonable expectations for each of these input parameters used in the simulation, to

help guide any future work. Here, I (1) describe the parameters used in this sensitivity study,

(2) discuss the agreement and disagreement between the reference simulation and the data,
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and (3) discuss how each input parameter impacts the end-to-end simulation output.

In this sensitivity study, I vary the rise time (16, 18, 20 and 22µs), the ionosphere height

(90, 91, 92 , and 93 km), the peak current (180, 190, 200 and 210 kA), the return stroke

speed (-0.1, , -0.15, -0.2, and -0.25 times the speed of light), and the channel length (3, 4, , 5

and 6 km). The values in bold are the ones of the reference simulation. In Figure 4.7, the new

simulations are presented side by side with the reference simulation. The input parameter

that is varied in a given row is marked in yellow. The five parameters above affect A, µ, σ,

and δ of the asymmetric Gaussian, for a total of 80 plots (4 variations, 5 input parameters,

and 4 fit parameters) to compare to EVENT19. In Figure 4.7, I present how the parameters

impact A. The impact on the width is presented in Figure B.1 and the impact on the mean

is presented in Figure B.2,

The reference simulation is the best match identified for EVENT19, because it has the

most simulated pixels that passed the quality-control cuts and smallest difference in ampli-

tude with EVENT19. All stroke parameters besides the rise time, have a positive correlation

with the amplitude of the signal. A smaller rise time, for a given current, implies a steeper

time derivative of the current, which in turn results in more radiated energy in the EMP.

Hence, the rise time is inversely correlated to the brightness of the elve. By studying the

pixels close to the edge of the camera, which are also the pixels closest to the center of the

elve, I can quantify the changes in the traces when the stroke properties are varied.

Rise time. Increasing the rise time by 25% (from 16 to 22µs) causes the agreement

between the amplitude of the simulation and the data to go from +50% to -40% underesti-

mate in the LOPs. As demonstrated in Chapter 3, the maximum of the SPD is sensitive to

rise time. The rise time affects pixel brightness, but it does not impact whether a pixel was

triggered or the location of the pulse in time in this sensitivity study. I did not test the full

range of rise times (5-30µs), but from the maximum of the time derivative of the current

(12 kA/µs), the 16 to 22-µs range of rise time explored in this study is representative of the

real rise time of EVENT19.
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Figure 4.7: Using EVENT19 from data as a baseline, this figure depicts the impact of
simulation input parameters on the amplitude of the light at the detector for rise time,
ionosphere height, peak current, return stroke speed, and channel length. The reference
parameters are obtained from GLD360, the LMA and a manual adjustment of the return
stroke speed. The other fit parameters are in the Figure B.2 and Figure B.1
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Ionosphere height. The height of the base of the ionosphere impacts the SPD sub-

stantially, which is shown in the second row of plots of Figure 4.7. In the simulation, the

number density of free electrons is parameterized by an exponential function of the height

of the ionosphere; therefore, the amplitude of the traces will depend on the height of the

base of the ionosphere. Using the parametrization of the ionosphere of P1, described more

in Section 4.2.4, I expect the brightness of the elve to increase for higher HE as the free

electron density is now changed with respect to altitude. The effect of raising the height of

the ionosphere does not affect the light propagation, but it affects the light emission. The

arrival time of the light also changes as the ionosphere height increases (Figure B.2), because

the change leads to longer path length to the detector. The cloud obstruction of EVENT19

also affects the timing of the traces. The simulation underestimates the mean of the traces,

where the cloud is expected, in columns 4 through 9 (the second row of plots in Figure B.2).

Overall, a higher ionosphere base, as parametrized in the simulation, increases the number

of triggered pixels and improves the amplitude agreement in the four LOPs.

Peak current. When the peak current is increased 16% (from 180 to 210 kA), the

amplitude agreement in the LOPs varies from -60% to +20%. While this change makes the

simulation seem less sensitive to the peak current than the rise time or the ionosphere height,

I only considered 10% of the full range of peak currents, which ranges from 50 to 300 kA.

Therefore, elve brightness is actually most sensitive to peak current. I am not testing the

wider range of values as we are looking for small variations around the experimental value

of 200 kA that was measured independently by GLD360 for EVENT19.

Return stroke speed. The return stroke speed was the only parameter that I had

to estimate for EVENT19, as I did not have coincidence measurement nor I could see the

size of the hole at the center of the elve. Return stroke speed impacts the propagation rate

of the current wavefront, which impacts the shape of the EMP radiation and its strength.

The lack of triggered pixels at higher elevations indicates that the elve did not propagate as

high in elevation in the detector, and a lower return stroke speed may compensate for the

137



lack of extent by extending the shape of the EMP. By choosing a lower return stroke speed,

I was also attempting to extend the light emission of the elve to higher elevations in the

detector. Unfortunately, the return stroke speed affected the energy of the EMP more than

it affected its shape. That behavior is seen in the 4th row of Figure 4.7, as the return stroke

speed drives the amplitude of the signal and the light in the higher rows is due to a more

powerful EMP reaching the ionosphere. At vrs = 0.10c, the elve is almost not visible in the

detector. Low return stroke speeds lead to lower energies in the radiation fields, which is

directly proportional to the amplitude of the fields. At vrs = 0.20c, the simulated elve is at

least twice as bright as EVENT19.

Channel length. Channel length slightly affects the elve brightness. By doubling the

channel length, the amplitude of the traces of the LOPs pixels only changes by 80%. The

variation in amplitude is small compared to changes in peak current. This small difference

indicates that with an MTLE model the 1 km error obtained from the LMA may not signif-

icantly change the brightness of the elve. The 20% error of GLD360 on the peak current, or

even an error on the height of the ionosphere, will cause variability that is much greater. In

this sensitivity study, I tried to examine how channel length impacts the width of the trace

(Figure B.1). Although channel length should have a large impact on the width of the trace

of the pixel pointing at the halfway point, I could not test that in this sensitivity study,

because the light from the simulated elve did not reach the halfway point.

4.2.3 Recognising the simulation-data discrepancy when varying the VAOD

In Section 4.1.4, we saw how the reconstruction of the data was affected by the aerosol

optical depth of the atmosphere, using EVENT14 as an example. Here, we investigate

how the aerosols affect the output of the end-to-end simulation, i.e. the simulated pixel

traces. The atmospheric aerosol attenuation is implemented in Phase 2 of the simulation,

where the photons are propagated from the ionosphere to the aperture of the FD. This

simulation format allows me to change the aerosol content of the atmosphere without re-

simulating Phase 1. Certain physical parameters in Phase 2 will change the photon count
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τm + τa = 0.54 + 0.06 τm + τa = 0.54 + 0.16 τm + τa = 0.54 + 0.26

1

Figure 4.8: The effect of vertical aerosol optical depth (τa) on the propagation of the simu-
lated light from the ionosphere to the detector.

at the aperture of the detector: the location of the simulated stroke, and the VAOD. The

location of the elve is well defined by the data from GLD360. However, as I did with the

reconstruction of the data, I need to quantify the effects of the VAOD in the simulation.

VAOD. For this study, I increased the VAOD at 355 nm from 0.06 to 0.26, which

represents a generous range of atmospheric values at the observatory site. If the VAOD

was increased directly for the reference simulation of EVENT19 used previously, the signal

would be too dim to see in the detector8. To increase the brightness of the simulated

event, I increased the return stroke speed to 0.5c and I reduced the ionosphere height to

90 km ( Figure 4.8). With the new parameters and the same average VAOD value, τa =

0.06, the amplitude is biased high compared to EVENT19. By increasing τa to 0.26, the

simulated amplitude better matches EVENT19. Not only that, but the presence of the cloud

obstruction is less prominent than it was in Figure 4.7 and two extra rows at higher elevation

passed the quality selection on the fit of the traces. The higher VAOD correction attenuated

the bright part of the elve more than it attenuated the dimmer part, providing a better

8For most cosmic-ray science analysis, periods where the VAOD@4km is >0.1 are not used (perhaps 10% of
the data). For the full corresponding column, this corresponds to a cut at about 0.12-0.15. The average
VAOD@4 km is about 0.05 at Auger. A VAOD@4km above 0.2 is quite unlikely.
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agreement. Based on aerosol measurements at the Auger Observatory, a value of 0.26 is not

a realistic value for the VAOD in this region of Argentina, especially not one that should be

applied across all end-to-end simulations.

A more energetic EMP creates a larger elve. The more I increase the values of the

lightning stroke parameters and simultaneously increase VAOD, the better match I obtain

between the simulation and the data. From this test, I found that the exponential distribution

of the atmospheric aerosol attenuation as a function of elevation angle, though not physical,

could make the brighter (and larger) elves dimmer, while retaining their size. Thus, I finally

concluded that there was a disagreement between the simulation and the data.

So, what could be causing this discrepancy? The following points are three possible

explanations that I will address briefly.

1. The EMP simulation is creating elves that do not propagate radially as far as the data,

and a proper parametrization of the ionosphere in P1 of the simulation needs to be

investigated further before looking deeper into potential problems.

