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Abstract

Long-range networks for lightning detection and location are affected by sky-
waves. The electromagnetic waves emitted by lightning discharges propagate
in the earth-ionosphere waveguide to large distances, reflected by the Earth
and lower ionosphere conductivity. This PhD aims to provide a novel solution
to mitigate skywave interference in long-range networks using simulations with
recorded waveforms of lightning discharges, named ‘atmospherics’ or ‘sferics’.
Traditional long-range lightning detection and location networks use the time of
arrival (TOA) technique to determine a single lightning location. This work uses
simulations to develop an interferometric method that maps lightning locations
into an area by mitigating skywave interference. To achieve this aim, lightning
sferic amplitudes and coherencies are used to calculate waveform banks that form
the basis for the simulations. Coherency is a short name for the phase coherency
of complex analytic signals. The simulations with the interferometric method
using the coherency in a long-range network work generally well. It is found
that the coherency waveform bank exhibits a similar number of skywave arrivals
and less attenuated ground waves when compared to the amplitude waveform
bank. The coherency is quantitatively studied for lightning events and back-
ground noise for comparison. It is found that the coherency ratio between the
lightning event and background noise increases with the event number. This ra-
tio becomes approximately constant when the event number reaches 100. The
interferometric method maps lightning events into an area with maximum co-
herency. The lightning waveforms are filtered by the inverse impulse response of
the waveform from the amplitude waveform bank to remove the skywave. Then
the filtered waveforms are used to simulate the interferometric method, which
exhibits only one maximum area. The maximum coherency of this area is 0.7,
while the expected coherency from the theoretical calculation is 0.6. The im-
proved understanding of lightning skywaves is subsequently used to calculate
the height of one particular lightning discharge and the corresponding reflection
height of the lower ionosphere. This lightning discharge caused a ‘blue discharge’

near the top of a thundercloud, i.e., a Transient Luminous Event (TLE) recorded



from space at blue wavelengths. The altitude of the blue discharge event is esti-
mated to occur between 16.0-18.8 km in height. The corresponding ionospheric
height is inferred to be 95.0 ( 0.5) km by combining two wave propagation mod-
els. The arrival times of skywaves from other lightning discharges in the same
storm validate the ionospheric height to be  93.4 ( 0.6) km. The interferometric
method can be further investigated with lightning data collected during various
ionospheric scenarios and geographic locations, potentially leading to a real-time
lightning location using long-range interferometry. In addition, the altitude of
lightning discharges could also be calculated to determine the lightning location

in a three-dimensional long-range system with the interferometric method.
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Chapter 1

Introduction

1.1 Background

Lightning can instantly release energy on the order of GJs as a strong discharge
phenomenon (Rakov and Uman, 2003). Based on its ability to produce organic
molecules, its existence dates back to the appearance of humans (Oparin, 1957).
Another evidence supporting the existence of lightning throughout history is the
presence of written accounts documenting lightning occurrences around the world

during various periods. (Prinz, 1977).

Cloud lightning (IC) and Cloud-to-Ground lightning (CG) are two distinct types
of lightning. Although the proportions of these types can vary significantly from
one storm to another, cloud lightning is responsible for most lightning discharges,
ie., 75%.

CG flashes are more dangerous and can significantly impact human life than
cloud lightning (Betz et al., 2009; Fiser et al., 2010). The peak current of CG
has been studied for lightning protection (Visacro, 2004; Chowdhuri et al., 2005;
Takami and Okabe, 2007; Schulz et al., 2016). Because of the high peak cur-
rent and continuous current of up to thousands of amperes with a duration of
tens of milliseconds, it can cause fires, power outages, and casualties (Ritenour
et al., 2008; Elsom and Webb, 2014). According to TORRO’s UK Lightning Ca-

sualty Database, there was an average annual injury and death toll of 49 and 3,



respectively, between 1993 and 1999 (Elsom, 2001).

CG lightning can fall into four types: downward negative lightning, downward
positive lightning, upward negative lightning, and upward positive lightning. Up-
ward lightning strikes only occur at very high geographic locations (Rakov and
Uman, 2003). Negative CG accounts for  90% of the total CG, and this ratio
depends on the geographic location of the lightning strike (Orville et al., 2011).
There are three steps in the CG lightning discharge process (Figure 1-1). The
downward negative lightning strike is used to illustrate the discharge process.
Initially, the stepped leader moves from the cloud to the ground, leaving negative
charges behind to form a conductive pathway between the cloud and the ground.
The first return stroke, with a peak current of 30 kA (Rakov and Uman, 2003),
returns to the cloud and neutralizes the negative charge along the created path.
The whole process mentioned above is repeated several times to be called dart-
leader-return-stoke sequences. Afterwards, a continuous current will flow in the
conducting channel for hundreds of milliseconds as a second step. Finally, the M
component with a peak current of 100-200 A will appear in this channel. Some
significant M components may have peak currents of several KA (Flache et al.,
2008; Qie et al., 2011). The incidence of positive CG is extremely low compared
to negative CG. However, it is still a relatively dangerous type due to its longer

peak current time and greater intensity.
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Figure 1-1: Lightning discharge process (Rakov and Uman, 2003).

1.2 Aims and Objectives

The Time of Arrival (TOA) technique is typically employed in long-range light-
ning detection and location networks, utilizing Low Frequency (LF) radio wave
recordings. Conversely, the interferometric method investigating the lightning
structure is more commonly applied in short baseline systems using the Very
High Frequency (VHF) band. However, this work introduces a novel approach
where the interferometric method is studied for the first time in a long-range
network utilizing the LF band with complex analysis. The skywave considerably
interferes with the ground wave for long-range networks, especially at night. This
work aims to mitigate skywave interference by studying radio wave propagation
and lightning sferics with the waveform bank. The knowledge of the skywave is

also used to determine the lightning event altitude and the ionospheric height.
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1.3 Outline of Thesis

This thesis adopts an alternative format that incorporates publications, and its

chapter layout is organized as follows:

Chapter 2 The relevant literature on long-range lightning detection and loca-
tion is presented in this chapter. The discussion begins with an explanation of
long-range lightning propagation, then exploring various location methodologies
specific to different frequency components. Additionally, an overview is provided
on Transient Luminous Events (TLEs) and the ASIM mission, which are directly

relevant to the investigation of the blue discharge event discussed in Chapter 6.

Chapter 3 In this chapter, the methodologies employed in this PhD work are
elucidated. The focus is on the device utilized for lightning data collection and
the corresponding fieldwork experience. Furthermore, the chapter delves into the
complex analysis of lightning sferics and the accessibility of data for lightning

information.

Chapter 4 This chapter provides a comprehensive introduction to complex anal-
ysis, focusing on comparing the coherency and amplitude of lightning sferics
through waveform bank calculations. The investigation extends to studying sky-
waves in both amplitude and coherency waveform banks. These analyses serve as
essential groundwork for the subsequent simulations of the long-range interfero-

metric method, which are detailed in Chapter 5. This work has been published:

‘Bai, X., Fiillekrug, M. (2022). Coherency of lightning sferics. Radio Science, 57,
¢2021RS007347. https://doi.org/10.1029/2021RS007347".

Chapter 5 This chapter focuses on the simulations conducted for the interfer-
ometric method in long-range lightning detection and location networks. The
primary objective of this work is to explore the novel approach of utilizing co-
herency data from complex analysis to expand the usage of data and effectively
map the lightning occurrences within a given area. By employing this innovative
technique, the chapter aims to demonstrate the potential of the interferomet-
ric method in enhancing the accuracy and efficiency of lightning detection and

location. This work has been published:

12



'Bai X, Fiillekrug M. Long-Range Lightning Interferometry Using Coherency.
Remote Sensing. 2023; 15(7):1950. https://doi.org/10.3390/rs15071950".

Chapter 6 This chapter investigates height determination methods for a blue
discharge event using various approaches. Given the emphasis of this PhD project
on radio wave data analysis, the chapter delves explicitly into the study of event
height and ionospheric height. One method of determination is based on the
electric field recordings, and it is the PhD student who analyzes to examine and

interpret the results. This work has been published:

'Bai, X., Fiillekrug, M., Chanrion, O., Soula, S., Peverell, A., Mashao, D., et al.
(2023). Height determination of a blue discharge observed by ASIM/MMIA on
the International Space Station. Journal of Geophysical Research: Atmospheres,
128, €2022JD037460. https://doi.org/10.1029/2022JD037460’.

Chapter 7 In this chapter, a comprehensive summary of all the results obtained
throughout this PhD project is presented. The chapter highlights the key find-
ings, observations, and conclusions from the research. Additionally, potential
avenues for future work and further exploration are proposed, providing insights

into potential areas for continued investigation in the field.

13



Chapter 2

Lightning and TLEs

This chapter overviews the general backgrounds relevant to this PhD project.
The introduction covers fundamental aspects such as lightning propagation, var-
ious methods employed for lightning detection and location across different fre-
quency bands, and briefly mentions Transient Luminous Events (TLEs) in the
upper atmosphere, specifically focusing on blue luminous events. Furthermore,
the chapter briefly introduces the ASIM project associated with studying these

atmospheric phenomena.

2.1 Lightning Propagation

In this section, the literature on the Earth-ionosphere waveguide is initially pre-
sented, establishing the groundwork for the theory of long-range lightning propa-
gation. This literature contributes to comprehending the reflection waves, known
as skywaves, generated by lightning. Gained insights from this body of knowl-
edge serve as a valuable foundation for the research detailed in Chapters 4 and
5. Subsequently, the literature on ionospheric height determination is explored,

providing essential background for the study presented in Chapter 6.

2.1.1 The Earth-lonosphere Waveguide

The Earth-ionosphere waveguide is a natural waveguide formed by the ionosphere
( 10 *Sm ' 10 2 Sm ') and the Earth’s ground ( 10 2 Sm 1), which

14



has large conductivity boundaries. At the same time, the atmosphere shows a
much lower conductivity. Radio atmospheric signals from lightning discharges,
known as ”sferics,” short for "atmospherics,” travel along the Earth-ionosphere
waveguide (Crombie, 1965; Magunia, 1996; Schlegel and Fiillekrug, 1999; Stuchly,
1999; Silber et al., 2015). These radio waves cover the frequency spectrum from

1 Hz to hundreds of MHz, with peak power lying at 10 kHz and decreasing
with increasing frequency (Taylor, 1960; Weidman and Krider, 1986; Burke and
Jones, 1992; Cummins and Murphy, 2009). The return stroke of CGs is mainly
observed in the Very Low Frequency (VLF) and LF bands (Cummins et al., 1998).
The frequency of radio waves decides the propagation attenuation rate; the higher
the frequency, the faster the attenuation is (Price, 2008). The Earth-ionosphere
waveguide exhibits selective ionospheric absorption for various frequency com-
ponents (Macario and Chapman, 1956). According to Austin Cohen’s law, a
positive correlation exists between the attenuation rate and frequencies above

10 kHz. According to this theory, different sensors, such as VHF, Very Low
Frequency (VLF) and Extremely Low Frequency (ELF) sensors, are selected for
various lightning components with varying frequency ranges (Section 2.2). The
ELF lightning component has the longest propagation distance due to its low
wave attenuation (<1dB/Mm), making it possible to be detected globally (Barr
et al., 2000; Greenberg and Price, 2004; Inan et al., 2010). For VHF waves, the
sensors are usually closer together to obtain high-precision lightning spatial and
temporal information (Rison et al., 1999). The VLF radio wave, as in between,
allows long-range lightning location systems to work since propagation distances

of thousands of kilometres can be achieved until it decays (Wood and Inan, 2002).

For long-range networks, the recorded sferics are usually a combination of two
types of lightning radio waves: ground waves which are electromagnetic waves
emitted by lightning that propagate along the ground, followed by successive
skywaves that are produced by ionospheric reflections (Schonland et al., 1940;
Leal and Rakov, 2021). When the recorded signal comes from a lightning source
with a propagation distance of more than 500 km, the ground wave and the first
skywave will overlap due to the relatively short differential propagation distance
(Schonland et al., 1940).

The knowledge of ionosphere structure is needed to understand the skywave

15



propagation model better. The ionosphere is mainly composed of three lay-
ers. From bottom to top are D, E, and F layers, and the conductivity for the
Earth-ionospheric cavity and the lower part of the ionosphere (D and low E layer)
increases exponentially with altitude (Galejs, 1961). The skywaves largely depend
on the ionosphere conditions, especially the existence of the D layer, with an al-
titude of 70 to 90 km. During the day, the ionosphere is primarily ionized by
galactic cosmic rays and solar radiation. The lower the altitude of the D layer,
the stronger the atmospheric density and the more ionization sources it absorbs.
Furthermore, high recombination and attachment rates of free electrons lead to
low free electron density, which makes the D layer too thin to reflect incident
waves (Thomson, 2010). Therefore, the electromagnetic waves will pass through
the D layer during the daytime and bounce back from the E layer. The wave
energy decays as it travels through the D layer (Burkholder et al., 2013). The
large electron-neutral collision rate causes these ionospheric D layer reflection
losses (Jacobson et al., 2008). After sunset, cosmic rays become the only source
of atmospheric ionization. At this time, the recombination of free electrons and
oxygen ions in the D layer produces electrically neutral oxygen molecules, causing
the D layer to almost disappear at night. At this time, the energy loss of the
incident wave only comes from the reflection in the E layer. Compared with the
significant energy attenuation in the D layer during the day, the skywave is better
preserved at night as the nighttime ionosphere is a better reflector (Chapman and
Pierce, 1957; Cummer et al., 1998; Zhou et al., 2021).

2.1.2 Height Determination

The ionospheric height can be calculated using the spherical-earth propagation
model (Figure 2-1 modified from Smith et al. (2004)). The distance difference

between the ground wave and the first skywave reflection dg sk1 is

q
de sk1= (re+ hi)2 + (re + hs)2 2(re + h;j) (re + hg) cos ”1
+ (re + hi)2 +r2 2(re +hi)recos”;

where rg is earth radius, h;j is the ionospheric height, hg is the event height, and

r is the arc-distance between the event and the receiver. The distance difference

16



"X Receiver

Center of the earth

Figure 2-1: Illustration of the ground wave, first skywave and second skywave
paths. Adopted and modified from Smith et al. (2004).

between the ground wave and the second skywave dg sk is

q
dG SK2 = (rE =+ hs)z + ré 2 (rE + hs) I'e cos ’3
q (2.2)
+2 (re+h)?+r2 2(re+h)recos?;

The distance difference dg sk1 and dg sk2 can be calculated by the time dif-
ferences determined by the received waveform via the cross-correlation function.
Therefore, the source and ionosphere heights can be obtained eventually (Section
6). During the day, the ionosphere has a wide range of heights, with an aver-
age altitude of 60 km, while at night, this altitude is stable at 86 km (e.g.,
Deeks, 1966; Stuchly, 1999; Smith et al., 2004). For long propagation distances,
height determination based on the time delay between the ground wave and the
first skywave becomes less reliable as the ground wave becomes more attenuated
(e.g., Shao and Jacobson, 2009; Zhou et al., 2021).

2.1.3 Lightning Propagation Attenuation

The propagation attenuation is mainly due to ground conductivity, ionospheric
conductivity and Earth curvature. The VLF wave attenuation is a function

of propagation distance and ionospheric conductivity (Burkholder et al., 2013).
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Ground conductivity causes ground wave attenuation in the time and frequency
domain (Wait, 1962; Rachidi et al., 1996; Caligaris et al., 2008; Cooray, 2009). In
addition, the curvature of the earth mainly affects the attenuation of the ground
wave electric field at long distances, where the increase in propagation distance
will lead to a decrease in ground wave amplitude and an increase in rise time
(Honma et al., 1998; Pessi et al., 2009; Shao and Jacobson, 2009; Hou et al.,
2018; Zhou et al., 2021). Mezentsev and Fiillekrug (2013) reports that ground
waves vanish much faster than skywaves of LF radio signals for long-distance

propagation.

2.2 Lightning Locating Methods

In the pursuit of investigating a novel location technology, it is imperative to grasp
the intricacies of existing methodologies. This section extensively examines the
prevalent lightning location methods tailored to different frequency bands. After
thoroughly examining these methods, I delved into a novel approach: complex
interferometry. This method involves more extensive data utilization and will be
elucidated further in Chapter 5.

According to the target lightning process and baseline distance, various Lightning
Locating Systems (LLSs) are designed to geolocate lightning (Figure 2-2) (Nag
et al., 2015). Typically, there are three lightning location methods: the Magnetic
Direction Finding (MDF'), Time of Arrival (TOA), and interferometric technique.

2.2.1 Magnetic Direction Finding

In the 1970s, the MDF was used as a ground-based lightning location technique
in the VLF band. Two loops positioned orthogonally to each other is called a
Direction Finder (DF). DF can sense the incoming magnetic field direction by
the ratio of the induced amplitudes in the two loops. In theory, two DFs are
sufficient to locate lightning (Tao et al., 2017) as illustrated in Figure 2-3 (Holle
and Lépez, 1993).

