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Chapter 1

Introduction

Since Wilson (1924) first suggested a connection between the emissions of X-rays and
electrons accelerated in the electric fields of thunderclouds, many high-energy phenom-
ena related to thunderclouds and lightning have been observed. Terrestrial Gamma-ray
Flashes (TGFs) are sub-millisecond bursts of X- and gamma-radiation with energies
up to several tens of MeV. They are the most energetic naturally occurring phenom-
ena on Earth, and were first detected by the Burst and Transient Source Experiment
(BATSE), onboard the Compton Gamma-ray Observatory (Fishman et al., 1994). Since
then, many more space-borne instruments have made detections of the TGFs, with the
Atmosphere-Space Interactions Monitor (ASIM) being the first instrument specifically
designed to detect them (Neubert et al., 2019).

While the connection between TGFs and thunderclouds was immediately recog-
nised, it was first thought that they were created far above the thunderclouds at altitudes
over 40 km (Lehtinen et al., 1996; Nemiroff et al., 1996). The reason for this hypoth-
esis was that X- and gamma-radiation originating at lower altitudes would be strongly
attenuated, while the detected energies were very intense. With more observations, the
production altitude was found to be at the top part of thunderclouds (Carlson et al.,
2007; Cummer et al., 2014; Dwyer and Smith, 2005; Hazelton et al., 2009; Lindanger
etal.,2021; Mailyan et al., 2016; Pu et al., 2019; Stanley et al., 2006; Xu et al., 2012),
and TGFs were found to be associated with negative leaders of intracloud lightning
(IC+) (Cummer et al., 2015; Lu et al., 2010; Pu et al., 2019; Shao et al., 2010; Stan-
ley et al., 2006; @stgaard et al., 2013). The production of the TGFs themselves is still
not fully understood. Two main theories have been suggested, which are both built on
a process called Relativistic Runaway Electron Avalanches (RREA) (Gurevich et al.,
1992), in which electrons are accelerated to relativistic energies in the electric fields of
thunderclouds. The electrons then radiate energetic photons by bremsstrahlung. After
this part, the two theories differ in how the high quantity of seed electrons are cre-
ated. One theory is the Relativistic Feedback model (Dwyer, 2003), in which seeding
of RREA is achieved by backscattered X-rays and positrons. The other theory involves
the acceleration of electrons in the transient and superposed electric fields of lightning
leader and streamers (Celestin and Pasko, 2011; Moss et al., 2006). The two theories
are not mutually exclusive and could be in effect at the same time. Many questions
about TGFs are still unanswered, for example, the occurrence rate of TGFs, source lu-
minosities, production mechanisms, as well as how exactly the TGFs are connected to
the lightning flashes.
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First in 2001, it was theorised that the emissions of X-rays could be linked to the
lightning leader itself (Moore et al., 2001). This was shown to be the case by Dwyer
et al. (2005), who found that the observed bursts of X-rays were associated with the
stepping process of negative leaders. Both natural and triggered lightning have been
observed to produce microsecond-long bursts of X-rays (Dwyer et al., 2004, 2005;
Howard et al., 2010; Kochkin et al., 2015; Saleh et al., 2009; Schaal et al., 2012),
with typical photon energies of a few hundred keV. These bursts as mentioned above,
are found to be associated with the stepping process of negative leaders, and also with
recoil events, which happen later in the lightning flash. During a recoil event, large
currents pass through an already existing leader channel, which heats the lightning
channel and emits visible light. These events are some of the most luminous parts of
the lightning flash.

Other events tied to the acceleration of electrons and emissions of X- and Gamma-
rays have also been observed. Gamma-ray Glows are seconds to minutes long-lasting
emissions of X- and Gamma-rays, thought to be caused by continuous RREA in thun-
derclouds (Babich et al., 2010; Chilingarian et al., 2010; Torii et al., 2004; Tsuchiya
et al., 2007). The first airborne observations of Gamma-ray Glows were presented
in McCarthy and Parks (1985) and Parks et al. (1981), which also showed that the
gamma-ray emissions were terminated by lightning, and not created by it. Gamma-
ray glows have since been observed in multiple other aircraft campaigns (Kelley, 2014;
Kochkin et al., 2017; @stgaard et al., 2019a), as well as balloon flights (Eack et al.,
1996a,b, 2000). Gamma-ray Glows are also observed from the ground (Brunetti et al.,
2000; Chubenko et al., 2000; Torii et al., 2002, 2009), where they are sometimes called
Thunderstorm Ground Enhancements, due to the glows being detected on the ground.

1.1 Objectives

The objective of this thesis is to further investigate high-energy radiation associated
with lightning leaders, as observed from aircraft and space-borne instruments.

Paper I in this thesis gathers airborne observations of high-energy X-rays from so
called recoil events, which are then used together with 3 different consecutive models.
The first model investigates if electrons accelerated over short distances are acceler-
ated to the full applied potential. The second model simulates the X-ray spectra based
on different initial energy electrons, provided from the first model. The third model
investigates the electric field between the recoil leader and the aircraft, based on gap
distance and leader lengths, which is constrained by the potentials from the fits of the
second model. From the results of these simulations, we derive constraints on recoil
leader properties, such as length and distance between aircraft and leader is obtained.

Paper II investigates the connection between lightning discharges and Terrestrial
Gamma-ray Flashes (TGFs), using observations of TGFs from space-borne instruments
and correlating them with ground-based lightning radio data. The study investigates
during which stage in a lightning flash the TGFs are observed. For this purpose the
study uses the previously mentioned observations, but also includes TGF detections
where optical data, associated to the propagation of the lightning leader is available.
The TGFs with optical data have very high temporal resolution, and are used to give
the study a more detailed view of the time sequence of each flash.
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Paper III continues the investigation of TGFs using optical data. The paper in-
vestigates the temporal relationship between TGFs and associated optical pulses using
space-born observations of the two. The order of TGF and optical pulse onset is ad-
dressed, as well as the relationship between the duration of TGFs, and the time interval
between the onset of TGF and the onset of optical pulse.

1.2 Outline

In chapter 2 of this thesis the reader will be given an introduction to atmospheric elec-
tricity. The chapter first describes thundercloud formation and electrification, then gives
an introduction to the mechanisms involved in a lightning flash. Chapter 3 will give an
overview of effects on Aircraft in thunderstorm environment, with a focus on how the
aircraft takes part in the creation of lightning flashes, as well as some aircraft-observed
lightning events. Chapter 4 will outline the creation and observations of high energy
radiation from thunderstorm environment, both from aircraft and space-borne instru-
ments. Chapter 5 gives a short summary of the peer reviewed papers included in this
thesis, with the results outlined in Chapter 6. The scientific papers of this thesis are
included in Chapter 7.
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Chapter 2

Atmospheric Electricity

2.1 Thunderclouds and cloud electrification

Formation of clouds happens when air becomes locally supersaturated with water
vapour. This normally happens as moist air at ground level is warmed up by sun-
light, becomes buoyant and starts to rise. As the air cell rises and the pressure starts
to decrease with altitude, moisture in the air will start to condense, forming liquid wa-
ter droplets. As the pressure and temperature is reduced due to the rise in altitude, the
air cell will undergo adiabatic expansion, and the air cell will become supersaturated
with water. The altitude at which this happens is most often around 1000 m, where the
temperature is well above 0°C. Due to the positive temperatures, these clouds mostly
consist of liquid droplets, and can rarely, if ever, produce lightning (Cooray, 2004).

The main source of lightning flashes is cumulonimbus clouds, more colloquially
called thunderclouds. The cumulonimbus clouds are large, and usually extend up to
the tropopause (8 to 18 km) due to large updrafts and vigorous convection inside the
cloud. The clouds have shapes reminiscent of anvils, due to the flat tops created by
wind shear or convection cut-off at the tropopause. Sometimes the clouds can extend
over the tropopause with what is called an overshooting top, which is caused by very
strong updrafts (Rakov and Uman, 2003). Normally the convection dissipates in a mat-
ter of a few hours, however, if the conditions are right, new convective cells can be
created around the thundercloud, making up what is known as a multi-cell storm, and
in rare cases the convective cell can become self-sustaining, causing the thunderclouds
to last much longer. At the altitudes towards the top of the thunderclouds the temper-
atures drop to ~ —50°C (Rakov and Uman, 2003). Some water particles will start to
freeze when the temperature reaches sub 0°C, but some remain liquid while reaching
temperatures as low as —40°C, becoming what is called super-cooled liquid, further
cooling causes all water particles to freeze. These super-cooled water particles can col-
lide with ice crystals, causing them to freeze on top of them, creating what is called
graupel. The graupel pellets can grow and reach sizes ranging from micrometer to cen-
timetre in scale. As the graupels size increases, so does their weight, and eventually the
graupel will start to fall.

The electrification of thunderclouds is caused by the distribution and motion of
electric charges, which are thought to be the result of collisions between liquid and
solid water particles with the graupel. The charge the graupel gains from collisions
is dependent on the temperature of the air around it. The graupel theory is based on
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experiments performed by Takahashi (1978) and Jayaratne et al. (1983), who used
a cloud chamber with probes in a mixture of super-cooled water and ice to simulate
charge gained by the falling graupels. The experiments showed that the polarity and
size of the charged regions in the thunderclouds could be explained by temperature in
the cloud. Falling graupel first leaves behind positive charge in the upper regions of the
cloud, where the temperatures are below —20°C. Further down in the cloud, where the
temperatures are between —10 to —20°C the graupel leaves behind negative charge. At
temperatures above —10°C the graupel will again leave behind positive charge.

The thundercloud electric structure is complex and dependent on many specific con-
ditions, however, a simplified tripole structure is often used to describe the charge struc-
ture of the thundercloud (Williams, 1989). Figure 2.1 shows the idealised overview of
the charge structure of a cumulonimbus at typical altitudes, consisting of 3 vertically
stacked charge layers. The top positive and negative charge regions are referred to
as the main positive (MP) and main negative charge regions, and have similar charge
magnitudes, while the lower positive (LP) charge region has a much smaller charge
magnitude than the MP and MN charge regions (Williams, 1989). Occasionally it has
been observed that the charge structure is reversed, with the main negative and posi-
tive charge regions swapping places. In a non-ideal thundercloud the charge structures
will not be static, and will move around as the updrafts and convection changes. A
screening layer of negative charge is also often found at the top of the cloud.

Figure 2.1: Illustration of a vertically stacked tripole charge distribution in a cumulonimbus. The top
positive and negative charge layers are thought to be of equal charge, with average of ~40 C, while the
lower positive is ~10% of the upper positive charge.

2.2 Lightning flashes

A lightning flash, or discharge can be divided into two classes: cloud-to-ground (CG)
flashes, which connect to the ground, and cloud discharges. Cloud discharges are fur-
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ther divided into discharges between clouds (cloud-to-cloud), discharges inside a cloud
(intra-cloud discharges (IC)) and cloud-to-air discharges. Approximately 75% of all
lightning flashes are IC discharges (Rakov and Uman, 2003), with the remaining dis-
charges being mainly CG flashes. IC discharges are difficult to study, as the opacity
of the clouds make it difficult to acquire optical data, and the harsh environment inside
the thunderclouds make it difficult to get measurements of the electric charges and cur-
rents. Measurements of thundercloud characteristics and lightning-related events have
been gathered using space-borne instruments, balloons, as well as aircraft campaigns
and radio measurements.

Lightning within the classes described above are usually further divided into posi-
tive and negative, based on the direction of the current. Discharges with upward current,
i.e., with negative charge transferred downwards, are termed negative, while discharges
in which positive charge is transferred downwards are positive. Figure 2.2 shows four
scenarios for CG discharges. Panels a) and b) show negative lightning, with a nega-
tive leader propagating toward the ground from a negative charge centre in a), or with
a positive leader from the ground propagating towards the negative charge centre in
the cloud as in b). Positive CGs are shown in panels ¢) and d), where in c) a positive
leader is propagating downwards from the positive charge centre in the cloud towards
the ground, and in d) where a negative leader propagates upwards from the ground to
the positive charge centre in the cloud. IC lightning follows the same convention. It has
been shown that IC+ lightning are associated to the production of bursts of high energy
X- and gamma-rays termed Terrestrial Gamma-ray Flashes (TGFs) and are observed
from space (outlined in Chapter 4.2).

2.2.1 Electron avalanches

How lightning discharges initiate is still a largely unanswered question. At present
time, a key element is thought to be the acceleration of free electrons in the electric
fields of thunderclouds, where they initiate electron avalanches. An avalanche occurs
when the electric field is strong enough to accelerate electrons to energies such that the
interaction between the electrons and atoms and molecules in air will ionise the atoms
and molecules, freeing more electrons. The freed electrons will also be accelerated by
the electric field, and can in turn ionise more atoms. If the ionisation rate is larger than
the electron attachment rate, the electron number grows in an avalanche process. The
electric field needed for equal ionisation and attachment rates is called the breakeven
field, and is determined to be around 30-31 kV/cm for air at sea-level density and
pressure. An electric breakdown may occur at a different field strength, depending on
the configuration of electrodes. In the literature, one may often find cited the breakdown
field of 32 kV/cm, which is applicable to a 1 cm inter-electrode gap. However, for
longer gaps the breakdown may occur in uniform fields as low as 23.6 kV/cm (Raizer,
1992).

2.2.2 Streamers

As more and more electron avalanches are initiated, the electric field in front of the
avalanche head will start to increase, and when the electric field becomes comparable
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a) Downward negative lightning b) Upward negative lightning

*
I + I
/ + -

c) Downward positive lightning d) Upward positive lightning

Figure 2.2: Illustration of the four cloud-to-ground scenarios, where electric charge is moved upwards
(a and b), or downwards (c and d). Illustration based on figure from (Rakov and Uman, 2003, p. 5).

to the external field, the avalanche will be converted into what is called a streamer dis-
charge. This condition on the spatial charge of the avalanche is called Meek’s criterion
(Meek, 1940) and allows to calculate the external field necessary for streamer creation
in a gap of a given length. The calculated number of electrons needed to create such
a field is of the order 108-10° (Meek, 1940). After streamer inception, the streamers
themselves will continue to ionise atoms within ~200 um of the streamer head. This
distance is known as the boundary of the active region of the streamer. Streamer prop-
agation was proposed by Meek (1940) to be due to by photo-ionisation by UV photons,
which are absorbed in the active region of the streamer. If the electric fields reach cer-
tain thresholds, the streamers will continue to propagate out of the inception area. This
threshold is much lower than the conventional breakeven field, and is found to be ~4.4
kV/cm for positive streamers, and ~8-12.5 kV/cm for negative streamers (Lehtinen,
2021; Raizer, 1992, p. 362). In these lower electric fields the streamers will become
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isolated due to the high attachment rate, and have low currents and conductivity. As the
electric fields in front of the streamers themselves start to increase, the streamers will
multiply, gain speed and get higher currents, which can lead to significant heating of the
atoms and ions. The heating of atoms and ions will in the end lead to the formation of a
highly conductive, hot channel called a leader. This process is thought to produce vis-
ible light as the electrons excite nitrogen molecules in the air (Chanrion et al., 2019).
Streamers are divided into positive (cathode-directed) and negative (anode-directed),
based on their charge sign (direction of propagation).

Streamer propagation

Loeb and Meek (1941) was the first to propose the streamer propagation mechanism.
The streamer head creates photons, which are radiated forwards from the streamer,
ionising the surrounding atoms, producing free electrons. In the high electric fields in
front of the streamer head, the free electrons produced form ionisation are accelerated
and initiate electron avalanches, as shown in Figure 2.3. For positive streamers these
avalanches will grow back towards the streamer head, where they will merge with the
positive streamer, thus growing it. The electron avalanche forming in front of the neg-
ative streamers will propagate away from the streamer head. However, the negative
streamer propagates faster than the electron avalanche and will therefore catch up with
the avalanches and merge (Lehtinen, 2021; Raizer, 1992). Figure 2.3 shows a schematic
overview of positive and negative streamers, with the velocity direction of the electron
avalanches.

Positive streamer Negative streamer

+ +
+ +
E -+ E -+
T+ o+ T
+ 0 +
o+ - o+ -
+ -+ - + -+ -
oo+ & -+ -
+, .+ D
/1++ ¥ -
N SR

Figure 2.3: Illustration of a positive and negative streamer, where the streamer heads are seen to have
net charge associated with the propagation mechanism. Figure from Dubinova (2016).

2.2.3 Leaders

According to Rakov and Uman (2003), the conversion from streamer to leader happens
as the conductivity of the streamer reaches values of the order of 10* S/m. This happens
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as streamers form around a common stem, and their combined currents lead to joule
heating of the stem. The high temperature of the stem will lead to higher ionisation
rates, freeing more electrons in the gas of the stem, further increasing the conductivity
and in the end forming a highly conductive channel. This channel, which consists of
a quasi-neutral plasma is called a leader, and is called positive or negative depending
on which sign charge is in excess and the direction of propagation. Due to the high
conductivity in the leader, a high electric field region will form ahead of the leader tip,
in which streamers can form and propagate. The leader will then extend into the newly
created streamer region and make it part of the leader, thus increasing the length of
its channel. The minimum electric field needed for the leader to propagate was found
to be 1 kV/cm (Bazelyan and Raizer, 2000; Cooray, 2004). As the leader propagates,
electric charges will move, creating a current which emits radio signals and optical
emissions. As the leader attaches to the ground or a charge centre, a larger current
surge will occur, resulting in very bright emissions of light, as well as large-amplitude
very low frequency (VLF) pulses. The emission of light from the lightning leader is
thought to be associated to the dissociation of O into atomic oxygen, when the current
heats the leader channel (Chanrion et al., 2019).

Positive leaders

Positive leaders initiate with positive streamers making up a positive leader channel,
as described in section 2.2.2. The positive leader head will consist of positive charge,
which will enhance the electric field in front of if, supporting streamer inception and
propagation. The current of the streamers heats the region in front of the leader, and
as new streamers are created from the tip they cause more heating, which allows the
positive leader to propagate forward (Gorin et al., 1976; Rakov and Uman, 2003).

Negative leaders

The propagation of negative leaders as observed from laboratory experiments is char-
acterised by presence of so-called steps, which are rarely observed in positive leaders.
The process of stepping is illustrated in Figure 2.4 as a streak photography over time,
with electrode current measurements below. The negative leader (1) starts with a leader
channel growing from a negative high-voltage electrode, with a net negatively charged
bright leader head (2). A space stem (4) (also termed a pilot by (Gallimberti et al.,
2002)) will form in front of the negative leader. In the electric field between the space
stem and negative leader tip, positive streamers are formed (3), which will propagate
back towards the negative leader. Negative streamers (5) are formed at the opposite side
of the space stem, and propagate in the same direction as the negative leader. The leader
tip will develop quasi-continuously downwards, while the space stem moves in front of
it. The space stem will become a space leader (6) by thermalisation and develop both
towards the negative leader and away from it. For this reason it is also referred to as a
bidirectional leader. As the positive end of the space leader reaches the negative leader
tip (7) they merge, and the higher potential of the negative leader channel is moved to
the negative end of the bidirectional leader. This is followed by corona streamers or
a bursts of negative corona (8). During the merging process (7), current waves travel
upwards through the leader, and the channel lights up. This is called a negative leader
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step, and has been shown to be associated with emissions of high-energy photons from
bremsstrahlung of accelerated electrons. A new space stem is developed during step 8,
which can initiate the next leader step, thus continuing the negative leader propagation
(Biagi et al., 2010; Gorin et al., 1976).

Negative HV electrode
T
0o 2 1 7

around
elacirode
current

50 us

Figure 2.4: Illustration of the steps involved in negative leader propagation. Image adapted from Gorin

etal (1976).

2.2.4 Photon emissions associated with thunderclouds and
lightning

In addition to visible light caused by the lightning itself, thunderclouds and light-
ning have been associated with a plethora of other optical events. Figure 2.5 show
an overview of many of these events, dubbed transient luminous events (TLEs), with
approximate altitudes. These TLEs have different production mechanisms, but most
of them have in common that they are produced by particles accelerated in the elec-
tric fields associated with thunderclouds and/or lightning discharges, with a few being
byproducts of each other. In addition to these TLEs, thunderclouds and lightning have
been observed to create high-energy X- and gamma-rays, which will be described fur-
ther in chapter 4.

2.2.5 Radio atmospherics from Lightning

Lightning discharges have been found to emit radio waves with a wide range of fre-
quencies, stretching from VLF (3-30 kHz) up to low frequency (LF) (30-300 kHz) and
above (Rakov and Uman, 2003). These radio waves, which are often referred to as
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Figure 2.5: Overview of some of the transient luminous events. The image of the moon is added to give
the visual scale of the phenomena as perceived from ground. Image from Neubert et al. (2019)

lightning radio atmospherics, or sferics for short, can be detected over vast distances
(thousands of kilometers). This is due to the sferics being reflected by the Earth’s sur-
face and the ionosphere, if the radio frequencies are below the plasma frequencies of
the ionosphere. The sferics can be used for many observations, like the remote sensing
of charge motion in a lightning flash or geo-location of lightning flashes. Geo-location
can be done by triangulation of the signal, based on the difference in the times of ar-
rival (TOA) of the sferic to different receiver stations. For this purpose the VLF band
is usually selected, as it is easily detectable for up to several thousands of kilometres
(Dowden et al., 2002). Another way to geo-locate sferics is using the magnetic direc-
tion finding method, in which a vertical current like that of a lightning discharge is
detected by the horizontal component of the magnetic field it generates (Mehranzamir
etal.,2019). These two methods are often used together by lightning location networks.
There are many active lightning detection networks, some of the largest ones are the
World Wide Lightning Location Network (WWLLN), and Vaisala’s Global Lightning
Detection Network (GLD360). There are also many regional detection networks, like
the National Lightning Detection Network (NLDN) in the United States of America.
For the papers included in this work we have used sferics from Vaisala’s GLD360 and
WWLLN, which are briefly described in the following two sections.