2. Since cosmic-ray creation has nothing to do with the Earth’s atmosphere and elves

are created by storms in the Earth’s atmosphere, perhaps the atmosphere is hazier on

average when elves are observed.

3. Clouds are present between the ionosphere and the FD, more often than we originally

thought, and an increase in the VAOD is mimicking a correction of the attenuation

caused by clouds.

Point (1) is investigated later in this section. Point (2) has not been investigated explicitly,

but it is likely not the reason for the discrepancy, as elve observations are performed at the

same time as cosmic-ray observations, for which the FD estimated an average VAOD of 0.06.

The shutters of the FD do not open when the storms are over the array. By the time the FD

can detect elves, the storms are at least 200 km away from Auger. Hence, there is no reason

to really think that the VAOD is higher than usual when we are detecting elves. Finally, the
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argument against point (3) is that the simulation sensitivity study done with EVENT19 as

a baseline, had an obstructing cloud and there still were issues with the simulation9.

4.2.4 Investigating the parametrization of the ionosphere electron density as a
possible source of simulation-data discrepancy

The simulation of the interaction of the EMP with the ionosphere, and the amount of

emitted light from nitrogen molecules, includes parametrization of the free electron densities,

electron mobility, molecular densities, quenching rates, and more. The energy of the EMP

and the free electron density are the main contributors to the brightness and size of elves.

To look for a potential solution to the discrepancy, I decided to focus on the parametrization

of the free electron density.

The International Reference Ionosphere (IRI) database is built on available data sources

collected from ground and from space, such as the worldwide network of ionosondes and

the powerful incoherent scatter radars (e.g., Arecibo), which both emit high-frequency radio

pulses and detect the reflection to probe the ionospheric plasma. The data is passed through

an empirical model that estimates the free electron density as a function of altitude, for any

time and geodetic location on Earth. For EVENT19, which occurred at night, IRI provides

data as low as 80 km (top panel of Figure 4.9).

To approximate of the electron density profile in the simulation, the IRI data is parametrized

above and below 109 electronsm−3. The model of Wait and Spies, 1964, is used to parametrize

the ionosphere until the electron density reaches this threshold of 109 electronsm−3. Above

the threshold, the electron density is fixed to 109m−3. The Wait and Spies parametrization

has the height of the ionosphere, HE, at 84.2 km and the exponential decay constant, β, at

0.5, which is very similar to the distribution depicted by the blue dotted curve in the top

panel of Figure 4.9). When changing β to 0.7, I increase the rate at which electron density

changes as a function of altitude. The electron density is dependent on the altitude, but

plotting the altitude on the y-axis is the accepted representation. Increasing β creates a

9From a quick analysis, less than 10% of events in 2016-2018 had absolutely no GOES16-data points over
the array.
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Figure 4.9: Top panel: the model of the free electron density profile used in the simulation.
The parametrization of the model of Wait and Spies, 1964, is drawn with the blue dotted
line. The electron density reaches a threshold of 109 electronsm−3 at higher altitude. The
parametrization used for Auger elves is shown with the red solid line. The black dots are
the data provided by IRI at the time (within 1 hour) and location of EVENT19. Bottom
panel: change in amplitude (first row) and pulse width (second row) of the simulation with
respect to EVENT19, when the parameter β is varied from 0.5 to 0.9.
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steeper dependence of the electron density on the altitude, but it translates to a flatter curve

in this plot. When using β = 0.7 and HE = 85 km (solid blue line) in the simulation of

EVENT19, the size of the simulated elve is even smaller than the reference simulation of

EVENT19, which used β = 0.7 and HE = 92 km (solid red line). A worse parametrization

of IRI improves the match between the simulation and Auger data. If the IRI data is a true

representation of the ionosphere, then the parametrization of the free electron density in the

simulation has to be set to values closer to β = 0.7 and HE = 85 km, and the data-simulation

discrepancy is caused by another step of the simulation.

To understand how β affects the simulated elves, I look at the amplitude and width of the

trace of the reference simulation with respect to EVENT19 (bottom panel of Figure 4.9)),

when β is set to 0.5, 0.7, and 0.9. Based on this analysis the value of β does not affect the

number of rows that are triggered at higher elevation in the camera, hence it did not affect the

extent of the elve. As I pointed out in the sensitivity study, the parameter HE significantly

affected the reach of the simulation to higher rows of the camera, but the brightness of

the simulated traces were too bright compared to the traces of EVENT19. To increase the

extent of the elve, I also tested HE = 100 km, visualized by the green line in the top panel

of Figure 4.9), and the extent of the simulated elve reached that of the data. By increasing

the height of the parametrization, I increase the altitude at which enough free electrons are

available to create an elve. Geometrically, a higher base of the ionosphere (effectively a 2D

plane) results in a larger projection of the EMP, and in a larger elve.

4.3 Identification of the discrepancy between data and Phase 1 of the simulation
using EVENT14 as a baseline

EVENT14 was chosen for its ideal SPD profile compared to EVENT19 (Figure 4.3). The

maximum SPD, the size, and maybe even the radius of the hole is recoverable from its profile.

It was a dim, close event, that was less affected by atmospherics and easily reconstructable.

EVENT14 was not correlated to any other detector with independent measurements that

could be used to constrain the simulation. A WWLLN event detected at 6 stations was
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found to be within 2ms from the EVENT14 trigger time. However, the radiated energy was

not reconstructed by WWLLN. Hence, WWLLN was only used to confirm our independent

reconstruction of the location of the stroke, which is needed for the reconstruction of the

SPD.

With the reconstructed SPD profile of EVENT14, I do not need to use the full end-to-end

simulation to make a data-simulation comparison. The SPD of simulation is obtained directly

from Phase 1. Using the reconstructed SPD of EVENT14 reduces the complexity of the

comparison, and confirms that Phase 2 of the simulation is not the cause of any discrepancy.

I simulate the SPD of EVENT14 using an educated guess of the input parameters. The

simulated event reproduces the amplitude of the SPD of EVENT14, but not its shape.

To quickly find a simulated SPD profile with a better shape, I use the MC, which contains

10000 different SPD profiles. Using a Kolmogorov-Smirnov (KS) test, I find a few profiles

with the same shape as the SPD of EVENT14, but none that have both the shape and

the amplitude. As was presented in Chapter 3, the KS test combined with a minimization

of the difference in SPD amplitude is an efficient method to search for a set of MC SPD

profiles that match an event of interest, in this case EVENT14. From this set, I can obtain

a preliminary estimate of some of the input parameters that will simulate EVENT14. As

investigated in this section, a simple scaling factor of the SPD of EVENT14 will improve

its match with one of the MC SPD profiles. That scale factor confirms that Phase 1 of the

simulation underestimates the size of elves.

4.3.1 Comparing EVENT14 and a simulated event at the detector level and at
the base of the ionosphere.

The knowledge I gained from EVENT19 helped me find a potential simulation match

for EVENT14. The empirical process is described by the following steps. First, the goal

is choose from a range of lightning properties similar to the range of properties used for

the creation of the MC dataset. Second, the ionosphere height has to be around 90 km

to maximize the size of the event and match the results of correlations we obtained with
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Figure 4.10: Left panel: the SPD profile of EVENT14. Right panel: the SPD profiles of the
simulation before (blue) and after (black squares) propagation and detection by the FD.

WWLLN and GLD360. Third, EVENT14 is not more than 250 km in radius, which is on

the lower side of the distribution of elve extents presented in Chapter 2. Hence, the peak

current is probably below 100 kA. Fourth, to be able to increase the value of the return stroke

speed compared to that of EVENT19, I have to keep the rise time a little higher, or else the

simulated elve of EVENT14 would be too bright. This adjustment is more representative

of the average value of return stroke speeds for elve-inducing strokes. Finally, the result

is a simulated elve with the following parameters as inputs to the simulation: I0 = 75 kA,

Lch = 5km, τr = 20µs, vrs = 0.6c, HE = 90 km, β = 0.7 and VAOD = 0.06. The SPD

profile of the simulated event is presented before and after full propagation, detection and

reconstruction on the right of Figure 4.10, against the SPD of EVENT14 on the left. This

simulated event is the same as the one presented in Chapter 3 for the validation of Phase 3

against Phase 1. The discrepancy in SPD amplitude between simulation and data could be

adjusted slightly by increasing the peak current within the error of the measurement from

GLD360.

While there is room for improvement, I note that we are analyzing elves with a level of

precision that’s never been possible before by making use of the high sensitivity of the Auger
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Figure 4.11: The detector-level comparison between a simulated elve from an educated guess
of lightning properties and EVENT14. The relative differences in the four fit parameters
for all pixels are presented: amplitude (top left), time of peak maximum (top right), left
standard deviation (bottom left), and left/right standard deviation (bottom right).

Observatory to the shape and amplitude of the SPD.

Even though the amplitude of the simulated elve is in agreement with the data, the shape

of the tail of the SPD profile (the edge/size of the elve) does not match. The simulated elve

did not propagate radially as far as the data elve propagated.