Two azimuthal errors affect the accuracy of the MDF: random error and site

error. The typical value of total random error is 1-2° (Krider et al., 1976). Site

18



Frequency range Discharge process LLS

VLF (3-30kHz) CG RS, CIDs Ground-based long-range

LF& MF (30kHz-3MHz) | CG RS Ground based medium/short range
HF (3-30MHz) Leader, in-cloud process Ground-based short-range

VHF (30-300MHz) Dart leaders, CIDs Ground-based short-range

Optical (30-300THz) Hot current-carrying channels | Satellite-based

(Note: LLSs: lightning locating systems; CG RS: cloud-to-ground return stroke; CIDs: compact intra-
cloud discharges)

Figure 2-2: Lightning locating systems (Nag et al., 2015).

DF1

1 1° Azimuth Error

Figure 2-3: MDF illustration. The two solid lines show the measured direction
of the flash, while the dashed lines represent the random error, including the
direction range (Holle and Lopez, 1993).
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errors are caused by unwanted magnetic field components generated /reflected by
nearby structures (e.g. buildings, power lines, cables, surrounding terrain, etc.)
(Mach et al., 1986). The site error can be corrected by using the lightning data
provided by existing LLSs or by varying the measured azimuths to minimize the

intercepting triangular surface (Ortéga, 2007).

Recently, LLSs often use the MDF technique combined with the TOA technique,
such as the Yunnan Lightning Detection Network (YNLDN) in China (Xie et al.,
2013), the U.S. National Lightning Detection Network (NLDN) (Orville, 2008;
Rakov, 2013; Villarini and Smith, 2013), the Korean lightning detection network
(KLDN) (Kuk et al., 2014), the lightning location system of the Finnish Meteo-
rological Institute (Mékeld et al., 2016)

2.2.2 Time of Arrival

The TOA technique utilizes the time difference of arrival time at different re-
ceivers to locate lightning events. In a network of N receivers, the time delay At
between the arrival time of the lightning signal at any two receivers (a receiver
pair) can be calculated. If the lightning signal is assumed to travel at the same
velocity as the speed of light ¢, then the distance difference Ad between the light-
ning and the two receivers can be calculated as Ad = At c¢. All points with
a constant distance difference from their distances to two specific points (two
receivers) lie on a hyperbola. Therefore, according to the distance difference, a
hyperbola can be found to represent all possible lightning locations based on a
time delay Ad. In practical terms, at least three hyperbolas are required to find a
unique intersection: the lightning location. Here is an example of fault detection
with two receiver pairs in Figure 2-4 (Holle and Lépez, 1993). Therefore, a TOA

lightning locating system needs at least four receivers.

Nowadays, many LLSs use the TOA technique in VLF/LF, such as the U.S.
National Lightning Detection Network (NLDN) (Cummins et al., 1998), Earth
Networks Total Lightning Network (ENTLN) (Marchand et al., 2019), the Vaisala
Global Lightning Detection Network GLD360 (Said and Murphy, 2016), the
World Wide Lightning Location Network (WWLLN) (Abarca et al., 2010), and
Méteorage (Pédeboy, 2015).

20
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Figure 2-4: TOA technique with two receiver pairs. Two receiver pairs are insuf-
ficient to determine a unique lightning location (Holle and Lépez, 1993).

The TOA technique can also map the lightning events in a three-dimensional scale
in the VHF band by calculating the time differences, also known as Lightning
Mapping Array (LMA) (Rison et al., 1999). An LMA system usually consists
of a minimum of 8 VHF sensors within a 50-100 km diameter area, which can
geolocate the structure in three dimensions: latitude, longitude, and altitude.
This locating method can reveal more details of the development of a single
lightning flash which helps understand lightning physics (Thomas et al., 2004;
Chmielewski and Bruning, 2016; Chmielewski et al., 2022).

2.2.3 Interferometry

The interferometric method is widely used to locate the VHF lightning compo-
nent. Two types of interferometry are classified by bandwidth: narrow band
interferometry and broadband interferometry. The centre frequency of the nar-
row band interferometry can be a different value while the bandwidth is smaller
than the centre frequency. Broadband interferometry overcomes the shortcom-
ings of narrow band interferometry systems and reduces the required antennas,
which was first developed by Proctor (1981). Only three or four antennas can
set up a VHF interferometry network. Broadband interferometry was extensively
studied to map 2D or 3D lightning strikes in the VHF band, e.g. (Shao et al.,
1996; Dongjie et al., 2010; Stock et al., 2014; Stock and Krehbiel, 2014).

An antenna pair consisting of two antennas can determine the incidence direction

of lightning. In this model, the distance between the antennas is relatively small
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Figure 2-5: Illustration of the interferometric method (Sun et al., 2013). (a)
Determination of incidence direction by one antenna pair. (b) Determination of
azimuth and elevation by one interferometer.

compared to that between the lightning source and receivers, so the incident
signal can be regarded as a plane wave. Figure 2-5a of Sun et al. (2013) presents
a schematic diagram of the incidence direction determination using an antenna
pair. d is the distance between antenna A and B, C is the speed of light, At is
the time difference between the received electromagnetic waves at each antenna,
and is the incidence angle. Therefore, the incidence angle can be calculated
as = CAt=d.

Four antennas placed orthogonally can act as a VHF interferometric network
to locate lightning in two dimensions: azimuth and elevation. Three antennas
serve as an interferometer. Figure 2-5b by Sun et al. (2013) is an example of one
interferometer determining the azimuth and elevation. P is the source location,
AZ is the azimuth angle, EL is the elevation angle, and ABCD are orthogonally
distributed four antennas. The azimuth angle AZ and elevation angle EL can

be calculated in Equation 2.3 and 2.4, respectively

At
AZ = arctan Atiz; (2.3)
cA——
EL = arccos J Atde + A (2.4)

Two interferometers are the minimum requirement for mapping the VHF source

by calculating the intersection point of two incidence directions defined by their
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azimuth and elevation angles (Morimoto et al., 2005, Fig 3). The time delay
information is determined continuously by the cross-correlation technique (Stock
et al., 2014).

Although both targeting at VHF, there are some differences between the LMA
and interferometry. LMA usually involve 6-20 antennas separated by a few kilo-
metres to map the lightning in three dimensions. Interferometry typically has 3 or
4 receivers separated by 10-20 m and the location of lightning in two dimensions.
While LMA can show more details about lightning structure, the interferometric

method can locate many more sources.

A hybrid interferometry-TOA method, which combines the interferometric method
and TOA technique, was reported by (Lyu et al., 2014). Recently, a pure inter-
ferometric method in the LF band that maps lightning events into areas was
presented by Zhu et al. (2021). Their study used the peak amplitude of the light-
ning signal in a small network with a baseline of 30 to 60 kilometres. This work
increased the detection rate, allowing multiple events to be detected even if their

pulses overlap at some receivers.

2.3 TLE and ASIM

In 2019, there was a specific 5-minute window when ASIM passed over South
Africa, coinciding with ground-based electric field LF recordings. This prompted
the decision to investigate lightning events using multi-instrument recordings,
laying the groundwork for the research presented in Chapter 6. This section
introduces the pertinent background information on Transient Luminous Events
(TLEs) and the ASIM project.

Transient Luminous Events (TLEs) are discharge flashes above active thunder-
storms in the stratosphere and mesosphere. Some TLEs types are Sprite, Elve,
Jet, and Halo (see Figure 2-6).

Blue luminous events are transient discharges in thunderclouds with strong 337.0
nm (blue band) emissions and lack/weak 777.4 nm (red band) components.
Wescott et al. (1995, 1996) initially identified the transient blue optical emis-

sions from thunderstorm cloud tops from aircraft. The limb-pointing Imager of
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Sprites/Upper Atmospheric Lightning (ISUAL) onboard FORMOSAT-2 reported
the optical blue luminous events observed from space (Kuo et al., 2005; Chou
et al., 2011; Kuo et al., 2015; Chou et al., 2018). Soler et al. (2020) reports the
first study of a blue luminous event observed by the Atmosphere-Space Interac-
tions Monitor (ASIM). Ten narrow bipolar events were observed by ground-based
receivers associated with blue band emission located between 8.5-14 km, where
seven of them are positive events (Liu et al., 2021). It is reported by Soler et al.
(2021) that the global frequency of blue luminous events at nighttime is 11

every second with a land/sea ratio of 7:4.

The Atmosphere-Space Interactions Monitor (ASIM) is an instrument suite on the
International Space Station (ISS) to study lightning, Transient Luminous Events
(TLEs) and Terrestrial Gamma-ray Flashes (TGFs) (Neubert et al., 2019). This
mission was launched on 2"9 April 2018 on the SpaceX CRS-14 flight to the ISS.
TLEs are measured by the Modular Multispectral Imaging Array (MMIA) (Chan-
rion et al., 2019). The payload includes three photometers and two cameras. The

photometers have a sampling frequency of 100 kHz, aiming at three bands: the
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UV band (180-230 nm), the blue band (337 nm with a 4 nm bandwidth), and
the red band (777.4 nm with a 5 nm bandwidth). Two cameras have a temporal
resolution of 83 ms, imaging in the blue band (337 nm with a 5 nm bandwidth)
and the red band (777.4 nm with a 3 nm bandwidth). ASIM data has a typical

location uncertainty estimated to be 5 km.
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Chapter 3

Methodology

In the previous chapter, we discussed the foundational details of lightning, in-
cluding lightning propagation, methods for detecting and locating lightning, an
introduction to blue discharge events and the ASIM project. This chapter will fo-
cus on the methodologies employed in this PhD project. Specifically, it will delve
into the instruments utilized to gather data, the various sources of lightning data,

and the complex analysis techniques employed.

3.1 Instrument & Fieldwork

The instrument utilized in this PhD project was developed by Fiillekrug (2010)
and is depicted in Figure 3-la. The system comprises an antenna to capture
the electromagnetic field, which is then passed through a front end for signal
amplification. The amplified analogue signal is subsequently transmitted to a
Data Acquisition Card (DAQ) capable of converting it into a digital signal. A
Global Positioning System (GPS) clock is connected to the DAQ to ensure accu-
rate timing, synchronising the recorded radio wave signal. This instrument offers
a time resolution of 12 ns and an amplitude resolution of 35 V. Power for
the front end, DAQ, and cranberry laptop are supplied by 12-volt battery power
sources. Figure 3-1b presents the physical layouts of the components (excluding

the antenna).

In this PhD project, three antennas accommodated various experimental require-
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Figure 3-1: (a) Device block diagram. (b) Instrument layout.
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ments. From the 18" to 315 August 2019, a summer fieldwork campaign took
place in Southern France. The campaign involved four synchronized receivers po-
sitioned at Rustrel, France (43.94°N, 5.48°E); Orleans, France (47.84°N, 1.94°E);
Toulouse, France (43.56°N, 1.48°E); and Bath, UK (51.38°N, 2.33°W). The data
collected during this campaign was utilized for studying the long-range interfero-
metric method discussed in Chapters 4 and 5. The antenna used in this campaign
is a large vertical flat plate antenna, which records electric fields from 4 Hz to
400 kHz with a sampling frequency of 1 MHz. Figure 3-2a illustrates the antenna
setup in Rustrel. The electric field was measured using a 1 cm thick alloy alu-
minium plate, which could be mounted on top of three 1.55 m nylon rods for easy
transportation. The total weight of this device was 28.5 kg. The electric field
values could be calculated by measuring the voltage between the metal plate and

the ground.

Between 25" and 29%" July 2022, a summer fieldwork campaign took place near
the Italian Climate Observatory “Ottavio Vittori” at Mount Cimone, Italy (44.19
N, 10.70 E), in the northern Appennini mountains. A small antenna was utilized
for this project since the focus was on distances below 100 km. Please refer to
Figure 3-2b for the antenna setup. However, it is important to note that the
data collected during this fieldwork campaign is not included in this PhD thesis.
Due to the timing of data collection occurring toward the conclusion of the PhD
project, there was insufficient time to process these data. The collected data from
this fieldwork campaign will be processed in the future for comparison with VHF

interferometer data.

To capture sprite, another fieldwork was carried out between 20™" January and
5% February 2023 in Carnavon, South Africa 30.97 °S, 21.98 °E. This work used
a cable electric field antenna depicted on the ground in Figure 3-2c. The data
collected during the final stages of the PhD project couldn’t be processed in time
for inclusion in this thesis. Consequently, it is not presented here. However, the
data from this campaign will be analyzed in the future to explore lightning array

measurements.
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Figure 3-2: Antennas used in this project. (a) Large flat plate antenna. (b) Small
flat plate antenna. (c) Cable electric field antenna.
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3.2 Data Access

The frequency range of interest for this PhD project is VLF. There are many
LLSs around the world designed to use this frequency band, such as the US Na-
tional Lightning Detection Network (NLDN) (Cummins et al., 1998), the Earth
Network Total Lightning Network (ENTLN) (Marchand et al., 2019), Vaisala
Global Lightning Detection Network GLD360 (Said and Murphy, 2016), World-
wide Lightning Location Network (WWLLN) (Abarca et al., 2010) and French
LLS Méteorage (Pédeboy, 2015). Depending on the research aims, this project

uses the following data sources:

Meteorage The Méteorage provides lightning information used in Chapters 4
and 5. Méteorage has sensors installed all over France, and the lightning events
used in these two chapters mainly occurred in the south of France. The lightning
information provided by Méteorage includes the time of occurrence, location,

polarity, peak current and lightning type (CG or IC).

The median location accuracy of lightning reported by Meteorage is 120 m. Mul-
tiple lightning events can happen in short succession and are grouped into flashes.
The detection efficiency for flash and stroke is 97% and 94%. The lightning in-
formation on the flash level is related to the first event in the short window
(Pédeboy, 2012; Pédeboy and Toullec, 2016; Pédeboy, 2017).

SALDN The South African Lightning Detection Network (SALDN) provides
lightning information used in Chapter 6 to study ionospheric height. SALDN
consists of 23 Vaisala Lightning Detection Sensors that detect lightning events
using the TOA and MDF techniques. The lightning information provided by

SALDN includes the time of occurrence, location, polarity, and peak current.

The SALDN has a detection efficiency of  90% and location accuracy of 0.5
km (Gijben, 2012).

ENTLN The ENTLN provides the lightning information for the blue discharge
event in Chapter 6. The lightning information provided by ENTLN includes the
time of occurrence, location, and peak current. The peak current estimation

provided by ENTLN is in better agreement with our simulation results and was
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therefore chosen to provide lightning information for this blue discharge event.

A study evaluating ENTLN performance in Florida showed that the flash de-
tection efficiency is 99% for natural lightning. The median location and peak

current estimation errors for rocket-triggered lightning are 215 m and 15% (Zhu
et al., 2022).

GLD360 The GLD360 provides lightning information for the meteorology study
in Chapter 6, which is not the work done by this PhD student. However, the
GLD360 information is also referenced in parallel with the ENTLN and SALDN.
The lightning information provided by GLD360 includes the time of occurrence,

location, peak current, and lightning type.

The reported detection efficiency for CG stroke of GLD360 is  40% to 60% (e.g.,
Said et al., 2010; Said and Murphy, 2016). The CG flashes are reconstructed
from CG strokes using continuity criteria for time interval and distance between
successive strokes, here 0.5 seconds and 10 km, respectively. Thus, the detection
efficiency is better at the flash than at the stroke level.

3.3 Waveform Bank and Complex Analysis

For remote sensing, lightning propagation distance can be up to a few hundred,
even thousands of kilometres, and the ground wave can attenuate quickly com-
pared to the skywaves. Hence, for each distance, a collection of many waveforms,
typically  50-100, yields an averaged waveform that defines the shape of the
lightning sferics. The averaged waveform vastly increases the signal-to-noise ra-
tio and can be a great tool to help us understand long-range distance-dependent
sferics. An amplitude waveform bank (Figure 3-3) consists of waveforms averaged
for each propagation distance, first introduced by Said et al. (2010) for long-range
lightning detection. It can be seen from Figure 3-3 that the nighttime ionosphere
is a better reflector and shows more detectable skywaves. It is reported by Li et al.

(2022) that a waveform bank can detect the ground wave with large certainty.

Long-range lightning detection and location networks usually use the amplitude of
the received electromagnetic field with the TOA technique, which picks a single
point to determine a single location. The novelty of this PhD project is that
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Figure 3-3: Amplitude waveform bank in daytime and nighttime (Said et al.,
2010).
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complex analysis is introduced. This section investigates the complex analysis
to expand the use of the collected lightning sferics. The idea of the analytical

signal, phase and coherency are introduced as follows.

By using the Hilbert transform to obtain the imaginary part, the received light-
ning signal can be transformed into a complex time series (Taner et al., 1979; Liu

et al., 2018) expressed by equation 3.1
Yn(t) = E()ed*t ) n = 1;2;3::N; (3.1)

Nt receiver, E(t) is the

where Yn(t) is the received analytic complex signal at the
source lightning electric field, and e/(** kxn) indicates the plane wave propagation

mode.