Vaisala’s GLD360

Vaisala’s Global Lightning Detection Network (GLD360) is a sferic detection network,
which provides mainly time and location data of lightning flashes, but also other charac-
teristics such as peak currents with polarity. The GLD360 is a ground-based lightning
radio detection network which is sensitive mainly to VLF and lower LF frequencies
(500 Hz to 50 kHz), and is well described in Demetriades et al. (2010); Said and Mur-
phy (2016); Said et al. (2010, 2013). The network uses both difference in time of
arrival, and magnetic direction finding at each sensor to geo-locate individual light-
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ning discharges. GLD360 has an expected detection efficiency of ~75-85% for CG
flashes, which is reduced to ~40-50% for IC flashes. The geo-location has a median
uncertainty of only 2-6 km (Demetriades et al., 2010; Said and Murphy, 2016).

World Wide Lightning Location Network

The World Wide Lightning Location Network is a global lightning detection and geo-
location network developed by the University of Washington. The network currently
consists of over 70 stations across the globe (http://wwlln.net/, visited 3/6/2022). The
network relies on the time of group arrival (TOGA) (Dowden et al., 2002), which is a
method that uses the whole wavetrain, and not just the initial pulse of the radio wave.
The network is sensitive to VLF frequencies (3-30 kHz), and a minimum of five sensors
are needed to geo-locate sferics. The global location accuracy was found to be ~2-20
km, with a median of 3 km and average of ~3.5 km (Lay et al., 2005; Rodger et al.,
2005). The detection efficiency of WWLLN is dependent on location, where North
America, South East Asia and Europa have high detection efficiencies (Hutchins et al.,
2012).
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Chapter 3

Aircraft in thunderstorm environment

Lightning flashes involving aircraft can be separated into two groups: lightning flashes
where the lightning leader is intercepted by the aircraft, and lightning flashes that are
initiated by the aircraft itself. The majority of lightning flashes are initiated by the
aircraft itself, with only ~10% of lightning flashes being intercepted by the aircraft
(Rakov and Uman, 2003). It is estimated that aircraft will be involved in the triggering
and/or initiation of a lightning flash once per 1000 flight hours, meaning about once per
year (Rakov and Uman, 2003). For larger modern aircraft, the lightning flash is mostly
harmless, as the aircraft hull is made of composit material, which works as a conductive
tube, with the inside surface being isolated from the outside of the aircraft; however,
catastrophic accidents are known to occur. The initiation of aircraft-triggered lightning
is associated with static charging of the aircraft, by precipitation particles in the thun-
derclouds (Morgan et al., 2012; Rakov and Uman, 2003; Uman and Rakov, 2003), and
is most probable to happen when the aircraft is inside the cloud, at altitudes where the
temperature reaches 0 °C or less (Fisher et al., 1977). Most aircraft are equipped with
static wicks, which are proprietary-design devices that remove charge from the aircraft
during flight, to hinder buildup of electric charge. The majority of damage to aircraft
comes from the attachment points of the lightning to the aircraft, therefore those places
are where the aircraft is thoroughly investigated for damage after each aircraft-triggered
or intercepted lightning flash. The lightning attachment points and the process involved
have therefore been extensively investigated (Fisher et al., 1988; Miller, 1968; Mor-
gan et al., 2012; Reazer et al., 1987; Skeie, 2018). The thunderclouds themselves are
also hostile towards the aircraft, with strong and chaotic winds and updrafts. Due to
these dangers, aircraft mostly avoid thunderclouds, choosing to fly around or wait until
the thunderclouds pass. The avoidance of thunderclouds leads to increased operations
costs, due to the additional flight time and fuel consumption, which in turn has lead to
research into better charge control methods of the aircraft.

In this chapter we will provide background information necessary to understand
how lightning flashes can be initiated by aircraft, the formation of the bidirectional
lightning leader, as well as the components of the lightning flashes as viewed by in-
struments on board the aircraft. For this purpose, this chapter will use use examples of
observations made from the In-flight Lightning Damage Assessment System (ILDAS),
which is also used in chapter 4 and the scientific papers of this thesis. ILDAS was at the
time (2014-2016) mounted on board an Airbus aircraft performing icing tests, which
had the aircraft staying at altitudes where the temperature was 0 °C.



16 Aircraft in thunderstorm environment

3.1 Aircraft-triggered lightning flashes

The charging of the aircraft happens as precipitation particles in the cloud collide with
the aircraft, depositing charge acquired by static charging and triboelectric effect. The
sign of the charge is dependent on the temperature and region of the cloud the aircraft
is in (see section 2.1). As the aircraft enters a strong ambient electric field (such as
those found in a thundercloud), the aircraft will become polarised, and the local elec-
tric field on the aircraft will become amplified. The sharpest parts of the aircraft, such
as nose, tail and wing tip will experience the largest amplification as they enhance the
electric field the most, due to compression of equipotential lines at sharper geometries
(Fisher et al., 1977; Morgan et al., 2012). Figure 3.1 shows an electrostatic model of
an aircraft in a 100 kV/m ambient electric field. In this figure, one can see that the hor-
izontal electric field is amplified up to 10 times at the nose and tail. The wing tips and
edges of the jet engines also show large amplifications.
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Figure 3.1: Electrostatic model of an aircraft in a 100 kV/m ambient electric field, showing the ampli-
fication of the local electric field of the aircraft. Figure from (Morgan et al., 2012)

The intensification of the local electric field can lead to the triggering of a light-
ning flash from the aircraft itself. The triggered lightning will consist of a bidirectional
leader originating at the aircraft itself, that is, the aircraft will be the origin of two oppo-
sitely charged lightning leaders (Kasemir, 1960, 2012). Figure 3.2 shows the lightning
triggering process for an aircraft. In step I the aircraft is polarised in the presence of
the strong ambient electric field of a thundercloud. The positive leader usually starts
from the aircraft first, before the negative leader. This is due to the fact that positive
and negative streamer threshold mechanisms are different, which leads to the positive
threshold being lower than the negative (Lehtinen, 2021; Lehtinen and Marskar, 2021;
Rakov and Uman, 2003). Step II in the figure shows such a positive leader, which ini-
tiates at a sharp extremity of the aircraft (nose), and propagates in the direction of the
ambient electric field. The positive leader attracts negative charge, which will flow to
the aircraft, further polarising the aircraft. After a few milliseconds, a negative leader
will initiate from a different extremity of the aircraft (tail in step III), and propagate in
the opposite direction of the ambient electric field. As the negative leader grows faster,
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it is better at transporting negative charge away from the aircraft than the positive leader
is at transporting to the aircraft, resulting in a positive net charge of the aircraft, which
is observed as a positive increase in the local electric field. Then, the positive leader
will start branching, while continuing to gain speed, resulting in a negative net charge
on the aircraft, which is observed as an increasingly negative local electric field (Mazur,
1989a; Rakov and Uman, 2003).
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Figure 3.2: Schematic of aircraft-triggered lightning from an aircraft inside a thundercloud. 1) The
charged aircraft becomes polarised by ambient electric field of a thundercloud. II) A positive leader
(blue line) is initiated and propagates with the ambient electric field, further polarising the aircraft.
1I1) A negative leader (red line) initiates from a different extremity of the aircraft, propagating in the
opposite direction of the ambient electric field.

In some rare cases, the aircraft-triggered lightning will initiate with a negative coro-
nal discharge at an extremity, before the positive leader is initiated. This is not yet fully
understood, but is thought to occur when the aircraft is very slowly negatively charged
over time before the aircraft is polarised. The net negative charge could make it easier
to initiate a negative corona, over that of a positive leader. Alternatively, the area of the
negative charge could hold a sharper geometry than that of the positive charge, so that
the electric field is enhanced more where the negative charge resides.
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3.2 Local electric field signature of an aircraft-triggered
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Figure 3.3: Local electric field on board the ILDAS aircraft, which is proportional to the change in the
total aircraft charge, during an aircraft-triggered lightning. The flash consists of an initial phase, where
a positive and negative leader are initiated from the aircraft. After a current cutoff, multiple spikes in
the local electric field are seen, corresponding to so-called recoil events.

Figure 3.3 shows the measured local electric field on board the ILDAS aircraft dur-
ing a triggered lightning flash. The flash begins at ~ —80 ms and lasts for about 450 ms.
The triggered lightning flash starts with an initial phase (expanded in Figure 3.4) during
which the positive and negative leaders are initiated, further described in section 3.2.1.
Following a current cutoff (between ~ —40 and 0 ms), many fast and sharp spikes are
seen in the local electric field (marked with "*"), corresponding to the so-called recoil
events, and will be further described in section 3.2.2.

3.2.1 Initial phase of aircraft-triggered lightning flash

Figure 3.4 shows the local electric field on board an aircraft during the triggering of
a lightning flash. The positive leader is initiated in time interval A, making the net
aircraft charge negative, as negative charges are transported onto the aircraft. After
some milliseconds the negative leader initiates at another extremity of the aircraft at
the start of time interval B. The negative leader can step, which is seen as the sharp
spikes in the measured local electric field, marked with red x-es in the figure, which
is outlined in section 4.1. During these steps, the electric field in front of the leader is
intensified, and, if high enough fields are reached, they can generate X-ray radiation
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from bremsstrahlung of the accelerated electrons. During this period, negative charge
is removed by the negative leader faster than it is loaded onto the aircraft by the positive
leader, resulting in net positive charge on the aircraft. At the start of time interval C
we see the effects of the positive leader gaining speed and starting to branch. More
negative charge is again moved onto the aircraft, before the leaders equalise and find
an equilibrium (Mazur, 1989a).
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Figure 3.4: Local electric field on board an aircraft, during an aircraft-triggered lightning. The figure
shows the initial phase of the lightning flash where a positive leader is initiated (A), negative leader is
initiated (B), before the positive leader gains speed and starts to branch (C). The red x-es show the time
of the negative leader steps. Adapted from Figure 3 in (Skeie et al., 2020)

3.2.2 Recoil events

Recoil events are considered a collective term for dart- and recoil leaders (Mazur, 2002;
Mazur et al., 2013), which are processes during which large currents pass through
an already pre-exisiting lightning leader channel. Due to the large current, the light-
ning leader is heated, emitting visible light. These events are some of the most lu-
minous parts of the lightning flash. It has been suggested that the events known as
K-changes are a type of recoil events, in which negative recoil leaders occur when a
positive leader propagates into the negative charge section in a thundercloud (Ogawa
and Brook, 1964). Recoil events in aircraft-triggered lightning are observed some mil-
liseconds after the initiation of the negative leader. The mechanism of the recoil events
is the following: first, the current cutoff happens, as the positive leader continues to
propagate away from the aircraft, causing the leader end connected to the aircraft to
cool down and lose part of its conductivity. The propagating positive leader continues
to obtain induced charges, which will be distributed as a dipole, forming a negatively
charged end towards the aircraft. The amassing of negative charge may lead to a nega-
tive electric breakdown at the end of the leader close to the aircraft, forming a negative
leader, which is likely to propagate through the already existing cooled channel, until
it reaches the aircraft again (Kochkin et al., 2015; Lalande et al., 1999; Laroche et al.,
2012; Mazur, 1989a,b; Mazur and Moreaut, 1992; Mazur and Ruhnke, 1993; More-
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aut et al., 1992). Figure 3.3 shows the local electric field of a triggered lightning flash,
where the "*" symbols show the recoil events as they appear starting just before 0 ms
time. Figure 3.5 shows the measured local electric field and currents passing through
the aircraft during a recoil event. As seen in this Figure, the electric field is sharply be-
coming more negative over just a few microseconds, with large current waves passing
through the aircraft over tens of microseconds. During these recoil events, as the nega-
tive recoil leader approaches the aircraft, the electric field between the two can become
large enough to accelerate electrons, which can then undergo bremsstrahlung and emits
X-rays, much like the situation for the negative stepping leader. The X-rays associated
to recoil leader are further discussed in section 4.1.2.

-400 —
a)
-300|- f 7
E
> -200 ‘
=, |
o |
Q |
4 -100 - .
L
0k il
| | | | | |
50 T T T T g
b) —Front left
J\»L\ ’I"b‘ N e SR Front right ||
0 o “”"iﬁ\ﬁww,A“mN e — WDG left
WJW—Wing right
'g 50 ‘ | ‘ Middle I'lghti
< r\4 / \ \f/\ —Back left
= Wl - Middle left
$-100) \U( W " Back right |
x |
I u‘/
-150 - M e
M
- 00 | . | | | L
259.15 259.17 259.19 259.21 259.23

Time [ms]

Figure 3.5: a) Local electric field on aircraft during a recoil event. b) measured currents flowing
through the aircraft during the recoil event.



Chapter 4

High-energy radiation from thunderstorm
environments

The production of high-energy radiation from thunderclouds was first suggested by Wil-
son (1924), who connected the acceleration of electrons in the electric fields of thun-
derclouds to emission of high-energy photons. Since then, many different radiation-
producing events have been linked to the acceleration of particles in the electric fields
of thunderclouds, as well as from lightning leaders themselves. The main source of
high-energy radiation from thundercloud and lightning-related events is thought to be
from bremsstrahlung. Bremsstrahlung, or braking radiation as it is sometimes called, is
the process in which electrons, decelerated in a Coulomb field associated to a molecular
or atomic nucleus, emits electromagnetic radiation. The energy radiated is dependent
on the size of the nucleus as well as the distance at which the electron passes it, and the
power radiated in classical approximation is proportional to the square of the decelera-
tion of the electron. Most electrons are decelerated in a series of interactions (Cember
and Johnson, 2009), rather than one interaction. This chapter will outline the various
processes involved in emission of high-energy radiation associated with thunderstorms
and lightning leaders in particular. The rest of this chapter will use examples of ob-
servations made from the In-flight Lightning Damage Assessment System (ILDAS)
and the Atmosphere-Space Interactions Monitor (ASIM) missions, which are also the
source of the experimental data used in the research papers of this thesis. The chapter
will also include a description of these instruments.

4.1 X-rays from lightning leaders

It has long been known that lightning and thunderclouds are associated with X-ray
emissions, but not since the early 2000s has it been shown that both triggered and nat-
ural lightning itself can generate short bursts of X-rays. The X-rays in the bursts have
typical energies of a few hundred keV, and have been tied to the stepping of negative
leaders and recoil events (Dwyer, 2004; Dwyer et al., 2004, 2005, 2011, 2003; Howard
et al., 2010; Kochkin et al., 2015; Montanya et al., 2014; Moore et al., 2001; Saleh
et al., 2009; Schaal et al., 2012). Multiple major flight campaigns made observations
of X-rays already in the 60s-80s, but attributed the X-rays to the thunderstorms, rather
than the lightning itself (Fisher et al., 1988; McCarthy and Parks, 1985; Miller, 1968;
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Parks et al., 1981; Uman and Rakov, 2003). This section will outline the production
and observations of high-energy X-rays generated from lightning leader steps and re-
coil events.

4.1.1 Stepped leaders

The first to infer the connection between X-rays and stepping leaders were Moore
et al. (2001), who reported on observations of X-rays in close association with negative
stepped leaders in a CG lightning flash. Dwyer et al. (2005) later showed that the step-
ping leader is the source of bursts of X-rays, with typical energies well below 150 keV.
Furthermore, Dwyer et al. (2005) also found the observations of X-rays to be similar
to those of triggered lightning dart leaders, implying they both share a similar produc-
tion mechanism. During a negative leader step, electrons are thought to be accelerated
in the strong electric fields between the negative leader front and the space leaders (see
section 2.2.3). The accelerated electrons then emit X-rays via bremsstrahlung as they
interact with particles in the air.

Figure 4.1 shows the local electric field in panel a), and energy measurements in
b), during the initial phase of an aircraft-triggered lightning as detected by the In-flight
Lightning Damage Assessment System (ILDAS). As seen after the negative leader ini-
tiation (at time —63 ms), one of the steps (inside the dotted red square) produces a few
tens of nanoseconds-long X-ray pulse of ~220 keV, thought to be from a single pho-
ton. As seen in the figure, the X-ray pulse is closely associated with a small (average of
30 kV/m for ILDAS events) but fast (some microseconds) change in the measured lo-
cal electric field (Skeie, 2018). During the 3 years of flights, only 14 such events have
been found in the ILDAS data. This is due to the fact that the negative leaders generat-
ing these X-rays are propagating away from the aircraft, so only back-scattered X-rays
are detected.

4.1.2 Recoil Events

During recoil events, the recoil leader propagates back towards the aircraft in the pre-
made channel. The electric field between the negative recoil leader and the aircraft will
be amplified, which can cause electrons in the field to be accelerated. These electrons
then undergo bremsstrahlung, emitting X-rays. The X-rays are observed by ILDAS as a
few microseconds-long bursts of X-rays with photon energies up to ~500 keV, where a
burst could contain as many as 12 X-ray pulses that are a few tens of nanoseconds-long
(Skeie et al., 2020).

Figure 4.2 shows one of the recoil events detected by ILDAS. Panel a) shows the
local electric field on board the aircraft. An ~380 kV/m increase in the local electric
field is seen, happening over just a few ps. Panel b) shows the accompanying X-ray
emissions, where multiple X-ray pulses with lower energies are observed, before a
larger and wider pulse is seen. This wider pulse is thought to be the product of multiple
stacking X-ray photons. ILDAS detected 54 recoil events associated with X-rays during
the 3 years of flights, where a total of 245 individual nanosecond-long X-ray pulses
were detected. These events are presented, and used for the analysis in Skeie et al.
(2020).
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Figure 4.1: Overview of an aircraft-triggered lightning flash, as observed by the ILDAS instruments. a)
Local electric field on the ILDAS mission aircraft, during the initial phase of a triggered lightning. b)
LaBr3(Ce) high-energy radiation measurements. The dotted red square outlines a leader step, with the
accompanying X-ray pulse.

4.1.3 The ILDAS instruments

The In-flight Lightning Damage Assessment System was developed by the Royal
Netherlands Aerospace Centre (NLR, http://ildas.nlr.nl/) and have had multiple set-
ups over the years. The instruments, and the set-ups have been described in detail in
Boissin et al. (2012); de Boer et al. (2011, 2013a,b, 2015); Hervé et al. (2014); van
Deursen et al. (2013); Zwemmer et al. (2013a,b). The data presented from ILDAS in
this thesis, as well as the data used in Skeie et al. (2020), are from 2014-2016, dur-
ing which ILDAS consisted of 1 local electric field sensor, 8 magnetic field (H-field)
sensors and 2 X-ray detectors, distributed on the aircraft as shown in Figure 4.3. The
local electric field (E-field) sensor and the magnetic field sensors (H-field sensors) are
all differential detectors. A subsequent analog integration of the E- and H-field signals
provide a flat response over the frequency bands of 10 Hz to 500 kHz for E-field, and
100 Hz to 10 MHz for the H-fields. Both type of sensors have a sampling rate of 83.3
MHz, which corresponds to a sampling interval of 12 ns. The local electric field sen-
sor mainly serves as a trigger for data recording during lightning flashes, and is time
differentiated, meaning the zero value of the field is an unknown magnitude (Kochkin
et al., 2015). The measured local electric field is proportional to the total charge change
on the aircraft during the integration time of the instrument. The sensor consists of a
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Figure 4.2: Recoil event during aircraft-triggered lightning, as observed by ILDAS. Panel a) shows the

local electric field during the recoil event, and panel b) shows the measured energy of the associated
X-ray burst. Edited version of figure 4 in (Skeie et al., 2020)

capacitive probe, which is attached to the edge of a window towards the front of the air-
craft. The aircraft fuselage is essentially a long conductive tube, where the electric field
will always be perpendicular to the surface. During the campaigns considered for this
thesis, the sensor was placed at the edge of a window close to the front of the aircraft.