At the detector level, the lack of extent of the signal to the upper rows of the camera is

even more flagrant, see Figure 4.11 compared to Figure 4.2. The amplitude of the traces is

not a constant neutral color, which means that the light from the simulation that starts too
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bright falls off very quickly compared to the fall-off of the data. However, there is a 10% or

better match in the mean and the standard deviation of the traces. A lot of the analysis

done with EVENT19 could be repeated here, but the conclusion is that the simulated event

is smaller than the data event. As there is no cloud in the FoV of the FD for EVENT14,

the smoothness of the match is improved. The major features seen in Figure 4.11 are caused

purely by discrepancies between data and simulation.

4.3.2 Confirming the simulation-data discrepancy using EVENT14 and the MC
SPD profiles

The question remains, is there a better match for EVENT14 than the one obtained with

the parameters that I guessed. To answer this question, I want to take advantage of the

MC discussed in the previous chapter, that probed a very wide parameter space. To find a

better match, I will use the Kolmogorov-Smirnov test on the SPD profiles, which calculates

the probability that two distributions are drawn from the same distribution. In the case at

hand, I have 10000 reference distributions from the MC and one data sample. The K-S test is

independent of the amplitude of the SPD profiles and focuses on the shape of the distributions

by taking in consideration the errors of the data points. It is similar to the Anderson-Darling

test, but it is not as powerful at testing the tails of the distribution. A value between 0 and

1, indicating the probability that the reference distribution and the data sample are drawn

from the same distribution, is returned upon the completion of the test. The K-S test was

performed in ROOT directly with the functions from the histogram class. Information is

readily available about the method, online. The best fits are presented in Table 4.2. Eight

out of ten thousand MC simulated SPD profiles came back with a probability greater than

0.99999 of being drawn from the same distribution as the SPD profile of EVENT14. Three

events had a KS result of 1, and the last one of the list is presented on the left of Figure 4.12,

against the data after normalization. Unfortunately, the maximum of the SPD, for all the

8 events in the match, is greater than 1017 photons per sq. km, which is about 75 times

brighter than EVENT14. The height of the ionosphere is consistently high, as well as the
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Figure 4.12: Left panel: the normalized SPD profile of a simulated event from the MC and
that of the EVENT14. Right panel: the same profiles not normalized, but with a few scale
factors on the data to try to represent the simulation.

peak current values. From the variation in the values of the parameters, we are dealing with

a highly degenerate parameter space. The range of SPD amplitudes is very narrow compared

to the whole range sampled by the MC (1014 - 1019 photons per sq. km). Despite the wide

variation in the input parameters, there is a narrow set of SPDs that would match the data

well once normalized. As the small radius of elve is an indication of a small peak current

value, the selection of the best match can be refined.

Table 4.2: Eight of the 10000 MC simulated SPD profiles are providing an almost perfect
match for the shape of the SPD of EVENT14.

I0 (kA) Lch (km) vrs (c) τr (µs) HE (km) Max SPD (km−2) KS Result
82.0 5.2 -0.595 13.6 93.7 3.00E+17 0.999991
292 2.3 -0.355 25.5 91.6 8.19E+17 0.999994
117 2.8 -0.407 12.4 94.3 2.39E+17 0.999997
132 6.4 -0.231 7.58 92.9 4.32E+17 0.999998
133 2.9 -0.230 5.20 94.5 2.85E+17 0.999999
127 4.4 -0.425 18.2 92.7 3.73E+17 1
157 6.1 -0.260 17.8 92.3 5.47E+17 1
105 4.7 -0.697 17.8 92.7 4.19E+17 1

148



On the right of Figure 4.12, I display the amplitude between the SPD profiles and what

happens when the data is scaled by a factor 20 or 50. As it turns out, because I validated

the reconstruction process of the data in Chapter 3 by matching the simulation after Phase

1 and Phase 3, it is not the data that should be scaled up, but the simulation that should

be scaled down. The analysis of the next section uses scaled data, but it is the simulated

elves that are too bright by at least a factor 20.

With an educated guess I found a match in amplitude, and with the MC I found a

match in shape, but I cannot find a match between the data and the simulation that is

perfect for both. The calculation of the SPD profile from the output of P1 is expected to

be correct. The calculation was validated when I demonstrated the consistency between

the SPD from P1 and the reconstructed SPD from the output of the end-to-end simulation.

A shift in the parameters used to reconstruct the SPD of the data would not change the

shape and brightness sufficiently to correct for the data-simulation discrepancy. Without

any obvious solution to the discrepancy, we need more investigation of the parametrization

of the ionosphere used in the simulation. If the reason that the simulation generates elves

that are too small is resolved, and an improved MC is created, I think there is a strong

possibility to use the simulation as the ultimate tool for the reconstruction of the lightning

parameters of Auger elves.

The MC SPD profiles represent the full range of amplitudes of SPD profiles in the Auger

data (1014 - 1019 photons per sq. km); therefore, there is still the possibility to reconstruct

the parameter that affects the amplitude the most, the peak current.

4.4 Method for reconstructing the lightning stroke peak current for the elves
in the 2016-2018 Auger dataset based on the MC SPD profiles

The ultimate goal of my thesis was to contribute to lightning physics from the observation

of elves. This requires a more precise measurement and understanding of the UV optical

signal from elves. The data of Auger, in conjunction with the most elaborated model of

the lightning-EMP interactions with the ionosphere, can help me achieve that goal. The
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deliverables would be the fundamental parameters such as peak current, rise time, return

stroke speed, and more. If there is one type of TLE that could be used to probe inside storms,

it is the elve. Elves are the most understood and well-simulated TLE. Is it possible for us

to reconstruct information about the causative lightning? The answer is yes, and this may

have significant applications to weather and climate research, and the potential forecasting of

adverse weather across Argentina by tracking storms such as the one that created 12 gigantic

elves. We can also explore fundamental research by looking at more complex elve structure

in coincidence with terrestrial gamma ray flashes, but we should also make sure that we have

a grasp of the effect of the simplest and most studied lightning strokes, CG, on the base of

the ionosphere. Let’s assume the simulation is working perfectly and that each event in the

data is well defined by a set of simulated events present in the MC of 10,000 negative CG

strokes. Once I perform a match using the KS test and a minimization of the amplitude

difference, then I should be able to recover the mean value of the input parameters of the

simulated elves in that small set. This idea was tested on a simulated event, against the MC,

in the previous chapter. As the MC is not representative in both the shape and amplitude

of the SPD of the data, I needed a large scale factor to obtain agreement. Unfortunately,

few data events are as clean as EVENT14.

In this thesis, we are pushing the limits of atmospheric electricity research done with

elves. The reconstruction of one lightning or ionosphere property parameter is sufficient to

make the case that Auger can do atmospheric electricity physics. The peak current tends

to be the most important metric to determine the intensity of the stroke. I think that by

using only the maximum SPD (SPDmax) of our data, I should be able to reconstruct the

peak current. However, the amplitude of the signal is dependent on other parameters of the

stroke and the MC definitely shows that degeneracy. A stricter selection of events from the

MC will allow for an improved dependence of the peak current as a function of SPDmax, but

that will preselect some of the other parameters such channel length and peak current. That

choice is described later in this section, first I discuss the simulated relationship of SPDmax
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and I0 and how that relationship compares to the 2016-2018 data and its correlation with

GLD360.

4.4.1 Parametrizing the amplitudes of the MC SPD as a function of peak cur-
rent

The amount of light emitted by elves is correlated to the amount of energy radiated

in the EMP of lightning strokes and to the composition of the ionospheric plasma. In the

MTLE model, the amount of radiated energy is calculated from the electromagnetic field

defined by the peak current, the rise time, the channel length, and the return stroke speed.

The peak current is the driving variable of the strength of the electromagnetic fields. In

the far-field approximation, at distances much longer than that of the channel length, the

electric field at the ground only has a vertical component and the magnetic field only has an

azimuthal component. The magnitude of the far field is proportional to vrsI0/r, where r is

the distance from the stroke. However, as we saw from sensitivity studies, the rise time and

the channel length also affect the amplitude of the signal. The location of SPDmax at about

100 km from the center of the elve is not far enough to be considered purely in the far-field

approximation. Unfortunately, elves do not reach 1000-km radii, but there is an argument

to be made about choosing an SPD value at a larger radius to improve the estimate of the

peak current. Auger is sensitive to SPD values at least as low as 1014 photons per sq. km, as

this is the brightness of the edge of elves that we have detected. As a proposition for future

work, I encourage using the radius of the elve at a specific SPD value (1014 photons per

sq. km) and parametrize that radius to the peak current. I expect that this parametrization

will improve the correlation, especially for CG strokes with no tilt in the source, which would

bias the size of the elves.