The source electric field E(t) is defined as
E(t) = A(t)el " ©, (3.2)

where A(t) is the amplitude, and ”(t) is phase at the source. As for the plane wave
propagation part, usually when processing the transmitter signal, the phase pro-
gression part @'t is taken out by down-converting, that is, multiplication with
the down-converting factor e 1't where ! is the transmitter centre frequency.
However, as the radio wave emitted by the lightning discharge is a broadband
signal, the phase progression part is kept. When processing the data, the light-
ning waveform is extracted by taking out the propagation time, assuming that
the propagation velocity equals the speed of light. This step removes phase de-
lay factor e J*n) with the help of lightning information provided by lightning
location systems such as the Meteorage, ENTLN, and SALDN, introduced in the

last section.

The phase of the recorded analytic complex signal yn(t) at the n' receiver is

the angle between the imaginary part and the real part, which is defined as
yn(t)
iyn@@j -

for short, is a statistical measurement that evaluates the phase similarity in data

The coherency of the complex analytic signal phase, named coherency
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sets (Fillekrug et al., 2016). The mathematical expression of coherency is

COh _ 1 X E(t)ej!t 1 Xej(!t+’n) . (3 3)
- N Ete'i N : :

N _ JE(t)el'] N _,
where ”, is the source phase at the N receiver. Theoretically, the maximum
coherency is 1 based on its definition, and the larger coherency indicates the

larger similarity of the input data sets.

The coherency method resembles the time-reversal technique, which was orig-
inally employed in acoustics. In the time-reversal method, the recorded sig-
nal’s complex conjugate is utilized to identify the source signal. This is achieved
through cross-correlation to evaluate the phase similarity between the determined
’source signal” and to pinpoint the source (Mora et al., 2012). My approach adopts
a similar principle, utilizing comparisons of recorded phase similarities to locate

lightning sources, which will be explained in detail in Chapter 5.

A coherency waveform bank can be determined by calculating the coherency

waveforms over the event groups classified by their propagation distance.

The events utilized in the computation of the amplitude and coherency waveform
banks undergo a rigorous selection process. A thorough quality control proce-
dure is applied to ensure that only the -CG lightning events are included in the
waveform banks, while potentially misidentified +CG events are excluded. To
calculate the amplitude waveform bank, each individual waveform is carefully
scaled to its ground wave maximum. This scaling process effectively removes the
lightning intensity dependence, allowing a more accurate representation of the

waveform characteristics.

Indeed, in nature, there is no concept of a ‘mean lightning’” waveform, as ev-
ery lightning event is unique and varies in its characteristics. It is essential to
acknowledge that the waveforms present in the waveform banks are not repre-
sentative of individual natural lightning events but are instead the result of the
statistical processing of lightning waveforms. Despite not directly corresponding
to individual natural lightning events, the waveform bank serves as a valuable

tool in providing a lightning waveform model. By utilizing this model, we gain
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a deeper understanding of lightning sferics and can conduct simulations to test
different scenarios before employing the individual natural lightning waveforms,
which inherently contain more noise. The waveform bank plays a crucial role in
aiding our research, allowing us to explore various aspects of lightning phenomena
and refine our analysis and simulations to capture the complexity of real-world

lightning events better.

The waveform banks serve multiple functions, extending beyond their primary
roles. Some of these functions include but are not limited to (1) Studying sky-
waves: Indeed, in areas where there are no transmitters, such as South Africa, the
recorded individual lightning waveforms can exhibit numerous clear skywaves, of-
ten totalling tens of instances. However, in other regions, the recorded individual
lightning waveforms may lack sufficient clear skywave occurrences. In contrast,
the waveform bank can provide multiple instances of high-order skywaves, offer-
ing valuable opportunities to study and analyze these phenomena. (2) Comparing
amplitude and coherency: By using the same events to calculate both waveform
banks, a comparison can be made between the amplitude and coherency charac-
teristics of lightning. This allows for a detailed exploration of the differences and
similarities in the behaviour of these two parameters. (3) Simulating interfero-
metric methods: The waveforms stored in the waveform bank are representative
and ideal for simulating interferometric methods. Using these waveforms, the
best possible results can be obtained, serving as a reference for further research
and analysis. (4) Acting as a filter: The waveforms in the waveform bank can also
be utilized as a filter for lightning raw data, enabling signal processing methods to
enhance the quality and accuracy of lightning detection and localization. Overall,
waveform banks play a versatile and indispensable role in this work, facilitating

a wide range of investigations and applications in the field.

More details about waveform banks are in Chapter 4.
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Chapter 4

Coherency of Lightning Sferics

Commentary

In the preceding chapters, we explored the foundational aspects of lightning,
discussed advancements in lightning detection and location systems, and outlined
the methodologies employed in this PhD project. This chapter will now present

the obtained results.

Indeed, traditional long-range lightning detection and location networks heavily
depend on amplitude-based methods for lightning detection. However, signifi-
cant interference arises in long-range networks due to the first skywave, which
can sometimes be larger than the ground wave. A better understanding of the
skywave is essential to address this interference issue. This is where the waveform
banks prove to be a valuable tool. Using waveform banks, the characteristics of
ground waves and skywaves under different propagation distances can be com-

prehensively studied and analysed.

In long-range lightning propagation, typically beyond 500 km, the amplitude of
the skywave tends to be larger than that of the ground wave. Additionally, wave
crowding, where a short time difference exists between the arrival of the first
skywave and the ground wave, exacerbates the interference caused by the first
skywave. This further complicates the task of correctly identifying and isolating

the ground wave. Given these challenges, the conventional approach of relying
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solely on amplitude-based methods may not be sufficient. As an alternative

strategy, complex analysis techniques are being explored to tackle this problem.

This chapter introduces complex analysis, which utilises the recorded lightning
signal as input and employs the Hilbert transform to derive the complex analytic
signal. The focus here lies on investigating the phase coherency of the complex
analytic signal. Using the same lightning data, the coherency and amplitude

waveform banks are computed for comparison.

The findings reveal that coherency exhibits a similar number of skywave arrivals
and demonstrates less attenuation in ground waves when compared to the am-
plitude waveform bank. Another application of the amplitude waveform bank is
presented in this chapter. It involves utilizing the distance-dependent impulse

response of the averaged waveform to detect lightning events.
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Abstract The amplitudes of lightning sferics are commonly used for data analyses, for example, in
lightning location networks. This contribution investigates the coherency of lightning sferics, which is
calculated from the phase of the analytic complex signal. The complex signal is obtained from the Hilbert
transform with the recorded signal as the input signal. This analytic signal is composed of amplitudes with
corresponding phases. Rigorous selection criteria are applied to ensure that consistent events are used to
calculate distance-dependent average sferics waveforms which are summarized in waveform banks for the
amplitude and coherency. The impulse response to lightning flashes is derived from an averaged waveform
which is used to detect individual lightning events. It is shown that the coherency waveform bank is in general
agreement with the amplitude waveform bank, that is, the relative arrival times of the ground and sky waves.
The coherency waveform bank exhibits the same number of skywaves on the logarithmic scale, but a less
attenuated ground wave when compared to the amplitude waveform bank. The results of this study show
that the phase of sferics offers additional information to amplitudes, which could potentially be used for the
interferometric lightning location with long-range lightning detection networks.

1. Introduction

Lightning discharges are natural phenomena that are able to generate energies up to several GJ (Rakov &
Uman, 2006). The transient radio waves emitted by the lightning discharges are called atmospherics , or sfer-
ics for short. These electromagnetic waves widely cover the frequency spectrum from 1Hzto 300 MHz, with
relatively large spectral amplitudes in the extremely low frequency (ELF) range and very low frequency (VLF)
range and a relative maximum at 10 kHz (e.g., Burke & Jones, 1992; Taylor, 1960; Weidman & Krider, 1986).
Another source of VLF electromagnetic waves is radio transmitters (Barr et al., 2000).

Lightning discharges fall into two major categories: cloud-to-ground discharges (CGs) and in-cloud discharges
(ICs), where the CGs exhibit much larger peak currents compared to the ICs (e.g., Betz et al., 2009; Fiser
etal., 2010). Cloud-to-ground discharges can lead to serious hazards and are more relevant to human life than ICs.
The peak current of CGs has been studied for the purpose of lightning protection (e.g., Chowdhuri et al., 2005;
Schulz et al., 2016; Takami & Okabe, 2007; Visacro, 2004), and existing lightning location networks mainly aim
at detecting cloud-to-ground discharges with the time-of-arrival (TOA) technique.

The ionosphere (10 *Sm ! 10 2Sm !) and the earth’s ground (10 3 Sm ) form a natural wave guide
with large conductivity boundaries, while the atmosphere in between exhibits a much lower conductivity. This
wave-guide is able to guide the propagation of sferics (e.g., Crombie, 1965; Magunia, 1996; Schlegel & F lle-
krug, 1999; Silber et al., 2015; Stuchly, 2009). The attenuation of the propagating VLF electromagnetic waves is
a function of the propagation distances and the ionospheric conductivity (Burkholder et al., 2013). The ground
conductivity also contributes to the attenuation of the propagating waves (Wait, 1962).

The earth-ionosphere wave guide exhibits a selective ionospheric absorption toward the various frequency
components of the VLF signal (Macario & Chapman, 1956). According to the Austin Cohen Law, there is a
positive correlation between the attenuation rate and frequencies above 10 kHz. The attenuation effects on ELF
waves and VLF waves are relatively low which allows them to propagate globally (e.g., Barr et al., 2000; Macario
& Chapman, 1956; Stuchly, 2009).

In both, the earth-ionosphere cavity and the lower ionosphere (D region and lower E region), the profiles of the
conductivity exhibit an exponential increase with altitude (Galejs, 1961). When electromagnetic waves enter the
ionosphere, a small portion travels through the ionospheric D region which results in energy loss (Burkholder
et al., 2013). These ionospheric D region reflection losses are caused by the large electron-neutral collision rate,
which decreases the amplitude of the received electromagnetic waves (Jacobson et al., 2008). There is evidence
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showing that the spectrum of sferics is closely related to ionospheric height and slope (Cummer et al., 1998).
Furthermore, the sferics spectrum contains information about the ionosphere along the propagation path. In the
daytime, the VLF waves are reflected from a wide range of heights with the average reflection height of 60 km,
while at the nighttime, the reflection height is much more stable at 90 km (e.g., Deeks, 1966; Smith et al., 2004;
Stuchly, 2009). The electromagnetic waves exhibit lower attenuation during nighttime when compared during
daytime, which means nighttime lightning sferics are more likely to exhibit skywaves (waves reflected back and
forth between the ground and the ionosphere) (e.g., Cummer et al., 1998; Macario & Chapman, 1956).

The ground conductivity effects on the electromagnetic wave propagation are frequency dependent, and the
ground wave (wave propagating along the ground) amplitude attenuation caused by different ground conductivi-
ties are studied in the time and frequency domain (e.g., Caligaris et al., 2008; Cooray, 2009; Rachidi et al., 1996).
For long-distance propagation of sferics from lightning, the time delay of the ground wave peak is related to the
propagation distance (e.g., Honma et al., 1998; Pessi et al., 2009; Shao & Jacobson, 2009; Zhou et al., 2021).
Besides the ground conductivity, the Earth curvature is also an important factor that causes larger ground wave
attenuation over long distances (Hou et al., 2018).

The observed electromagnetic waves are a mixture of ground waves and skywaves. The reflection process can
largely reduce the skywave amplitude during the propagation and the skywave amplitude decreases as the number
of reflections increases. Therefore, the number of detectable skywaves can be used to evaluate the merit of using
the amplitude and phase of the analytic sferics signal.

The analytic signal of lightning sferics is obtained from the Hilbert transform by treating the recorded signal as
the input signal and rotating the phase by 90 (Liu et al., 2018; Taner et al., 1979). The amplitude and phase can
then be obtained from the analytic signal. To compare the amplitude and phase, the waveform bank is used here to
increase the signal-to-noise ratio (SNRs) of lightning sferics. The waveform bank consists of distance-dependent
waveforms that characterize lightning sferics (Said et al., 2010).

The main purpose of this contribution is to investigate a novel technique, that is, complex analysis, which has the
potential to expand the use of the collected lightning sferics when compared to the traditional TOA technique.
Zhu et al. (2021) studied the interferometric method using the peak amplitude of the lightning sferic, which
increases the detection rate and is capable of detecting multiple events even when their pulses are overlapping
at some of the receivers. It is interesting to investigate the interferometric method using the phase coherency
with several receivers working synchronously while observing the same area. This paper introduces the prelim-
inary work required to study such complex interferometry for the potential use in long-range lightning location
networks. The paper is organized as follows:

The event selection process for the recorded data is described in Section 2, the amplitude waveform bank is intro-
duced in Section 3, the complex analysis and coherency waveform bank is developed in Section 4, one application
of the waveform bank, lightning detection with the impulse response, is introduced in Section 5, the comparison
between the amplitude and coherency waveform bank is summarized in Section 6, and the final conclusions are
presented in Section 7.

2. Event Selection

A summer measurement campaign was carried out in southern France to collect lightning sferics from 18th
to 31 August 2019. A flat plate antenna was set up in Rustrel (France) at a latitude and longitude of 43.94 N,
5.48 E. The receiver was set up on a remotely located mountain top with a relatively small level of local noise
interference, and it measures the electromagnetic fields within the frequency range from 4 Hz to 400 kHz
at a sampling frequency of 1 MHz (F llekrug, 2010). The digital filter used in this work is a band pass filter
from 1 to 400 kHz. The <1 kHz frequency components are removed because they are contaminated by power
line harmonic radiation. Lightning information for each sferic is provided by Meteorage (P2deboy, 2015) which
includes the time of occurrence, location, polarity, peak current and lightning type (CG or IC). Negative cloud-
to-ground discharges account for 93.96% of all the collected CGs, and the median peak current of negative CGs is

16.4 kA. From all the data reported by Meteorage, only negative CGs are used because they are most common.
However, further quality control is necessary because there are a few misidentified +CGs.
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The recorded signals have a lower attenuation during the nighttime compared to the daytime, which means the
waveforms of nighttime events are more likely to exhibit skywaves (Macario & Chapman, 1956). Thus, all the
data were recorded during astronomical nighttime when the sun is 18 below the horizon. The recording times for
each of the 13 nights were rigorously selected to ensure that the storm and the propagation paths are all immersed
in the nighttime environment.

Events are selected by evaluating the measured maximum electric field and the reported peak current. The
recorded sferics traveled from different directions with various propagation distances, which makes their maxi-
mum electric fields not comparable to each other. Hence, the electric field coefficient, that is, the electric field at
100 km from the source, for each individual event is determined by applying a distance correction. The distance
correction is achieved by calculating the attenuation coefficient along the propagation path. As aforementioned,
the attenuation coefficient is frequency dependent. For the frequency range above 10 kHz, the attenuation
increases with increasing frequency. Thus, the high frequency components are less important in the distance
correction as they have larger attenuation (Macario & Chapman, 1956).

The simple wave propagation model used here is adapted from Kolma ovk et al. (2016) and Ka par et al. (2017)
and defined in Equation 1

- @

where E is the received maximum electric field, A is the corresponding electric field coefficient, D is the propa-
gation distance normalized to 100 km, and is an experimental attenuation coefficient. The electric field coef-
ficient A is linearly related to the peak current | of the corresponding lightning event with a constant ratio k, as
illustrated in Equation 2 (e.g., Ka par et al., 2017; Kolma ovk et al., 2016; Uman & McLain, 1970)

O]

Equation 3 is obtained by rearranging Equation 1 and Equation 2

- - ®)

Equation 3 shows that the ratio E/I is distance-dependent. Thus, the experimental attenuation coefficient can be
obtained by fitting the E/I ratio using the distance D to the model as described in Equation 3. With a large amount
of data collected, the average E/I ratio is determined from grouped events which are classified by their propaga-
tion distances. The distance resolution is 10 km and each event group is required to include more than 100 events
to produce a reliable average E/I ratio. For each distance bin, the maximum electric field E and peak current |
of grouped events are used to fit a representative E/I ratio using linear regression analysis (Figure 1a). In this
example, the E/I ratio is calculated for the event group with a propagation distance of 650 km. Strong events with
large peak currents deviate more from the regression line, but if these deviations are calculated as a percentage
of the corresponding peak currents, they are in an acceptable range. After the distance-dependent E/I ratios are
calculated for all available distances, the attenuation coefficient can be determined using Equation 3 (Figure 1b).
The experimental attenuation coefficient calculated for the receiver in Rustrel is 5.11 dB/Mm. The attenuation
coefficient investigated by Kolma ovk et al. (2016) varies from 17.4 dB/Mm to 23 dB/Mm with a mean value of
21.5 dB/Mm. Compared to the reported attenuation value of 21.5 dB/Mm, the attenuation coefficient in this work
is relatively low. One possible explanation is that all the events in this study are collected during the nighttime
with a lower attenuation coefficient than during the day. In addition, the receiver used in Kolma ovk et al. (2016)
is a broadband antenna measuring from 5 kHz to 37 MHz, which has a much higher frequency range compared to
the receiver used in this work. The higher frequency components are more strongly attenuated which contributes
to the larger attenuation reported by Kolma ovk et al. (2016).