In the ILDAS papers mentioned above, as well as Skeie et al. (2020) the polarity of
the sensor is chosen such that a positive increase corresponds to an increasingly neg-
ative electric field, but for the examples in this thesis the figures have had their axis
changed to show a negative increase when the electric field becomes more negative.
The H-field sensors measure the current passing through the hull of the aircraft, with
six detectors (H02,H03,H09,HO7,HO8 and H13) measuring the current from nose to
tail, and 2 detectors (HO4 and HOS5) measuring the current passing between the wings
and the main fuselage of the aircraft. The H-field detectors also integrate the signal
over time, meaning we can not measure constant or slowly increasing/decreasing cur-
rents passing through the aircraft. The H-field detectors work by measuring the mag-
netic field on the outer fuselage, which is proportional to the current passing along the
aircraft hull (Kochkin et al., 2015). The two X-ray detectors consist of LaBr3(Ce) scin-
tillators with 38 mm length and 38 mm diameter crystals, connected to photomultipliers
(Kochkin et al., 2015). Due to the fuselage of the aircraft, as well as the protective box
of the instrument and the scintillator housing, all X-rays with energies lower than 30
keV are absorbed. The detectors can measure up to 10 MeV, but the sensitivity of the
detectors is reduced for energies >550 keV, due to the crystals dimension. The sam-
pling rate of the X-ray detectors are 100 MHz, corresponding to a sampling interval of
10 ns.
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Figure 4.3: Distribution of ILDAS instruments on board the aircraft, in the period of 2014-2016. E00
is the local electric field detector (yellow circle), HXX are the H-field detectors (blue circles), and X14
and X15 are the X-ray detectors (black circles). Figure from Kochkin et al. (2015)

4.2 Terrestrial Gamma-ray Flashes

Terrestrial Gamma-ray Flashes (TGFs) are very short bursts of intense X- and gamma-
radiation produced in thunderstorms. They were first discovered by chance in 1991, by
the Burst and Transient Source Experiment (BATSE) instrument on board the Compton
Gamma Ray Observatory (CGRO) (Fishman et al., 1994). Since then, many more TGF
and TGF related observations have been made from space borne instruments (Briggs
et al., 2013; Grefenstette et al., 2009; Marisaldi et al., 2010, 2014; Smith et al., 2005,
2020; Pstgaard et al., 2019b), airborne instruments (Bowers et al., 2018; Smith et al.,
2011), ground based instruments (Abbasi et al., 2018; Dwyer et al., 2004, 2012a; Hare
et al., 2016; Tran et al., 2015; Wada et al., 2019). Radio measurements in different
frequency bands are also used to determine TGF characteristics where the different
radio frequencies are used to investigate different properties associated to the TGF-
lightning phenomena (Lu et al., 2010; Pu et al., 2019; Shao et al., 2010; @stgaard
et al., 2021). All of these detections have improved our understanding of the TGF
properties, initiation, and connection to thunderclouds and lightning. This section will
outline the leading theories behind the production of TGFs, TGF characteristics and
observations of TGFs from space.
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4.2.1 Mechanisms for production of TGFs

There are currently two main theories for the production of TGFs. Both theories build
on a process called the relativistic electron runaway process (Wilson, 1924), in which
electrons are accelerated in electric fields strong enough to overcome the friction force
of air. The friction force experienced by the accelerated electrons is due to ionising
collisions, as well as bremsstrahlung emissions. Figure 4.4 shows the dynamic friction
force of electrons in air at sea level density and pressure. The dashed lines show electric
field thresholds for different electric breakdown processes. If the force from the electric
field is larger than the friction force, the electrons will gain energy and run away. If
the electric field is over the thermal runaway value (E¢ in Figure 4.4) all electrons
will become runaway electrons. The minimum electric field needed for an electron to
runaway is called the breakeven field (E; in Figure 4.4) (Moss et al., 2006).

]

10 ! ! ! T !
_______ E r'a’ﬁ%\ﬂ’cm______________
107}
S A S Er_sﬁk_‘*‘@"l__
E¢,.~ 12.5 kicm:
2 T S A =
5 Ec,r- 4.4 chm \ N
3 Lo b p o _Rorr I RUATL
O SN & B R E ~2-EV£°"J__
I I S
Ej~1 chm (gaps :. 30m, Halzer 1991, paga 362)
10° 3
Phelps, A:.U., hﬂp:ﬁ]rlamvw;coI0radn.edunmiw!researchicollda_-ta.ht'nl
1 : : : :
10 i i i i
10° 10* 10° 10°
Energy (eV)
Thermal Runaway: Eg ~ 260 kV/em Positive Streamer: Egr ~ 4.4 kv/em
Conventional: Ex ~ 32 kVfem Relativistic Runaway:  E; ~ 2 k¥/em
Negative Streamer: gz~ 12.5 kv/cm Leader: E| ~1 k¥/cm

Figure 4.4: Dynamic friction force of electrons in air, at sea-level pressure and density. The dashed lines
show electric field values needed for different breakdown processes. Figure from Moss et al. (2000).

The accelerated runaway electrons can then produce more free electrons by elas-
tic scattering with electrons bound in air molecules, through the process called Mgller
scattering. The freed electrons will then also be accelerated in the electric field, before
they can also further Mgller scatter, resulting in an avalanche effect referred to as Rel-
ativistic Runaway Electron Avalanche (RREA) (Gurevich et al., 1992). Dwyer (2003)
and Babich et al. (2004) found that the theoretical threshold to sustain a RREA is an
electrical field of 2.8 kV/cm at sea-level, which is ~30% larger than the breakeven
field (E; in Figure 4.4), but still lower than the maximum measured electric fields in
thunderclouds ~3 kV/cm (Rakov and Uman, 2003). This difference is due to the fact
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that the calculated dynamic friction force only takes does not take into account elec-
tron momentum loss, due to elastic scattering (Lehtinen and @Dstgaard, 2018). Using
TGF observations from space, and a Monte Carlo simulation to determine the spectra
of TGFs, Dwyer and Smith (2005) found that the number of initial electrons at source
needed to produce a TGF was ~10!7. This number of seed electrons is much more than
what can be explained by cosmic ray showers or natural radioactivity, as well as from
RREA multiplication alone (Dwyer, 2008). Two different theories have been proposed
to solve this lack of electrons at source. One theory is based on what is called ther-
mal runaway, in which low-energy electrons are accelerated in transient, superposed
electric fields of the lightning leader and streamers in the thundercloud ambient elec-
tric field, which can overcome the friction maximum. The other theory is based on
RREA seeded with free electrons with high energies, produced by cosmic ray showers,
which can already have energies that are above the friction maximum of ~100 eV, and
can therefore run away in the electric fields of the thundercloud. In this scenario back-
scattered X-rays (from bremsstrahlung of the electrons) and positrons created by pair
production seed additional electron avalanches, which again create more back-scattered
X-rays and positrons, creating what is called a relativistic feedback mechanism (Dwyer,
2008). It should be noted that there is nothing preventing both theories from working
at the same time, where the initial seed electrons are created from thermal runaway,
before starting the feedback mechanism.

Thermal runaway

Thermal runaway, or cold runaway as it is sometimes called, is a process based on the
assumption that the superposition of electric fields of the lightning leader front, stream-
ers and ambient electric field can be strong enough to accelerate low-energy electrons
over the friction maximum (Celestin and Pasko, 2011; Moss et al., 2006), and run
away. The first step of this model is the acceleration of thermal electrons in the electric
fields in a streamer zone up to ~100 keV. In front of the lightning leader, the elec-
tric fields of leader, streamer and ambient field could shortly superpose, and potentially
be large enough to accelerate low-energy electrons over the maximum friction. Af-
ter the electrons have been accelerated past the friction maximum they can initiate the
RREA process in the electric field in front of the lightning leader (Celestin and Pasko,
2011; Moss et al., 2006). The needed number (10'7) of source electrons for TGF pro-
duction can be created from thermal electrons which are accelerated over the friction
maximum. The number of energetic electrons may increase even further if the RREA
process takes place.

Relativistic Feedback

The Relativistic feedback theory is built around multiplication of RREAs from elec-
trons created from back-scattered X-rays and positrons (Dwyer, 2003). In this theory a
seed electron with initial energy of 21 MeV is already present, most commonly thought
to be produced by cosmic ray interaction with air. The seed electron can then runaway
and start a RREA, where X-rays are produced by bremsstrahlung. The X-rays will
then produce free electrons and positrons by Compton scattering and pair production.
Back-scattered X-rays and positrons (which will propagate backwards in relation to
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the electric field), can produce new electrons via pair production and elastic scattering,
which in turn can start new RREAs. The multiplication of RREAs can produce enough
electrons to explain the needed 10'7 source electrons. Figure 4.5 shows the processes
involved in the feedback mechanism, with approximate number of electrons that can
be explained by each process.
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Figure 4.5: Illustration of the mechanisms involved in the multiplication of electrons for the Relativistic
feedback theory. A runaway electron is started with an initial high-energy seed electron, which starts
the RREA process, which in turn multiplies through the relativistic feedback mechanism. The blue lines
show backward propagating X-rays and positrons. Figure from Dwyer et al. (2012b).

4.2.2 TGF-lightning connection

Lightning discharges were first suggested to be connected to TGFs by Fishman et al.
(1994), who noted that TGFs detected by BATSE were all observed over thunderstorms.
Initially it was believed that TGFs could not have been produced at low altitudes, such
as inside the thunderclouds, due to the assumption that the photons would be absorbed
and not reach the space based instruments. However, with more case studies it was
shown that the TGFs were associated with IC+ lightning leaders, moving negative
charge, and propagating upwards in the initial phase of the lightning flashes (Cum-
mer et al., 2015; Lu et al., 2010; Pu et al., 2019; Shao et al., 2010; Stanley et al., 2006;
Ostgaard et al., 2013). This was also shown in Lindanger et al. (2022) (part of this
thesis) where TGF detections with accompanying optical data was used to show that
the TGFs are produced during the initial phase of a lightning flash. The optical light
is thought to be emitted as a strong current goes through the lightning leader channel,
where air is heated to several thousands of kelvin over a very short timescale. These
optical emissions, which are in essence a proxy for the current in the lightning leader
channel, can also serve as remote diagnostic of the processes at play. Lightning is also
a strong emitter of electromagnetic waves, with frequencies ranging from extremely
low frequencies (ELF) to very high frequencies (VLF), which allows for remote sens-
ing of the discharge processes using ground based instruments. Using lightning sferics
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together with TGF detections, the TGFs were found to be associated to the radio sig-
nals within a few tens of microseconds (Connaughton et al., 2010; Lindanger et al.,
2020; Marisaldi et al., 2015; Stanley et al., 2006).

The first to report a simultaneous observation of a TGF and optical light from light-
ning was @stgaard et al. (2013). They reported a TGF detected by the Ramaty High
Energy Solar Spectroscopic Imager (RHESSI) and optical detection from the Lightning
Imaging Sensor (LIS) on board the Tropical Rainfall Measuring Mission (TRMM). A
strong VLF radio pulse was also observed at the same time as the TGF, detected by the
World Wide Lightning Location Network (WWLLN). The TGF-optical sequence was
re-investigated by Gjesteland et al. (2017) using the same instruments, however, they
could not determine the sequence of events due to instrumental uncertainties. After
ASIM was launched, multiple works have addressed the sequence of TGF-optical light
from lightning, showing that the majority of TGFs occur at the onset, or before the op-
tical emissions (Heumesser et al., 2021; Neubert et al., 2020; Dstgaard et al., 2019b).
These results are further improved in Skeie et al. (2022 In review), which is a part of
this thesis, where data from a period with lower uncertainty is used to re-address this
sequence.

4.2.3 Observations of TGFs

Since their discovery in 1991, TGFs have been extensively studied. This section will
outline the characteristics of TGFs, as they they are currently known to be. The TGF
characteristics have been determined in large due to the TGFs detected by BATSE,
and have since been refined by TGF observations by the Fermi Gamma-ray telescope,
RHESSI, the Astro-rivelatore Gamma a Immagini Leggero (AGILE), and recently the
Atmosphere-Space Interactions Monitor (ASIM). The determined TGF characteristics
are heavily dependent on the instruments used for observing the TGFs and the applied
methods. This has lead to many characteristics being refined as newer and better in-
struments have been used.

The production altitude of TGFs is thought to be at the top of thunderclouds, which
are at or below the tropopause height. This was obtained from analysis and modelling of
the cumulative energy spectra observed by the various space missions. In the beginning
it was first thought that the TGFs were associated to a phenomenon called sprites (see
Figure 2.5), and that the TGFs were produced at altitudes above 40 km (Nemiroff et al.,
1996). With further spectral analysis and radio measurements it was determined that the
production altitude of TGFs is below ~20 km altitude (Carlson et al., 2007; Gjesteland
et al., 2010), most likely between 10-15 km (Carlson et al., 2007; Cummer et al., 2014;
Dwyer and Smith, 2005; Hazelton et al., 2009; Lindanger et al., 2021; Mailyan et al.,
2016; Pu et al., 2019; Stanley et al., 2006; Xu et al., 2012), placing the production
altitude inside the top part of thunderclouds.

TGFs are thought to be X- and gamma-ray radiation produced by bremsstrahlung
of accelerated electrons, produced from thermal-runaway and/or relativistic feedback,
as outlined in sections 4.2.1 and 4.2.1. The individual photon energies of the TGFs are
reported to be up to 40 MeV (Briggs et al., 2010; Fishman et al., 1994; Marisaldi et al.,
2010, 2014; Smith et al., 2005), which makes TGFs the most energetic naturally oc-
curring phenomena on Earth. The exact minimum and maximum photon energies are
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still unknown, but as the photons are created from the bremsstrahlung process, any en-
ergy value up to the maximum energy that an accelerated electron can get in the electric
field of a thundercloud. It is important to note that the measured energies are depen-
dent on instrumental effects, such as the sensitivity and dead time of the instrument,
photon pile up, etc. As TGFs are produced by bremsstrahlung, they are thought to be
distributed in a cone-shaped beam with an opening angle depending on the production
model, with an opening angle between 30° and 40° being the most commonly used
(Gjesteland et al., 2011; Hazelton et al., 2009; Mailyan et al., 2016). TGFs are usually
observed as a single short pulse of X- and gamma-radiation, which has a fast rise time
and a tail of low energy photons made from Compton scattering (Grefenstette et al.,
2008; @stgaard et al., 2008). The shape of the TGF is often approximated with a log-
normal or Gaussian fit. All missions have also reported observing TGFs consisting of
multiple pulses (Fishman et al., 1994; Foley et al., 2014; Lindanger et al., 2020; Mai-
lyan et al., 2021; Maiorana et al., 2020; Dstgaard et al., 2019b), and the the conditions
needed for the production of multiple pulses is yet to be understood.

The first spectral analysis of TGFs corroborated the idea that TGFs were high-
energy emissions created by the bremsstrahlung process (Dwyer and Smith, 2005;
Marisaldi et al., 2010; Smith et al., 2005). Using modelling (Celestin et al., 2015;
Skeltved et al., 2017) and TGF observations (Dwyer and Smith, 2005; Dwyer et al.,
2012b; Marisaldi et al., 2014), the cumulative TGF spectrum was later found to fol-
low a power law, with an e-folding energy of ~7.3 MeV. Spectral analysis have been
performed on single TGFs as well. Mailyan et al. (2016, 2019), and Lindanger et al.
(2021) used samples of individual TGFs from the Fermi Gamma-ray telescope and
ASIM respectively, and found that there were high variability in the TGF spectra and
therefore also in the source properties, like production altitude, opening angle, etc.

The fluence distribution of TGFs detected by previous missions have been fitted to
a power law, with an exponent between —2.2 and —2.4 (Marisaldi et al., 2014; Tierney
et al., 2013; @stgaard et al., 2012), which was independently determined using data
from Fermi, RHESSI and AGILE. As with the detected energies, the fluence measure-
ments are highly affected by instrumental effects, as well as effects due to propagation
through the atmosphere. Smith et al. (2020) discovered that RHESSI detectors were of-
ten paralysed during bright TGFs, detecting only a few counts during the rising phase
before being paralysed, which could mean that many high-fluence TGFs were reported
as low-fluence TGFs, or not detected as a TGF at all.

The TGF durations have also been proven to be highly dependent on the various
mission instruments and instrument dead times. The First TGFs discovered by BATSE
were reported to last a few milliseconds. This was improved by later TGF observations
(Grefenstette et al., 2009; Lindanger et al., 2020; Maiorana et al., 2020; Roberts et al.,
2017), which determined the TGF durations to be close to a hundred microseconds.
With the launch of ASIM this was further reduced to below 100 microsecond for the
ASIM-detected TGF (@stgaard et al., 2019b). A comparison of the durations between
the instruments are difficult, as the different groups have different ways of defining the
durations in part due to the difference in number of photons detected in each TGF.
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4.2.4 ASIM instrument

The Atmosphere-Space Interactions Monitor, seen in figure 4.6, is an ESA mission,
multi-instrument payload, with contributions from Denmark, Norway and Spain, which
is mounted on the Columbus module of the International Space Station (Neubert et al.,
2019). In Figure 4.6 ASIM is shown in the new placement, after it was moved in
2022, from the rig on the right. This figure was chosen to better show the individual
components of the instruments, which during the data gathering period used in this
work were facing downwards. ASIM is the first instrument designed to look for TGFs
and Transient luminous events (TLEs), and consists of two instruments: 1) the Modular
X- and Gamma-ray Sensor (MXGS), and 2) The Modular Multispectral Imaging Array
(MMIA).

The MXGS (@stgaard et al., 2019¢) consists of the High-Energy Detector (HED),
and the Low Energy Detector (LED). HED is made up of 12 Bismuth-Germanium-
oxide (BGO) detector bars, with a photomultiplier tube (PMT) attached to each, result-
ing in a geometrical sensitive area of 900 cm?. HED has a temporal resolution of 28.7
ns, with a dead-time of ~550 ns for detections by the same BGO-bar, and can mea-
sure energies from 300 keV up to 30 MeV. HED is active both night and day, as long as
it is outside of the South Atlantic Anomaly (SAA). LED consists of a pixelated layer
of 16384 pixels made of Cadmium-Zinc-Telluride (CZT) detector crystals, spanning a
1024 cm? geometrical sensitive area. LED can detect energies between ~20 keV to
400 keV and has a time resolution of 1 pus. A coded mask was placed in front of the
LED, making it capable of imaging and localisation of TGFs. LED is not active dur-
ing daytime, due to optical photon contamination. A summary of the HED and LED
characteristics can be found in table 4.1.

Table 4.1: Summary of HED and LED characteristics

\ Energy range Sensitive Area Temporal resolution  Active period
HED | 300 keV - 30 MeV 900 cm? 28.7 ns All the time
LED | 20 - 400 keV 1024 cm? 1 s Not during daytime

The MMIA instrument (Chanrion et al., 2019) consists of two cameras and three
photometers, mounted with a 5 degree tilt upwards, to avoid potential obstructions from
other payloads lower on the mounting platform of the ISS. The cameras operate in the
337 nm (blue) and 777 nm (red) bands, with a bandwidth of 5 and 3 nm respectively.
The cameras have a 400 x 400 m resolution at nadir, and can capture up to 12 frames per
second. The photometers operate in the 180-230 nm (UV), 337 nm (4 nm bandiwdth)
and 777 nm (5 nm bandwidth) bands. The UV photometer has a circular FoV, with a
80° diameter, while the 337 nm and 777 nm photometers and cameras have 80° diago-
nal square FoVs. The 337 nm band is mostly associated with streamer activity, and is
caused by radiation from the N, second positive band, excited by supra-thermal elec-
trons. The 777 nm band is associated with the existence of atomic oxygen (OI), which
is created from dissociation of O, when the lightning leader heats up. The 180-230 nm
UV band is heavily absorbed in the atmosphere, and is therefore mostly observed in
association with high-altitude TLEs such as Elves. Slight hints of UV light can some-
times be picked up in the 337 nm band as well. The MMIA instrument is only active
during night time, as to prevent damage by sunlight. Table 4.2 shows a summary of
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some of the MMIA camera and photometer characteristics. The ASIM instrument is
built with a cross-triggering system between the two instruments, so that if either trig-
gers, data from both instruments will be kept for a period of +1 second with respect
to the trigger time. The relative timing accuracy between the MMIA and MXGS in-
strument was originally +80 ps, but was improved to +5 us after a software patch in
April 2019. The absolute timing accuracy of ASIM varies between —10 to +40 ms,
due to the lack of a dedicated GPS and a non-optimal interface to the Columbus mod-
ule on the ISS. However, the absolute timing accuracy can be improved to +1 ms by
aligning optical pulses detected by MMIA with lightning radio atmospherics (Bjgrge-
Engeland et al., 2022; Heumesser et al., 2021; Maiorana et al., 2021; Skeie et al., 2022
In review).