After trying multiple approaches to obtaining a correlation between I0 and SPDmax,

fitting the phase space is the ideal method. The original idea of finding the mean peak

current value of a small set of simulated events, that matched the SPDmax of the reference

event, was not proving reliable. When I applied selections on the MC that would optimize
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Figure 4.13: Out of all the input parameters of the simulation, SPDmax has the most
dependence on the current. Both panels: the heat map, in yellow and blue, represents
10,000 MC events in the SPDmax vs I0 phase space. The color scale represents the count
of events. Left panel: the red and black overlay of points representing the reconstructed
SPDmax from the real Auger events with the correlated GLD360 peak current. Right panel:
the same data points are shown with a multiplier of 20 applied to the reconstructed SPDmax.

the parametrization, the small batches of the simulated events that matched the reference

event had too few statistics to be able to quote any reasonable value on the peak current.

That method was also not convenient to visualize the disparity between the simulation and

the data, which needs to be adjusted if we want to have a chance at reconstructing the peak

current of our data.

My approach to calculating SPDmax for the data is relatively simple. After each pixel

trace was reconstructed for the calculation of the SPD profile, with quality cuts on their

respective fits, I select the 4 brightest pixels within the 60 to 120,km range from the center

of the elve. This selection is based on how many pixels are expected to detect values close

to SPDmax, and on limiting the contribution of a trace that passed the quality cuts, but

still had an isolated overestimate of the SPD. The weighted mean and its standard error are

calculated for the set of four pixels, so that I can provide an estimate of SPDmax and its

error.
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The values that I obtained for the 2016-2018 data ranged between 3 · 1014 and 8 · 1017

photons per sq. km. Brighter events were not reconstructed as they require a longer ac-

quisition length than 300µs and tend to be much further away. The dimmest traces that

we have observed at the edge of elves are between 1013 and 1014 photons per sq. km. The

dimmest SPDmax studied in this analysis is consistently above 1014 photons per sq. km. The

distribution of SPDmax versus the peak current provided by GLD360 is presented on the

left of Figure 4.13. And, as we have noticed throughout this chapter, the distribution of the

data points does not overlap well the phase space of the MC. In other words, the correlation

obtained from GLD360 seems to tell us that the simulation is overestimating SPDmax for

a given peak current. This conclusion is the same one we reached when we looked at the

results of the KS test from EVENT14. Even though the MC is overestimating the SPDmax

obtained from the data, for the sake of the reconstruction of I0, I introduce a multiplier or

scale factor that I apply to the data. When a multiplier of 20 is applied to the data, the

overlap with the MC improves visibly, see the right panel of Figure 4.13. The next step is

to obtain a distribution from which I can draw a value of I0 for a given SPDmax.

The parametrization of I0 for a given SPDmax will not be optimal as the parameter

space is not fully represented in the peak current range chosen for the creation of the MC

data. Also, I uniformly selected across the 50-300 kA range, for the MC data but it is well

known that the probability of getting any given peak current is log-normal. However, as

the gradient is high in that part of the phase space, it is to the advantage of the fit to have

more data. Additionally, the goal of the fit is to provide a 95% confidence interval on the

prediction of the peak current from a value of SPDmax. If I am to fit the whole spectrum,

the CI will be unreasonable. Hence, I decided to cut very tightly on the MC by making

selections on the other 4 input parameters of the simulation, based on findings of this thesis:

3 km < Lch ≤ 4 km, −0.7c < vrs ≤ −0.6c, 15µs < τr ≤ 20µs, and 88 km < HE ≤ 92 km.

The remaining MC events are plotted with red markers on the right of Figure 4.14, while

the range selections are presented in the left panel. The range of the ionosphere height was
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Figure 4.14: Left panel: heat maps of the SPDmax plotted against the four simulation input
parameters. The refined ranges chosen for the selection of typical lightning events in the MC
are displayed in red. Right panel: the SPDmax vs. I0 for all events in black, and for the
selection in red. The black dots represent the same data displayed in the heat map of the
previous figure. The polynomial fit and the prediction intervals are displayed as an overlay.

chosen based on our time correlations with GLD360 and WWLLN. The range of the return

stroke speed was based on the value published from the PIPER data and on a selection of

a region of the vrs-SPDmax phase space which has the least dependence of SPDmax on vrs

(left panel of Figure 4.14). I chose a lower range of the channel length than the channel

length obtained from the correlation with the LMA as most CG strokes are expected to

be less bright than EVENT19. Finally, the rise time was chosen based on the mean of the

correlation distribution with GLD360 and on the mean rise time of the three best results of

the KS test applied to EVENT14, which tends to be above 15µs.

The relationship between SPDmax and the other input parameters of the MC are pre-

sented on the left of Figure 4.14. These phase spaces do not show a dependence of SPDmax

as clear as the one visible with peak current.

As can be seen in the I0-SPDmax phase space in the MC (black markers on right panel

of Figure 4.14), the relationship is flat until 1017 photons per sq. km and then rises steeply.

However, in data, there is a clear dependence of SPDmax below 1017 photons per sq. km on
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the GLD360 peak current (left panel of Figure 4.13). At first glance at the MC data, there is

no possible inference of peak current in the SPDmax-range from 3 ·1014 to 8 ·1017 photons per

sq. km. From literature, there is a consensus that a minimum value of peak current exists for

the creation of elves, around 88 kA. Even though the simulation can still create elves with

peak currents below 50 kA, which was not simulated in the MC as it was experimentally

observed. Due to its high sensitivity relative to earlier instruments, Auger has recorded

elves in correlation to GLD360 currents as low as 50±10 kA (left panel of Figure 4.13). Any

parametrization of the current as a function of SPD should have a flattening around the point

(3 · 1014(×M), 50 ± 10) which coincides with the lowest values we have in the Auger data.

The multiplicative factor, M , is present to help the reader find the location in Figure 4.14,

depending on the shift applied to the data. By multiplying the SPDmax of the data by M , I

will be taking advantage of different parts of the fit of the selected MC events. The best fit

of the events selected from the MC will not be linear. After trying very distinctive functions

with 2 or 3 degrees of freedom such as an exponential, a parabola, a power law, and a second

order polynomial, I settled for a third order polynomial. That polynomial allowed me to

get the flattening between 50 and 100 kA, and the steepness present at higher peak current

values.

As this is a simulation, the data points should not have error bars on the peak current,

though they have around 10% on SPDmax due to the numerics (see Chapter 3). For the

sake of getting a χ2-minimization working and for the calculation of the confidence interval,

I assigned a 10% error to I0 and 30% error on SPDmax
10. Error bars are effectively a

quantification of the variation in SPDmax due to the range of the other input parameters.

Hence, assuming that the numerical error on SPDmax is 10%, then remaining 20% are

justified by the variance created from the chosen ranges of the input parameters. The idea

behind using that minimization instead of a Least-Square was for me to look at the reduced-

χ2 as a quantity of how much I was constraining the fits with the cuts applied on the MC.

10If z = log(y), then δz ≈ dz = d(log(y)) = 1

2.303
dy
y

≈ 0.434 δy
y
. So, if δy

y
= 0.3, then δz = 0.13.
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With a value of χ2
ν below one, I definitely have a fit that is a too constrained. Adjusting

the error bars slightly to account for a greater variability in the data points, due to the

chosen ranges being too wide in the selection of MC events, would increase the χ2
ν to a more

reasonable value. If I had more simulated events, I could refine my selection of MC events

even more and get a smoother curve, but that would defeat the purpose of using the MC.

The reason we are using the MC is to understand where the variability comes from in the

prediction of the peak current from values of SPDmax. As the selection on the MC are not

perfect, it introduces variability that can be quantified into a confidence interval, which I

can use to quote an error on the prediction of the peak current. The scaled 68% and 95%

confidence intervals are marked in blue and light-blue, respectively. The confidence intervals,

which in ROOT are calculated from the covariance matrix of the fit and normalized to χ2
ν ,

need to be multiplied by the square root of the number of degrees of freedom to provide the

“prediction” interval that is used below.

4.4.2 Comparing the peak current of elves during the RELAMPAGO Period
(Nov.-Dec. 2018) to the GLD360 data

As this analysis takes significant processing time, I first test it against the GLD360 data

acquired during from the RELAMPAGO intensity period: from the beginning of November to

mid-December 2018. Now that we have estimated a relationship between SPDmax and I0, I

can draw from it using the reconstructed SPDmax values of 110 elves in the RELAMPAGO

period. On the left of Figure 4.15, I displayed the histograms of the SPDmax at various

multipliers: 1, 10, 20, 50, and 100, so that we can visualize by how much the data gets

shifted to the right (even though it would have been more logical to shift the MC to the

left). In any case, the simple set of plot is meant to emphasize that we have an independent

reconstruction of I0. On the right of Figure 4.15, I present the distributions of peak currents

for each of the multipliers. The dark blue histogram is the unscaled data, and it is drawing

values of peak currents in the flat region of the fit. Most of the data that is drawn from

this region of the parametrization will all get assigned the same low value of peak current,
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Figure 4.15: Left panel: the distribution of SPDmax of the Auger data during the RELAM-
PAGO intensive period, for various multipliers. Right panel: the corresponding distributions
of peak currents drawn from the fit of the MC.

and show no sensitivity to SPD. Hence, there is a peak at low peak currents. But from

our correlation analysis with peak currents obtained from GLD360, we expect that the elve

data sample during the RELAMPAGO period should include elves with SDP values that are

high enough to sensitive changes in peak current. At each increment of the multiplier, you

will notice the peak disappearing and the RMS of the distribution increasing. The green

histogram with the multiplier of 100 is not showing any events below 100 kA, which indicates

that this scaling was probably too much. So how do I figure out how large M needs to be?