The observed peak current can be calculated using Equation 3 based on the measured maximum electric field E.
Consistent events are selected with an observed peak current which is within —30% of the peak current reported
by Meteorage.
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Figure 1. lllustration of event selection. (a) An example of E/I ratio determination for the distance bin of 650 km. The black dots are the events whose propagation
distances are 650 km. The red line is the determined E/I ratio using linear regression. (b) Average E/I ratios versus corresponding distances with the best matched
experimental attenuation coefficient. The red curve is calculated with the best fitting experimental attenuation coefficient.

3. Amplitude Waveform Bank

Lightning sferics in the VLF band exhibit extremely low attenuation effects which allow them to be detected
almost globally. However, the received radio waves still contain noise, which may arise from wave propagation
and interference at the receiver location. To have a better understanding of the lightning waveforms, a waveform
bank is calculated here which consists of distance-dependent lightning sferics by averaging the received elec-
tromagnetic waves. The averaging process thereby cancels out noise and removes part of the natural lightning
variability such that average lightning characteristics are more prominent.

The event selection process ensures that the determined electric field coefficients A of the selected events are
proportional to their reported peak currents I. However, this step cannot guarantee that all the selected events
are CGs. One possible reason for this is for example, that the waveforms of return strokes from some +CGs can
exhibit untypical shapes which are not accounted for during the automated lightning detection process. Hence,
the misidentified strong +CG events need to be excluded before the averaging process. The waveforms of selected
events are referenced to t = 0 ms by taking out the propagation time under the assumption that the propagation
velocity equals the speed of light. The waveform length is 6 ms which is from 1 to 5 ms with respect to the
lightning occurrence time. For each individual lightning waveform, the local maximum is defined as the maxi-
mum electric field within the time range of 0 20 s, which is attributed to the arrival of the ground wave reported
by Meteorage. Even though the receiver is precise to 1 s, the ground wave peak can be elongated up to 20 s
as a result of the rise time of the ground wave. The global maximum is defined as the maximum electric field of
the entire waveform (i.e., 1 5ms), which can have different sources. The +CGs are excluded by comparing the
ratio R between the global maximum and the local maximum. For the waveform of a CG at relatively shorts
distances, both, the local maximum and global maximum are identical and associated with the ground wave,
which leads to a ratio R, of 1. For the waveform of a CG at large distances, the global maximum is the peak of
the first skywave while the local maximum is the ground wave peak, therefore, the ratio R is distance-dependent.
The ratio R increases with distance. The analysis shows that the ratio R; can increase to  4.17 for a distance of
1,220 km (more details in Section 6). For some rare events, the local maximum is associated with the preceding
small amplitude of the ground wave (inset figure in Figure 4c), and the global maximum is the peak of the ground
wave, which would lead to a very large ratio R.. Therefore, in this contribution, a threshold value of ratio R is
set to distinguish such +CG events. The most distant event collected in this campaign has a propagation distance
of 1,341 km, which means the ratio R; for this event is larger than 4.17. By analyzing the waveforms of the
rare +CGs, it is found that the ratio R of these +CGs is usually much higher than 10. Therefore, the threshold
value of the ratio R is set as 10. That is, if the ratio R is larger than 10, the event would be marked as +CG and
is excluded from the averaging process.
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Figure 2. Amplitude waveform bank in the time domain (a) and the frequency domain (b). Coherency waveform bank in the time domain (c) and the frequency domain

().

After the rigorous event selection process, each lightning waveform is subsequently scaled to its maximum elec-
tric field of the ground wave such that the averaged waveform is not dominated by exceptionally strong lightning
events. Note that the ground wave peak is defined as the maximum electric field within the time interval of
0 20 s because the ground wave peak is delayed by the rise time as explained at the beginning of this section.
The individual waveforms are then grouped by their propagation distances with a distance resolution of 10 km.
According to Said et al. (2010), lightning sferics of 50 events are sufficient to define the average lightning wave-
form shape. Due to the large amount of data collected, that is, 24,000 events selected for Rustrel data, the event
number threshold for each distance bin is chosen to be 100 events to achieve overall improved accuracy. The
waveform bank is shown as an example in Figures 2a and 2b. This amplitude waveform bank covers the distance
bins from 190 to 1,220 km and the black gaps shown in the waveform banks are caused by an insufficient number
of events at some distance bins.

Figure 2a shows the amplitude waveform bank in the time domain. After averaging the selected events, the
received random noise is canceled out so that the ground wave and skywaves are clearly shown here. Up to
fourth order skywaves can readily be distinguished at long distances on the linear scale (Figure 2a). Along the
propagation path, the incident electromagnetic waves which travel toward the ionosphere are partially reflected
while a small portion could penetrate into a higher region of the ionosphere (i.e., E and F region), and further
travel into the magnetosphere as lightning whistlers. This explains the amplitude reduction of the skywaves. As
for waveforms with distances larger than 540 km, the amplitude of the first skywave appears to be larger than
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the ground wave. While the propagation distance increases, the time difference between the ground wave and the
skywave decreases, which appears like wave crowding in the waveform bank.

The waveform bank in the frequency domain is shown in Figure 2b, which shows the main energy lies below

50 kHz and is centered at 10 kHz. The patterns shown here are the result of the combination of ground waves
and skywaves. With increasing distance, the patterns tend to be more dispersed. The blue patterns are spectral
minima that separate consecutive relative maxima. The spectral minima show the characteristic of the distance
along the propagation path while the relative maxima are caused by the superposition of various wave propaga-
tion modes (Liu et al., 2018). Some transmitters consistently appear in the frequency waveform bank, such as
Europe 1 (closed down on 31 December 2019) at 183 kHz, BBC Radio 4 (24 hr) at 198 kHz, Radio Monte Carlo
(closed down from 29 Mar 2020) at 216 kHz, RTL (24 hr) at 234 kHz, and Radio Alg@rie, Cha ne 3 (24 hr) at
252 kHz.

4. The Complex Analysis and Coherency Waveform Bank

Traditional lightning detection and location networks only use the amplitude of the received electromagnetic
field. To expand the use of the collected lightning sferics, the complex analysis is investigated. In this section,
the concept of an analytic signal, phase and coherency will be introduced, and the coherency waveform bank will
be illustrated.

Received lightning sferics can be transferred to complex time series by obtaining the imaginary part using the
Hilbert transform (Liu et al., 2018; Taner et al., 1979) which is represented by Equation 4

(4)

where n is the receiver number of N receivers, y,(t) is the received analytic complex signal at receiver n, E(t) is the
source lightning electric field and indicates the plane wave propagation mode. The source electric field
E(t) is composed of amplitude A(t) and phase (t) which is E(t) = A(t)el ©. The phase of the received signal is the
angle between the imaginary part and real part of the analytic signal y,(t), and the unit phasor can be determined
using the analytic signal y,(t) divided by its absolute amplitude value . Usually, the phase progression ej
is removed by multiplication with the down converting factor e 1 twhere is the center frequency. In this work,
however, the phase progression is kept since the collected data are broadband measurements. The phase delay
factor is removed by taking out the propagation time under the assumption that the propagation velocity
equals the speed of light. Coherency is a statistic that measures the similarity of the phase in data sets. The coher-
ency of the analytic signal phase, named coherency for short in the following section, is defined in Equation 5
(F llekrug et al., 2016), where | is the event source phase at receiver n. According to the definition of the coher-
ency, the maximum coherency value is one

- — - ©)

Unlike the amplitude waveform data, the <1 kHz frequency components are associated with power line harmonic
radiation and could be kept for the coherency calculation, because these components do not significantly distort
the lightning phase. In terms of the selected lightning events, the coherency waveform bank is determined by the
event groups classified by their propagation distance with a 10 km distance resolution. The time domain coher-
ency waveform bank (Figure 2c) is produced by calculating the coherency from the phase information of the
grouped events, and the frequency domain coherency waveform bank (Figure 2d) is calculated from the spectra
of the grouped events. The coherency waveform bank exhibits similar lightning characteristics as the amplitude
waveform bank, and it exhibits up to nine skywaves on the linear scale. More details on the comparison between
the amplitude waveform bank and the coherency waveform bank will be given in Section 6.

The coherency is also calculated for lightning sferics filtered for different frequency ranges which indicate the
different lightning components. The average waveform of the event group at 190 km distance is shown here as
an example. Figure 3 shows the coherency over broadband lightning sferics (0 400 kHz), return stroke compo-
nent waveforms (5 15 kHz), continuing current component waveforms (0 2 kHz), and intra-cloud flash compo-
nent waveforms (150 400 kHz) from top to bottom. The return stroke is the most powerful component of the
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1 w T r r ’ ' lightning discharge process, and its coherency waveform exhibits the largest
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[tl=ms energy, which is reflected in the coherency waveform as a wider pulse with a
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Figure 3. Coherency on different lightning components (190 km). The e (6)

four waveforms from top to bottom are the coherency over: broadband

sferics (0 400 kHz), return stoke waveforms (5 15 kHz), continuing current
waveforms (0 2 kHz), and intra-cloud flash waveforms (150 400 kHz).

where is the Fourier transform operator, the factor y, is the analytic signal of
the averaged waveform of N negative CG events whose propagation distance
is d, and y;,, is the Kronecker delta function, that is, a digital impulse.

The transfer function is able to detect lightning events when it is applied to the received electromagnetic waves
as shown in Equation 7. When the measured analytic signal y,, is multiplied by the transfer function at the corre-
sponding distance, the output analytic signal y,, is supposed to be an impulse

U]

The events selected in Section 2 are used to simulate the impulse detection, while some strong positive CGs are
kept in this step to test the sensitivity of the methodology toward the rarely misidentified +CGs events. Note that
the test events do not include the events used to calculate the transfer function. All the test events are classified
by their propagation distances into event groups. This subsequent analysis is based on these grouped events. The
format of the test event waveform is the same as the transfer function that is referenced to t = 0 with a duration
that covers 1 ms before and 5 ms after the lightning occurrence time. The test waveforms are also scaled to the
ground wave maximum to mitigate the impact of exceptionally strong intensities. To remove the interference
from high frequency contributions, a low pass filter with a cutoff frequency of 50 kHz is applied to calculate
the analytic output signal y,,. This lowpass filter frequency was chosen because larger frequency components
are less coherent as shown in Figure 2.

A numerical algorithm is needed here to evaluate whether the output signal is an impulse, given a large number
of test events. The amplitude distribution of the output analytic signal y,,, is calculated to identify a threshold
value E,,, which is defined as the value that is larger than the 97th percentile of the waveformy, . The factor R
is defined in Equation 8

®)

where the E_, is the maximum amplitude of the output analytic signal y, . This factor R measures the promi-
nence of the impulse in the analytic output signal y,,.. The output signal can only be regarded as an impulse signal
under the conditions that: (a) The factor R is larger than 2; (b) the time stamp of the maximum amplitude E,, is
within the t=—10 s range. When the analytic signal y,,, is identified as an impulse signal, the impulse detection
process of the test event is classified as a success.

For individual events, only the amplitude of the impulse detection result is discussed here. Both, the successful
cases and failure cases can be illustrated as follows: A standard successful impulse detection example is shown
in Figure 4a. This is an event with a peak current of 20.6 kA at a propagation distance of 610 km. In the time
domain, despite the test waveform having more noise compared to the averaged waveform from the waveform
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Figure 4. Impulse detection examples. For each figure, the top signal is the averaged waveform that is used to produce the transfer function T, the middle signal is the
test event waveform y, , the bottom signal is the matched output signal y,, with the threshold electric field E,,, marked as the red line. All the waveforms illustrated here
are the real parts of the analytic signals. (a) The test event with a peak current of 20.3 kA and a propagation distance of 610 km. (b) The test event with a peak current
of 6.3 kA and a propagation distance of 610 km. (c) The test event was classified to be (a CG with a peak current of 57.9 kA while the waveform exhibits positive
polarity. The propagation distance is 540 km. The inset figure shows the small preceding amplitude change between 0.1 and 0.1 ms. (d) The test event with a peak
current of 3.8 kA and a propagation distance of 610 km.

bank, the matched output signal is an outstanding impulse signal. The maximum amplitude of the output analytic
signal y, . is much larger than the threshold amplitude value E, . This method is also able to detect relatively
weak events, which are hidden in the noise. An example is shown in Figure 4b with a peak currentof 6.3 kA ata
propagation distance of 610 km. From the recorded lightning sferics, it can be difficult to identify lightning events
as a result of their low signal-to-noise ratio (SNR). However, after applying the transfer function derived by the
610 km averaged waveform, the matched output signal clearly exhibits an impulse. Although the R ratio is not as
large as the previous case, it still shows the ability to detect weak events using the impulse detection. In addition,
multiple lightning events can happen in short succession and are grouped into flashes by lightning detection
networks (Cummins et al., 1998; P@deboy, 2012, 2017). As the lightning information provided by Meteorage is
on the flash level, the lightning information is related to the first event in the short time window. Therefore, by
using the impulse detection method, there are a few cases where multiple events are detected within the 6 ms time
range. Under these circumstances, the matched output signal has multiple discrete impulses. As stated previously,
the impulse detection requires the transfer function to be at the same distance as the event. When multiple events
are present, the distance is decided by the first event as the following event(s) is (are) not recorded by the light-
ning detection network and therefore no reference for the distance is available. However, as the distance between
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neighboring events is assumed to be relatively small, the use of the transfer function decided by the first event
works quite well in these cases.

The failure cases can be attributed to two main reasons. A small number of strong +CGs with unusual waveforms
are misidentified as CGs, therefore, the +CGs cannot be detected using the transfer function calculated by CG
events. These untypical shapes of some +CGs can cause misidentification of lightning polarity. The impulse
detection procedure can easily distinguish the misidentified strong +CGs and an example is shown in Figure 4c.
This event is identified as 57.9 kA with a propagation distance of 540 km. According to the polarity of the
event waveform, this event is certainly a positive CG event as it exhibits an extremely large negative ground wave
pulse when using the atmospheric electricity polarity convention. The arrow marked in the lightning waveform is
pointing at a very small preceding amplitude change with an inverted polarity that occurs at the lightning occur-
rence time reported by Meteorage. There are several +CGs waveforms which have similar patterns. This means
that these small amplitude changes warrant further investigation in future work. However, at the current stage,
the source and cause of these pulses are unknown. The second and more common failure mode occurs when the
impulse detection process is applied to weak test events with low SNRs. An example event is shown in Figure 4d
which has a peak current of 3.8 kA and a propagation distance of 610 km. The lightning sferics of weak events
are largely distorted along the long propagation distance and end up with comparable amplitudes as the local
noise, which makes them difficult to detect with the impulse detection method.

The amplitude of the impulse detection has been discussed, and the phase information will be discussed in this
paragraph. The large amplitudes of the recorded sferics indicate the existence of lightning events. Similarly, the
phase of the lightning analytic signal is also able to indicate the lightning occurrence. A Gaussian impulse is used
as an idealized lightning signal to gain a first insight into the general behavior of phase. The phase of the Gauss-
ian pulse remains constant when the amplitude of the Gaussian pulse is very small. The phase starts rising from
negative to positive when the Gaussian signal amplitude starts rising, and the phase exhibits a zero crossing when
the pulse amplitude reaches maximum. For the individual events simulated in the impulse detection process, the
phase has the trend to increase from negative to positive and cross 0 at the lightning occurrence time while for
other times the phase remains erratic, such that this result matches well with the phase simulation using a Gauss-
ian pulse. Based on this property, it was decided to check the phase of the output impulse response y, .. However,
it is found that this property is not clearly shown when the phase progression factor el tis dominating the phase
of an individual signal. Therefore, it requires further investigation.

The performance of the impulse detection is evaluated here. The relation between the factor R and the peak
current is investigated. The larger the R value is, the larger the certainty of lightning existence. The analysis
shows that the factor R and the peak current | are positively correlated (not shown). This finding coincides with
the event selection that the source electric field coefficient A is linearly proportional to the peak current as the
impulse detection process also takes out the distance factor. For all the tested events, the peak currents are mostly
within the range from 0 to 40 kA, while the unmatched cases are mostly weak events with peak currents below

20 KA. In addition, the time stamp of the maximum amplitude E,, of the matched impulse signal y,,, tends to
occur from 0 5 s.