Table 4.2: Summary of Camera and photometer characteristics

\ Band/bandwidth [nm] Temporal resolution FoV
Camera 1 (blue) 337/5 >83 ms Square (80° diagonal)
Camera 2 (red) 777.4/3 >83 ms Square (80° diagonal)
Photometer 1 (blue) 337/4 10 ps Square (80° diagonal)
Photometer 2 (UV) 180-230 10 ps Circular (80° diameter)
Photometer 3 (red) 777.4/5 10 ps Square (80° diagonal)

Figure 4.6: Picture of the ASIM instrument, after it was moved in 2022. The previous location was
on the platform to the right, pointing downwards. The MXGS is behind the reflective square, and the
MMIA is seen on the right, consisting of the 3 photometers (three circles towards the bottom of the
picture) and 2 cameras (two circles above the other three). Image from https://asim.dk/images.php,
visited 20.05.2022

Since the start of operations in 2018, ASIM has detected more than a thousand
TGFs, hundreds of which have associated optical data. Figure 4.7 shows a TGF ob-
served by the MXGS instrument of ASIM. In panel a) the coloured dots show HED
data, where each colour correspond to a different BGO bar. Channel 1000 corresponds
approximately to 10 MeV photon energies. The smaller yellow circles mark the events
termed "fast" events, which are events sitting on top of the tail of a previous event. The
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smaller black circles without filling show LED data, where channel 1000 corresponds
to ~300 keV. A small tail of LED counts can be seen after the main bulk of the TGF,
caused by compton scattering. Panel b) shows histograms of the number of photons de-
tected by HED (blue) and LED (orange) in 10 ps bins. This event is considered a long
TGF, lasting ~400 ps. Figure 4.8 shows the same TGF as in Figure 4.7, with accompa-
nying optical data. As seen in both 337 nm and 777 nm bands, the optical pulse appears
after the onset of the TGF. This event, as well as 71 more like it, are the focus of Skeie
et al. (2022 In review), in which the order of TGF and optical signal is addressed, as
well as the relationship between the duration of TGFs and the time separation between
onset of TGF and optical pulse.
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Figure 4.7: Plot showing the energy measurement of an ASIM detected TGF. The filled coloured circles
are from the HED instrument, while the smaller unfilled black circles are from the LED instrument.
Event from Skeie et al. (2022 In review).
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Figure 4.8: Plot showing MXGS and MMIA data of an ASIM detected TGF. a) Shows the energy
channels of the detected photons by HED and LED. Panels b) to d) shows the photometer data of the
337, 180-230, and 777 nm bands. Event from Skeie et al. (2022 In review).



Chapter 5

Introduction to the papers

Paper I: Constraints on Recoil Leader Properties Estimated from X-ray Emis-
sions in Aircraft-triggered Discharges

C. A. Skeie, N. Ostgaard, N. G. Lehtinen, D. Sarria, P. Kochkin, A. I. de Boer, M.
Bardet, C. Allasia, F. Flourens (2020), Journal of Geophysical Research: Atmospheres,
125(14)

The first paper, (Skeie et al., 2020), reports observations of X-ray bursts associated
with recoil events during aircraft triggered lightning. In it, the X-ray observations are
used to define a constraint on recoil leader properties such as leader length and dis-
tance between recoil leader and aircraft. Over 120 aircraft triggered lightning strikes
were observed during multiple aircraft campaigns over Southern Europe and North-
ern Australia in 2014-2016. 54 recoil events were found to be associated with bursts
of high-energy X-rays, where the majority of bursts consisted of 1-3 X-ray pulses, but
bursts up to 29 X-ray pulses were also observed. The recoil events were all accompa-
nied by large, sudden changes in the measured local electric field on board the aircraft,
and large, long-lasting current pulses through the aircraft. A total of 245 X-ray pulses
were observed during the bursts, where 175 pulses were detected before the current
pulses were observed. The pulses observed after the current pulses are believed to be
produced by the change in surface potential at sharper extremities of the aircraft, and
not by the recoil leaders. The observed X-ray pulses had energies up to 500 keV. This
is a real cutoff, since the onboard high-energy detectors can measure up to 10 MeV.

By using 3 different consecutive models, where the results of each model are used
as input or as a constraint of the next, we constrain some properties of the recoil leaders.
Model 1) is a GEANT4 model where 20 keV seed electrons were accelerated over 10
cm length in different electric fields. This model showed that most electrons were
accelerated to the full potential over the 10 cm distance, and as such, these accelerated
electrons were used as a source of the observed X-ray pulses in the next model. Model
2) is a GEANT4 model of the detector and aircraft was used to model the X-ray spectra
of the differently accelerated electrons from the first GEANT4 model. The different
spectra were then compared to the observed superposed spectrum of observed X-ray
pulses, and the best fits were determined using a Pearson x2 and a likelihood analysis
as outlined in Mailyan et al. (2016). This determined the most likely potentials for
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the production of the observed X-rays. 3) A model of the electric field, potential and
charge transfer between the negative recoil leader and the aircraft was created, using
the method of moments, as described in Harrington (1993); Lehtinen (2020); Skeltved
et al. (2017). Using gap lengths and potentials from the method of moments model,
it was possible to determine a solution space for the gap and recoil leader lengths,
which were limited by the potentials found in the second GEANT4 model, as well as
the observed minimum and maximum times between onsets of the X-ray bursts and
current pulses. The result showed that the recoil leaders are between 1 and ~240 m
long, with gap lengths (distance between recoil leader and aircraft) of 1 to 93 m.

Paper II: Production of Terrestrial Gamma-ray Flashes During the Early Stages
of Lightning Flashes

A. Lindanger, C. A. Skeie, M. Marisaldi, I. Bjgrge-Engeland, N. @stgaard, A. Mezent-
sev, V. Reglero, O. Chanrion, T. Neubert (2022), Journal of Geophysical Research:
Atmospheres, 127(8)

The second paper, Lindanger et al. (2022), investigates the time of the TGF in rela-
tion to the lightning flash. A typical lightning flash lasts a few hundred milliseconds
and consists of multiple discharges, which can all create detectable radio atmospher-
ics. This work finds that the TGFs are typically associated with both lightning activity
and optical measurements in the beginning of lightning flashes. This is done using two
methods, where the first relies on TGF observations from AGILE, Fermi, RHESSI, and
ASIM paired with lightning radio atmospherics close in time to the TGFs. The sec-
ond method uses ASIM detected TGFs with optical emissions, where the TGFs are
determined to be from within the MMIA photometer (337 and 777 nm) FoV.

The results show an excess of lightning radio atmospherics are detected between
150 to 750 ms after the TGF, which is termed "second peak", in agreement with the
findings of Smith et al. (2016). The TGF sample shows a quick decay of lightning ac-
tivity after the first stroke associated with the TGF, before the activity increases forming
a second peak. The lightning radio atmospherics produced during this second peak are
shown to be located at the production location of the TGFs, within the uncertainties
of the lightning atmospheric detection networks. The analysis shows that an average
of 13% of TGFs which have an associated WWLLN radio atmospheric also have a
WWLLN detection in the second peak interval. This is further increased to 51% for
TGFs associated with a GLD360 radio sferic association. The peak currents from the
closest radio atmospherics in time around the TGFs are found to be larger than those
of the second peak. Random lightning data were then used to perform a blind search,
investigating if the second peak is a general characteristic of lightning flashes. The ran-
dom sample found no signs of this phenomena, and shows a gradual decay of radio
atmospherics without any secondary peak, whichever selection in peak current and po-
larity is chosen. This could indicate that the flashes which are associated with TGFs
have large initial discharges, and need more time before the electric activity can start
up again. It is also shown that TGFs observed by ASIM appear together with the first
optical signals of lightning flashes, which is confirmed using the on board photome-
ters and optical cameras, as well as location information from radio atmospherics when
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available.

Paper III: The temporal relationship between Terrestrial Gamma-ray flashes and
associated optical pulses from lightning

C. A. Skeie, N. @stgaard, A. Mezentsev, 1. Bjprge-Engeland, M. Marisaldi, N. Lehtinen,
V. Reglero, T. Neubert (2022), Journal of Geophysical Research: Atmospheres - in re-
view,

The third paper, Skeie et al. (2022 In review), uses ASIM data of TGFs with accompa-
nying optical data to investigate the temporal relationship between TGFs and associated
optical pulses. The work investigates 221 TGFs with accompanying optical data, from
a period with relative uncertainty between the instruments of 5 ps. By applying a con-
sistency check based on TGF characteristics, such as fluence and photon energies, as
well as surrounding lightning detections, we determine if the TGFs are likely to be in-
side the MMIA photometer (337 and 777 nm) FoV. The consistency check builds on
the assumption that the TGF fluence is reduced as the distance between the TGF and
ISS footpoint increases, due to scattering of photons in the atmosphere. Based on a
TGF production cone of 30-40° as suggested by previous studies, we expect the TGFs
detected within the MMIA FoV to have more high energy photons. This is due to the
TGFs more likely being observed from within the production cone, which is similar in
its opening to the MMIA FoV (40° diagonal angle). As the TGFs are observed from
within the production cone, they will have undergone less Compton scattering, there-
fore having higher energies (Carlson et al., 2007; Gjesteland et al., 2011; Lindanger
et al., 2021). The lightning activity surrounding the TGF is also investigated, and can
in some instances be associated to certain optical pulses, by aligning the radio signals
to the optical pulses of MMIA. Using the aligned radio atmospherics we determine the
absolute timing accuracy to be between —11.5 to +40 ms, which is improved to =1 ms
for the events where we can make alignments between radio atmospherics and optical
pulses.

Out of the starting 221 events, we determine that there are 72 events where the TGF
is most likely inside the MMIA FoV and associated to the observed optical pulse. The
sequence of TGF and optical pulse, as well as the connection between TGF duration
and time between onset of TGF and optical pulse is then addressed using this sample.
It is found that all events have TGF onsets before the onset of the optical pulses. By
assuming a typical delay of observed optical onset due to cloud scattering of 100 us
(based on a uniform cloud with particle radius 10 um and particle density of 100 cm >
(Luque et al., 2020)), it is found that ~51% of the events have TGF onset before or
simultaneously with the optical onset, where some of these events could have optical
onsets before the TGFs end. 21% of the events have longer delays than can be explained
by cloud scattering (even at extreme values), which points to the TGFs ending before
a large current surge in the leader initiates. It is also found that longer duration TGFs
show a tendency to have longer delays between the onset of TGFs and optical pulses.
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Chapter 6

Conclusions

The goal of the work in this thesis has been to investigate and improve our understand-
ing of high-energy radiation phenomena associated with lightning leaders, which has
been done using both instruments on aircraft and spacecraft.

Paper I presents observations of X-ray emissions associated with recoil processes
during aircraft-triggered lightning flashes. The X-ray observations are consistent with
previous observations, regarding energy and duration. A model of the acceleration of
electrons over short distances show that all electrons are accelerated to the full potential.
From the second model we find that the most likely source potential is between 1000 to
3500 kV, with a best fit for 1500 kV. Using these potentials as minimum and maximum,
together with the determined potentials between leader and aircraft for different leader
lengths, we find that the lightning leaders are between 1 and 240 meters, (assuming a
recoil leader speed of 107 m/s, and that the gap between X-ray source of the leader and
aircraft is most likely between 1 and 93 meters.

Paper I is to my knowledge the only paper using observations of X-rays from recoil
processes to constrain the properties of the lightning leader. The work uses the IL-
DAS instruments on board an Airbus aircraft, which is one of the few modern aircraft
campaigns that studies lightning and thundercloud environments. A side goal of using
ILDAS data was to look into and investigate aircraft charge-control strategies. For this
purpose external electric field mills would have been a good addition to the instrument
package, making ILDAS capable of mapping the external electric fields of the thun-
derclouds, while observing the associated effects on the aircraft. Another challenge is
that the local electric field capacitive probe onboard the aircraft is time differentiated,
and we do not know the total charge accumulated at any given time. At present times,
aircraft that have initiated or intercepted a lightning flash have to undergo rigorous in-
spection to check for any potential damage, this is both time-consuming and expensive.
Therefore a charge control strategy, where the number of aircraft incidents caused by
lightning are minimised, as well as where the attachment locations could be identi-
fied without the need of large amounts of scientific instruments, would be a huge step
forwards. Although the radiation observed from recoil leaders is not considered par-
ticularly dangerous to passengers, a lightning strike to the aircraft has the potential to
cause expensive damage or even accidents, although rarely. Therefore, improving our
knowledge of the interaction between aircraft and the electric field of thunderclouds
can only help to improve flight safety.

Paper II uses radio and optical measurements together with TGF detections to in-
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vestigate when in the lightning flash the TGF is observed. Based on a large sample of
TGFs from different instruments, with sferic data, and for a smaller sample of TGFs,
optical data, the study finds that the TGFs are produced in the beginning of the lightning
flashes. An excess of sferics are detected between 150 and 750 ms after the observa-
tions of TGFs, which were found to be from a location compatible with that of the TGF.
The fraction of TGFs with radio signals in this time period was found to be dependent
on the sensitivity of the lightning detection network. As such, only by stacking the
TGFs is the peak of sferics found in this time period after the TGF. A blind search us-
ing randomised data does not show such a sferic peak, indicating that the second peak
is likely tied to the characteristics of lightning which are associated to TGFs.

Paper III further investigates the relationship between the TGFs and lightning. A
sample of TGFs with accompanying optical measurements by ASIM is used to deter-
mine the sequence of TGF and optical pulse, as well as the relationship between the
TGF duration and delay between onset of TGF and optical signal. We group the events
of the sample by using a novel method to determine whether the TGF is most likely
inside or outside the photometer FoV. Using the events determined to be inside the
MMIA FoV, we find that all observed TGFs have onsets before the onset of the optical
pulse. Taking into account a typical delay of optical light due to cloud scattering of 100
ps (Lugque et al., 2020), we find that ~51% of the events have TGF onsets before or at
the same time of the onset of the optical pulse. A further 28% of the events fit with this
scenario if the delay due to cloud scattering is increased to 200 ps, which is a bit ex-
treme. 21% of the events are found to have delays which are longer than what can be
explained by cloud scattering, where the TGFs end before the leader current occurs. It
is also found that longer-duration TGFs tend to have longer delays between the onsets.

Both Paper II and III use data from ASIM, which is the first mission designed specif-
ically to observe TGFs, as well as optical signals associated with lightning and TLEs.
Having both optical and high-energy detections from the same instrument has been an
enormous asset, and has been important to minimise the relative timing uncertainties in
the comparison and association of detected events. Good absolute timing accuracy is
also fundamental when considering the sequence of events. Due to a non-optimal inter-
face between ASIM and the Columbus module on the ISS, and the lack of a dedicated
GPS, the ASIM instrument did not achieve the full potential for absolute timing accu-
racy. This lead us to use sferics to improve the absolute timing for the events where
that was possible. A dedicated GPS or clock would have been a great help for the work
done in both papers II and III, and should therefore be considered by all future mis-
sions. Paper III is the first paper to show that there are no TGF onsets observed after
the onset of the optical pulses. This has been ambiguous in previous works, in part due
to the problems with absolute timing.
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Abstract During Airbus aircraft campaigns flying into thunderstorms in 2014-2016, X-rays were
observed during two stages of aircraft-triggered lightning: nanosecond pulses of X-rays associated with
negative leader steps and bursts of X-rays during recoil events. This work will focus on the observations of
X-ray bursts associated with recoils. Recoils are observed as microsecond-fast changes in the local electric
field, associated with large currents passing through the aircraft, and are found to sometimes be
associated with bursts of X-rays. From over 200 aircraft-triggered lightning strikes, 54 recoil events were
found to be associated with microsecond bursts of X-rays. The majority of the bursts consist of 1-3 X-ray
pulses, with some bursts containing as many as 29 X-ray pulses. We compare the observed superposed X-ray
spectrum with modeled spectra using a GEANT4 model of the detector and aircraft, to determine the
source potential needed to accelerate the electrons that produce the observed X-rays. A model of the recoil
leader was made to determine the gap distance and gap potential between the recoil leader and the
aircraft. From the modeling, we determine a solution space for the gap and leader lengths where the gap
length is constrained by the observed minimum and maximum times between the onset of the X-ray pulses
and the onset of the current pulses detected at the aircraft (1 to 93 m). We also find two constraints

from the fitting of the modeled spectra to the superposed spectrum, limiting the leader length

to between 1 and ~240 m.

1. Introduction

Most lightning strikes to aircraft are not intercepted but triggered by the aircraft itself. The triggering of a
lightning strike happens as the aircraft enters a sufficiently large ambient electric field, such as those found
in thunder clouds. In the presence of the ambient electric field, the aircraft will be polarized, and the local
electric field on the aircraft and its vicinity will become amplified. The sharper parts of the aircraft (nose, tail,
and wing tips) will experience the most intense amplifications, as they will enhance the electric field the
most. This intensification can lead to the triggering of a lightning discharge from the aircraft. The triggered
lightning will consist of a bidirectional leader originating from the aircraft. Commonly, the bidirectional lea-
der will start with a positive leader initiating at one extremity of the aircraft, which propagates in the direc-
tion of the ambient electric field. This will further polarize the aircraft, and a negative leader will shortly
after be initiated at a different extremity, which will propagate in the opposite direction of the ambient elec-
tric field. The bidirectional leaders may then connect to oppositely charged regions in the thunderclouds and
trigger a lightning flash, with the aircraft as part of the lightning channel (Mazur, 1989a).

There have been four major airborne lightning-characterization studies that have laid the groundwork for
our understanding of the aircraft-lightning relationship. These are as follows: Rough Rider project in the
1960s, NASA's Storm Hazards Program, the Lightning Characterisation Program, and the Transall
Program in the 1980s. These four programs collected data on the various stages of thunderstorms, lightning
attachment points and current measurements on the aircraft during lightning strikes, ambient and local
electric field measurements, X-ray measurements, and optical observations (Fisher et al., 1988; McCarthy
& Parks, 1985; Miller, 1968; Parks et al., 1981; Uman & Rakov, 2003). There has also been three aircraft cam-
paigns (ALOFT, ADELE, and ILDAS) dedicated to the study of high-energy emissions from lightning and
thunderclouds, such as terrestrial gamma-ray flashes (TGFs), gamma-ray glows, and X-rays generated
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Figure 1. Figure illustrating the initiation of an aircraft-triggered lightning strike and the formation of a recoil leader. (T)
The aircraft initiates the positive leader (blue line) after becoming charged and polarized. (II) A few milliseconds

later, the negative leader (red line) is launched from an opposite extremity of the aircraft. (I1I) Tens of milliseconds later,
after the current cutoff, the positive leader will continue to propagate, while the lower end (dotted blue line) will cool
down and lose conductivity. The leader will obtain induced charges, which will be distributed as a dipole. (IV)
The induced charges may lead to negative electric breakdown at the lower end of the positive channel, initiating an
ionization wave, which will form a negative recoil leader (red arrow on the left side of the aircraft), which will propagate
back toward the aircraft inside the cooled channel (Mazur & Ruhnke, 1993).

during aircraft-triggered lightning strikes (Dwyer et al., 2012; Kelley et al., 2015; Kochkin et al., 2015, 2017,
2018; Dstgaard et al., 2019).

In the early 2000s, it was discovered that both natural and triggered lightning can generate microsecond-fast
bursts of X-rays (Dwyer, 2004, 2003; Dwyer et al., 2004, 2005, 2011; Howard et al., 2010; Kochkin et al., 2015;
Montanya et al., 2014; Moore et al., 2001; Saleh et al., 2009; Schaal et al., 2012). The observed energies of the
bursts are typically in the range of a few hundreds of keV. The bursts of radiation have since been tied to the
stepping of negative leaders and to the so-called recoil events during a lightning flash.

According to Mazur (2002) and Mazur et al. (2013), recoil events are a collective term for dart and recoil lea-
ders observed during a lightning flash. During recoil events, large currents pass through an already existing
leader channel. These events are some of the most luminous and noticeable parts of a lightning flash. Ogawa
and Brook (1964) suggest that the events known as K-changes are negative recoil leaders occurring when a
positive leader propagates into a negative charge in a cloud. From analysis of aircraft-triggered lighting
flashes, it was hypothesized that recoil leaders are initiated when the positive part of a bidirectional leader
extends into a region of negative charge, where an ionizing wave will initiate and propagate back toward the
aircraft, along the channel of the preceding positive part of the bidirectional leader attached to the aircraft.
The mechanism for the occurrence of a recoil leader is still unknown. Figure 1 shows an illustration of the
steps from lightning initiation to recoil leader formation, which we observe in most aircraft-triggered light-
ning strikes. In Step I, the aircraft has entered a thundercloud, been polarized, and initiated a positive leader.
The positive leader will travel in the direction of the ambient electric field and causes negative charge to
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Figure 2. Distribution of the ILDAS instruments on board the Airbus

aircraft in 2014 to 2016. The sensor named EO00 is the onboard local
electric field sensor, HXX sensors are the H-field sensors, and the XXX
sensors are the X-ray sensors. Image from Kochkin et al. (2015).

accumulate on the aircraft. Step IT happens a few milliseconds after Step I,
when the aircraft launches a negative leader from a different extremity.
The negative leader will propagate in the opposite direction of the ambi-
ent electric field and remove negative charge from the aircraft. Step III
happens tens of milliseconds later, after the current cutoff. Now the posi-
tive leader channel continues to extend away from the aircraft, while the
connected end cools down and loses conductivity, all the while maintain-
ing its net positive charge. The positive leader will obtain induced charges,
which will be distributed as a dipole. Step IV shows how the charging may
lead to negative electrical breakdown at the active part of the positive lea-
der end close to the aircraft, initiating an ionizing wave, which forms the
negative recoil leader. This negative recoil leader will propagate back-
wards through the cooled channel, until it reaches the origin of the posi-
tive leader (the aircraft) (Kochkin et al., 2015; Lalande et al., 1999;
Laroche et al., 2012; Mazur, 1989a, 1989b; Mazur & Moreaut, 1992;
Mazur & Ruhnke, 1993; Moreaut et al., 1992).

In this paper, we will report observations of X-rays associated with light-
ning recoil events during aircraft-triggered lightning and use these obser-
vations to define a constraint on recoil leader properties.