I will use the data from GLD360.

By displaying the Auger reconstructed peak current (obtained via the parametrization of

the previous section) against the GLD360 peak current for various multipliers, in Figure 4.16,

we get a better look at the potential of this method. The first thing to notice is the size of

the error bars. I chose the error values from the 68% prediction interval and I am not sure

what confidence GLD360 has with their 20% quote on the error. The error bars seem to be

on the same scale, but the GLD360 data may come with 95% confidence.
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I would like to make a quick detour to the method GLD360 probably uses for reconstruct-

ing peak current, or some kind of equivalent approach. There exists an old empirical formula

based on 28 strokes that were rocket-triggered in Florida, in 1987. By recording the current

that stroke the rocket and the EMP in the surrounding antenna, scientists were able to get

a correlation between peak current and peak electric field at remote ground based detectors.

The antennas were on average 5 km away and none of the recorded peak currents were above

50 kA. The empirical equation was corrected by Rakov in 1992 to provide a parametriza-

tion at 100 km. It worked very well for most strokes, but the formula was interpolated for

high peak current values. The major problem with the initial empirical formula was that is

correlated the maximum of the electric field to the peak current, using only the radiation

term of the electromagnetic field, even though the antennas were 5 km away. Hence, Rakov

altered the parametrization of peak current from electric field strength to account for the

other components of the field. To summarize this detour, the error in the values of the peak

current of GLD360 may be due to the contribution of physical lightning properties other

than peak current to the strength of the field, which is the same reason for the variability we

now have in our peak-current data. Hopefully this side note puts the correspondence plots

of Figure 4.16 into context.

In Figure 4.16, the effect of the multiplier is clearly emphasized. For the subset of the

data that I chose here, the 10x multiplier seems to be the most adequate at recovering a

linear correlation with GLD360. The red line is the linear regression used to assess how much

the correlation is diverging from a one-to-one relationship, shown in black. The dashed lines

are the same fits with a 10% variation in the slope. All these distributions have correlation

coefficients (Pearson’s r) over 0.97, which is the covariance divided by the RMS in x times

the RMS in y. One interpretation of the square of Pearson’s r, R2, is the percent of the

variance explained in y by the variance of x. If that interpretation is applicable, then the

variability in the GLD360 data is likely due to the effects of the other input parameters of

the simulation on the strength of the electromagnetic field.

158



Figure 4.16: For the data during the RELAMPAGO Intensity period, the Auger recon-
structed peak current for various multipliers of SPDmax are plotted against the GLD360
peak current, with error bars drawn from the 68% confidence interval. The solid red line is
a linear fit and the dashed red lines are the same fit with a 10% variation in the slope. The
black line is the one-to-one correspondence.

I tested this method on the subset of the GLD360 data that occurred during the RE-

LAMPAGO period. The reason was to test the analysis on a subset of the elve data for the

purpose of saving on computational time. But it turns out that using a subset of the data

first, and then running the reconstruction on a longer period is a valuable method to test

the consistency of the analysis. In the next section, I reconstruct the peak current for three

years of elve data. I only reconstruct the peak current of elves that have a GLD360 peak

current also reconstructed.

4.4.3 Comparing the peak current of elves during the 2016-2018 period to the
GLD360 data, and quantifying the simulation-data discrepancy

The distribution of events with reconstructed SPDmax, presented in Figure 4.17, is a

lot closer to a log-normal distribution than that of the much smaller RELAMPAGO subset.

The methodology used for the reconstruction of SPDmax seems to remove any events with

SPDmax > 1017 photons per sq. km, even though we know from the analysis of gigantic elves
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Figure 4.17: Left panel: the distributions of SPDmax of the Auger data during the 2016-
2018 observation period, for various multipliers of SPDmax. Right panel: the corresponding
distributions of peak currents drawn from the fit of the MC.

that some of the events can reach up to 1019. These bright events did not make it through

this analysis because of the selection requirement on four pixels within 60-120 km from the

elve center. If the elves occurred too far down the camera, then it is possible that fewer

than four pixels were within this range as their projections are so large at the base of the

ionosphere. The methodology would need refinement for the brighter events.

The same reasoning as for the smaller subset is valid for the shape of the curves of

peak currents. If I don’t scale SPDmax, over 450 elves are assigned the same value of peak

current. However, when the multiplier is applied, we are reaching steeper regions of the

fit and reproducing more representative distributions of the peak current. The curve with

M = 20 should remind the reader of the current distributions recovered from GLD360 and

plotted against the size of elves, which peaked around 100 kA and tailed off to 200 kA.

Again, the useful visualization of the reconstructed peak current is plotted against the

peak current obtained from GLD360 measurements. In Figure 4.18, I fitted linearly the

correlations obtained for each multiplicative factor. Compared to the RELAMPAGO period,

M = 20 seems to provide the best correlation between our data and GLD360. Though this
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multiplier will be dependent on the events selected from the MC and on the fit quality. The

R2 value went down due to the presence of the data points at higher values of GLD360

peak current. The offset of the linear fit is driven by an excess of data points below a

GLD360 peak current of 80 kA, not visible in the Auger reconstructed peak current. When

M = 20, the lower end of the SPDmax distribution does not match the parametrization of

peak currents below 80 kA, which is consistent with the 88 kA of the analysis of Blaes et

al. [68], but not consistent with the lower values of peak currents that GLD360 recorded for

some of the Auger elves. A change in the ranges selected for the parametrization obtained

from the MC would help solve that problem. The range of rise time, 15µs < τr ≤ 20µs, is

too high for low peak current values. By lowering that range and not the others, one would

expect brighter elves for less peak current, so the whole fit would shift to the right even

further. That shift would require a greater multiplier, which would potentially match the

expectations from EVENT14. To get a better parametrization at lower peak currents, the

MC would need to extend to lower peak currents. Unfortunately, I did not have the GLD360

data at the time of the creation of this MC dataset and thought 50 kA would be sufficiently

below the required current to create elves detectable by Auger.

On the other hand, a multiplier of 100 is too high. The gigantic elves I have studied

have SPDmax ≥ 1019 and are correlated to peak current values greater or equal to 300 kA.

Hence, to be able to accommodate another 2 orders of magnitude on the right side of the

SPDmax distributions, the multiplier should not be any higher than 50. The plots made

with M = 100 are meant to show what an exaggerated correction would entail. With that

multiplier, the gigantic elves would be in a location of the parametrized phase space that

the MC is not sampling.

The next MC dataset that will be created should use a more refined MC in which the sit-

uation with the multiplier (linked to the elve size) is resolved. Again, I have been scaling the

data in this analysis, but the solution will be found in the EMP model. A parametrization of

the ionosphere in the EMP model may need refinement to improve the match with the Auger
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Figure 4.18: For the data during the 2016-2018 observation period, the Auger reconstructed
peak current for various multipliers of SPDmax are plotted against the GLD360 peak current,
with error bars drawn from the 68% confidence interval. The solid red line is a linear fit and
the dashed red lines are the same fit with a 10% variation in the slope. The black line is the
one-to-one correspondence.

data. At first, I thought the fix may be as simple as a multiplicative factor on the electron

density profile, but from the extensive analysis of the electron density parametrization done

in Section 4.2.4, the issue may be hidden deeper in the simulation methods.

4.5 Conclusion and synthesis of the developments made on the simulation-data
comparison

Throughout this chapter, I tried to bring the reader to a level of understanding of the

elve data and simulation that is needed to motivate an independent reconstruction of elve-

inducing lightning strokes. I worked towards the use of a very detailed simulation to re-

construct the peak current of lightning strokes, and I tested it using the correlation with

GLD360 and basic statistics. The current status of this analysis is summarized in Fig-

ure 4.19, where the distribution of the Auger peak current obtained from single-peaked elves

is presented against the coincident peak current from the GLD360 database of Vaisala, Inc.

The probability distribution of downward negative CG strokes from CIGRE is the standard
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Figure 4.19: Left panel: the distribution of peak currents for the same elves, as obtained
from the GLD360 measurements and as estimated using the Auger FD with a factor of
20 multiplier. The superimposed blue curve represents the parametrization of CIGRE for
downward negative lightning. Right panel: the probability distribution of downward negative
lightning parametrized by CIGRE and IEEE and the probability distribution of downward
positive strokes available from Rakov and Uman, 2003.

for lightning performance of power lines and lightning protection of aircraft by NASA.