The detection efficiency of the impulse detection method using amplitudes was initially based on N > 100 differ-
ent events used to calculate the transfer function T,. It was initially assumed that the detection efficiency would
increase with the increase of N until the detection is stable. However, the processed results show that the transfer
function calculated based on N = 10 events is almost as effective as the transfer function calculated based on
N = 100 events. As a result, it was decided to vary N from 10 to 100 in steps of 10 to estimate an experimental
uncertainty for the detection efficiency. To make sure that at least 100 events are available as test events, each
distance group needs to have more than 200 events for a rigorous test. Therefore, there are 47 distance groups that
are processed using the complex analytic signal. In total, 45 of the distance groups exhibit an average impulse
detection efficiency of >80% and 33 groups exhibit an average impulse detection efficiency of >90%. The detec-
tion efficiencies >90% are found for the distance groups <240 km and >920 km. The distance groups from 510
to 830 km exhibit average detection efficiencies 88% with a relatively large of standard deviation 6% when
compared to the uncertainties of detection efficiencies at other distances. This uncertainty may be caused by the
ground and first sky wave ambiguity for two reasons: (a) The time delay between the ground wave and first sky
wave decreases which results in an apparent wave crowding , (b) the ground wave exhibits a larger attenuation
than the first sky wave such that the ground and sky wave in this distance range exhibit comparable amplitudes
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Figure 5. Comparison between amplitude waveform bank (upper) and coherency waveform bank (bottom) at 1,210 km on the (a) linear scale and (b) log scale. Black
dots are ground waves, red dots are skywaves.

(see more details in Section 6). For the distance groups >920 km, the detection efficiency increases again,
because the first skywave dominates the waveform of the sferic.

This novel impulse detection methodology is able to (a) detect the weak event with high accuracy (b) detect multi-
ple events within a short time range (c) avoid polarity misidentification compared with the traditional detecting
method and distinguish the +CG event even if it only rarely happens. This method potentially can contribute to
distinguishing IC events as the averaged waveforms in this work only uses CGs.

6. Comparison Between Amplitude Waveform Bank and Coherency Waveform Bank

Section 3 and Section 4 introduced two types of waveform banks, based on the lightning amplitude and the coher-
ency that was derived from the phase of analytic lightning signal. This section will investigate the differences
between the amplitude and phase by evaluating the waveforms from the amplitude waveform bank and coherency
waveform bank. The comparison between the waveforms at a distance of 1,210 km are used for an exemplary
illustration (Figure 5). On the linear scale, the peak amplitudes of consecutive sky waves drop off faster with time
when compared to the peak coherencies of the sky waves (Figure 5a). As a result, the sky waves appear to be more
readily apparent in the coherencies when compared to the amplitudes. However, on the logarithmic scale, the
peak coherencies of the sky waves appear to be more similar to the peak amplitudes (Figure 5b). It is interesting
to note that the noise level of the coherency can be calculated directly from the number of averaged waveforms

N because the coherency of normally distributed number is proportional to 1/ "~ For example, for the event
number threshold N = 100 used in this work, the theoretical noise level for the coherency is 1/ © =0.1 This
noise level is  10% of the the theoretical maximum coherency. For the amplitude noise level, the receiver used in
this work is remotely located with minimum noise level. In addition, the major noise source, which is power line
harmonic radiation, is filtered out before average process. This leads to a relatively low noise level in the ampli-
tude waveform. Therefore, the noise level is not used as the reference when comparing amplitude and coherency.
The ground wave is also not suitable to be taken as reference, because the ground wave exhibits more attenuation
effects caused by Earth curvature and conductivity. The first skywave is used as the reference for comparison
such that both figures use the peak amplitude of the first sky wave as the upper limit for the y-axis. The envelope
is used to represent the amplitude waveform for a better comparison. The ground wave is marked with black dot
and eight skywaves are marked with red dots. The upper signal is the amplitude waveform and the bottom signal
is the coherency waveform. Both waveforms exhibit the large ground wave and a few consecutive skywaves.

The envelope of the skywaves exhibits an exponential decay for the amplitude waveform such that the ratios
between the consecutive sky waves is a fixed value which is named the common ratio . This is a common feature
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for the amplitude waveform bank. The common ratios are calculated based on different distances. For the ampli-
tude waveform of each distance, the amplitudes of the first five skywaves are used to calculate amplitude ratios R;:

- ©)

where the A, is the amplitude of ith skywave. Then the common ratio R is determined by minimizing the root
mean square value S;:

— (10)

The common ratio between the skywaves amplitude for the amplitude waveform is positively correlated to the
distance. Except for four distance groups, the common ratio increases linearly from  6.06 dBto  2.88 dB
with a mean value of 5.12 dB.

The coherency waveform indicates that the coherency value of the skywaves has a linear decay. This means that
there is a constant difference between the successive terms and this constant difference is named the common
difference . The coherency differences D, are calculated using the first five skywaves of each coherency waveform:

(1)

where the coh; is the coherency of ith skywave. The common difference D, can be calculated using the same
minimum root mean square value technique:

— (12)

The coherency common difference D, is not distance-dependent in that it fluctuates between ~ 0.21and  0.11
with an average value of 0.17. Compared to the exponential decay of the skywaves amplitude in the amplitude
waveform, the coherency waveform has a near linear decay of the skywaves coherency value which leads to a
better prominence for higher order skywaves on the linear scale. The coherency waveform bank shows up to nine
skywaves for large distances in Figure 2c.

This study shows that the skywaves of amplitude waveforms have an exponential decay, which is the reason
why the amplitude waveform does not exhibit pronounced high order skywaves on the linear scale. However,
the amplitude waveform has the same ability to exhibit as many skywaves as the coherency waveform on the log
scale. An example of this comparison at the same distance of 1,210 km is shown in Figure 5b. In this case, both
waveforms clearly exhibit eight skywaves.

In Figure 5a, the amplitude of the first skywave is significantly larger than the ground wave such that there is a
possibility that the ground wave is mistakenly considered as a small fluctuation on the rising edge of the ground
wave while the first skywave in this figure is treated as the ground wave . In contrast, the coherency of the
first skywave is slightly larger than the coherency of the ground wave. The amplitude ratio and coherency ratio
between the first skywave and the ground wave on the linear scale are studied for the amplitude waveform bank
and coherency waveform bank in detail (Figure 6a). The amplitude ratio of the ground wave to the first skywave,
which is 1/Rg, is inversely proportional to the distance in that it decreases from 3.43to 0.24 ( 1/4.17) with
the distance increasing from 190 km to 1,220 km. The amplitude of the first skywave exceeds the ground wave
amplitude after 540 km. The coherency ratio of the ground wave to the first skywave is also negatively related to
the distance that it decreases from 1.26to 0.92 for the same distance range.

When calculating the coherency, the waveforms are not scaled to the ground wave maximum which means the
coherency only measures the phase stability without considering the peak current. The phase can therefore be a
better measurement than the amplitude for weak events.

Some conclusions can be drawn from the above analysis: (a) The phase is well preserved over long propagation
distances, (b) the phase is less distorted by the ionosphere reflection when compared to the amplitude and (c) the
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Figure 6. (a) The ratio between the ground wave and the first skywave. Black dots are from coherency waveforms, red dots are from amplitude waveforms. (b)
lonospheric height determination. The black dots are the ionospheric heights determined by the coherency waveform bank and the red dots are the ionospheric heights
determined by the amplitude waveform bank.

phase exhibits less attenuation effects caused by the Earth curvature and ground conductivity when compared to
the ground wave.

The measured time delay between the ground wave and skywaves can be used to determine the ionospheric
height (e.g., Schonland et al., 1940; Smith et al., 2004). As the skywaves are reflected at different locations of
the ionosphere, this method estimates the average ionospheric height during the entire propagation path. For each
available distance, both the amplitude waveform and the coherency waveform are used to extract time stamps of
the ground wave and the first five skywaves. The measured time differences between the ith skywave time
stamp  and the ground wave time stamp  can be calculated in Equation 13

(13)

For a simulated ionospheric height h, the theoretical time delays between each skywave and the ground wave
can be derived using the spherical earth model in Equation 14 (Schonland et al., 1940)

(14)

d represents the propagation distance in km, r refers to the earth radius in kilometer and ¢ is the speed of light
under the assumption that lightning propagation velocity equals the speed of light.

The timing uncertainty T measures the differences between the measured time differences and the theoret-
ical time differences of the simulated ionospheric height h. As each time the emitted electromagnetic waves
reflect from the bottom area of the ionosphere leads to an energy loss, the time stamps of lower order skywaves
are supposedly more accurate when compared to the higher order skywaves for amplitude waveforms. Therefore,
when it comes to calculating the time uncertainty T, a weight factor W; is applied. As mentioned previously, the
mean common ratio between skywave amplitudes is 0.31 on the linear scale, that is, 5.12 dB, the weight factor
W, for the amplitude waveform is defined in Equation 15

(15)
The corresponding weight factor for the coherency waveform is taken to be 1.
The timing uncertainty T is therefore defined in Equation 16
- (16)
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Different ionospheric heights h are simulated to find the minimum timing uncertainty T. The least square
method is used to derive the best fit ionospheric height for each distance. The resulting ionospheric heights are
illustrated in Figure 6b. The amplitude and coherency determined average ionospheric height h over all available
distance groups are 90.8 and 90.7 km and both methods give a standard deviation of —1.2 km. These results
match well with the mean ionospheric heights derived by Leal et al. (2017), who also used the data collected
during summer nighttime. Their mean ionospheric heights calculated by their CG waveforms are 90 92 km. The
ionospheric heights derived by the amplitude waveform bank and coherency waveform bank show comparable
results. While the method using the amplitude waveform bank needs to take priority for low order skywaves, the
method using the coherency waveform bank contributes equally by different order skywaves.

7. Conclusions

This contribution investigated a novel technique, that is, complex analysis, which will be used to study complex
interferometry of long-range lightning location networks in future work. The complex analytic signal is deter-
mined using the Hilbert transform, and its phase information is used subsequently to calculate the coherency.

The event selection process is carried out on data collected as part of field work during the summer in 2019. The
experimentally determined attenuation coefficient of the peak electric field recorded with a receiver in Rustrel
is 5.11 dB/Mm. This value is lower than the attenuation reported by Kolma ovk et al. (2016) which varies from
17.4 dB/Mm to 23 dB/Mm with a mean value of 21.5 dB/Mm. The most likely reasons for this are (a) the data
we are using was collected during nighttime when the attenuation is smaller than during the daytime, (b) the
receiver used in their work has a much higher frequency range, and high frequency components are more strongly
attenuated.

Both, an amplitude waveform bank and a coherency waveform bank are investigated. Before calculating the
waveform bank, the ratio R is determined for each lightning waveform to exclude rarely misidentified +CGs
events. A complex sferics analysis is introduced. Averaged waveforms are used to detect lightning events by use
of an impulse detection method. In total, 45 and 33 of the available 47 distance groups exhibit an average impulse
detection efficiency of >80% and >90% respectively. This novel impulse detection methodology is able to detect
weak events and multiple events in a short time range, and assist to avoid the rare polarity misidentification of
CGs. Potentially, the method may help to distinguish ICs from CGs events as the averaged waveforms only
uses CGs. In the future, the impulse detection methodology could be extended to detect lightning waveforms
without a priory knowledge of the distance which might enable an estimation of the distance range solely based
on the lightning waveform.

The amplitudes of skywaves exhibit exponential decay with a mean common ratio of 5.12 dB for the ampli-
tude waveform on the linear scale. The coherency waveform on the linear scale indicates that the coherency of
skywaves has a linear decay with an average common difference of 0.17. Therefore, the coherency waveform
bank exhibits more pronounced higher order skywaves when compared to the amplitude waveform bank on the
linear scale, that is, up to nine skywaves can be clearly distinguished in Figure 2c. However, both, the amplitude
waveform bank and coherency waveform bank have the same ability to exhibit high order skywaves on the log
scale (Figure 5b).

In long-range lightning detection networks, the skywaves can result in significant interference for the detection
of lightning return strokes because (a) for long-distance propagation, the time differences between the ground
wave and skywaves can be quite low, and this wave crowding effect can cause difficulties to distinguish the
ground wave from skywaves in the waveform (b) the ground wave attenuates fast when the propagation distance
increases as a result of the Earth curvature and ground conductivity. Therefore, the first skywave can be a signif-
icant interference when compared to the ground wave (Figure 5a). This characteristic is quantitatively analyzed.
The ratios between the ground wave and the first skywave are inversely proportional to the propagation distances
for both, the amplitude waveform bank and coherency waveform bank. The ratios decrease from 3.43to 0.24
for the amplitude waveform bank, and range from 1.26 to 0.92 for the coherency waveform bank for the same
distance range, that is 190 km to 1,220 km. This result shows that the coherency is a better parameter to detect
the ground wave as the coherency is preserved over long propagation distances when compared to the amplitude
waveform bank.
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The calculation of the amplitude waveform bank requires scaling the waveform to the ground wave maximum.
This step makes sure that the averaged waveform is not dominated by strong events. The calculation of the coher-
ency waveform bank does not need this extra step and this means that the coherency calculation has the potential
to detect weak events, which will be studied in future work. However, the coherency calculation is based on
averaged events data while the amplitude waveform can be extracted for an individual event.

Both of the waveform banks are used to calculate ionospheric heights. The average ionospheric heights over the
entire propagation path determined by the amplitude waveform bank and the coherency waveform bank are 90.8
and 90.7 km with the same standard deviation of 1.2 km. These results match well with the mean ionospheric
heights calculated by Leal et al. (2017), which are 90 92 km. The methodology used here shows that to achieve
these comparable results, the amplitude waveform bank needs to prioritize low order skywaves and the method
using the coherency waveform bank contributes equally to different order skywaves.

This work studied the amplitude waveform bank and coherency waveform bank in detail. In the future, the
coherency will be used to produce a coherency map by shifting the recorded waveforms from a set of receivers to
plot the coherency at different pixels of a map. This method will use more phase information of lightning sferics
compared with the traditional method that only picks a single point for each event. Such simulation can be time
dependent such that it is possible to produce a dynamic coherency map which potentially can offer more detailed
lightning information than currently available.

8. Summary

The complex analysis of sferic waveforms is studied in this contribution using the coherency. Amplitude and
coherency waveform banks are calculated based on distant-dependent measurements collected during the summer
2019. A lightning detection method is investigated using the averaged waveforms in the amplitude waveform bank
and the corresponding lightning detection efficiencies are quantified. The amplitude waveform bank is compared
in detail to the coherency waveform bank. Both waveform banks exhibit distant-dependent ground waves and
numerous consecutive sky waves. Higher order sky waves are readily apparent in the coherency waveform bank,
in particular at relatively large distances, similar to the logarithmic amplitudes in the amplitude waveform bank.
The ground wave and first sky waves exhibit similar amplitudes at distances ranging around 540 km. At larger
distances the ground wave is more attenuated than the sky waves and the time delay between the ground wave
and sky waves decreases such that interference occurs. This study lays the foundation for using the coherency of
sferic waveforms toward two-dimensional interferometric methods based on the complex analytic signal for use
in long-range lightning detection networks.

Data Availability Statement
The data used for this publication will be available from https://doi.org/10.15125/BATH-01057.
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Chapter 5

Long-Range Lightning
Interferometry Using Coherency

Commentary

The preceding chapter introduced complex analysis and demonstrated that co-
herency could effectively capture lightning characteristics similar to amplitude,
particularly showcasing superior performance in identifying ground waves in long-
range systems. This chapter primarily focuses on simulating a novel technique:

the interferometric method in long-range networks.

In traditional long-range lightning detection and location networks, the Time
of Arrival (TOA) technique is commonly used, which selects a single point to
represent the lightning event location. However, as demonstrated in the last
chapter, the amplitude of the first skywave can exceed that of the ground wave
when the distance between the source and the receiver is approximately 540
km. Moreover, wave crowding can lead to the selection of incorrect time stamps,
such as the maximum associated with the first skywave, further complicating
the localization process. To overcome these limitations and potentially improve
location accuracy, the interferometric method is explored in this study which

involves utilizing more data.

To begin with, sensitivity maps for both amplitude and coherency are calculated,
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illustrating the accuracy of lightning location in relation to uncertainties in the
physical processes of lightning. The coherency of lightning and noise is quantita-
tively examined, providing a theoretical estimation of coherency for subsequent

simulations of interferometric methods.

Previous work by Zhu et al. (2021) reported that lightning events could be
mapped accurately using a pure interferometric method in the LF range. How-
ever, their study used a small network with 30 to 60 km baselines. In contrast, this
work simulates the interferometry method in a long-range network, where the av-
erage propagation distance of simulated lightning events across different receivers
is 1150 km. Consequently, the first skywave causes significant interference. To

mitigate this interference, two methods are introduced in this chapter:

1. Utilizing a smaller network, the average propagation distance is reduced to

273 km for a ten-receiver network and 384 km for a twenty-receiver network.