2. Instruments and Data

During 2014-2016, three thunderstorm-penetrating aircraft campaigns
were conducted by Airbus. The aircraft was equipped with the In-flight
Lightning Damage Assessment System (ILDAS) (Royal Netherlands
Aerospace Centre, 2015), which consisted of one local electric field sensor,

two X-ray detectors, and eight H-field detectors, distributed as shown in Figure 2. The system was created by
the Royal Netherlands Aerospace Centre in collaboration with 12 partners to measure lightning flash para-
meters and to determine lightning leader entry and exit points on the aircraft. This system is extensively
described in Boissin et al. (2012), Deursen (2011), de Boer et al. (2011), de Boer, Boissin, et al. (2013), de
Boer, Bardet, et al. (2013, 2015), van Deursen et al. (2013), Herv et al. (2014), and Zwemmer et al. (2009).

Both the E- and H-field detectors are differential detectors with a frequency band from 10 Hz to 500 kHz for
the E-field sensor and 100 Hz to 50 MHz for the H-field sensor. Both sensors have a sampling rate of 83.3
MHz, which corresponds to a sampling interval of 12 ns. The main purpose of the E-field sensor is to act
as a trigger for data recording during lightning flashes. The E-field sensor is mounted on the edge of a win-
dow toward the front of the aircraft, where it enhances the local electric field over the homogeneous electric
field of the fuselage. As the local electric field signal is time differentiated, the zero value for the electric field
is of an unknown magnitude. The polarity of the E-field sensor signal is chosen such that a positive signal
corresponds to electric field lines pointed toward the detector (Kochkin et al., 2015). The H-field sensors
are used to find the current passing through the hull of the aircraft. Six of the detectors are set up to measure
the current passing from nose to tail, and sensors H04 and HO5 measure the current entering the main fuse-
lage from the wings. The X-ray detectors consist of two cylindrical LaBrs(Ce) scintillators of 38 x 38 mm?
size, connected to photomultipliers. The photomultiplier has a rise time of 11 ns, during which we cannot
distinguish single photons. The sampling rate of the X-ray detectors is 100 MHz, which corresponds to a sam-
pling interval of 10 ns. The X-ray detectors can measure up to 10 MeV, but the sensitivity of the instrument
decreases from ~550keV, as seen in Figure 10 in Kochkin et al. (2018).

The measurements are continuously stored in a 1.2 s ring buffer memory. When a lightning flash occurs, the
local electric field sensor will trigger, and data will be collected and saved for all the sensors for a period of
0.2 s before the trigger and up to 1 after the trigger. Most data used in this paper were obtained from the
2014-2015 campaigns, consisting of 9 days where the aircraft flew into thunderclouds at an average altitude
of 4 km over southern Europe and the Mediterranean Sea. Six X-ray-producing recoil events were also found
in the 2016 campaign data, consisting of 6 days where the aircraft flew at 10 km altitudes over northern

Australia.
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Figure 3. (Top panel) Local electric field measurements during the aircraft-triggered lightning on board the aircraft. The
number I and IT arrows show when the positive and negative lightning leaders are initiated, the number IIT arrow
indicates the time of the current cutoff, and the red arrows show 15 recoil events. The dotted red ellipse shows a recoil
event with associated X-ray burst. (Bottom panel) X-ray measurements during the aircraft-triggered lightning, with red
asterisks showing nonbackground X-ray bursts.

3. Observations

During the ILDAS campaign, over 120 aircraft-triggered lightning strikes were observed over 15 days.
Figure 3 shows the local electric field signature and accompanying X-ray measurements of one of these
aircraft-triggered lightning strikes, with numbers indicating the different steps, as shown in Figure 1. The
lightning strike is initiated as the positive leader is launched (I), which results in the local electric field
increasing as the aircraft accumulates negative charge. A few milliseconds later, the negative leader is
initiated (II), followed by a decline in the local electric field. Approximately 80 ms later, after the current cut-
off (III), the first of 15 recoil processes are seen (red IVs) as a fast and large pulse in the local electric field,
caused by the wave of negative charges passing through the aircraft. In the bottom panel, 12 background
bursts with X-ray energies over 50 keV and multiple with lower energy can be seen. We define background
as any count without an associated change in the local electric field. The red asterisks show the X-ray bursts
associated with changes in the local electric field during the aircraft-triggered lighting strike. The majority of
these background events stem from cosmic-ray background, but some are also from the radioactivity of the
scintillation crystal. The background counts are heavily dependent on the flight altitude, with average values
of 37 and 45 background counts per second for the 2014 and 2015 campaigns.

The recoil event marked with the dotted red ellipse is shown with a finer timescale in Figure 4. The top panel
shows a ~400 kV/m change in local electric field caused by the sudden influx of negative charge from the
recoil leader. The middle panel shows the currents passing through the aircraft as the recoil leader connects
to the aircraft. The bottom panel shows the associated burst of five X-ray pulses. The dotted red lines show
the delay of ~0.6 ps between the onset of the X-ray observations and the onset of the current pulse. This type
of delay was manually identified for all the recoil processes that had associated bursts of X-rays and were
found to vary from 0.1 to 9.3 us with a mean of 1.75 us.

During the test flights, a total of 54 recoil events were found to be accompanied by detectable X-ray bursts.
These recoil events produce microsecond-fast bursts of multiple nanosecond-fast X-ray pulses. The majority
of these bursts consists of 1-3 pulses, but some were found to contain as many as 29 pulses. Due to instru-
mental limitations, the nanosecond-fast X-ray pulses can consist of multiple X-ray photons. The recoil events
are all associated with large (average of 240 kV/m) changes in the local electric field, happening on a scale of
microseconds, and with large (hundreds to thousands of amperes) long-lasting (microseconds long) current
pulses flowing over the aircraft body. From the 54 observed recoil events, we identified 245 individual
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Figure 4. (Top panel) Local electric field signature of connecting recoil leader as observed on the aircraft. Electric field is
plotted in such a way that a positive signal corresponds to electric field lines pointed toward the detector. (Middle
panel) Measurements of the current passing through the aircraft fuselage during the recoil event. (Bottom panel)
Associated X-ray burst, consisting of five pulses lasting approximately 1 us. The dotted red lines show the

onset of the X-ray burst and the onset of the current pulses.

nanosecond pulses of X-rays. Out of the 245 ns pulses, 175 of them were observed before the current wave
entered the aircraft. The X-rays produced after the current entered the aircraft are believed to be produced
at different extremities of the aircraft by sparks, created by the change in surface potential on the aircraft
by the connecting recoil leader. The full width at half the maximum of the X-rays pulses were then
compared to each other and to a '*’Cs calibration source of 662 keV photons. Pulses with widths found to
be over 25% broader than the calibration pulse were removed (19 such pulses were found), as they likely
consist of multiple X-rays of lower energies. Figure 5 shows the energy spectra of the nanosecond X-ray
pulses observed before the current wave enters the aircraft. As observed, there is a cutoff at 500keV,
which is a real cutoff, as the X-ray detectors can measure energies up to 10 MeV. The error bars are
calculated as the square root of the counts of each bin of the spectrum. A bootstrapping method applied
to the same modeled spectra (not shown) also gave the same error bars, except for the last two bins where

they were a bit larger with the bootstrapping method.
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Figure 5. Superposed spectrum of 156 X-ray pulses associated with recoil processes in aircraft-triggered lightning,
binned to 50 keV from 0 to 300, and 100 keV bins from 300 to 500, with error bars.
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Figure 6. Modeled spectra of 20 keV seed electrons accelerated 0.5, 1, 1.5, 2, and 3.5 MV potentials over a 10 cm distance.

4. Method and Modeling

Our modeling efforts to find the potential difference in the gap between the recoil leader and aircraft, and
recoil leader lengths are performed in three steps: (1) a GEANT4 model of the acceleration of 20 keV seed
electrons over a small length analogue to the streamer zone, to ascertain if the electrons would all be accel-
erated to the full applied potential. (2) A second GEANT4 model of the detector and aircraft to model the
X-ray spectra that should be detected with the various accelerated electrons from the first GEANT4 model
as the input. We then use these modeled spectra to find the best fits to the superposed X-ray spectrum.
(3) An electrostatic conductor model (ECM) of a converging lightning leader and aircraft in an ambient elec-
tric field, to obtain the potential in the gap between them. Using the potentials found from the second
GEANT4 model as potential limits, together with the results of the ECM model and the time difference
between the onset of the X-ray bursts and the onset of the currents, we find a solution space for the gap
and recoil leader length limited by the lowest potential fit.

4.1. GEANT4 Model 1

A GEANT4 model (Agostinelli et al., 2003; Allison et al., 2006, 2016) was made to model the acceleration of
electrons for different potentials over a short distance, analog to the streamer zone, to ascertain if the elec-
trons would be accelerated to the full applied potential. In this model, we start with 20 keV seed electrons
(we assume that the electrons have attained this energy from cold runaway, but we do not model this
mechanism ourselves). We accelerated the electrons in an electric field that extend over 10 cm. Figure 6
shows the modeled electron spectra of the 20 keV seed electrons accelerated by potentials from 500 to
3,500 kV over a 10 cm distance, normalized by seed number. The figure shows that most electrons are accel-
erated to the full potential. Going forward, we use the accelerated electrons as a source of the observed
X-rays in the second GEANT4 model of the Airbus test aircraft, with the ILDAS equipment on board (as pre-
viously used by Kochkin et al., 2018).

4.2. GEANT4 Model 2

In the second GEANT4 model, we model and fit the detected X-ray spectra, with the various accelerated elec-
trons from the first GEANT4 model as input. In this model, we have included the response of our instrument
with the aircraft fuselage. Considering that most electrons were accelerated to the full potential in the first
GEANT4 model, we assume a monoenergetic electron source as input for this second model. The gap
between the leader tip and the aircraft nose was set to 17.5m, which corresponds to the average observed
time between the onset of the X-ray bursts and the onset of the current pulse. A change of up to some tens
of meters in the gap distance would not significantly affect the results of this model as it would be much less
than the photons mean free path at 4 km altitude in air. In order for the X-rays to reach the detector, the
initial electrons have to be within an approximately 20° half angle cone. Outside of this cone, the probability
to observe an X-ray photon from the seed electrons is negligible. Therefore, only electrons within the
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Table 1

Constant Parameters Used in the Modeling of the Electric Field and
Potential Between the Approaching Negative Recoil Leader and the Aircraft

half-angle cone were modeled. For the smallest gap distance we use, it is
possible for electrons to reach the aircraft itself and interact with the fuse-
lage and detector; this is accounted for in the model.

Fecore  Taircraft

[m] [m]

Eambient  Qleaders  Altitude scaling
[kV/m] [C] factor 4.3. ECM Model

0.1 3

0 ~0.607 A model of the electric field, potential, and charge transferred between the

Note. r is the conductive core/aircraft radius, L is the aircraft length, E is

aircraft and the approaching negative leader was created, using the

the assumed ambient electric field, and Q is the assumed leader charge. method of moments code as described in Harrington (1993) and

Skeltved et al. (2017). The method of moments allows electrostatic model-

ing of an axially symmetric system of conductors. Multiple disconnected
conductors were modeled by having the corresponding number of constraints as a part of the system of
equations A4 in Skeltved et al. (2017), which fix the total charge on each of the conductors. The rest of
the system is obtained by minimization of the function A5 in Skeltved et al. (2017). The minimization with
constraints requires use of Lagrange multipliers, which are the unknown potentials at each of the conduc-
tors. When the two disconnected conductors (aircraft and approaching negative leader) electrically connect,
their potentials will equalize, while the sum of the charges will stay the same (mathematically, this means
that the two constraints become a single constraint). This causes a charge transfer from the conductor that
previously had the higher potential to the one with the lower potential. We model both the approaching
negative leader and the aircraft as conducting cylinders with hemispherical caps at both ends, with a shared
axis of symmetry. The leader channel during the recoil process is analogous to that of a return stroke in
cloud-to-ground lightning and has a highly conductive core, with a conductive corona sheath of several
meter diameter around it (Lehtinen, 2012). The length and position of the negative recoil leader in the model
is variable, while the constant parameters are shown in Table 1.

In the model, we use a leader with conductive core radius of 10 cm, which is somewhat wider than the com-
monly accepted width of a leader channel; this radius was used because there is high conductivity also
around the channel in the corona sheet. To check the results, a conductive core radius of 1 cm was also mod-
eled, in which case the resulting gap potentials showed a mean difference less than 0.1%. The model does not
take into consideration the corona sheath, same as in Skeltved et al. (2017). The aircraft is modeled as a con-
ductive cylinder of 67 m length and 3 m radius, which is the actual length and radius of the Airbus A350-900
test aircraft. As the ambient electric field was not measured during the ILDAS campaign, we have chosen to
set the value to —24 kV/m. This is the streamer propagation field, scaled to 4 km altitude (average flight alti-
tude) using the scale height of Earth's atmosphere and reduced by a factor of 10, which corresponds to the
amplification caused by the geometry of the aircraft (calculated from the ECM model). The initial charges
of both the aircraft and the leader were set to zero, as we neglect them compared to the charge separation
on both the leader and the aircraft, due to the ambient electric field. These assumptions may slightly affect
the gap potential. Figure 7 shows the modeled electric field in the gap between the incoming negative recoil
leader and the aircraft. Using the modeled electric field in the gap, we calculate the potential difference
between the two leaders for gap distances between 1 and 93 m (from the minimum and maximum time
between the onset of the X-ray bursts and the onset of the current pulses) and various recoil leader lengths.

5. Results

An important constraint is the time between the onset of the X-ray observations and the onset of the current
pulse through the aircraft, which varies from 0.1 to 9.3 us, with an average value of 1.75 us. We assume that
the recoil leader speed is similar to that of a dart leader, 10" m/s (Howard et al., 2010; Mazur & Moreaut,
1992; Rakov & Uman, 2003), as both leaders are initiated and propagate through an already existing semi-
conductive channel. From this time span and a recoil leader speed of 10" m/s, we get a gap distance between
the recoil leader and aircraft ranging from 1 to 93 m, with an average gap distance of 17.5m. Using the
GEANT4 model, we simulate X-ray spectra from electrons accelerated in the average gap of 17.5 m between
the aircraft and the recoil leader, to get the spectral shapes for the different potentials. This was done using
different leader-to-aircraft potentials ranging from 500 to 1,000 kV in steps of 250 kV and from 1,000 to 4,000
kV in steps of 500 kV.

Figure 8 shows the modeled spectra (dotted lines) for 500, 750, 1,000, 1,500, 2,000, 2,500, 3,000, 3,500, and
4,000 kV potentials in the top panel. The bottom panel shows the results of a likelihood analysis in black,
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Figure 7. Electric field between lightning leader (left side) and aircraft (right side) in a 17.5 m gap, at 4km altitude in a
—24kV/m ambient electric field.

performed as in Mailyan et al. (2016); see their Equation 1. According to this test, the best fit is given by
minimizing —2log(L), and a difference in —2log(L) larger than 5 means that the minimum value, in this
case 1,500kV, is the preferred solution with a confidence level of 99%, compared to the values above 5
(the dotted black line). We consider all the solutions below the dotted line to be possible solutions (1,000
to 3,500kV). In the plot, the black line is showing the calculated —2log(L) values subtracted by the
minimum —2log(L) value. The bottom panel shows the values of the Pearson y* test in blue (Hauschild &
Jentschel, 2001). The test has a critical value of 12.6 (using a 95% threshold) shown as a dotted blue line.
The test indicates that the models with potentials between 1,500 and up to 3,500 kV are good fits to our
measured data. Due to instrumental limitations, only energies over 50 keV were included in the modeling
and calculations of the fits. When calculating the Pearson y* value, we have merged the 300 to 400 keV
and the 400 to 500 keV bins, to get at least five measured counts in each bin (Eadie et al., 1971). The
modeling also shows X-ray counts over 500 keV, which we have included in a large bin spanning from
500 to 4,000 keV. The calculated Pearson )(2 values are not dependent on the size of the bins, and as such,
the difference in bin widths does not affect the y* value. The minimum potential to yield a fit was found
to be 1,500 kV for the Pearson y* analysis, while the likelihood analysis results in a minimum potential of
1,000kV. As seen in Figure 8, the Pearson ){2 value crosses the target threshold a bit before 1,500 kV, but
we have chosen to use 1,500 kV as the lowest potential fit as this is the first tested value under the target
threshold. The maximum potential to yield a fit was found to be 3,500kV for both Pearson y* and the
likelihood analysis.

Using the GEANT4 model, we also estimate the number of 20 keV electrons needed to produce a single
detected bremsstrahlung photon of minimum 50 keV for the different source potentials, within the 20° half
angle. In a 1,500 kV potential, approximately 1.5 X 10° electrons were needed, while for a 3,500 kV potential,
the amount of electrons needed is reduced to approximately 1.1 x 10°. The calculated luminosity for the
observed recoil leaders with minimum energies of 50 keV are then found to vary from 2.8 x 10° electrons
per microsecond for the 3,500 kV source potential up to 3.9x 10° electrons per microsecond for electrons
accelerated in the 1,500 kV source potential.

Using the ECM model, we estimate the relationship of the gap potential and the recoil leader lengths for cer-
tain chosen gap distances. This is done by keeping the gap distances fixed and adjusting the recoil leader
length. The increase in length results in an increase of the gap potential. Figure 9 shows the relationship
between the estimated gap potentials and recoil leader lengths for gap distances between 1 and 75 m, shown
by the solid colored lines. The dotted black lines represent the minimum and maximum fit potentials (1,000
and 3,500 kV) found from the GEANT4 model that fit the observed spectrum.

From the intersects of the potential fits found from the GEANT4 model and the solid lines, we find the rela-
tionship between the gap and leader lengths for a given source potential. Figure 10 shows the relationship
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Figure 8. (Top) Observed (black) and modeled (dotted) X-ray spectra with minimum energies of 50 keV, with accompanying error bars in red. The modeled
spectra sources are 500, 1,000, 1,500, 2,000, 2,500, 3,000, 3,500, and 4,000 keV electrons, accelerated in a 17.5m gap between the recoil leader and the aircraft.
(Bottom) Fit values for Pearson )(2 and likelihood analysis, with accompanying dotted lines representing the target values.

between the gap and leader length for 1,500, 2,000, 2,500, 3,000, and 3,500 kV potentials, where the dotted
line represents the average measured gap distance calculated from the time between the onset of the
X-ray observation and the onset of the current pulse.

6. Discussion

The observed X-ray emissions are all found to be associated with the onset of recoil leaders during
aircraft-triggered lightning. A total of 54 X-ray emissions was found, where the emissions consist of submi-
crosecond bursts of nanosecond-short X-ray pulses. The average burst lasts for ~2 ps and consists of ~4.5
pulses, which is similar to the observations reported by Dwyer et al. (2004), who found submicrosecond
bursts of X-rays associated with dart leaders in rocket-triggered lightning. The measured energy spectra

extend up to 500 keV, with an average energy ~130keV. X-rays with

“Gep=3m higher energies are ruled out, and not included as the few cases where
—Gap = 85 m

5000

Gap =77 m these have been found the measured width of the X-ray pulse is found

4000 :(éiﬁ Zom to be broader than for the calibration pulses, indicating that these X-ray

= 00 :giﬁ ; faw pulses most likely consist of multiple X-rays of lower energies detected
= T within a single sample period.

:f 2000 :EEE i z%,;: For the GEANT4 X-ray spectrum, we assumed a recoil leader speed simi-

Gl lar to that of a dart leader as both are leaders developing in an already

-1500 kV line existing conductive lightning channel. With a recoil leader speed of 107
m/s combined with the average observed duration between the onset of

o 50 100 150 200 250 the X-rays and the onset of the current pulse gives us a gap distance of
Leader length [m] 17.5m. The time delays between the onset of the X-ray emissions and

the onset of the current pulse vary from 0.1 to 9.3 us, where the majori

Figure 9. Gap potential as a function of leader length at different gap £ h del fPl hry 5 With th K d i 1'] dty
lengths. The dotted lines represent potentials of 1,500 and 3,500 kV, o events. ave delays of less U an. ps. With the assumed recol A cader
which is the minimum and maximum potential found to fit the speed, this would make the gap distance between 1 and 93 m, with the
superposed X-ray spectrum. majority of events having gap distances less than 20 m. As the measured
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Figure 10. Potential limitations of the gap and leader lengths. The colored lines symbolize the potentials found to fit the
superposed spectrum (1,000 up to 3,500 kV) from the second GEANT4 model. The gray areas represent our solution
spaces with gap distances restricted by the minimum and maximum measured time between the onset of the X-rays
and the onset of the current pulses, as well as the minimum and maximum potential found to fit the superposed
spectrum (black/blue and red line). The light gray area is only valid from the likelihood analysis, while the darker
gray area is valid for both the likelihood and Pearson )(2 analysis. The dotted blue line represents the average gap
distance also found from the time between onset times.

gap distance is only an indication of the distance to the X-ray source, we cannot conclude that this is the
location of the recoil leader head. However, the recoil leader head is the most likely candidate to produce
the observed X-rays, and the gap distance is therefore used as the location of the recoil leader head in our
models. Changing the gap distance toward either the minimum or maximum value would result in a
change of the hardness of the GEANT4 spectra, as the amount of air the X-rays would travel trough
would change. Another factor that would lead to a softer spectrum is if the X-rays were not produced by a
monoenergetic source of electrons; however as seen in Figure 6, the majority of the modeled source
electrons are accelerated to the full potential for a length equal to the assumed leader radius.