Let me remind the reader that there are four types of CG lightning [38, p. 4]. The

most common type (believed to be 90% of all CG strokes globally) is the downward negative

lightning, which lowers negative charges from the cloud to the ground, during the step

leader process. Another type is the upward positive lightning, in which negative charges are

brought from the ground up to the cloud. Both of these CG lightning types, with exactly

the same lightning properties, are expected to create the same elve. The next CG type

and the second most common (<10% of all CG strokes globally) is the downward positive

lightning, in which positive charges are lowered to the ground. This type of lighting has

been observed to have higher peak current than downward negative strokes. The final type

of CG lightning is the upward negative lightning, in which positive charges are raised from
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the ground to the cloud. Lightning with positive charges flowing in the channel have a

higher probability of having higher peak current than lightning with negative charges flowing

in the channel. The convention is that downward-negative and upward-negative lightning

have negative current, while downward-positive and upward-negative lightning have positive

current. For IC lightning, the convention is the same, but the current flows between two

charge layers of opposite polarity.

Due to the low occurrence probability of upward CG lightning, which typically requires

a tall structure to initiate the step leader, the parametrization of the associated occurrence-

probability distributions do not exist. However, downward negative strokes have been ex-

tensively recorded and the CIGRE parametrization provides the shape of the probability

distribution (blue curve, right panel of Figure 4.19) [38, p. 145]. The recognized CIGRE log-

normal distribution is obtained from a fit of distribution of peak current as a function of the

occurrence probability of strokes with negative polarity currents (downward negative light-

ning). In comparison, the probability distribution for return strokes with positive polarity

current (downward positive lightning), is much flatter (red curve, right panel of Figure 4.19).

For the creation of the MC of elves, I naively used upward positive lightning, which

implies that negative charges were flowing up to the cloud. The induced elve has the exact

same SPD than an elve simulated by a downward negative lightning. Hence, all peak currents

reconstructed for Auger elves can also be assumed to be for downward negative lightning

(Elves are not sensitive to upward or downward flow of charges). When plotting the Auger

reconstructed peak current obtained from elves (solid black line, left panel of Figure 4.19),

the shape of the tail between 100 and 200 kA is similar to the shape of the CIGRE standard

for negative strokes. I scaled the probability distribution to the count of elve-inducing stroke

with peak current of 100 kA. As I simulated elves with negative charges flowing in the channel,

the tail of the Auger peak current distribution agrees with the CIGRE parametrization of

negative return strokes (blue line, left panel of Figure 4.19).
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To understand if the agreement between Auger peak current and CIGRE is a result of

the biased reconstruction, I investigated the corresponding peak current (with a polarity)

provided by GLD360. As I presented in Chapter 2, the majority of Auger elves were corre-

lated to a GLD360 event with positive polarity. Hence, either positive charges came down

from the cloud or negative charges went up to the cloud. When taking the magnitude of all

peak currents and plotting the count of elve-inducing strokes at a given |I0|, the shape of

the tail of the distribution also agrees with the CIGRE parametrization. Hence, even the

elve-inducing GLD360 strokes with positive polarity, must have been upward positive light-

ning with negative charges flowing to the cloud. This lightning type may be rare globally,

but it may not be that uncommon if the charge polarity in the cloud is inverted. Argentina

may be prone to inverted charge structure in clouds. As I also show at the end of Chapter 2

the GLD360 currents associated to double-elves reconstructed at the correct altitudes for IC

strokes (7-15 km) were mostly negative. The dominant negative polarity of currents asso-

ciated to elve-inducing IC strokes and the dominant positive polarity of elve-inducing CG

strokes (argued to be upward positive lightning with negative charges flowing to the cloud)

may indicate that the majority of storms in the observation region of Auger have an inverted

charge structure.

However, a lot of the strokes that I labeled as CG from the observation of a single peak in

the photo-traces of an elve event may have been misidentified. The misidentification may be

caused by very-low-altitude IC strokes (<7 km) that are inducing only one peak in the photo-

traces. If that is the case, the single-peaked elves associated to positive polarity currents

may actually be created by IC strokes and not CG strokes. Depending on the extent of this

misidentification, the count of IC strokes with positive polarity current may overwhelmingly

dominate the count of IC strokes with negative polarity current. Consequently, the count

of CG strokes with positive current would be significantly reduced. This correction would

now imply that the majority of Argentinian storms have a normal charge distribution. As

I simulated at the end of Chapter 3, the Auger detector and its fine time resolution is not
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enough to separate the two EMPs of a low altitude IC stroke. The two EMPs from IC

strokes below 7 km are typically already merged by the time they induce light emission at

the ionosphere. This more likely scenario also removes the need for upward positive lightning,

which requires tall structures for the initiations of charge flow (> 50m). The probability

that the majority of strokes that create elves are hitting structures is very low. In conclusion,

an analysis using photo-peaks of elves to infer the number of IC strokes and the number of

CG stroke, may significantly underestimate the number of IC strokes and overestimate the

number of CG strokes.

In this chapter, I take advantage of the high-quality elve data of Auger and the detailed

simulation of elves of Marshall et al. to extend previous comparisons done between elve data

and simulation. By comparing the data and the elve simulation at the detector level and at

the base of the ionosphere, I pushed the understanding of numerous aspects of elve research

at Auger that were previously limited by the available data and elve model. These aspects

include:

• the behavior of elve signal in the detector and at the ionosphere when the lightning

stoke properties are varied,

• the sensitivity of clean data to reconstruction parameters such as the ionosphere height

and the VOD,

• the possible approaches to reconstruct parameters of the elve-inducing lightning stroke

using elve simulation,

• the effect of clouds on the data and the associated error of overestimating the VOD,

• the parametrization of the ionosphere and its effects on elves as seen by the FD,

• the quantification of variability and errors associated to reconstructing peak current,

due to the non-negligible contributions of other stroke parameters,
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• and the (mis-)identification of IC and CG strokes from single-peaked and double-peaked

elves.

By analyzing the simulated data, and comparing it to the real Auger elves, I achieved

the following results:

• the analysis of the first simulated elve created from a CG stroke through an end-to-end

simulation,

• the identification of a potential discrepancy between simulation and data in terms of

the extent and brightness of simulated elves,

• the development of an independent estimate of the peak current from the maximum

brightness of elves

• and the identification of thunderstorms with inverted charge structures in the elve-

observation footprint of the Auger Observatory.

I am hoping that this work will help pave the way to an independent reconstruction of

other lightning parameters, which we will be able to be monitored for over a decade until

the Auger FD is decommissioned in 2030. Despite the interest in complex elve profiles and

potential new atmospheric electricity physics, the importance of monitoring the activity of

single-elves or CG strokes in the Auger data will be significant in contributing to records

of severe lightning activity across Argentina. This future work will contribute to climate

and weather research. Additionally, knowing how to reconstruct single-peaked elves is an

important step towards understanding more complex elves created by IC strokes.
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CHAPTER 5

SUMMARY OF ACCOMPLISHMENTS, FUTURE WORK, AND ADDITIONAL

CONTRIBUTIONS

In this chapter, I summarize the major accomplishments that resulted from the work

done for this dissertation and I synthesize what I think the future elve research at Auger

should entail. Also, I list the conferences and collaboration meetings that I attended during

this 5-year PhD. Next, I list the three documents that I published on this research and

the one manuscript that is under collaboration review. I finish by summarizing my addi-

tional contributions to the Auger Observatory, and the undergraduate-student work that I

supervised.

5.1 Summary of accomplishments

The following top-10 list contains my major contributions to the field of atmospheric

electricity, using elves detected by the Auger Observatory.

1. The first reported observation of elves with three peaks in the photo-traces

of a camera. These events will contribute to the understanding of the production

of Terrestrial Gamma-ray Flashes, a current popular research topic in the field of

atmospheric electricity. These events would not have been discovered without the time

resolution of the Auger FD.

2. The discovery of almost 50 gigantic elves with radial extents between 660

and 1000 km, using the most photosensitive ground-based elve detector.

These elves are two to three times larger than any elve previously reported, which

confirms the high photo-sensitivity of the Auger FD. Studying these gigantic elves is

equivalent to recording a snapshot, at an instant in time, of a large area of the base of

the ionosphere, providing an opportunity to study the effects of gravity waves and the

Earth’s magnetic field on the ionospheric plasma.

3. The identification of a super storm, using the gigantic elves of Auger,

that generated 12 elve-inducing strokes with an average peak current over
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300 kA, during the warmest April on record in Argentina. This 4-hr storm

created 25% of all gigantic elves recorded by the Auger FD in three years of obser-

vations. From the low probability of occurrence of a stroke with a peak current over

300 kA (<0.1%), this 4-hr storm may have had a record high flash rate. As the count

of double-elves was greater than the count of single-elves, I confirmed that this storm

was highly electrified in the cloud.

4. The assessment of the location resolution of GLD360 (5 km) in the elve-

observation region of the Auger Observatory of three million sq. km. This

85% correlation between Auger elves and GLD360 strokes demonstrates our under-

standing of the underlying process behind the creation of elves: these TLEs are induced

by the same EMPs recorded in ground-based lightning detection networks. Using elves,

I can provide the lightning type of high-energy lightning strokes, which ground-based

detectors cannot do.