2. Employing the inverse impulse response of the waveform obtained from the
amplitude waveform bank to filter the lightning data and eliminate the skywave

interference.
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Abstract: Traditional lightning detection and location networks use the time of arrival (TOA) tech-
nique to locate lightning events with a single time stamp. This contribution introduces a simulation
study to lay the foundation for new lightning location concepts. Here, a novel interferometric method
is studied which expands the data use and maps lightning events into an area by using coherency.
The amplitude waveform bank, which consists of averaged waveforms classi ed by their propaga-
tion distances, is rst used to test interferometric methods. Subsequently, the study is extended to
individual lightning event waveforms. Both amplitude and phase coherency of the analytic signal
are used here to further develop the interferometric method. To determine a single location for
the lightning event and avoid interference between the ground wave and the rst skywave, two
solutions are proposed: (1) use a small receiver network and (2) apply an impulse response function
to the recorded waveforms, which uses an impulse to represent the lightning occurrence. Both
methods effectively remove the rst skywave interference. This study potentially helps to identify
the lightning ground wave without interference from skywaves with a long-range low frequency (LF)
network. It is planned to expand the simulation work with data re ecting a variety of ionospheric
and geographic scenarios.

Keywords: lightning; electromagnetic noise; atmospheric electricity

1. Introduction

Lightning discharges emit electromagnetic elds from 1Hzto 300 MHz[1]. The
peak power of distant lightning discharges mainly lies at a centre frequency of 10 kHz
and decreases with increasing frequency [2,3]. The return stroke of cloud-to-ground (CG)
discharge is mainly observed in the very low frequency (VLF, 3 30 kHz) and low frequency
(LF, 30 300 kHz) bands [4].

Lightning location systems (LLSs) are designed to geolocate lightning, which com-
monly operates at VLF, LF, and very high frequency (VHF, 30 300 MHz) bands [5]. The
sferics, short for ’atmospherics’, in the VLF and LF band, exhibit an extraordinarily small
attenuation which allows them to be detected over long distances even globally [6]. There
are many LLSs designed to use VLF/LF, such as the U.S. National Lightning Detection
Network (NLDN) [7], Earth Networks Total Lightning Network (ENTLN) [8], the Vaisala
Global Lightning Detection Network GLD360 [9], the World Wide Lightning Location
Network (WWLLN) [10], and M@teorage [11]. These LLSs usually use the time of arrival
(TOA) technique [5,12,13].

Broadband interferometry was rst developed by Proctor [14]; subsequently, the
interferometric method is extensively studied to map lightning strokes in two or three
dimensions in the VHF band, e.g., [15 18]. A hybrid interferometry-TOA method, which
combines the interferometric method and TOA technique, was reported by Lyu et al. [19],
and Zhu et al. [20] use the LF band. Recently, Zhu et al. [21] reported a pure interferometric
method using the LF band that maps lightning events into areas. In their study, a small
network is used with baselines between 30 and 60 km.

Remote Sens. 2023, 15, 1950. https://doi.org/10.3390/rs15071950
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The Earth and ionosphere form the Earth-ionosphere waveguide, which allows the electro-
magnetic radiation from lightning to propagate over long distances at low frequencies [22,23].
The recorded sferics are usually composed of a ground wave followed by successive
skywaves that are produced by ionospheric re ections [24,25]. Compared to daytime iono-
spheric conditions, the night time ionosphere is a better re ector that contains more clearly
de ned skywaves [26 28]. The ionospheric re ections cause an energy loss to skywaves be-
cause a small portion of the sferics travels through the ionospheric D region into near-Earth
space [29]. The ground wave attenuation is related to ground conductivities [30,31]. In
addition, the Earth’s curvature contributes to the electric eld decrease of the ground wave
over long distances [32]. With long propagation distances, the ground wave amplitude
decreases and the rise time of the ground wave increases [33,34]. Mezentsev and F llekrug
[35] reported that for long-distance propagation, the ground wave dies out much faster
than skywaves for LF radio signals.

The concept of waveform bank for long-range lightning detection was rst introduced
by Said et al. [36]. A waveform bank consists of waveforms that have been averaged
for each propagation distance. Therefore, for each distance, a collection of many wave-
forms, typically 50 100 yields a mean waveform that de nes the shape of the lightning
sferics well. The waveform bank is a good tool to advance the understanding of distance-
dependent lightning sferics. Li et al. [37] use a waveform bank to detect the ground wave
with large certainty. The recorded lightning waveform can be converted to a complex
analytic signal using the Hilbert transform [38,39]. The amplitude envelope, instantaneous
phase, and instantaneous frequency can be calculated from the complex analytic signal [40].
This contribution reports a novel complex interferometric method using the coherency of
the analytic signal phase, named coherency for short in the following sections [41,42].

The data used in this work were recorded from 18 to 31 August 2019. Four at plate
antennas were deployed in Rustrel, France (43.94 N, 5.48 E); Orleans, France (47.84 N,
1.94 E); Toulouse, France (43.56 N, 1.48 E); and Bath, UK (51.38 N, 2.33 W). The antennas
record the electric eld from 4 Hzto 400 kHz at a sampling frequency of 1 MHz [43].
The digital Iter used in this work is a low-pass Iter with a cutoff frequency of 400 kHz.
Lightning information, including the time of occurrence, location, polarity, peak current
and lightning type, i.e., CG or in-cloud discharge (IC), are provided by M@teorage.

This contribution introduces simulation work that uses the interferometric method
to locate the lightning event. To do this, we rst pre-set a lightning location, then use
corresponding lightning waveforms de ned by their distance to locate the simulated
lightning event. All the lightning waveforms are collected using our own receivers set up
in Bath, Rustrel, Orleans, and Toulouse. The distance for each event is calculated by the use
of lightning location information provided by M@teorage.

In this study, the data quality is evaluated rstly based on the receiver locations in
Section 3; therefore, we decide to only use the data collected in Bath and Rustrel for further
interferometric study as they have better quality. Before using the waveform from the
individual event, the averaged amplitude waveforms from the amplitude waveform bank
are rst used to simulate the interferometric method in Section 4. The amplitude waveform
bank is calculated only using the data collected in Bath and Rustrel. To calculate the
amplitude waveform bank, the waveforms of -CGs are extracted with a time duration of

1 to 5 ms which is referenced to the lightning occurrence time at 0 ms after correction
for the wave propagation time to the receiver at the speed of light. Each waveform is
scaled to its ground wave maximum so that the averaged waveform is not dominated by
strong lightning events. Then, these waveforms are classi ed into groups based on their
propagation distance with a distance resolution of 10 km. For distances with more than
100 events, average lightning waveforms are calculated and compiled into the amplitude
waveform bank [42].

The collected data enable the simulation of a network of lightning receivers to study
long-range lightning interferometry. The simulated network performance is evaluated
with sensitivity maps that use amplitude and coherency as described in Section 2; a
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quantitative study of coherency of lightning events and noise is introduced in Section 3;
the interferometric method using the waveforms from the amplitude waveform bank is
presented in Section 4; the interferometric method using the waveforms of individual
events is developed in Section 5; the interferometric method using a short baseline network
is illustrated in Section 6; the interferometric method using impulse response function

Itered waveforms is introduced in Section 7; a discussion of the results completes the
study in Section 8; and the Table of Symbols is shown in Appendix A.

2. Sensitivity Map

For a given geometry and a certain distribution of an array of receivers, a sensitivity
map can be calculated that summarises the location uncertainty caused by the equipment
timing uncertainty and the uncertainty introduced by the physical processes involved, i.e.,
the varying properties of individual lightning events and the subsequent wave propaga-
tion [35]. The receiver used in this work has a relative timing uncertainty of 12 ns [43].
However, for the long-range network, a more practical timing uncertainty caused by the
physical process is con rmed by experiments to be about several microseconds ([44], p. 30).
In this section, an example receiver network, which includes 10 receivers, i.e., N = 10, is
used to illustrate sensitivity maps using both the Time of Arrival (TOA) technique and
the coherency.

The map is divided into many test pixels witha 0.5 0.5 range. The location uncer-
tainty is evaluated with the unit of test pixel by using the TOA. The distance differences
DD, between two different receivers are

DDn :dn dn+l n:1,2,3N 1, (1)

where dy is the propagation distance from the test pixel to the n-th receiver based on the
World Geodetic System (WGS84) model. The corresponding propagation time differences
DT, are de ned in Equation (2) under the assumption that the electromagnetic waves
emitted by lightning discharges propagate on average at the speed of light ¢

DD
DTy = C” n=123...N. 2)

The timing uncertainty caused by the physical process is about several microseconds.
Here, normally distributed random variates are used to describe a random time delay N
that is added to the time differences DT,

DTNy =DThn+N 1s n=1,23...N. 3)

These simulated time differences DTy are used to nd the corresponding simulated
lightning location by using the TOA method. The distance difference Dd between the newly
determined lightning location and the test pixel is calculated. For each pixel, the same
simulation is repeated 100 times and the mean distance difference is used in the sensitivity
map to represent each test pixel. The sensitivity map shows that the location accuracy inside
the receiver network is larger than the accuracy outside the receiver network, where the
speci ¢ distance uncertainty pattern depends on the geometric receiver con guration. This
general conclusion matches the sensitivity map reported by ([44], Figure 3.6). Therefore,
the sensitivity map is not shown in this work. The novelty of this contribution is that a
sensitivity map is produced with the coherency, as described in the following paragraphs.

Coherency is a statistic measurement of the lightning phase embedded in the complex
trace of recorded waveform [41,42]. Coherency is de ned as

1N yn(tn)

coh= — _ -
N —; Jyn(tn)]

=1,2,3...N, 4)
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where t, is the discrete time at the n-th receiver, and yy, is the analytic signal recorded at
the n-th receiver after taking out the propagation time, such that, t, = 0 s. The sensitivity
map for the coherency displays the coherency at each individual pixel. The waveform y,
used here is the lightning waveform from the amplitude waveform bank with the closest
propagation distance compared to the distance between the test pixel to n-th receiver.

The amplitude waveform bank is calculated based on the sferics recorded by the
receivers located in Rustrel and Bath [40,42]. The receiver in Rustrel is selected because this
receiver was set up on a remotely located mountain top with a relatively small level of local
noise interference. Since most of the lightning events used in this work occurred in France,
the waveforms recorded by the receiver in Bath are associated with large propagation
distances up to 2150 km. The averaged waveforms in the amplitude waveform bank for
each distance are calculated by more than 100 events to create a reliable and representative
lightning waveform. Therefore, there are some gaps in the waveform bank as a result of
the limited number of events for some distances. To Il these gaps in the waveform bank, a
linear interpolation is used to calculate a continuous waveform bank (Figure 1a). When
calculating the amplitude waveform bank, each lightning waveform is scaled by its ground
wave maximum; therefore, the energy of 10 kHz at 2000 km can be larger than at 200 km
because this is not the real recorded energy, but rather, the normalised energy. In practice,
the ground wave would attenuate largely at 2000 km. However, as this work studies
long-distance remote sensing, the waveforms of large distances are kept for subsequent
analyses. This gure shows the amplitude waveform bank in the frequency domain.

The waveforms extracted from the amplitude waveform bank in the time domain
are referenced to the lightning occurrence time by taking out the propagation time, that
is, th = 0 s. The time point ty ), when considering the timing uncertainty, can be
determined by adding a random number N based on Equation (3). The coherency for
each test pixel is calculated by using Equation (4) and considering the timing uncertainty
th = tN (n)-

If a distance d,, is outside the distance range covered by the waveform bank, i.e.,
dn < 190 km or d,, > 2150 km, the coh value of this test pixel is set to 0. For each test pixel,
the same process is repeated 100 times, and the average coherency of these 100 simulations
is used. The quality q is de ned in Equation (5) to emphasise the small differences of
coherencies coh [41,45]

q = log, ﬁ = logyu(1 coh). (5)

The quality q value for each pixel is shown in the coherency sensitivity map (Figure 1b).
The low values around the receiver and at the boundary of the gure are caused by the
limited distance range of the amplitude waveform bank. It is evident that the coherency is
relatively large, even outside the receiver network. The coherency pattern also depends on
the geometric array con guration of the receivers in the network.

Figure 1. (a) Interpolated waveform bank spectrum (190 2150 km). (b) Sensitivity map using quality
g value. The receivers are marked in red dots. The range is 35 N to 60 N for latitude and 10 W to
25 E for longitude with a pixel resolution of 0.5 0.5 .



Remote Sens. 2023, 15, 1950

50f 28

3. Coherency

It has been reported by Bai and F llekrug [42] that the coherency waveform bank can
exhibit lightning characteristics with relatively accurate ground wave and skywave arrivals.
In that study, coherencies are studied with groups of lightning events which are classi ed
by their propagation distances. In this section, the propagation times are referenced tot =0

s, which is the lightning occurrence time. After that, all the events will be treated equally
despite their propagation distances when calculating the coherency. The only variable that
affects the coherency in this section is the case number, i.e., the number of events used to
calculate coherency. The purpose of this section is to quantitatively study the lightning and
noise coherency, which will be used as a reference when investigating the interferometric
method in the following sections.

3.1. Coherency of Lightning Events

The events used in this section are recorded from four receivers. There are 2000 events
randomly selected from each receiver to form an event pool, which has 8000 events in
total. The length of each event waveform is 2.5 ms, which ranges from 0.5 msto 2 ms
with respect to the lightning occurrence time. Calculating coherency with different case
numbers N can be regarded as calculating the coherency with waveforms recorded from
N different receivers of one event. This is different from Section 2, where the receiver
number N is 10, the receiver number N, i.e., case number N in this section, is a variable.
The coherency waveform is calculated based on N lightning waveforms using Equation (4).
The N events are randomly selected from the event pool, which has 8000 events with
various propagation distances. The event number N varies from 10 to 1000 in steps of 10 to
calculate the coherency based on different case numbers. A step size of 10 is chosen because
it still shows a smooth coherence curve, but it does not require as much computation time
as using a step size of 1. Here, an example of the calculated coherency waveforms with
the event number N of 10, 40, 70, and 100 in one simulation are shown in Figure 2a. For
each coherency waveform, the peak coherency cohyq associated with the ground wave is
marked with the red dot and the threshold coherency cohyy,, is marked with a red line. With
the propagation distance increasing, the recorded ground wave will be elongated with a
decreased peak. A time window of 0 40 sis used to de ne the ground wave time range
and help nd the peak associated with the ground wave. This time window is restricted by
the ground wave rise time. The reason why this time window is selected is that lightning
events with different propagation distances have different skywave arrival times. Therefore,
the time range that is certainly coherent is the time range associated with the lightning
ground wave. Long propagation distances will elongate the ground wave rising edge
to 20 s, and in general, the most accurate phase information is usually present at the
ground wave peak. Therefore, to include the ground wave peak, a time window of 0 40 s
is used here. Note that the start time of the time window is the lightning occurrence time
instead of the ground wave arrival time. The time range outside of this window would
be considered as noise, whose mean coherency is de ned as the lightning threshold level
cohyyr. The ratio R is de ned to help determine a prominent ground wave peak

R = cohpear/ cohgpy. (6)

It can be seen from Figure 2a that, when the event number N is 10, most of the time
stamps are highly coherent, and it is hard to distinguish the lightning occurrence time.
With increasing event number N, the peak coherency cohe,, decreases slowly and remains
at a high value, while the threshold coherency cohy,, drops much faster. It means that
the coherency waveform with a larger event number N has a lightning ground wave that
stands out more with a high signal to noise ratio. Therefore, a large number of receivers
recording synchronously at different locations can largely increase the detection accuracy
of lightning arrivals in the coherency waveform. When the event number N increases
to a threshold value, i.e., 100, the peak coherency coheq and the threshold coherency
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cohy, tend to be stable at 0.51 ( 0.005) and 0.08 ( 0.008), respectively (Figure 2b). In
this example, the skywave is not distinguishable because the events used to calculate the
coherency waveform have different propagation distances. Therefore, the skywave arrival
times are different and not coherent with each other.

Figure 2. (a) An example of coherency waveforms calculated over randomly selected individual
events with the case numbers 10, 40, 70, and 100. (b) The peak coherency (black), threshold coherency
(blue), and ratio R (red) with different event numbers. (c) coherency based on different receiver
pairs. The peak coherency are the lines larger than 0.4 while the threshold coherency are the lines
lower than 0.4. The threshold value of 0.4 is marked with a red dashed line. (d) Ratio R values with
different selections of receiver locations. In both (c,d), the upper gure shows the coherency at Bath
(red), Toulouse (green), Orleans (black), and Rustrel (blue). The middle gure shows the coherency
for the location pairs Bath Toulouse (red), Bath Orleans (green), Bath Rustrel (black), Toulouse

Orleans (blue), Toulouse Rustrel (sky blue), and Orleans Rustrel (purple). The bottom gure shows
the coherency for the location sets Toulouse Orleans Rustrel (red), Bath Orleans Rustrel (green),
Bath Toulouse Rustrel (black), and Bath Toulouse Orleans (blue).
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This process has been run 100 times to increase the reliability of the results. There are
three evaluation factors: threshold coherency cohy,, peak coherency cohpeqy, and ratio R
are recorded based on the event number N. The mean value and the standard derivation
of each evaluation factor are calculated and shown in Figure 2b. It can be seen that with
increasing event number N, both cohpe, and cohy,, decrease at a different rate. The ratio R
increases with the event number N, which has a logarithmic growth. It is worth mentioning
that, contrary to expectations, the peak coherence usually occurs between 0and5 s,
which is near the lightning occurrence time. As mentioned earlier, according to different
propagation distances, the rising edge of the ground wave has different time ranges, which
means that the peak of the ground wave arrives at different times. Therefore, for different
lightning events with different ground wave peak times, the lightning occurrence time, that
is,t=0 s,is relatively consistent, so it has the largest coherency.