From our comparison of the measured X-ray spectrum to the GEANT4 X-ray spectra, we observe that the
source of the X-rays is consistent with bremsstrahlung from electrons accelerated in potentials between
1,000 (likelihood)/1,500 (Pearson )f) and 3,500 kV. Based on the electron energies, it is thought that the
initial seed electrons needed to produce the observed X-rays are most likely accelerated by the strong electric
field in front of the recoil leader and streamers (cold runaway mechanism) as the leader travels back through
the still conductive, but somewhat cooled leader channel toward the aircraft (Dwyer, 2004; Moss et al., 2006).
The calculated electron luminosity for the X-ray source was found to be 3.9 x 10° electrons per microsecond
for the minimum potential of 1,500 kV and 2.8 x 10® electrons per microsecond for the best fit potential of
3,500 kV, which is similar to what Saleh et al. (2009) and Schaal et al. (2012) report for X-ray sources in
stepped and dart stepped leaders in rocket-triggered lightning. The calculated electron luminosities of the
events are based on the assumption that the X-rays are emitted isotropically within the 20° half angle cone;
if the emissions were completely isotropic, it would change the calculated luminosities, but it would not
affect the modeled spectra and therefore not affect the constraint of the gap and leader lengths.

From the cutoff value in the superposed energy spectrum, we find that there is a limited amount of potentials
from the second GEANT4 model that will fit the superposed spectrum. As the modeled potentials increase,
so does the amount of modeled X-rays with energies over 500 keV, which increases our Pearson ¢ and like-
lihood analysis values over the target values.
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In Figure 10, we find a solution space for viable leader lengths and gap lengths. In the figure, the gap dis-
tances are constrained by the observed minimum and maximum times between the onset of the X-ray bursts
and the onset of the current pulses (1 to 93 m with the assumed dart leader speed of 10’ m/s). Furthermore,
the solution space has a lower and upper constraint found from the lowest and highest potential fit from the
second GEANT4 model. These potentials limit the leader length to between 1 and ~240 m. Together, these
four constraints limit our solution space to the gray-shaded areas. The model does not give a preferred
solution within this solution space; however, from the average time between the onset of the X-ray bursts
and the onset of the current pulses, we find the average gap distance (dotted blue line) to be 17.5 m, which
limits the average leader length to between ~1 (likelihood)/25 (Pearson x?) to 200 m depending on selection
of fitting method.
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Abstract Terrestrial Gamma-ray Flashes (TGFs) are short emissions of high energy photons associated
with thunderstorms. It has been known since the discovery of TGFs that they are associated with lightning, and
several case studies have shown that the TGFs are produced at the initial phase of the lightning flash. However,
it has not been tested whether this is true in general. By using the largest TGF sample up to date, combined
with ground-based radio lightning detection data, we perform a statistical study to test this. One of the TGF
missions is the Atmosphere-Space Interactions Monitor (ASIM) consisting of the innovative combination of X-
and gamma-ray detectors, optical photometers and cameras. This allows us to investigate the temporal relation
between gamma-rays produced by TGFs and the optical signal produced by lightning discharges. Based on
stacking analysis of the TGF sample and ground-based measurements of associated lightning activity, together
with the high temporal resolution of the optical signal from the ASIM photometers, it is shown that TGFs

are produced in the beginning of the lightning flashes. In addition, for a significant fraction of the TGFs, the
lightning activity detected in radio is enhanced in an interval between 150 and 750 ms following the TGFs, and
is co-located with the lightning associated with the TGFs. The enhanced lightning activity is not evident in a
randomly selected sample of flashes. This indicates that the activity between 150 and 750 ms is a characteristic
property of a significant fraction of flashes that start with a TGF.

1. Introduction

Terrestrial gamma-ray flashes (TGFs) are sub-millisecond bursts of energetic photons up to several tens of MeV
produced in the atmosphere. The energy spectra of TGFs are compatible with the Relativistic Runaway Electron
Avalanche (RREA) process followed by bremsstrahlung emissions (Dwyer, 2003; Dwyer & Smith, 2005; Gurev-
ich et al., 1992; Lindanger et al., 2021; Mailyan et al., 2016). The connection between TGFs and thunderstorm
regions has been suggested since the first TGFs were detected by the BATSE instrument onboard the Compton
Gamma-ray Observatory (Fishman et al., 1994). TGFs have since been detected from space by RHESSI (Smith
et al., 2005), Fermi (Briggs et al., 2013), AGILE (Marisaldi et al., 2010), BeppoSAX (Ursi et al., 2017), the
RELEC space experiment on the Vernov satellite (Bogomolov et al., 2017), and ASIM (@stgaard, Neubert,
etal., 2019).

Case studies have shown that TGFs can be observed in association with positive Intra-Cloud (IC+) lightning, and
several case studies have shown that TGFs are typically produced in the initial phase of lightning flashes during
the upward propagation of leaders (Cummer et al., 2015; Lu et al., 2010; Shao et al., 2010; Stanley et al., 2006;
(Dstgaard et al., 2013). Connaughton et al. (2010, 2013) used very low frequency (VLF) radio atmospherics,
so-called sferics, produced by lightning and detected by the World Wide Lightning Location Network (WWLLN)
together with TGFs detected by Fermi to show that a significant fraction of TGFs is simultaneous with a sferic
detection within a few hundred microseconds. This strict association has been confirmed by RHESSI (Mezentsev
et al., 2016) and AGILE (Lindanger et al., 2020; Marisaldi et al., 2015). Connaughton et al. (2013) inferred that
the radio signal simultaneous with the TGF is produced by the TGF-current itself, and Dwyer and Cummer (2013)
modeled this. @stgaard et al. (2021), using a combination of ASIM gamma-ray data, optical data and LF-radio
measurements concluded that the TGF-associated radio signal was produced by either the hot-leader lightning
channel or the TGF, or a combination of the two. Smith et al. (2016) identified three types of associations between
TGFs and sferics; simultaneous association, few milliseconds difference, and those where the radio signals are
hundreds of milliseconds after the TGF. The last category will be further investigated in this study.
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This likely places the TGF at the beginning of a lightning flash, during the upward propagation of a leader
that continues propagating after the TGF. However, this is only based on case studies and has not been shown
for a large sample of TGFs. As recent scientific efforts have been focused on the “simultaneity” of TGFs and
the temporally closest radio measurement (Connaughton et al., 2010, 2013; Cummer et al., 2011; Lindanger
et al., 2020; Mailyan et al., 2020; Marisaldi et al., 2015; Mezentsev et al., 2016), this work will take a step back
and focus on TGFs and all lightning detections associated to the TGF on 100’s ms scale. This will follow up the
enhanced lightning activity detected hundreds milliseconds after the TGFs reported by Omar et al. (2014); Smith
et al. (2016). Using a large data set of TGF catalogs together with ground-based lightning radio data and optical
data from ASIM, we will answer the question: when does the TGF occur in the sequence of discharges constitut-
ing a lightning flash and are there any special characteristics with those flashes?

2. Data and Method

This study uses four TGF catalogs from different instruments, lightning data from WWLLN and GLD360, and
optical data from the Modular Multispectral Imaging Array (MMIA) instrument onboard ASIM. The TGF cata-
logs are obtained from the TGF detecting space missions RHESSI, Fermi, AGILE, and ASIM. There are 2824
TGFs (August 2004 to November 2013) from the RHESSI TGF catalog (Smith et al., 2020), 4774 TGFs (August
2008 to July 2016) from the first Fermi-GBM TGF catalog (Roberts et al., 2018), 3473 TGFs (March 2015 to
October 2020) from the 3rd AGILE TGF catalog (Lindanger et al., 2020; Maiorana et al., 2020), and 729 ASIM
TGFs (June 2018 to September 2020) available from https://asdc.space.dtu.dk. The ASIM instrument is described
in detail in Chanrion et al. (2019); Neubert et al. (2019); @stgaard, Balling, et al. (2019). TGFs detected by the
same instrument occurring within 5 ms of the previous TGF are removed so that multi-pulse TGFs are counted
as a single entry, corresponding to the first TGF. The timing resolution provided by the RHESSI TGF catalog
is 1 ms and the absolute timing accuracy is corrected to ~1 ms by the timing correction provided by Mezentsev
et al. (2016). The 3rd AGILE TGF catalog is updated including WWLLN-identified TGFs up to October 2020.
We also remove TGFs detected by AGILE between July 2015 and December 2017 because AGILE experienced
a degradation of the absolute timing accuracy during that period (Lindanger et al., 2020).

Lightning data are obtained from WWLLN (Rodger et al., 2009) and GLD360 provided by Vaisala Inc. (Said &
Murphy, 2016). Both lightning networks detect sferics produced by lightning discharges and provides geoloca-
tion and timestamps of the sferics. GLD360 also provides peak current values for their detections. WWLLN data
from August 2004 and onward are compared to the RHESSI, Fermi, AGILE, and ASIM TGF catalogs. Abarca
et al. (2010) and Hutchins et al. (2012) found the location accuracy of WWLLN to be ~5 km for the continental
United States, and @stgaard et al. (2013) assumed a global WWLLN location accuracy of 15 km. Comparing
WWLLN with Lightning Imaging Sensor (LIS), Biirgesser (2017) estimated a detection efficiency between 1%
and 10% for continental regions, and 20% for oceanic regions worldwide. Through the ASIM Science Data
Center, GLD360 data are only available for the ASIM mission, therefore it will be used only in association with
ASIM data. Using one month of NLDN data over the United States, Said and Murphy (2016) reported the median
location accuracy of GLD360 to be ~2 km and the 90th percentile is ~6 km. The detection efficiency was esti-
mated to be ~80% for CG flashes and ~45% for IC flashes.

The time difference between the TGF and the sferic is defined by Equation 1. The time of the sferic is the time
of lightning discharge. The propagation time of photons traveling from the lightning location to the satellite is
calculated assuming a TGF production altitude of 12 km. Moving three km down or up is only a maximum time
difference of 10 ps.

Ot = timesferic + [imepmp;\galion — timercr D

For all the TGFs we keep track of: TGF time and its associated lightning information including the radial distance
between the subsatellite point and the location of the sferic source lightning discharge, 6t of all sferics, 6t of the
temporally closest sferic match, and the radial distance between the temporally closest sferic match and the other
surrounding sferics. The radial distance is the distance along the surface of the Earth between two coordinates.

Due to instrument sensitivity and efficiency of the various instruments most TGFs are detected within ~500 km
from the subsatellite point (Collier et al., 2011; Cummer et al., 2005; Lindanger et al., 2020; Marisaldi et al., 2019;
Smith et al., 2016). Therefore, we only consider sferics within 500 km from the subsatellite point to ensure a
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Table 1

high signal-to-noise ratio in the stacking analysis. We define a sferic match as

Overview of the Data Sets and the Sferic Match Criteria Corresponding to the sferic with the smallest 1671 value but not larger than the following sferic

Each Space Mission

match criteria. The sferic match criteria depend on the absolute timing accu-

Lightning
Instrument network

Number of TGEs  Tacy of the instrument we consider. For RHESSI we require 6t to be within

Sferic match criteria  with sferic match +1 ms, and for Fermi and AGILE we use a sferic match criteria of 0.2 ms as

RHESSI WWLLN
Fermi WWLLN
AGILE WWLLN
ASIM WWLLN
ASIM GLD360

their onboard clocks are on microsecond level. The absolute timing accuracy
of ASIM varies stochastically between 0 and 30 ms and we chose this as the
sferic match criterion. The location of the sferic match is assumed to be the

16t < 1 ms 441
16t < 0.2 ms 948

1611 < 0.2 ms 619 production location of the TGF. An overview of the datasets and their sferic

0ms < 6t <30 ms 230 match criteria is shown in Table 1.
0 ms < 6t < 30 ms 477

This analysis also includes optical data from the MMIA instrument onboard

Note. We require the sferic match to be within 500 km from the subsatellite ASIM. MMIA consists of two cameras providing 12 images per second, and

point.

three high-speed photometers with a 100 kHz sampling rate. The instrument

is described in detail in Chanrion et al. (2019). The two cameras are sensitive

in 337.0 and 777.4 nm bands, and the photometers are sensitive in 337.0 nm,
180-240 nm (UV), and 777.4 nm bands. The bandwidths of 337 and 777.4 nm cameras are 5 and 3 nm, respec-
tively. The bandwidths of 337 and 777.4 nm photometers are 4 and 5 nm, respectively. The 777 nm emission is
due to atomic oxygen in hot lightning channels and is weakly absorbed in the atmosphere. The UV is strongly
absorbed in the atmosphere and is therefore most sensitive to high altitude phenomena such as Elves and other
Transient Luminous Events (TLEs). The 337 nm is most sensitive to lightning but will also see some signal from
TLEs as it is close to the UV band. The 337 nm is more absorbed in the atmosphere compared to 777 nm. MMIA
data acquisition is triggered, and a trigger is generated if the signal is larger than a threshold over a dynamically
calculated background. There is also a cross-trigger system that stores MMIA data if the companion instrument,
the Modular X- and Gamma-ray Sensor (MXGS), onboard ASIM triggers independently of the MMIA signal.
MMIA is only active during nighttime, meaning that we only have optical data for TGFs detected during night-
time. The cameras and the photometers field of view (FOV) is a square 80° diagonal, except the UV photometer
that has a circular 80° full cone angle. The relative timing accuracy between MXGS and MMIA was +80 us
before March 2019 and +5 s after.

In this study we investigate 71 ASIM detected TGF events with MMIA optical data. These 71 events have been
found by Skeie et al., manuscript in preparation, to have optical data associated with the detected TGFs, that
is, a clean sample with the TGF produced well inside MMIA FOV and photometer data associated to the TGF.
This sample was determined using the photometers, cameras, the high and low energy detector data, as well
as lightning sferic activity and TGFs characteristics. For 45 of the TGF events it was also possible to use the
GLD360-detected sferics to correct the absolute timing of ASIM down to a few milliseconds, by aligning several
photometer pulses with the sferics, similar to what was done in Heumesser et al. (2021); @stgaard et al. (2021);
Maiorana et al. (2021).

3. Results
3.1. Stacking Analysis of Lightning Data

To determine whether the TGFs are in the beginning of the lightning flash we did a stacking analysis of sfer-
ics. Figure 1 shows a stacking plot of sferics relative to the time of the TGFs, as detected by RHESSI, Fermi,
AGILE, and ASIM. The right panels are a close-up version of the left panels. The black histograms shows all
sferics without applying the sferic match criteria of Table 1. The first peak at 6t ~ 0 consists mostly of sferics
associated with the TGFs. We emphasize that we include all sferics within 500 km from the subsatellite point
in the stacking analysis, not just the temporally closest sferic. Using a 50 ms bin size means that sferics 25 ms
before and after the TGF will be included in the central bin. This implies that the bin will also include some
sferics that are not directly associated to the TGF. Note also that the lightning networks sometimes detect the
same sferic several times. Therefore, the central bin has more counts than the number of TGFs stacked. Note the
enhanced signal from sferics between ~150 and ~750 ms, evident for all instruments. We will call this enhanced
signal the “second peak” hereafter. The blue histograms are a sub-selection of events that have a sferic match
(Table 1) within 500 km of the subsatellite point, and where only sferics within 20 km radius of the sferic match
are included. A schematic of the selection of the two histograms is shown in Figure 2 and the 20 km limit will
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Figure 1. Stacking analysis of sferics as a function of time. 6t = 0 is the TGF time (Equation 1). The right panels are a close-up version of the left panels. The black
histograms show all sferics within 500 km and the blue histograms show the sferics within 20 km of the TGF-sferic match (Table 1). The selection is illustrated in
Figure 2. The solid black line in the left panels is the average background during ¢ between —4 to —1 s and the black dashed line marks the 30 level above background
assuming Poisson distribution in counts per bin. The dashed blue line in the right panels is 3¢ above the background for the blue histograms. Note that the dashed blue
line is very close to the x-axis for (b, d, f, and h). The bin size is 50 ms.
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Figure 2. Figure illustrating the selection

be justified in the next paragraph. The blue histograms show a higher signal-
to-noise ratio for the second peak than the black histogram. The 3¢ signifi-
cance level is shown as a dashed line for the black and the blue histograms.
Figure S1 in Supporting Information S1, shows a zoomed view of the same
data as in Figures 1c and le with a bin size of 50 ps instead of a bin size of
50 ms as in Figure 1.

Figure 3 shows the radial distance between the sferic match and the sferics
in the second peak, where the second peak is defined to be 6t between 150
and 750 ms. The bin size is chosen so that the area corresponding to each bin
is constant, meaning that A; = 71} = A, = z(r; — "(2,,_”) = constant, where
n is the bin index. We see that there is an excess of sferics, within 5-10 km
of the location of the sferic match, showing that most activity related to the
lightning flash starting with a TGF occur within a radial distance of 20 km.
This result is the reason for the 20 km limit to enhance the signal-to-noise
ratio in the second peak for the blue histograms in Figure 1.

of sferics for the black and blue 3.2. Analysis of Optical Data

histograms in Figure 1. The black histograms consist of all sferics within . . i X
r, =500 km of the subsatellite point. The blue histograms consist of sferics A sample of 71 ASIM detected TGF events with associated optical data is

within r, = 20 km of the sferic match in the middle of the blue circle in the used to investigate the lightning activity at times close to the TGFs. The TGF

illustration. The illustration is not to scale.

production locations are inside the FOV of MMIA. For 13 of the events,

several cells were active at the same time of the TGF, which made it impos-

sible to determine at what time they occur in the progression of a flash from
measurements by the photometers. One example is shown in Figure S2 in Supporting Information S1. The 13
events are removed from the analysis and we are left with 58 TGF events.

The TGF precedes the large MMIA optical pulse associated with the TGF in 57 cases. Some of the TGFs have
a weak optical signal a few milliseconds before the large optical pulse associated with the TGF. This is compat-
ible with lightning leader propagation (Cummer et al., 2015) and has been termed preactivity in earlier studies
(Heumesser et al., 2021; Neubert et al., 2020; @stgaard, Neubert, et al., 2019; Ostgaard et al., 2021). For the 57
TGFs there are either only one large optical pulse following the TGF (42 events), or there are several optical
pulses (15 events) following the pulse associated with the TGF. An example of these is shown in Figure 4. In
Figures 4a—4d it is clear that there are no signals detected by MMIA up to ~100 ms before the TGF. The TGF is
indicated in (a and b) as a magenta vertical line at time = 0. There is a clear 337 and 777 nm peak associated with
the TGF, and following optical pulses are evident in both photometers up to ~400 ms after the TGF. The cropped
camera (CHU1 and CHU2) images in Figures 4f and 4g show only one active area that corresponds well with the
position of the sferic associated with the TGF in Figure 4e).

In Figure 5, photometer data for 777 nm are shown for 8 (out of 15) TGF events with several pulses following
the first pulse associated with the TGF. The TGF time is centered at time = 0, and it is evident that there is no
lightning activity before the TGF.

In one of the 58 TGF events, the TGF seems to be in the middle of the flash where we have three optical pulses
between 70 and 50 ms before the TGF, not placing the TGF in the beginning of the flash. This TGF event is
shown in Figure S3 in Supporting Information S1, and will be discussed later.

4. Discussion
4.1. The TGF Time Relative to the Lightning Flash

Considering first the results of Fermi and AGILE that have the best absolute timing accuracy of ~2 ps, it is clear
from Figure 1 that the TGF is produced in the beginning of the flash as there is no signal from sferics before the
TGF.
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Figure 3. Stack plot showing the radial distance between the sferic matches associated to the TGFs and the sferics in the second peak. The plot shows that most activity

related to the lightning flash that starts with a TGF, occur within a radial distance of 20 km. Only TGFs with a sferic match within 500 km of the subsatellite point are
stacked. The bin size is chosen so that the area corresponding to each bin is constant. The uncertainty of the data points is +1 standard deviation assuming Poisson

statistics.

The TGFs of ASIM precede the optical pulses for 57 of 58 events left in the analysis. Out of these, 42 are
followed by several optical pulses. For these cases it is clear that the TGF is produced in the beginning of the
lightning flash. Figure 5 shows examples of 8 of these events. For 15 of the 57 TGFs there are no additional pulses
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Figure 4. Overview over MMIA data at the time of a TGF that is in the beginning of a lightning flash. Panels (a and b) show the 337 and 777 nm photometer data with
ADC units on the y-axis. The vertical black lines indicate the camera frames. The first peak in the 6th frame (~400 ms) in 777 nm peaks at ADC unit 100. The start of
the TGF is indicated as a magenta vertical line at time = 0. Panels (c and d) show the corresponding CHU 1 and CHU 2 close-up camera frames. Panel (e) shows a map
with MMIA FOV (blue square), ISS position and flight path, and sferics detected by GLD360. The velocity direction of ISS is to the right. Panels (f and g) show the
CHU1 and CHU 2 camera frames at the time of the TGF. The full plot is the MMIA FOV and the velocity direction of ISS is in the positive vertical axes.

following the first optical pulse after the TGF. For one event we have optical pulses tens of milliseconds before
and after the TGF and its large optical pulse. The time delay between the TGF and the optical pulse is ~1.4 ms.
However, we cannot exclude the possibility that the TGF is produced outside MMIA FOV, as there exist active
lightning cells outside MMIA FOV as well. This would mean that the detected flash in the photometer data is
not correlated with the TGF and it is a chance coincidence. As there is only 1 of the 58 TGFs in the sample with
lightning activity before the TGF, it does not change the conclusion that the TGF is produced in the beginning
of the lightning flash, especially if we consider that this event may be a timing chance coincidence given the
~1.4 ms delay of the optical pulse relative to the TGF, the active lightning cells outside MMIA FOV, and the
rarity of these events in the sample.