5. The comparison between the Auger and WWLLN reconstructions of elve-

inducing lightning strokes. With this correlation, I confirmed that elves were emit-

ted in a high-density region of lightning strokes, and that the elves detected by the

Auger FD were created by high-energy lightning strokes. The comparison of the two

reconstructions also informed us that our reconstruction of the lightning location had

a bias that overestimated the distance of elve-inducing stroke location with respect to

Auger.

6. The quantification of the elve-detection efficiency of the Auger FD (35%),

using the number of simultaneous elve observations by multiple FD sites.

This quantification is the first one done for an elve detector, because of the need

for multiple FD sites and high statistics of elves. With this detection efficiency, we

will extrapolate more general characteristics about elve-producing storms, such as an

estimate of the total amount of lightning strokes above a certain peak current, in a

given amount of time. This number is a valuable piece of information for climate

models to predict the effect of global warming on the increase of lightning-flash rate.

7. The confirmation that some elves, with double-peaked photo-traces sepa-

rated by more than 50 µs, cannot be created by typical IC discharges and the

lowest IC stroke altitude ever reported from the reconstruction of double-

elve. With the time resolution of the FD, we can find novel ways to assess where (and

what) are the source of double-elves. The lowest altitude IC stroke is another example

of the advantages of having a fine time resolution when observing elves. In addition,
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these highly-electric Argentinian storm systems may be creating novel IC discharges,

not yet characterized, but with enough radiated energy to create double-elves. With

the large dataset of double-elves, we will shed light on these novel IC discharges, and

contribute to the understanding of the electrification of thunderstorms.

8. The development of an end-to-end simulation to test an existing elve model

at the detector pixel level against the photo-calibrated elve data of the

Auger Observatory. To the best of my knowledge, this simulation at the pixel-

level is also a first in the field and it allows us to narrow down where possible data-

simulation discrepancies may be. With the well-tested detector simulation of the Auger

FD, the end-to-end simulation provides the first opportunity to compare elve data and

simulation to a high level of accuracy.

9. The simulation of the first elve-inducing stroke detected by two ground-

based lightning detection networks and its comparison to the real event

detected by the Auger FD. A simulated elve with lightning parameters constrained

by experimental measurements is a valuable asset to investigate the validity of elve

simulations against data. The Auger dataset includes a variety of exotic events and

high-quality typical events to test the existing models. With record-breaking elve-data,

the models can be tested beyond their typical limits to improve our understanding of

lightning physics, storm electrification, ionosphere interactions, and more.

10. The first reconstruction of lightning peak current from direct elve observa-

tions, which shows an additional lightning property that can be recovered

from elves. With a very developed understanding of elves, we can now use them to

do lightning physics. Elves are not just a transient luminous event, they are now a

tool to probe inside thunderstorms. The independent peak-current reconstruction will

be a method to use elves as a tool to calculate the rate of the highest-energy strokes in

a storm, and by proxy, the total lightning flash rate. Monitoring total lightning flash

rate across Argentina, during a single storm or during the 15-year observation period

of Auger, will significantly contribute to the severe weather and climate research.

This list contains results published in the first elve paper, i.e. the detection efficiency

of Auger. Some analysis, such as the result on double-elves, are being refined and will be

published. The report of gigantic elves has already been drafted and the manuscript is under

collaboration review. This additional work that will take time to publish in refereed journals

is reported in this thesis, to facilitate the work of future collaborators.
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5.2 Future work

Throughout this thesis, I mention at several occasions what I believe is worth pursuing

as future work. I will briefly summarize these research topics here.

1. A more refined study of correlations between Auger elves with the LMA and

CAMMA of the RELAMPAGO campaigns. These instruments can provide the

information needed to explain double elves, by providing data on the charges flowing

in lower layers of a cloud. They can detect the IB process, which is a candidate process

for elves with two peaks separated by more than 60µs.

2. Coincidence measurements of elves with the GLM instrument of GOES16.

The GLM records lightning strokes from above. Hence, the instrument is more sensitive

to IC strokes. A correlation between double elves and GLM strokes is necessary to

improve our understanding of their creation mechanism; however the spatial resolution

of the GLM camera is only 10 km.

3. Simulation of a tilted dipole emission. Some reconstructed elves do not have an

azimuthal symmetry and that may be caused by a tilt in the channel of the stroke or

the Earth’s magnetic field. Simulating a tilted channel adds complexity to the EMP

model, but it would contribute significantly to our understanding of the Auger data.

There may be a way to parametrize the effect of a dipole tilt on an elliptical elve, and

apply that parametrization when the third azimuthal dimension of the elve is created.

This method would limit the need to create a lot of 3D events in P1 of the simulation,

saving significant computational time, and can also be used to apply the effect of the

Earth’s magnetic field on the elves.

4. Simulation of a EIPs to reproduce multi-peaked elves. Using the end-to-end

simulation, one should pursue the simulation of the Energetic Intra-cloud Pulses of Liu

et al., 2017 [31] and attempt to reproduce the triple-elves observed in Auger. My first

attempts were promising as multiple peaks were created at the base of the ionosphere;

however, I never confirmed the validity of the simulated EMP pulses. Also, the end-

to-end simulation was never done because other studies had to be done first. Studying

EIPs may help to shed light on the creation of Terrestrial Gamma-ray flashes.

5. Solve the data-simulation discrepancy in elve size and brightness, and con-

duct additional numerical error analysis. The high sensitivity of Auger to pho-

tons arriving from elves makes any simulation-related analysis rely on quality models.
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Additional work needs to be done on the numerical error analysis to confirm that

data-simulation discrepancies are not caused by unexpected numerical behaviors. The

discrepancy between the simulation and the data was not solved, and it needs to be

investigated before more data-simulation comparisons are done. Trying an additional

elve model is a good place to start.

6. AI-based reconstruction of Auger elves using simulated MC data and real

data. One of my goals was to learn about neural networks and apply machine learning

on the reconstruction of elve data, using a MC dataset of photo-traces. I think the

next student taking over this work will be able to build upon the work of this thesis

and start using ML as an analysis tool. With more and more elves being acquired over

the years, the neural network will be able to take advantage of the real data in addition

to simulated data.

7. Climate research with trends in lightning activity across Argentina. Elves

are correlated to high-energy strokes, and the number of high-energy strokes is related

to how much lightning occurred in a given storm. By 2023, Auger will have acquired

10 years of elve data. Such a large dataset will contribute significantly to the climate

research. Using the number of elves we have recorded every season, in conjunction with

our knowledge of the detection efficiency of Auger, we can provide insights on lightning

trends in Argentina. The Auger Observatory is expected to acquire data until 2030!

8. Exotic signal exploration. The investigation of mysterious flashes that pass the

elve trigger, but that are not elves, is not to be dismissed. These relatively long flashes

occur in sets and the trigger does not seem tuned to acquire the full duration of the

light emission. I believe that these flashes may be correlated to a fluorescence process

related to TGFs, as predicted by Xu et al., 2017 [32], and that the Auger FD is

sensitive to this theorized fluorescence. I found two unconfirmed coincidences between

Auger flashes and the CAMMA data of the RELAMPAGO campaign. Within 10ms

the CAMMA data showed activity between 5 and 10 km altitude, that is consistent

with an upward moving leader inside the cloud, 600 km away, followed by the flash in

the Auger FD. The two flashes at Auger occurred on 2018-11-11 at 01:12:55.950 UTC

and at 01:18:35.437 UTC. A extensive correlation study with GLD360 data also needs

to be done for these long flashes. Additionally, Argentina has the current record on

the longest continuous duration for a lightning mega-flash (16.7 s) on 2019-03-04 at

08:09:38. The Auger FD recorded over 265 elves from that same storm, between 0h

and 8h UTC. With the elve data of Auger, we may contribute to the understanding of

the charge electrification in these massive thunderstorm systems.

172



With this list, I hope to convey a message to readers: “the research on elves at Auger

has numerous unexplored topics that are interesting and topical.” One of the goals of this

thesis is to guide the next research scientist that will investigate the elve data to the extent

I did.

5.3 Publications

To share the results with the scientific community, I published a proceeding, a full-

author-list paper, a highlight paper, and I drafted another manuscript intended for a Nature

submission as a full-author-list (Appendix B):
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al. (2020). A 3-year sample of almost 1,600 elves recorded above South America by the

Pierre Auger Cosmic-Ray Observatory. Earth and Space Science, 7, e2019EA000582.

https://doi.org/10.1029/2019EA000582

3. Merenda, K.-D., R. Mussa, and L. Wiencke (2020), Catching elves in Argentina, Eos,

101. https://doi.org/10.1029/2020EO145248

4. Pierre Auger Collaboration. Characterizing an unusually electric Argentinian thunder-

storm through the detection of gigantic elves. Under collaboration review.

The Eos article is the most accessible work that we have written, and I am very pleased

to have this available as introductory material for future students. Collaboration papers are

not a trivial achievement. The process involves the creation of an editorial board internal

to the Auger Collaboration, from whom I received numerous feedback on the manuscript.