This study quantitatively investigates the practical coherency of lightning events based
on the event number N, which will be compared with the noise coherency in Section 3.3
and used as a reference in Sections 4 6.

3.2. Coherency Analysis Over Lightning Event with Different Selections of Receiver Locations

In the last section, the event pool consists of the events of four locations. To analyse
the location performance, the same simulations are repeated with different event pool
compositions. This section aims to evaluate location performance and provide statistical
support for location selection in the following interferometric method study.

The coherency results based on different selections of locations are shown in Figure 2c,d.
Figure 2c shows the threshold coherency cohy, and the peak coherency cohpea, While the
curves with a value above 0.4 are associated with the peak coherency.

As for the threshold coherency, the single receiver result shows that the receiver
in Toulouse has the highest threshold coherency, while the other three receivers share
the same threshold coherency. It indicates that other electromagnetic eld sources in
Toulouse can interfere with the recordings when monitoring the lightning activity. This
conclusion is corroborated by analysing the results of two locations and three locations. In
the two locations gure, the threshold coherency calculated from the receiver pairs Bath
and Toulouse, Orleans and Toulouse, and Rustrel and Toulouse is comparable and slightly
higher than the other three location pairs, that is Bath and Orleans, Bath and Rustrel, and
Orleans and Rustrel. This shows that as long as the receiver in Toulouse is involved with
event selection, the threshold coherency cohy,, will be relatively high. And the results of
three locations show that the receiver group including the receivers in Bath, Orleans and
Rustrel produce a minimum threshold coherency cohy,,. It means that the receiver selection
without the receiver in Toulouse can produce a relatively low threshold coherency.

The same analysis procedure is carried out for peak coherency cohpe,. It can be concluded
that the peak coherency cohpeak Rustrel = CONpeak Toutouse > CONpeak Orleans > CONpeak Bath DY
analysing results produced by different selections of locations. To gain more information
on these simulated events, the event distance distribution is plotted based on the receiver
location in Figure 3a. Therefore, the possible reasons that caused different peak coherency
can be (1) the events used in this section happened in Southern France, which leads to larger
propagation distances of the recorded waveforms in Bath and causes a minimum coherency
peak value; (2) to quantitatively analyse the distance distribution, the mean distance to
Rustrel is similar to Toulouse, which is smaller than the mean distance to Orleans, and Bath
has the maximum mean distance. It is suggested by Bai and F llekrug [42] that the large
distance can lead to a lower ground wave coherency; (3) the receiver in Rustrel was remotely
located on a mountain top with the minimum noise level. In addition, the waveforms
recorded in Rustrel have a better quality, i.e., larger signal to noise ratio, compared to the
waveforms recorded in Toulouse, which can produce a larger peak coherency.
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Figure 3. (a) Distance distribution for events recorded from different locations. (b) Noise coherency
with different event numbers. This gure shows theoretical coherency noise values (blue), the
coherency of noises recorded at Bath (yellow), Toulouse (purple), Orleans (green), and Rustrel (sky,
blue), and event threshold coherency (red).

The results calculated with the receiver in Toulouse have both high levels of threshold
coherency and peak coherency may indicate this location is better at recording electromag-
netic elds. To nd out which location is better at detecting lightning signals, the ratio R is
a more practical evaluation factor. From all three sub- gures, it can be seen that the ratio R
values are comparable when event number N is 10. With event number increasing, the ratio
Rrustrel = Reath  Rorleans = RToulouse- It means Rustrel is the best location in this study
for monitoring lightning, while Toulouse is the worst location among these four locations.
However, even the coherency calculated based on the events recorded in Toulouse has a
ratio R of 2.9 when the event number is 10 and can reach 5 when the event number is
larger than 100.

3.3. Coherency of Noise

The coherency noise level qsgends on the event number N; that is, the theoretical
noise coherency scales with 1/ N. In this segtjon, the coherency is calculated based on
recorded noise with the theoretical value 1/ N as a reference. This section provides
the experimental basis for the selection of data sources when testing the interferometric
method in the following sections.

The coherency of the recorded noise is evaluated based on the receiver location. The
noise is de ned as the electromagnetic eld recordings when there is no lightning activity
within the distance range of 1000 km. For each location, more than 4000 noise waveforms
are selected, and each noise waveform has a time length of 2.5 ms to be consistent with the
analysis of lightning signals in the previous sections. Since the lightning events used in
this work were all recorded during the night time, the noise waveforms were also selected
from the measurements during the night time as explained below. However, there were
active lightning storms during each recording date, so it is hard to nd a time long enough
to have the number of noise waveforms meet the overall search criteria. Therefore, the
noise waveforms are extracted during the time between lightning events. To make sure
each noise waveform does not include any lightning activity, the time gap between the
occurrence time of two lightning events, which are used to extract the noise waveform,
needs to be longer than 2 s. The noise waveform start time is 1 s after the occurrence
time of the rst lightning event. For each quali ed time gap, only one noise waveform is
selected because there are meaningful background signals in the Toulouse and Orleans
recordings. If continuous recordings are taken, they would be coherent. This step is to
break the continuity of the phase information that exists in periodic signals. The frequency
components below 1 kHz are Itered out using a digital Iter because in this frequency
range, some meaningful signals lead to highly coherent phase information. The source of
this coherent signal is the power line harmonic radiation.



Remote Sens. 2023, 15, 1950

9 of 28

The coherency of noise waveforms is evaluated with different event numbers N, and
the mean values of recorded noise coherency for each station are plotted in Figure 3b.
When the event number N is 10, the coherency of the noise recorded from four locations
all starts from  0.28. As the event number increases, the recorded noise coherency starts
to decrease and the differences between the four locations start to be clear. The recorded
noise coherency in Orleans has the maximum value, while the recorded noise coherency in
Bath and Rustrel exhibit a smaller value. The low coherency of the recorded noise means
during a quiet time (when there is no lightning activity), the local background does not
have many meaningful sources (coherent signals) and is preferred to be used as a location
for lightning recording.

Figure 3b shows therygherency of the following three categories: recorded noise,
theoretical coherency 1/ N, and the lightning event threshold coherency cohy,,. It can be
seen that for various event numbers N, the recorded noise coherency follows the simulated
noise coherency and matches with the theoretical noise coherency. It is worth mentioning
that the lightning event threshold coherency cohyy,, also follows the noise coherency, which
means except for the ground wave, the other time range is not coherent and can be regarded
as noise. This analysis offers a reference to the coherency of noise, based on the event
number N, which will be used in the following study of interferometry in the next section.

4. Interferometric Method with Averaged Waveform

The existing lightning detection and location networks commonly use the Time-
of-arrival (TOA) technique, which only selects a single time stamp from each recorded
lightning waveform. This selected time stamp is usually the start of the rise time, zero
crossing time, or maximum electric eld time. The zero-crossing time is determined by
the maximum electric eld, that is, using the 10% and 90% of maximum electric eld
points to de ne a line, and the zero-cross time is when this line crosses zero. The TOA
technique is simple to use and has high accuracy. However, to expand the use of recorded
waveforms and explore the information possibly contained in the received waveforms, the
interferometry method is introduced here.

The idea of the complex interferometric method is to use coherency to simulate
interferometric lightning location by mapping the lightning event into an area rather than a
single location. In this map, each pixel corresponds to a lightning location with a different
time of arrival difference, and the coherency is shown for each pixel. These time of arrival
differences are simulated by shifting the lightning waveforms.

The real lightning receiver locations in Europe are used for simulations to be more
realistic (Figure 4a). To investigate this method, the averaged waveforms from the am-
plitude waveform bank are rst used here to create the best possible result. It is worth
mentioning that the amplitude waveform bank used here is only based on the data collected
in Bath and Rustrel because (1) enough data are collected during the campaign and the data
collected in these two locations are enough for this study; (2) the noise coherency study
in Section 3.3 shows that the data collected from Bath and Rustrel have a relatively large
signal to noise ratio; (3) the study in this section requires a large distance range because
the receiver network used here covers a large area of Europe and only the data collected in
Bath can cover that large distance range.

In this work, the lightning events are simulated at different locations with all European
receivers. The European receivers cover a large area which would require long-distance
events, while the Rustrel data can only cover a distance up to 1340 km and Bath data can
cover a distance up to 2150 km.
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Figure 4. (a) Simulated lightning locations (red open circle and red dot) and receiver distribution
in Europe (all the dots except two red dots). The red open circle is the simulated lightning location
using the averaged waveforms from the amplitude waveform bank, and the red dot is the simulated
lightning location of 15 E and 42 S. Yellow dots are the receiver used in the simulation with averaged
waveforms from the amplitude waveform bank; black dots are the 10 receivers used in a small
receiver network (N = 10); the black dots and green dots are the 20 receivers used in small receiver
network (N = 20). (b) The calculated coherency map by using the amplitude waveforms from the
amplitude waveform bank. The coherency map has a latitude and longitude range of 0.5 0.5 , with
a precision of 0.001  0.001 .

In addition, N receiver locations (yellow dots in Figure 4a) are speci cally selected to
be evenly distributed around the simulated lightning location L (red circle). The distance
between the simulated lightning location L and the selected receiver location can be calcu-
lated to extract the corresponding waveform from the amplitude waveform bank. From
Figure 2d, it can be seen that with the number of 10, which refers to a lightning detection
and location network with 10 receivers, the ratio R between the peak coherency cohpes and
the threshold coherency cohy,, is  2.6. It means a coherency map based on 10 receivers can
exhibit a good contrast between the ground wave and the background noise. A coherency
map example is shown in Figure 4b to help explain this interferometric methodology. The
selected averaged waveforms from the amplitude waveform bank are shown in Figure 5.

The simulated lightning location L is put at the centre of the coherency map in Figure 4b.
The time Ty for this coherency map is set as 0, which is the occurrence of the selected
waveforms. The occurrence time is chosen because in the simulations in Section 3.3, it
is found that peak coherency typically occurs between 0 and 5 s. Therefore, the coherency
of the pixel L is the coherency calculated based on the time Ty in 10 averaged waveforms

1 N Yn(To)

cohy = — - -
“TON L iye(To)i

n=123...N, (7

where yj, is the averaged waveform refers to n-th receiver.

The coherency of other pixels P depends on the relative distance towards the simulated
lightning location L, and the coherency needs to be calculated by shifting the selected
averaged waveforms. The distance difference Dy, between the test pixel P to n-th receiver
location and the lightning location L to n-th receiver is

Dhn=dp, d, n=123...N, (8)

n

where dp, is the distance between the test pixel P and n-th receiver, and d|, is the distance
between the simulated lightning location L and n-th receiver.



Remote Sens. 2023, 15, 1950 11 of 28
I"#3$%& * (#$%&
"H(H$%& ) +H#$%&
)" #E%& * #H$%E&
)) #$%& ), #$%&
(#$%& , ##$%&

Figure 5. Amplitude waveforms from the amplitude waveform bank used to simulate the coherency map.

The time delay of the test pixel P compared to the simulated lightning location L for
n-th receiver is

Th=—" n=123...N, 9)

under the assumption that lightning propagation velocity equals the speed of light. The
coherency for the test pixel P is

1 N yn(To + Thn)

cohp = — —
P N —; Jyn(To + Tn)j

n=1,23...N. (10)

This method uses much more information about a lightning waveform compared to
the traditional method, which only picks a single time stamp for each event, and can give
an uncertainty of lightning location information of a single event.

5. Interferometric Method with Whole Receiver Network

In the last section, the interferometric method is investigated using the averaged
waveforms from the amplitude waveform bank. In this section, the waveforms of individual
events are used. Coherency and amplitude values are studied separately to be shown in
each pixel in the map. To expand on the results, time Ty can be varied to refer to different
times. A collection of maps with different times is de ned as a dynamic map, which shows
the movement of the apparent lightning location inferred from the coherency.

5.1. Coherency Map

The coherency map performance depends on the receiver number; all 105 available
receiver locations are used for the simulation to illustrate a dynamic coherency map. The
simulated lightning location L is put at different locations to investigate the effects of
relative positions of lightning location and lightning detection network. Ten different
lightning locations are simulated, and an example is shown in this section for illustration.



Remote Sens. 2023, 15, 1950

12 of 28

This simulated lightning location has a longitude and latitude of 15 E and 42 S, which is
located at the South East part inside of the receiver network (Figure 4a). The start and end
times of Tpare 60 sand 160 s with a step time of 20 s. In addition, the waveform
Yn used here is not the averaged waveform from the amplitude waveform bank. Instead,
waveforms of individual events are used. The distance d|, is the distance between the
simulated lightning location L and n-th receiver. From all the events recorded at Bath
and Rustrel, the event with the closest propagation distance to distance di, is selected to
represent the recordings of n-th receiver. The coherency waveform calculated based on
yn is shown in the upper gure in Figure 6a. The average propagation distance of these
selected waveforms is 1149 km; therefore, the coherency waveform of 1150 km from the
coherency waveform bank is shown in the bottom Figure 6a for comparison.

Figure 6. (a) Coherency waveforms used in the simulation with 105 receiver network. Calculated
coherency waveform of the selected individual events (upper) and the coherency waveform of
1150 km from the coherency waveform bank (bottom). The ground wave maxima are marked with
red dots, and the skywave maxima are marked with red open circles. (b) The coherency waveform
calculated by the Itered waveforms. The maximum is marked with a red dot.

The coherency waveform calculated by the selected individual events shows that the
coherency reaches the local maximum and global maximum values of 0.59 and 0.68 at0 s
and 62 s, respectively. The coherency of the coherency waveform of 1,150 km reaches the
local maximum and global maximum values of 0.87 and 0.94 at 12 sand 69 s, respectively.
Both local maxima are associated with the ground wave, and global maxima are associated
with the 1st skywave. The local maximum values associated with the 2nd skywave are
0.47 at 171 sand 0.81 at 201 s for the calculated coherency waveform and coherency
waveform from the coherency waveform bank, respectively. This shows that a mixture of
different propagation distances can produce a less coherent waveform but has fewer effects
on the arrival time of skywaves. According to the receiver distribution map in Figure 4a,
even though they have various locations, the majority share similar propagation distances,
which are close to 1150 km. It explains the small amount of timing changes. Another reason
that the calculated coherency waveform has lower maximum values is that the coherency
waveform bank only uses the data collected in Rustrel. From Figure 2c, it can be seen that
the Rustrel data has a larger coherency peak value coh, than the data collected in Bath.
It is worth mentioning that the peak coherency coh, calculated based on data collected
with the location pair Bath Rustrel is 0.55 with an event number of 100 in the middle

gure of Figure 2c. This value matches well with the local maximum value associated with
the ground wave in the calculated coherency waveform.
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Figure 7 shows that the front of the ground wave arrives at the simulated lightning
location at 20 s while the centre of the ground wave reaches the simulated lightning
location (the centre of the image) at 0 s. Right after the ground wave is the rst skywave,
which covers a larger area and a higher coherency. The centre of the 1st skywave reaches the
simulated lightning location with a maximum value of 0.7 in the time frame of 60 s. The
second skywave arrives at the simulated lightning location closely after the rst skywave.
It covers an even larger area with a lower coherency at 0.5 at the time frame of 160 s. The
arrival times of the ground wave and the first two skywaves in the dynamic coherency maps
coincide with the time reflected in the calculated coherency waveform. The background noise
value is 0.1, and it matches well with the simulated noise coherency in Section 3.3.

# $ %

()

g

Thgog

Figure 7. The coherency maps with 105 receiver network with a simulated lightning location of 15 E
and 42 S. Each sub- gure (a 1) is the coherency map at a different time.

5.2. Amplitude Map

In this section, the interferometric method is used to produce amplitude maps. When
coherency is calculated, the energy of an individual event does not need to be considered
as the coherency calculation only involves the phase information. However, the amplitude
is strongly related to the event peak current. When producing the amplitude map, the
impact of event energy intensity needs to be mitigated. The concept of relative amplitude is
introduced here using two methods. The rst method is normalising the amplitude wave-
form by its local maximum electric eld associated with the ground wave. This normalised
amplitude waveform is called the scaled amplitude waveform, and the corresponding
amplitude map would be called the scaled amplitude map. The second method uses the
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experimental attenuation coef cient introduced in [42,46,47] to determine the calculated
peak current based on the local maximum electric eld associated with the ground wave.
Then, the amplitude waveform is scaled by the ratio Ramp, which is de ned as the ratio
between the calculated peak current and the peak current reported by M@teorage. The cor-
responding relative amplitude waveform is called the ratioed waveform, and the amplitude
map derived by the ratioed waveform would be called the peak current map.