Based on the two different, but complementary approaches, where one approach makes use of a large TGF data
set with associated sferics, and the other approach makes use of a selected TGF data set with high resolution
optical measurements, we conclude that the TGF is produced in the beginning of a lightning flash.

4.2. Increased Lightning Activity After the TGF

It is evident in Figure 1 that we have a second peak of sferics between 150 and 750 ms after the TGF for all
TGF catalogs. This is much later than expected for sferics counted twice by lightning detection networks as this
happens on less than 100 ps scale, thus it must be a real physical feature of the flashes. After the first peak, at
the time of the TGF, the lightning activity decreases almost to background level before it increases again to a
local maximum around 400 ms, before it decreases again to the background level. We see that the second peak
is significant above 3¢ for both black and blue histograms for all space missions. This second peak was first
presented by Omar et al. (2014) and discussed in Smith et al. (2016) where it is speculated that the second peak
involves cases associated to a subsequent process in the IC flash where horizontal breakdowns occur coupling
new charge regions into the already established channel, so-called K-changes. To enhance the signal-to-noise
ratio of the second peak, the blue histograms in Figure 1 consist of only TGFs with a sferic match according to
Table 1, keeping only sferics within 20 km from the sferic match. Because we require a TGF-sferic match for
the blue histogram, the second peak is smaller because we remove TGFs without a sferic match that may have
sferics in the second peak. We must remember that a large fraction of TGFs does not have a detectable sferic
match (Connaughton et al., 2010, 2013; Lindanger et al., 2020). We can see from Figure 1 that this selection
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Figure 5. Optical data from the 777 nm photometer for 8 TGFs with lightning activity following the TGF. The TGF time is
at time = 0, and the y-axis is in ADC units.

strategy removes almost all the background therefore enhancing the signal-to-noise ratio of the second peak. This
is because most of the sferics producing the second peak are not located farther than 20 km from the sferic match.
At a resolution of less than 20 km we approach the global location accuracy of WWLLN and GLD360, and
from Figure 3 we can see that the 20 km radial distance from the TGF-sferic match is a conservative upper limit.
Thus, we conclude that the second peak is co-located with the first peak within the localization uncertainties of
the lightning detection networks meaning that the lightning discharges producing the second peak are co-located
with the production location of the TGF. Note that Figure 5 shows a wide variability of the lightning activity, as
observed in the optical bands, following the TGF, and that a second peak can only be seen on a larger sample of
TGFs as shown in Figure 1.

To investigate if all TGFs with a sferic match (blue histograms in Figure 1) also have a sferic contributing to the
second peak, we calculate the fraction of TGFs that also has one or more sferics in the second peak, between 150
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Table 2
Overview Over the Fraction of TGFs With a Sferic Match That Also Have Sferic Detections in the Second Peak
Instrument-network # TGFs with a sferic match and activity in 2nd peak Fraction relative to 1st peak
RHESSI-WWLLN 44 0.10
Fermi-WWLLN 118 0.12
AGILE-WWLLN 83 0.13
ASIM-WWLLN 41 0.18
ASIM-GLD360 243 0.51

Note. The fraction is calculated by dividing the second column by the last column in Table 1.

and 750 ms. The results are shown in Table 2 and reveal that on average 13% of the TGFs with a WWLLN-sferic
match also have sferic activity in the second peak. The fraction of TGFs with activity in second peak increases
from RHESSI to ASIM. This can be explained by the improvement of the detection efficiency of WWLLN
over time as the instruments are sorted from the oldest to newest time span of TGF detections. It is interesting
to note that comparing ASIM-WWLLN with ASIM-GLD360, 18% of the TGFs with WWLLN-sferic matches
have WWLLN detected sferics in the second peak, while 51% of the TGFs with GLD360-sferic matches have
GLD360-detected sferics in the second peak. This can be explained by the difference in detection efficiency and
sensitivity for the lightning detection networks. The median absolute peak current value, provided for GLD360
detections, for the first peak is 30 kA, and the median value for the second peak is 12 kA. As the strokes in the
second peak in general have smaller peak currents than the first peak, the strokes in the second peak are harder
to detect by lightning detection networks. This means that the detection of strokes in the second peak is strongly
dependent on the sensitivity of the detection network, that is, in the threshold peak current. This is a further
confirmation that when TGFs are compared to lightning data provided by lightning detection networks, the
results are heavily affected by the networks' detection efficiency and sensitivity.

Mailyan et al. (2020) report a median peak current of 82 kA for sferics simultaneous with the TGFs within
+200 ps, and a median peak current of 26 kA for sferics associated with the TGFs from 200 ps to 3.5 ms, before
and after the TGF. The median value of 30 kA in the first peak in Figure 1i consists of sferics +25 ms relative
to the TGF, therefore including non-simultaneous sferics, biasing the median value toward lower values. Due
to the timing uncertainty of ASIM, this study cannot reproduce the median peak current values from Mailyan
et al. (2020).

To check if the second peak is unique for TGF production, or just a common feature of lightning flashes, we did
a blind search in the GLD360 data for the first stroke in a lightning flash. The blind search data were downloaded
independent of ASIM TGF triggers. We defined the first stroke in a flash as the first sferic that had no other
detected sferics up to 2 s before within a radial distance of 800 km. This is done for randomly selected GLD360
data between +23° latitude identifying 167 300 flashes with a total of 515 399 detected strokes/sferics. We did the
same stacking analysis as we did for TGFs, stacking all sferics superposed at the time of the first lightning stroke.
The results are shown in Figure 6 where we plot the sferics within 20 km following the first stroke, not including
the first stroke itself, with the same time bin of 50 ms as used for Figure 1. The 20 km limit is applied to enhance
a possible second peak between 150 and 750 ms as evidenced in the analysis of the TGF sample. The four panels
have different thresholds on peak currents for the first stroke. The same analysis was also performed, with similar
results as GLD360, for WWLLN data without any selection on polarity and peak current, because these variables
are not available for WWLLN data. If the second peak is a general characteristic of +IC flashes, selection based
on polarity and peak current of the flash as reported by GLD360 are not adequate enough to identify the second
peak univocally in this sample.

As we could not identify a general second peak in the lightning data it seems that the second peak is not evident
for flashes in general, thus suggesting that the second peak is a characteristic feature of a significant fraction of
flashes that start with a TGF. Contrary to the blind search lightning flash sample (Figure 6), the TGF flashes
(Figure 1) show a sharp decay after the first stroke which is not evident in the blind search sample. This suggests
that those strokes with a TGF represent a large discharge and that it takes more than 150 ms before the electric
activity is reactivated.
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Figure 6. Histograms showing sferics within 20 km of the first stroke in a lightning flash. The first stroke is defined as the
first sferic within a radius of 800 km with no detected sferics up to 2 s before. The first stroke itself is not included in the plot.
The bin size is 50 ms. Each panel has a criterion, shown in the legend, on the peak current of the first stroke in the flash. The
uncertainty of the data points is +1 standard deviation assuming Poisson statistics.

5. Summary

The TGF catalogs of RHESSI, Fermi, AGILE, and ASIM, a total of over 5,000 TGFs with sferic data +4 s
within 500 km from the subsatellite point, are used to investigate the correlation between TGFs and sferics. The
temporally closest sferic to the TGF has been studied in detail before (Albrechtsen et al., 2019; Connaughton
et al., 2010, 2013; Lindanger et al., 2020; Marisaldi et al., 2015; Mezentsev et al., 2016; Bstgaard et al., 2015),
but the focus in these previous works was to find the temporally closest sferic associated to the TGF. In this study
we have taken into account all sferics temporally close to the TGF. The study supports the idea that the TGFs are
produced in the beginning of the lightning flash.

The conclusion is also supported by data from the ASIM instrumental suite, that provide a detailed high resolu-
tion data set combining TGF gamma-ray detection and optical lightning measurements. 98% (57 events out of 58)
of the TGFs, where we only have optical data from the TGF location, show no lightning activity before the TGF.
In the 98% sample, 26% have only one measured optical pulse and 74% have several optical pulses following the
TGF. For one event of the 58 TGF events there is flash activity prior to the TGF. However, we cannot rule out that
this event is a time coincidence and that the TGF is not associated with the optical signal.
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There is an excess of sferics detected 150-750 ms after the TGFs in agreement with Omar et al. (2014); Smith
et al. (2016). We term this excess of sferics the second peak. This study shows that in general the second peak
is co-located with the first peak within <20 km, meaning that the discharges producing the second peak are
co-located with the production location of the TGFs within the spatial uncertainties of the lightning detection
networks. For TGFs associated with WWLLN, on average 13% of the TGFs with a WWLLN-sferic match have
sferics in the second peak. For GLD360 and ASIM TGFs this fraction grows to 51%, showing that the presence or
not of sferics in the second peak is strongly dependent on the sensitivity of the lightning network. A blind search
in the lightning data, investigating if the second peak is a general property of lightning flashes, shows no evidence
of a second peak for various selections on peak current. This suggests that the second peak is a characteristic
feature for some lightning flashes that start with a TGF.
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Abstract

We present 221 Terrestrial Gamma-ray flashes (TGFs) and associated optical pulses ob-
served by the Atmosphere-Space Interactions Monitor on board the International Space
Station. The events were detected between the end of March 2019 and November 2020
and consist of X- and Gamma-ray energy detections, as well as photometer data (180-

230 nm, 337 nm and 777 nm) and optical camera data (337 nm and 777 nm). Using the
available ASIM data and applying a consistency check based on TGF characteristics and
lightning detections from lightning radio atmospherics close in time, we determine the
most likely position of the TGFs in relation to the photometer field of view (FoV), and
the association to the observed optical pulses. Out of the 221 events we find 72 events
where the TGF and optical data are determined to be associated and inside the photome-
ter FoV. Using the measured TGF durations and the time between the onsets of the TGFs
and optical pulses we find 1) That the TGF onsets are always before or at the same time
as the optical pulse onsets (taking into account cloud scattering). 2) A tendency for longer
duration TGFs to have longer delays between onsets. 3) Two groups of events, one where
the TGFs last longer than the delay between onsets, and one where there are long de-

lays between onsets, that can not be explained by cloud scattering.

1 Introduction

Terrestrial Gamma-ray Flashes (TGFs) are bursts of hard X- and gamma-rays pro-
duced via bremsstrahlung from runaway electrons accelerated in the electric fields of thun-
derstorms (Wilson, 1925; Gurevich et al., 1992; Moss et al., 2006; Dwyer, 2012). The TGFs

are reported to typically last a few tens, up to a few hundred microseconds, and have

individual photon energies up to ~40 MeV (Fishman et al., 1994; Smith et al., 2005; Marisaldi

et al., 2010; Briggs et al., 2013; Marisaldi et al., 2014). Analysis of the energy spectra
of TGFs and lightning radio atmospherics indicate that they are produced below 21 km
altitude, most likely between 10 and 15 km (Dwyer & Smith, 2005; Stanley et al., 2006;
Carlson et al., 2007; Xu et al., 2012; Cummer et al., 2014; Mailyan et al., 2016; Pu et
al., 2019; Lindanger et al., 2021). The underlying mechanism for creating the observed
TGF photon fluxes is still unclear. There are two leading models for explaining the ob-
served fluxes based on where and how the electrons are accelerated. Both theories build
on electrons being accelerated in electric fields that are strong enough to overcome the

friction force of the air, in what is called the runaway process (Wilson, 1925), before be-
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ing multiplied in a relativistic runaway electron avalanche (RREA) process (Gurevich

et al., 1992). In the first model, an electron flux is created in an avalanche process de-
veloping in the large-scale electric fields within the thunderclouds. Back-scattered X-rays
created by bremsstrahlung, and positrons created by pair-production, seed additional
electron avalanches in what is called a relativistic feedback mechanism (Dwyer, 2008).

In the other model the initial electron flux is created in small, intense, transient over-
lapping electric fields of streamers, lightning leader and thundercloud electric field. The
overlapping electric fields are strong enough to let electrons runaway, and then undergo
bremsstrahlung and produce X- and gamma-rays (Moss et al., 2006; Celestin & Pasko,
2011). These two models can also be at play simultaneously, as one does not exclude the

other.

TGFs were first reported by Fishman et al. (1994), using the Burst and Transient
Source Experiment (BATSE) on the Compton Gamma Ray Observatory. Since then many
observations of TGFs have been made, using mostly satellite-based (Smith et al., 2005;
Briggs et al., 2010; Marisaldi et al., 2010, 2014; Ostgaard, Neubert, et al., 2019), but also
aircraft (Smith et al., 2011; Bowers et al., 2018) and ground based instruments (Dwyer
et al., 2004, 2012; Hare et al., 2016; Abbasi et al., 2018; Wada et al., 2019). The Atmosphere-
Space Interactions Monitor (ASIM) is the first instrument specifically designed to ob-
serve TGFs, as well as transient luminous events. ASIM is mounted on the Columbus
module of the International Space Station (ISS), and has been gathering data since April
2018. ASIM has multiple detectors consisting of high and low energy X- and gamma-

ray detectors, photometers and optical cameras (Neubert et al., 2019).

Past studies using radio data have shown that TGFs likely occur during the early
phase of intracloud lightning (Lu et al., 2010; Shao et al., 2010; @stgaard et al., 2013,
2021; Pu et al., 2019). This is also shown in Lindanger et al. (2022) who used TGF de-
tections paired with optical measurements of lightning activity to show that TGFs are
produced during the initial phase of a lightning flash. The sequence of the TGF and op-
tical signal of the flash is still uncertain. @stgaard et al. (2013) were the first to report
simultaneous observation of a TGF and optical light from lightning. Using a TGF de-
tected by the Ramaty High Energy Solar Spectroscopic Imager (RHESSI) and optical
data from the Lightning Imaging Sensor (LIS) on board the Tropical Rainfall Measur-
ing Mission (TRMM) satellite, they conclude that the TGF was produced in the initial

stage of an intracloud (IC) lightning propagating upwards in the cloud. Gjesteland, @stgaard,
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Bitzer, and Christian (2017) re-investigated the TGF-optical sequence using two TGFs
detected by RHESSI and optical data from LIS, as well as lightning radio atmospher-

ics from the World Wide Lightning Location Network (WWLLN). However, due to the
uncertainties of the instruments (£1.6 ms) they could not determine the sequence of TGF
and optical signal of the flash. More recent observations from ASIM have shown that
the majority of TGFs occur before or at the onset of the optical emissions, given the un-
certainties in the measurements (Neubert et al., 2020; Ostgaard, Neubert, et al., 2019;
Heumesser et al., 2021). A relevant aspect in the determination of the sequence of the
TGF and optical emissions is the cloud scattering of the optical signals. Satellite detec-
tion of optical light from lightning including cloud effects such as scattering, has recently
been modelled (Luque et al., 2020; Peterson, 2020). The optical light emitted from light-
ning in different wavelength bands is associated with different processes in a lightning
flash, such as the hot channel of a lightning discharge, or streamer activity before the

discharge (Chanrion et al., 2019).

In this work we will investigate the temporal relationship between TGF's and op-
tical emissions from lightning. For this purpose we will use a set of TGFs with accom-
panying optical detections observed by ASIM. We start by investigating the sequence
of TGF and the main optical pulse (defined in section 3.6), which has been addressed
using ASIM before in @stgaard, Neubert, et al. (2019) and Heumesser et al. (2021). The
results of Dstgaard, Neubert, et al. (2019) were hampered by the relative timing accu-
racy (+80 ps) between the MXGS and MMIA instruments. In this paper we will use a
larger data sample from a later period, where the relative accuracy between the instru-
ments have been improved to +5 ps, and more sophisticated and accurate methodology.
Heumesser et al. (2021) also analysed TGFs and optical data observed by ASIM, and
concluded that the sequence of TGF-optical can not be addressed due to the uncertain-
ties in timing and the model they used. For this work we have carefully inspected each
event and applied a consistency check (outlined in Section 3), where we determine the
relationship of each detected TGF and optical pulse. For this purpose we inspected the
geolocation source of the radio atmospherics from the lightning discharges, together with
the optical detections of lightning and TGF characteristics to determine which of the ob-
served optical pulses are most likely associated with the TGFs. The events where the
TGF and optical pulse are found to be associated will then be used to investigate the

sequence of the TGF and optical pulse, as well as the relationship between TGF dura-
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tions and the time delay between TGF and the onset of the optical pulse, to help un-

derstanding the processes involved and sequence of events.

2 Instruments and Data

The ASIM payload (Neubert et al., 2019) on board the ISS consists of two main
instruments: the Modular Multi-spectral Imaging Array (MMIA) and the Modular X-
and Gamma-ray Sensor (MXGS). The MMIA (Chanrion et al., 2019) consists of three
photometers and two cameras, which are tilted 5 degrees upwards from nadir (toward
starboard of ISS) to avoid potential obstructions from payloads on the bottom of the mount-
ing platform. The photometers operate in 180-230 nm (UV), 337 nm (blue) with a 4 nm
bandwidth, 777.4 nm (red) with a 5 nm bandwidth bands and have a sample rate of 100
kHz. The two optical cameras capture up to 12 frames per second, operate in the 337
and 777 nm bands, and have a 400 x 400 m resolution at nadir. Both the 337 nm and
777 nm photometers and cameras have a square field of view (FoV) (80° diagonal), while
the UV photometer have a circular FoV (80° diameter). As we are only using the 777
nm and 337 nm band in this study we will refer to the square FoV as MMIA FoV through-
out this paper. To prevent damage by sunlight, the MMIA instrument is only active dur-
ing night time. The MXGS (@Dstgaard, Balling, et al., 2019) consists of a high and low
energy detector. The high-energy detector (HED) is always active while outside the South
Atlantic Anomaly, detects energies between 300 keV to 30 MeV, and has a time reso-
lution of 28.7 ns. The low energy detector (LED) is only active during night, due to op-
tical photon contamination during day time, detects energies between ~50 to 400 keV,
and has a resolution of 1 ps. The ASIM instrument includes a cross triggering system
between MXGS and MMIA| such that if either instrument triggers data from both will
be kept for a period of ~2 seconds, centred on the trigger time. The relative timing ac-
curacy between the MXGS and MMIA instrument was £80 ps until a software update
in April 2019, which reduced it to 5 ps. Due to a non-optimal timing interface between
the ISS and the ASIM instrument, the absolute timing accuracy is found to be ~ —10
to 440 ms (determined using lightning detection location from lightning radio atmospher-
ics). This timing accuracy can be improved for some events by using lightning detections

together with optical data, to reduce the absolute timing accuracy to +1 ms.

Lightning Radio atmospherics used in this work is provided by Vaisala’s Global Light-

ning Detection Network (GLD360), and give us mainly time and location data of light-
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ning flashes. GLD360 is a ground-based very-low-frequency (VLF) and lower part of low-
frequency (LF) radio lightning detection network which employs Time of Arrival and Mag-
netic Direction Finding at each sensor, to determine the location of individual lightning
discharges. The expected GLD360 detection efficiency is ~75-85% for cloud-to-ground
flashes, ~40-50% for intracloud pulses (IC), with a ~2-6 km uncertainty in median lo-

cation accuracy (Demetriades et al., 2010; Said & Murphy, 2016).

3 Methodology

Between end of March 2019 and November 2020 we have observed 221 TGFs, where
also optical data from MMIA are available with a relative timing accuracy of +5 ps. To
determine the association between the TGF's and the optical pulses we investigated the
photometer data in three main steps. 1) We search for an optical pulse in the 337 and
777 nm optical band within 5 ms of the TGF. If there is no optical pulse the TGF is most
likely outside the MMIA FoV and we exclude the event. 2) For the remaining events the
MMIA FoV is determined and the surrounding lightning activity within 15 minutes of
the TGF is investigated to determine a possible location of the TGF. 3) A consistency
check is performed (as outlined in section 3.3) using the surrounding lightning activity,
camera images (83.3 ms resolution) and TGF characteristics, such as number of counts

and their energies.

3.1 MMIA Field of View

To determine the square MMIA photometer FoV we first interpolate the ISS foot-
point at the time of the TGF, using the closest ISS locations before and after the TGF,
as well as the ISS velocity and the difference in time between the TGF detection and the
two points. From the ISS foot-point we map out the 337 and 777 nm photometer FoV,
which is a square with 80° diagonal for both photometers (Chanrion et al., 2019), with
the sides going along and across the ISS direction of travel (X and Y in Figure 1). This
is done by using 8 points, namely the 4 corners of the square and points at the middle
of each side. These 8 points are then shifted using yaw, roll and pitch angles of the ISS
at the time of the TGF, as well as the 5 degree tilt in the roll direction, as illustrated
in Figure 1. The photometer FoV was compared with coastline camera images, acquired

specifically to optimise the pointing accuracy. The difference in the determined FoV and
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coastal camera images were found to be at most ~20 km, which is acceptable for the pur-

poses of this study.