Then, the manuscript is shared with the Auger publication committee, who edits it and

makes it available for review by the whole collaboration. This whole process takes months,

and the drafted manuscript is in the later stages of review by the editorial board. However,

the result is a manuscript that is positively reviewed by the journal editors.

173



During these last 5 years, the Pierre Auger Collaboration published numerous articles.

One article in particular contributed to the observation of a binary neutron star merger, a

ground-breaking result for Multi-messenger astronomy [85]. Another article demonstrated

that the arrival direction of cosmic rays above 8 × 1018 eV was not isotropic and was well

described by a dipole distribution [86]. By maintaining the laser facilities used for data

calibration, by doing novel research with data from the Auger Observatory, and by improving

data analysis methods, I contributed to the progress of the Auger collaboration.

5.4 Additional contributions to the Auger Observatory

I wanted to have a section describing the additional work I have been doing, alongside

the study of elves at Auger. Being part of the Auger collaboration, I cannot just take raw

data and start doing fun analysis, I also have to contribute to the collaborative service work.

I have been assigned bi-yearly maintenance of the laser facilities used for the calibrations

of the FD, the Central Laser Facility and the eXtreme Laser Facility. The CLF and XLF

are used to monitor the aerosol content of the atmosphere every hour and every night,

when data taking is happening. As the atmosphere is the electromagnetic calorimeter of the

Auger observatory, it is necessary to know its structure and variations very well to be able

to reconstruct the energy of cosmic-ray showers. My work on elves fits in the cosmology and

geophysics task force of the collaboration. Hence, I am able to help other groups with their

work related to atmospheric electricity. The Surface Detector of the Auger Observatory has

detected anomalous, lightning-related events and their explanation is a work in progress [43].

The Auger Lightning Detection System has had some problems since students have stopped

working on it. A lot of valuable information is available from the LDS, but maintenance

would be needed. As it turns out, the FD is seeing other TLEs than just elves, and I started

investigating those as well, with the help of undergraduate students.

As the astroparticle physics group is also part of the JEM-EUSO collaboration, a col-

laboration pushing for the observation of cosmic rays from space, I have been working on

the simulation of elves observed from above. I modeled elves for detector setups similar to
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the one of the TUS experiment aboard a satellite, the Mini-EUSO experiment aboard the

ISS, and EUSO-SPB1/2 aboard NASA super-pressure balloons. Elves are expected to be

significant backgrounds to experiments with the ionosphere in their FoV, but maybe they

should not be treated as such. Such experiments could contribute significantly to atmo-

spheric electricity by looking at elves through much less atmosphere than what Auger has

to deal with.

I developed the simulation routines in the Offline analysis framework. I committed my

code to gitlab.ikp.kit.edu and I will also commit it to the framework. Making sure to follow

the coding standards imposed by the collaboration is important to keep the quality and trust

on which the framework was built for the last ten years.
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[74] S. Argirò, S.L.C. Barroso, J. Gonzalez, L. Nellen, T. Paul, T.A. Porter, L. Prado Jr.,
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APPENDIX A

CONFERENCES AND TEACHING EXPERIENCE

During the 5 years of my PhD, I was given the opportunity to attend numerous confer-

ences (listed below in bold) to assess the current status of atmospheric electricity research

and share the latest work done at Auger in that field. I used this opportunity to determine

how the elves observed at Auger could make an impact on the scientific community. The con-

ferences that I attended had audiences with various levels of understanding of atmospheric

electricity, making the talks vary in complexity. The chronological list of conferences and col-

laboration meetings, which mark significant progress made in my research and understanding

of the field, is the following:

1. International Optical society Network for Students (IONS), 2016, Tuscon AZ,

USA. The Study of Elves at the Pierre Auger Observatory. Talk.

2. American Geophysical Union Fall Meeting, 2016, San Francisco CA, USA. The

Study of Elves at the Pierre Auger Observatory. Talk.

3. Pierre Auger Collaboration March Meeting, 2017, Malargüe, Argentina. The Simula-

tion of Elves and its Offline Implementation. Talk.

4. Graduate Research And Discovery Symposium at Mines, 2017, Golden CO,

USA. Imaging ionospheric Light Emissions (ELVES) with the Pierre Auger Observa-

tory. Poster.

5. EUSO Collaboration Fall Meeting, 2017, Turin, Italy. Simulated Elves for TUS,

MINI-EUSO, and EUSO-SPB2. Invited Talk.

6. Pierre Auger Collaboration November Meeting, 2017, Malargüe, Argentina. Elves

Simulation Status, Data Analysis, and Paper Progress. Talk.

7. Pierre Auger Analysis June Meeting, 2018, Krakow, Poland. CRLF and XLF Update.

Talk. The Elves Paper. Talk.

8. Society of Physics Students (SPS) of Mines, 2018, Golden CO, USA. Lightning

Research at Mines: the Study of Elves! Invited Talk.
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9. Ultra High Energy Cosmic Rays (UHECR) Conference, 2018, Paris, France.

Atmospheric Electricity Studies at the Pierre Auger Observatory. Invited Poster by

the Auger Collaboration.

10. EUSO Collaboration Fall Meeting, 2018, Golden CO, USA. Motivations for TLE

Research with Near-Space Experiments. Invited Talk.

11. Pierre Auger Collaboration November Meeting, 2018, Malargüe, Argentina. Search for

an Other TLE, Elves Simulation Study, Quick Paper Update. Talk.

12. American Geophysical Union Fall Meeting, 2018, Washington D.C., USA. On

the 1508 Elves Acquired by the Pierre Auger Observatory in the Three Year Acquisition

Period of 2014-2016. e-Poster.

13. Pierre Auger Collaboration March Meeting, 2019, Malargüe, Argentina. Elves Research

Update: ENTLN, RELAMPAGO, Simulation Work. Talk.

14. American Physics Society April Meeting, 2019, Denver CO, USA. A Novel Ap-

proach to Study the Most Energetic Lightning on Earth using the Pierre Auger Obser-

vatory. Talk.

15. Pierre Auger Collaboration November Meeting, 2019, Malargüe, Argentina. Elves

Paper 2. Talk.

16. American Geophysical Union Fall Meeting, 2019, San Francisco CA, USA. Using

Elves Recorded by the Pierre Auger Observatory to Improve Ground-Based Lightning

Reconstructions and Provide Additional Insights on Argentinian Thunderstorms. e-

Poster.

17. Pierre Auger Collaboration April Meeting, 2020, Malargüe, Argentina. Elves Paper 2

and Research Updates. Remote Talk.

In addition to the Auger collaboration meetings, this list has almost two international

conference talks a year. I traveled internationally to take advantage of the experts in atmo-

spheric electricity and cosmic-ray communities.

In turns out that my passion for the topic of my PhD really developed while I wrote

fellowship applications. During the last 2 years, I applied to the following fellowships:

1. NVIDIA Graduate Research Fellowship, 2019.
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2. Future Investigators in NASA Earth and Space Science and Technology, 2019.

Unfortunately, the extensive application process for these fellowships did not pay-off, but I

was rewarded in a different way. I developed an appreciation for the greater impact of my

research and I realized what it entailed to motivate ones research when applying for funding.

I also contributed to the sections on elve research of two NSF proposals of the astro-particle

research group, here at Mines.

As a Mines graduate student, I had the opportunity to work alongside bright undergrad-

uate students also contributing to the Auger research on elves:

• Mitchell Waibel (2016 Senior Design) and his work on Lightning and Elves, in which

he tested the simulation of photo traces of pixels at the aperture of the Auger FD,

using the Offline framework.

• Lindsey Hart (2016 Senior Design) and her work on Correlations of Lightning with

ELVES, in which she investigated a possible correlation between the Lightning Imaging

Sensor of the TRMM satellite and the Auger elves.

• Will Daniels (2019 Senior Design) and his work on What can elves tell us on about

very strong lightning?, in which he simulated the effects of lightning properties on the

SPD profiles of elves.

• Austin Latham (2019 MURF) and his work on Mysterious Flashes Observed High in

the Atmosphere by the Pierre Auger Cosmic Ray Observatory, in which he investigated

the exotic signal that passed the elve trigger but that does not originate from elves.

• Lucia Grande (2020 MURF) and her work on coincident studies between Auger elves

and the ABI data of GOES16.

Working closely with these students developed my pedagogical skills, and simultaneously

improved my understanding of elves. The students valued the skills they learned during their

research on elves as I was asked to write a few recommendation letters. Each student that

asked me for a reference was successfully accepted in the graduate program of their choice.

I thank them for their help and for the contribution of their work to the elve research at

Auger.
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APPENDIX B

SUPPLEMENTAL FIGURES

Figure B.1: Using EVENT19 from data as a baseline, this figure depicts the impact of
simulation input parameters (rise time, ionosphere height, peak current, return stroke speed,
and channel length) on the width of the simulated photo-traces.
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Figure B.2: Using EVENT19 from data as a baseline, this figure depicts the impact of
simulation input parameters (rise time, ionosphere height, peak current, return stroke speed,
and channel length) on the mean of the simulated photo-traces.
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