ISS Footpoint

ISS starboard
)

ISS velocity
® 1) Yaw direction (X)

2) Tilt and Roll

Figure 1. [Illustration of how to determine the corner-point of the MMIA FoV projected from
the ISS to ground level on Earth in 3 steps. 1) Rotation due to ISS yaw angle (+Z-direction), 2)
move according to roll angle and the 5 degree tilt of the MMIA instrument in the roll direction

(£Y-direction). 3) move according to the pitch angle (£X-direction)

3.2 Lightning detections

Using the location data from lightning radio atmospherics (detected by GLD360)
in the surrounding area from within +1000 seconds we get 3 different scenarios. 1) All
lightning activity is outside the MMIA FoV, meaning the TGF is most likely from out-
side the FoV. 2) All lightning activity is inside the MMIA FoV, meaning the TGF is most
likely from inside the FoV. 3) There is lightning activity both inside and outside the MMIA
FoV. For all of these groups of events we apply the consistency check (see section 3.3),
where the lightning activity is used together with 1) TGFs individual photon energies

and fluence and 2) camera images.

The GLD360 detections are also used to improve the absolute timing accuracy of
ASIM, which is found to be —10 to +40 ms before improvement. For many of the events

we can improve the absolute timing of ASIM by time alignment of the measured opti-
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cal pulses and GLD360 detections. This is done by first finding the ISS time of the GLD360
detections, by adding the lights travel time from source to the ISS, to the given GLD360
detection time. We then use multiple triggers of MMIA data (up to three, consisting of

the trigger containing the TGF and one trigger before and after the trigger containing

the TGF) to align as many optical pulse peaks as possible to the GLD360 detections.

A minimum of two alignments is required, with a minimum of one optical pulse aligned

from the MMIA trigger containing the TGF.

Aligning the GLD360 detections to the optical pulse peaks is practical, although
this approach does not take into account the time delay due to light scattering through
the clouds. However, given the typical rise times of the optical pulses, this is well within
the error of the method. The lightning detection locations and camera images are then
checked for consistency. Using this technique we can get the absolute timing accuracy
between MMIA and the GLD360 detections down to £1 ms. This method of improv-
ing absolute timing accuracy has already been implemented in Maiorana et al. (2021),
Lindanger et al. (2022), and independently developed and applied in Heumesser et al.
(2021). Using the method outlined here we found 95 alignments for the total sample of

events.

3.3 Consistency check

A consistency check is performed to determine if the TGFs are likely to be within
the MMIA FoV and have an association with the optical pulses. For this purpose we use
the TGF fluence and individual photon energies, and compare to optical camera and light-
ning activity. For the consistency check we consider a TGF emission half-cone of 30-40°
without tilt. The TGF fluence is expected to be reduced as the distance between the TGF
and ISS-footpoint increases. This is due to the scattering of photons in the atmosphere
and the increasing distance (1/R2 effect). Furthermore, we expect TGFs observed within
the production cone to have more high energy (above energy channel 1000, which is ap-
proximately 10 MeV) counts than the TGFs from outside the production cone. For TGFs
observed outside the initial production cone the photons will have undergone Compton
scattering and have reduced energies (Carlson et al., 2007; Gjesteland et al., 2011; Lin-
danger et al., 2021). This means the TGFs with no or very few counts with high ener-
gies are more likely to be produced outside the MMIA FoV, because the half-cone an-
gle (30-40°) is similar to the MMIA FoV (diagonal angle of 40°). We also investigate the
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lightning activity surrounding the TGF and check for a GLD360 detection associated

to the TGF and optical pulse. If such a pulse is found we compare the location of the
GLD360 detection to the optical camera, as well as the TGF characteristics. We do not
use any of these assumptions as hard limitations, but as an indicator to differentiate TGF's

inside the MMIA FoV from those outside the MMIA FoV.

3.4 Event examples

Following are examples that show events where the consistency check is used to help

determine the TGF-optical pulse association.

Figure 2 shows an example of an event where we have determined that the TGF
and optical pulse is associated. For this event enough GLD360 detections could be aligned
with optical pulses so that the total timing accuracy was reduced to +1 ms. As seen panel
e) of the figure, most lightning activity is inside the MMIA FoV, with multiple lightning
detections within 1 second of the TGF clustered at the same area. The magenta stars
show the GLD360 detections within one second of the TGF time, with the green star
showing the GLD360 detection found to be aligned in time to the optical pulse. No other
GLD360 detections were found to be within the —10 to +40 ms window (blue stars), cor-
responding to the total timing accuracy of ASIM. The camera images (f and g) support
that the optical pulses come from the same location as the GLD360 detections. Panel
a) shows the counts, with energies from the HED. The TGF has a hard spectrum (5 counts
above channel 1000) with many counts (97) in a short time interval (~100 ps), which
is consistent with a TGF within a small radial distance ~200-300 km to the ISS foot-
point, ie. within the MMIA FoV. ISS is moving eastward and the camera images have
Y-axis along the path and X-axis towards starboard. This all indicates that the TGF

is from within the MMIA FoV, and associated to the observed optical pulse.

Figure 3 shows another example of an event where the TGF is determined to be
within the MMIA FoV. For this event there is only lightning activity within the MMIA
FoV. There were not enough GLD360 detections to improve the timing accuracy for this
event. Two GLD360 detections are seen inside the MMIA FoV within the minimum and
maximum of the absolute timing correction (blue stars). One of the detections is most
likely an ionospheric reflection, considering the time, distance and peak currents (oppo-

site but similar magnitude). This is also supported by the camera images, where only
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one active area is seen. An ELVE (Emission of Light and Very Low Frequency pertur-
bations due to Electromagnetic Pulse Sources) event is observed (UV pulse starting at
0 ps) at the same time as the TGF. Thirteen such ELVEs were found in this dataset,

these events are also a part of the data set analysed and presented in Bjgrge-Engeland

et al. (2022).

A total of 72 events were found, where we could determine an association between
the TGF and the optical pulse such as the events shown in Figures 2 and 3. 45 absolute
timing corrections were determined for these 72 events, where 33 ended up with a GLD360

detection aligned with the optical pulse associated to the TGFs.

Figure 4 shows an event for which we have determined that the TGF is not from
within the MMIA FoV, and therefore the observed optical pulse is not associated with
the TGF. The lightning activity map (e) shows there are many centres of activity out-
side the MMIA FoV, but no lightning activity within 1 second of the TGF (magenta,
blue or green stars). The camera images (f-g) show that the optical pulses come from
a location close to the ISS foot-point. The TGF (a) is found to be long, with relatively
few counts in HED (19) and only one count above energy channel 1000. The TGF char-
acteristics in this instance do not match our expectations of a TGF found inside the MMIA
FoV and close to the ISS foot-point. In this case it is likely that the TGF is produced
in one of the active areas outside the FoV and is not associated with the optical pulses
we observe. We found 57 events of this type, where the TGF is most likely outside the

FoV, and consequently not included in our study.

The last group of events are the 88 events excluded in the beginning where we have
no association, as there is no observed optical pulse within +5 ms of the TGF. Figure
5 shows one of these events, with no lightning activity within the MMIA FoV as further
support. Some lightning activity is observed within 1 second of the TGF just outside the
MMIA FoV, shown as the 3 magenta stars. The TGF has few counts, with energies be-

low channel 300, which is consistent with being produced outside the MMIA FoV.

For four events there are difficulties in determining optical pulse onset, or TGF as-
sociation to the optical pulse. This is due to there either being multiple TGFs within
the 5 ms time window, but only 1 optical pulse, or difficulties identifying the pre-activity
and determining the onset of the optical pulse. As we do not want to make assumption

on which TGF is associated to the optical pulse, or what is pre-activity and main op-

10
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tical pulse, we decided to exclude these events going forward. Table 1 shows a summary

of the number of events in each category.

Table 1. Summary of events

Inside FoV (# time alignments) Most likely outside FoV  No optical pulse Non-determinable

72 (45) 57 88 4

3.5 TGF durations

The TGF durations were determined using an algorithm to find a “core duration®

defined as the shortest time interval which includes 90% of the counts (tcoreg0). The al-
gorithm works by first binning the counts around TGF time into 40 ps bins, and select-
ing the bin with the most counts as a starting point. Thereafter we go backwards and
include any count that is within 100 ps of the previously included count. The first pho-
ton of the TGF is then found where there is more than 100 ps between the current count
and the one before it. This same approach is also applied from the starting position and
forwards in time, to find the end of the TGF. A sliding window is then used to find the
shortest duration that contains 90% of the counts (rounded up) between the start and
end counts. As this method runs the risk of including cosmic showers and solar protons
we perform a manual inspection of the events for the purpose of removing these counts.
To determine the uncertainties in TGF t.ore90 durations we chose to add the closest count
in time before and after the determined TGF counts in the method outlined above (these
counts will be more than 100 ps before/after the first/last count). We then determine
the teorego duration of this sample and use the difference in duration compared to the

original feorego as the uncertainty.

3.6 Optical pulse onsets

To determine the onset of the optical pulse we determined several separate linear
fits to different parts of the optical pulse. We used the intersects of linear fits of the sharpest
rise in the optical pulse and the activity before this rise. To make these fits we mainly
used the 777 nm light curves, but for some events a good fit could not be made to the
777 nm light curves, so the 337 nm light curves were used instead. The red light (777

m) is preferred as it is thought to be mainly associated to atomic oxygen (OI) which
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may only exist (after dissociation of O2) in the heated lightning leader channel (Chanrion
et al., 2019), whereas the blue light (337 nm) is associated to the streamer activity, namely
N; second positive band group radiation caused by excitation by supra-thermal electrons.

The 337 band might also detect some UV emissions, such as from ELVEs.

For each event we separate the optical pulse activity into pre-activity and main rise
(sharpest increase). One linear fit was made for the sharpest rise of the optical pulse,
while we use 3 fits for the pre-activity. The pre-activity is thought to be optical emis-
sions from the propagating lightning leader (Qstgaard, Neubert, et al., 2019), and can
be seen in Figure 6 as the relatively slow increase after —1000 ps and until ~+100 ps.
For some cases we found it necessary to make two fits to the sharpest increase part, as
the pulse was irregular with a separate increase between the sharpest increase and the
pre-activity. The average of the intersects between the main rise fit lines and the mul-
tiple pre-activity fit lines is used as the optical onset time, with the difference between
the minimum and maximum times of these intersects used to define the uncertainties.
The uncertainties range from 1 ps to ~100 ps, with an average of 13 ps. Figure 6 shows
an event where we have determined 4 linear fits. The solid coloured lines show the dif-
ferent linear fits: blue for the sharpest increase in the optical pulse, magenta, red and
green for different segments of pre-activity. The coloured dots show the start and end
of the data used in the fit. The dotted lines show the intersects from the fits of the pre-
activity to that of the sharpest increase. As seen in the figure, the pre-activity has a lin-
ear trend, but can be broken into 3 parts for this particular event. The magenta line shows
the total pre-activity, while the green line uses the data points at what appears to be
a plateau in the pre-activity. Lastly, the red line used the data points in the last part
of the pre-activity where we have a steeper increase than for the previous parts of the

pre-activity.

4 Results and discussion

During the period between end of March 2019 and November 2020, 221 events were
detected with both MMIA and MXGS data. From these events 83 had no optical pulse
within £5 ms of the TGFs. Using the method outlined in section 3 we determined that
for 72 of the events the TGF's are inside the MMIA FoV, and associated to the observed
optical signal. Using the lightning radio atmospherics from GLD360 we find that the ab-

solute timing can be improved for 95 of the 221 events, which includes 45 timing cor-

—16—



342

343

347

356

367

368

369

150 Onset times:
Green: 103 ps
Magenta: 91 ps

Red: 116 us
1
g 100
O 11
> d
=< i
g i
=] "
N~ i
D~ H
b i
s :
g 50 i
P h
|
“‘;' I
u‘l'J'""V ;
WA |
A"
N
0 AV i
-1500 -1000 -500 0 500 1000 1500 2000

Time [ps]

Figure 6. Example of optical pulse onset determination. The solid coloured lines show the
different linear fits: green, purple and red lines show fits for different parts of the pre-activity
data, while the blue line shows a fit to the sharpest increase of the optical pulse. The dots on
the fit lines represent the start and end of the data used in the fitting. The dotted lines represent
the intersects between the pre-activity fits (green, purple and red) and the fit for the sharpest

increase.

rections for the events where TGF's are determined to most likely be inside the MMIA
FoV. The mean timing correction was found to be ~ +14 ms, varying from —11.5 ms

to +40 ms.

Using the TGF tcoregp durations and the delay between onsets we plot the relation-
ship between the two in panel a) of figure 7. The blue and pink dots show this relation-
ship, where blue dots have the optical onset determined from 777 nm, and the pink dots

have optical onsets determined from 337 nm. The TGFs showing large uncertainties in
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Figure 7. a) Plot showing the difference in TGF and optical onset times compared to TGF
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mined from the 777 nm optical pulse, and the pink dots show the events where onsets were de-
termined from the 337 nm optical pulse. Green arrows refer to events that are shown in separate
Figures. The dotted red line shows the maximum expected optical delay due to cloud scattering,
of 200 ps, and the dotted blue line shows the expected value (~100 ps). b) TGF tcoreoo durations
in 10 logarithmic bins. c¢) Histogram of 10 logarithmic bins showing determined delays between

TGF and optical signal.

duration have typically low number of counts, for which our method of determining the
TGF duration is less robust. The expected delay of the observed optical onsets due to

scatting in the cloud was modelled by Luque et al. (2020). Using a uniform cloud with
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typical value for particle radius of 10 pm and particle density of 100 cm ™2 the delay of
the 777 pulse would be 100 ps for a 6 km thick cloud, and 200 ps for 8.5 km thick cloud.
Considering a cloud-top of 15 km, a delay of up to 100 ps seems realistic, with expec-
tations that TGFs from these altitudes (above 9 km) are easily observable. A 200 ps de-
lay due to a 8.5 km thick cloud would place the source very deep in the cloud (~6.5 km),
making it more difficult to observe all but the most powerful TGFs. 200 s is therefore
used as an upper limit of delay due to scattering. Figure 7a shows the lines correspond-
ing to these two cloud scattering delays added to the TGF durations (dotted red and
blue lines). The plot shows a tendency for longer-duration TGFs to have longer opti-

cal delays.

Panel c) of the figure shows the distribution of the optical onset delays with respect
to the TGF tcoreg0 start time. The delays are calculated as the duration from the first
photon of the TGF tcore90 duration and the onset of the main optical pulse. The data
is binned to 10 logarithmic bins. The median determined delay between onsets is 190
s, with only 9 events having delays over ~500 ps. None of the events are observed to
have a negative delay, that is, there are no observed events where the optical pulse on-
set precedes the onset of the TGF. This has been ambiguous in previous work with ASIM
data, but has been improved here due to the new and larger sample of events with bet-
ter relative timing accuracy and our method of determining that the location of TGFs
are inside the MMIA FoV and association to optical pulses. The sequence of events pre-
sented here support the sequence presented in @stgaard, Neubert, et al. (2019). Our de-
termined delay between onsets are a bit different to what has previously been reported

using ASIM data. Heumesser et al. (2021) use ASIM data from between June 2018 and

October 2019 to determine characteristics of the optical pulses associated to TGFs. Heumesser

et al. (2021) shows in figure 3, panel (a), events with negative delays, with a mean source
time of —10 ps and outliers with more than 4 ms delays. We have shown in this work,
using the methods outlined that there are no negative values between onsets, albeit with

a different methodology and somewhat different data set (we only use ASIM data from
after end of March 2019, when the MXGS-MMIA uncertainty was reduced to £5 ps).
However, like Heumesser et al. (2021) we see the same trend with the majority of events
having less than ~2-300 ps delays between onsets and a similar group of outliers at around

~800-1200 ps.
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Panel b) in Figure 7 shows the TGF tcoreg0 durations of the 72 events within MMIA
FoV, binned to 10 logarithmic bins. The average TGF t.oreg0 duration is found to be ~140
ps for the full sample of 221 TGFs, with the TGFs inside the MMIA FoV (72 TGF's) hav-
ing a mean of ~100 ps and median of 66 ps, which is similar to previously reported ASIM

detected TGFs by Ostgaard, Neubert, et al. (2019).

All events are found to have the optical signal after the TGF onset, with the events
below the dotted blue line (100 ps scattering delay) being consistent with optical emis-
sions produced simultaneously with the TGF (taking into account typical delay due to
cloud scattering and uncertainties). There are 37 events (~51%) which are below the 100
ps delay line (dotted blue), meaning the TGF and the source of the optical pulse could
be simultaneous. 15 events (~21%) are above the 200 ps delay line, where the delay of
the observed optical pulses can not be explained by scattering from the cloud alone. 20
events (~28%) are between the two delay lines, which means that we can not rule out
that the TGFs and sources of the optical pulses are simultaneous. However, we think
it is unlikely that so many powerful TGF's are detected from so deep in the cloud. The
next subsections will discuss the events that are below the 100 ps delay line (dotted blue),

and the events above the 200 ps delay line (dotted red).

4.1 Events where optical onset delay is less than 100 ps

In 7a there are 37 events (~51%) where the delay is less than 100 ps, meaning that
the TGF and the source of the optical pulse could be simultaneous, when a more real-
istic delay due to scattering in the cloud is taken into account. For many short TGFs
it is difficult to firmly establish whether the TGF's end before the onset of the optical
pulse or not, due to the uncertainties of the method. For some events with longer du-
ration the TGF's appear to be continuing after the onset of the optical pulse, suggest-
ing that the conditions for producing runaway electrons as well as X- and gamma-rays
(electric field, voltage drop and seed particles) could still exist after the current through
the leader channel occurs. However, most of these events have very weak optical signa-
tures, and we can therefore not make a strong statement based on these outliers. Fig-
ure 8 shows one of these events (marked in figure 7 with a green arrow). Panel a) shows
the HED and LED detections, with the dotted magenta line showing the first photon of
the TGF tcorego duration. The 3 lower panels (b-d) show the photometer data from 337

nm, 777 nm and 180-230 nm. The dotted magenta line in the 777 nm panel shows the
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average onset determined from the method described in section 3.6. As seen in Figure

8 the TGF is not over at the time of the optical pulse onset. The HED counts (black dots)
found after the optical pulse onsets are also high energy, so that they can not be said

to be Compton scattered photons (which can be seen in LED, after the end of the black
dots). This means that the TGF is still ongoing at the onset of the optical pulse, mean-
ing the large electric field needed for TGF production is still in place when the current

surge responsible for the optical pulse starts.

4.2 Events where optical onset delay is by more than 200 ps

In Figure 7 there are 15 (~21%) events that are above the 200 ps delay line (dot-
ted red). This means that the conditions for TGF production are no longer present, and
a time interval (few hundreds up to a thousand microseconds) before the leader current
occur is observed. Figure 9 shows one of these 15 events, where panel a) shows the HED
and LED counts of the TGF, and the 3 lower panels (b-d) show the photometer data for
337 nm, 777 nm and 180-230 nm. The dotted magenta lines show the onset of the TGF
teoreoo (2) and optical pulse (¢), and a ~1 ms delay between the two can be seen. There

is ~600 ps from the end of the TGF to the onset of the optical pulse.

The connection between TGF and the leader current is a complex problem. This
study shows that TGFs start before or simultaneous with the optical onset source. The
study also shows that there is a group of events where the TGFs end (~21%) before the

leader current occurs.

5 Summary of results

Based on the 72 events where we have optical pulses associated with TGFs, we find

the following:

« All events have TGF onsets before the onset of the optical pulses
e 37 (~51%) of the events are below the 100 ps delay line, and therefore have TGF
onsets before or simultaneous with the onset of the optical pulse, taking into ac-

count the light scattering in the cloud

— Some of these events could have TGFs ending after the onset of the optical pulse
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Figure 8. Plot showing the detection of a TGF that continues after the onset of the optical
pulse. a) shows the HED and LED counts given in energy channels. The dotted magenta line
shows the first photon of the TGF tcoreoo duration. Panels b-d) show the photometer data of 337
nm, 777 nm and 180-230 nm respectively. The dotted magenta line in the panel ¢) shows the

determined onset of the optical pulse.

e 15 (~21%) of the events (above the 200 ps delay line) have longer delays than can
be explained by cloud scattering, which means that the TGF's end before the leader

current occurs
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of TGF and optical pulse. a) shows
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Time [ps]
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Plot showing the detection of a TGF that has an unusual long delay between onset

the HED and LED counts given in energy channels. The

dotted magenta line shows the first photon of the TGF tcoreoo duration. Panels b-d) show the

photometer data of 337 nm, 777 nm and 180-230 nm respectively. The dotted magenta line in

panel ¢) shows the determined onset of the optical pulse.

* 20 (~28%) of the events are between the two delay lines, these events are com-

patible with TGF onsets before or simultaneous with the onset of the optical pulse,

taking into account a 200 ps delay due to light scattering in the cloud

* Longer duration TGFs tend to have longer delays between the onset of TGF and

the optical pulse
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