Similar to the coherency map, when calculating the amplitude map, the amplitude
value A, of the pixel refers to the simulated lightning location L that needs to be calculated

rst. The absolute amplitude value is used here, which is

1 N

AL: —
Nn=l

An(To) n=123...N, (11)

where Ap is the amplitude waveform recorded at nth receiver. With the same de nition of
Tn in Equation (9), the amplitude value for the simulated pixel P is

1 N

AL: —
Nn=1

An(To+Ty) n=123...N. (12)

For comparison with the coherency map, the amplitude map examples use the same
simulated lightning location, whose longitude and latitude are 15 E and 42 S. The averaged
waveform of 1150 km from the amplitude waveform bank is shown in the upper gure
of Figure 8a. The ground wave reaches the maximum value of 0.30 at 14 s. The rst
skywave and second skywave reach the absolute peak valuesat 73 sand 196 sat 1.24
and 0.37, respectively.

Figure 8. (a) Amplitude waveforms used in the simulation with 105 receiver network. The middle

gure is the scaled amplitude waveform; the bottom gure is the ratioed amplitude waveform; and
the upper gure is the amplitude waveform of 1150 km from the amplitude waveform bank. The
ground wave maxima are marked with red dots, and the skywave maxima are marked with red open
circles. (b) The amplitude waveform calculated by the Itered waveforms. The maximum is marked
with a red dot.

The amplitude map using the scaled amplitude waveform is shown in Figure 9, where
the preset lightning location is located at the centre of the image. The calculated scaled
amplitude waveform is shown in the middle gure in Figure 8a. It can be seen that the local
maximum associated with the ground wave has a value of 0.42 at 17 s. The global absolute
maximum value is associated with the rst skywave, which has a value of 1.34at74 s.
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The local maximum associated with the second skywave has a value of 0.39 at 158 s. The
initial prediction of the ground wave value of the scaled amplitude waveform is 1 because
each event waveform is scaled to the ground wave maximum. However, the ground waves
of different events are elongated based on their different propagation distances. Therefore,
the selected events do not reach their ground wave maxima at the same time, and the
ground wave in the scaled amplitude waveform is the result of the cancellation of the
individual waveform values, resulting in a lower ground wave value. The arrival times of
the ground wave and the rst skywave of the scaled amplitude waveform match well with
the amplitude waveform of 1150 km from the amplitude waveform bank.
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Figure 9. The scaled amplitude maps with 105 receiver network with a simulated lightning location
of 15 E and 42 S. Each sub- gure (a 1) is the amplitude map of a different time frame.

Figure 9 shows the apparent lightning energy movement. Since the global abso-
lute maximum value is 1.34, the colour scale limit of the scaled amplitude map is set to
0 1.5 considering the waveform value cancelling. Compared to the rst skywave, the area
associated with the ground wave has a much smaller value in scaled amplitude maps. The
ground wave has a comparable value to the second skywave, while the second skywave
covers a larger area. The rst skywave is predominant in the dynamic amplitude maps.
To quantitatively analyse the amplitude maps, the ground wave arrives at the simulated
lightning location in the time frame of 20 s, with a value of 0.4. Then, the rst skywave
starts to move towards the simulated lightning location and reaches the centre between the
time frame 60 sand 80 s. The maximum value in these two framesis 1.3. The second
skywave arrives at the simulated lightning location in the time frame of 160 s with a value
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of 0.4. The results of the dynamic amplitude maps match with the analysis of the scaled
amplitude waveform in Figure 8a.

The ratioed amplitude waveform is shown in the bottom gure of Figure 8a. The
local maximum associated with the ground wave has a value of 0.49 at 17 s. The peak
associated with the rst skywave has a value of -1.46 at 73 s. The peak associated with the
second skywave is at 158 s with the same value of 0.48.

As the peak current maps exhibit similar results as the scaled amplitude map, the
peak current maps are not shown here. The ground wave arrives at the simulated lightning
location in the time frame of 20 s with a value of 0.5. The rst skywave reached the
simulated lightning location between the time frame of 60 sand 80 s, with a maximum
value of 1.5. The second skywave covers a large area and it reaches the simulated
lightning location in the time frame of 160 s. Similar to the scaled amplitude maps, the
peak current maps exhibit a predominant rst skywave and less signi cant ground wave
and second skywave.

The interferometric method using the amplitude shows similar results even with
different de nitions of relative amplitude waveform. When comparing the amplitude map
with the coherency map, there are some conclusions that can be drawn: (1) both methods
show clear boundaries between the ground wave, rst skywave, and second skywave;
(2) the ground wave reaches the simulated lightning location at0 sand 20 s in coherency
maps and amplitude maps, respectively; (3) coherency maps exhibit a comparable value
of ground wave and rst skywave, while the amplitude maps have a predominant rst
skywave and less signi cant ground wave and second skywave. This means that it is hard
to identify the ground wave presence with the large rst skywave value in the amplitude
maps; (4) the coherency maps have larger signal to noise ratios for the ground wave such
that the contrast between the lightning event and the background noise is obvious, while
the amplitude maps have lower signal to noise ratios; (5) both methods have the same
apparent movement direction.

5.3. Apparent Lightning Movement

To investigate the possible cause for the apparent lightning energy movements in both
the amplitude maps and coherency maps, different lightning locations are simulated. The
results show that the movement directions are associated with the relative locations of the
simulated lightning locations and the lightning receiver network. The maximum coherency
and average amplitude of all the simulated lightning events exhibit apparent movements
toward the centre of the lightning receiver network.

This movement can be explained by the waveforms used to simulate the interfer-
ometric method. The simulated lightning location of 15 E and 42 S is taken to explain
this particular feature, which only exists in the long-range interferometric method and is
inevitable. According to Figure 4a, there is a large number of receivers sharing similar
propagation distances for this simulated event. It means that not only would the phase of
the ground wave be coherent, but the rst skywave phase would also be highly coherent.
This leads to the large coherency for both the ground wave and the rst skywave in the
upper gure of Figure 6a. Due to the long propagation distance, the time delay between the
ground wave and the rst skywave is small, which makes the ground wave and rst sky-
wave merge into one wide pulse. According to the de nition of the coherency in Equation
(10), for different pixels at different time frames Ty, the maximum coherency can only be
achieved by the pixel of the simulated lightning event at the time Ty where the coherency
waveform in the upper gure of Figure 6a reaches to the maximum value. Therefore, in this
example, the coherency reaches the maximum value in the time frame Tp =60 s, which
is associated with the rst skywave. Instead of distinguishing the ground wave and rst
skywave in this example, the phase of the selected waveforms in the time range 0 75 sis
highly coherent, and this time range is treated as a wide lightning pulse. For the time frame
before To = 60 s, the pixels with large coherency require large values of T,. The large
Tn means large Dy, which means the pixels with large coherency are further away from
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the receiver group than the simulated lightning pixel. In this example, the pixels further
from the receiver than the simulated pixel are the pixels located southeast of the lightning
pixel. Similarly, for the time frame after Tp = 60 s, the pixels with large coherency are
closer to the receiver group than the simulated lightning pixel, which are the pixels located
northwest of the lightning pixel in this example. Therefore, the direction of the lightning
movement is from southeast to northwest in other words, from the area further from the
receiver group towards the receiver group.

In the LF long-range interferometric method, the time range with high energy is quite
long because both the wide ground wave pulse and the rst skywave can merge into the
ground wave with its large value. As long as the lightning pulse has a width, the apparent
lightning movement can not be eliminated. However, the lightning location can still be
determined by nding the pixel with the maximum coherency/amplitude value. To have a
clear peak coherency that is only associated with the ground wave, there are two methods
used to remove the rst skywave interference: (1) use a small network where the recorded
waveforms have small propagation distances. This method naturally decreases the rst
skywave value and enlarges the time delay between the ground wave and the rst skywave.
Therefore, the time associated with the rst skywave would not be involved in the process
of calculating the coherency maps or amplitude maps. This method will be introduced
in Section 6; (2) use an impulse to represent the recorded lightning event and calculate
the coherency and amplitude map based on impulses. This method will be described
in Section 7.

6. Interferometric Method in Small Receiver Network

In this section, small receiver networks are simulated. A small network means smaller
propagation distances between the lightning location and each receiver. Therefore, the
recorded waveforms have more distinguishable ground waves because: (1) ground waves
receive fewer attenuation effects from Earth curvature (2) the time delay between the
ground wave and the rst skywave is larger. In addition, as there are fewer receivers are
needed in a small network, the receivers are selected to distribute around the simulated
event. Therefore, there will be no apparent lightning movement effects as the simulated
lightning event locates at the approximate receiver network centre.

To have a consistent comparison with previous sections, the simulated lightning event
locates at 15 E, 42 S. Two small receiver networks are simulated in Figure 4a with N = 10
and N = 20.

For the 10 receiver network example, 10 events are selected with the closest propaga-
tion distances. The average propagation distance of these 10 events is 273 km. Therefore,
the coherency waveform of 270 km from the coherency waveform bank is shown in the
bottom gure in Figure 10a. The upper gure is the calculated coherency waveform based
on the selected 10 events. In both coherency waveforms, the global maximum is associated
with the ground wave. The ground waves both reach the maximum values of 0.97 and
0.95 at 2 s for the calculated coherency waveform and coherency waveform from the
coherency waveform bank, respectively. The threshold coherency cohy,, of the calculated
coherency waveform is 0.32, which leads to a ratio R of 3.0. This threshold coherency
cohyyr coincides with the theoretical noise value in Section 3.3, which is also 0.32.

The average propagation distance for the 20 events example is 384 km. Due to the
limited number of lightning events with a propagation distance of 380 km to calculate
a reliable coherency waveform for the coherency waveform bank, the closest coherency
waveform in the waveform bank has a propagation distance of 410 km as shown in the
bottom gure of Figure 10b. The coherency reaches the maximum values of 0.91 and 0.96 at
3 sand 2 sfor the calculated coherency waveform and the coherency waveform from the
coherency waveform bank, respectively. The threshold coherency cohy,, for the calculated
coherency waveform is 0.2, which gives a ratio R of 4.6. This threshold coherency cohy,,
coincides with the theoretical noise value in Section 3.3, which is 0.22.
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Figure 10. (a) Coherency waveforms used in the simulation with a small network (N = 10).
(b) Coherency waveforms used in the simulation with a small network (N = 20). For both Fig-
ures (a,b), the upper gure is the calculated coherency waveform and the bottom gure is the
coherency waveform of 270 km and 410 km, respectively, from the coherency waveform bank. In all
the gures, the ground wave maxima are marked with red dots.

Figures 11 and 12 show the dynamic coherency map with 10 and 20 receivers, respec-
tively. Both gures show that the ground wave energy gathers towards the simulated
lightning location and reaches the maximum value in the time frame of 0 s. After that, the
ground wave energy spreads out. For both cases, the rst skywave is not identical, which is
a good condition for detecting the lightning ground wave. By comparing these two gures,
the example with 20 receivers has a higher signal to noise ratio, which manifests as greater
contrast and more obvious ground wave existence. It is worth mentioning that the different
signal to noise ratio is caused by the different noise levels, i.e., threshold coherency cohiy,
while both cases have comparable ground wave peak coherency.

In both cases, the peak coherency is larger than the simulated peak coherency in
Section 3.1 with the same event number. The simulated lightning peak coherencies are
0.74 and 0.66 for the event numbers 10 and 20 with standard deviations of 0.1and 0.07,
respectively. In a small network, the propagation distances are similar for each receiver,
therefore leading to a higher coherency.

In addition, there are large coherent areas besides the simulated lightning location,
because in these two cases, the ground wave pulses are still quite wide. To determine a
single location in a real-life detection network, a moving time window would be applied
so that for each time frame, a single maximum value is selected. This selected maximum
coherency needs to be larger than the simulated peak coherency of the corresponding event
number in Section 3.1 to be considered a lightning event.
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Figure 11. The coherency maps with a small receiver network with a simulated lightning location of
15 Eand 42 S (N =10). Each sub- gure (a i) is the coherency map at a different time.
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Figure 12. The coherency maps with a small receiver network with a simulated lightning location of
15 Eand 42 S (N = 20). Each sub- gure (a i) is the coherency map at a different time.

The amplitude waveforms of small receiver networks are shown in Figure 13a,b with
10 and 20 receivers, respectively. The corresponding scaled amplitude maps are shown
in Figures 14 and 15. It can be seen that the scaled waveforms are similar to the ratioed
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waveforms, except that the ratioed waveform with N = 20 is noisier. Therefore, only the scaled
amplitude maps are shown in this work as examples.

Figure 13. (a) Amplitude waveforms used in the simulation with a small network (N = 10).
(b) Amplitude waveforms used in the simulation with a small network (N = 20). For both gures (a,b),
the upper gures are the averaged waveforms from the amplitude waveform bank (270 km and
410 km); the middle gures are the scaled amplitude waveforms; and the bottom gures are the
ratioed amplitude waveforms. In all the gures, the ground wave maxima are marked with red dots.

# $ %

Figure 14. The scaled amplitude maps with a small receiver network with a simulated lightning
location of 15 E and 42 S (N = 10).
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Figure 15. The scaled amplitude maps with a small receiver network with a simulated lightning
location of 15 E and 42 S (N = 20).

Similar to coherency maps, in small networks, the amplitude maps can also show that
the ground wave energy gathers towards the simulated lightning location and reaches
the maximum value in the time frame of 0 s, then spreads out. The difference is that the

rst skywave (Figure 14h,i for N = 10 and Figure 15h,i for N = 20) is still identical. In the
20 receiver network, the rst skywave has an even larger amplitude than the ground wave.
This simulation shows that the interferometric method using amplitude has a baseline
requirement that is, for a case with a large propagation distance where the recorded rst
skywave is larger or comparable with the ground wave, there is still a chance for ground
wave misidenti cation.

7. Interferometric Method with Filtered Waveforms

For long-distance lightning events, the rst skywave is a signi cant interference to the
ground wave. In this section, a Iter will be applied to the recorded waveforms to use an
impulse to represent the lightning event.

For a recorded lightning waveform whose propagation is d, the impulse response
function Ty can be calculated based on the averaged waveform bank, which represents the
characteristics of the lightning waveform at the distance d. This impulse response function
is de ned as the impulse response of the averaged waveform from the amplitude waveform
bank [42]. The impulse response function can then be regarded as an inverse lter for the
received waveforms. In theory, if the propagation distance of the received waveform equals
the corresponding distance of the impulse response function Ty, the output waveform is a
well-de ned Kronecker delta impulse.

The Itered waveforms are calculated rst before calculating the coherency. The
distance dp, is the distance between the test pixel P to the n-th receiver. For text pixel P, the

Itered waveform y, ¢ at n-th receiver is

Yni = F 1(F(yn) pon) n= 1,2,3- ..N 11 (13)
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where pon is the impulse response function associated with the distance dp,, and yy, is the
recorded waveform at the n-th receiver. To remove the high frequency interference, the
output signal y,; is applied with a low-pass Iter with a cutoff frequency of 50 kHz.

The coherency for the test pixel P is

N To+T
cohp = — RAILRAL P (14)

N h=1 Ynt (To + Tn)

For the simulated lightning location L, the Itered waveforms should be well-de ned
impulses at the lightning occurrence time. The coherency waveform of these output impulse
waveforms y, s is shown in Figure 6b. It can be seen that the coherency waveform of the

Itered recorded waveforms only has one sharp peak. The coherency reaches the maximum
of 0.76 at5 s. This time coincides with the local maximum time in the coherency waveform
of recorded waveforms (upper gure in Figure 6a) in Section 5.1. Figure 16a h are the
coherency maps for the time frame 60 to 100 s. The maximum coherency shows in the
time frame t =0 s, while no skywave is shown in these coherency maps. In this work,
the Itered recorded waveform only has a sharp impulse to represent the lightning event.
Therefore, even if the impulse still has a width, which results in the apparent movement of
the lightning location, the maximum value only exists at the simulated lightning location
at the lightning occurrence time.

# $ %

Figure 16. The coherency maps using the impulse response function Itered waveforms with a
simulated lightning location of 15 E and 42 S. Each sub- gure (a i) is the coherency map at a
different time.

The amplitude of the Itered waveforms is also used for the interferometric method for
comparison. The averaged amplitude waveform of these output impulse waveforms y, s is
shown in Figure 8b. It can be seen that this waveform has a sharp peak at the lightning
occurrence time t =0 s; however, the peak is 0.06. This peak value is also illustrated
in the amplitude maps in Figure 17. The interferometric method using the amplitude of
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Itered waveforms also shows a single maximum area associated with the ground wave in
amplitude maps.

# $ %
! " &
' ( )

Figure 17. The amplitude maps using the impulse response function Itered waveforms with a
simulated lightning location of 15 E and 42 S. Each sub- gure (a i) is the amplitude map at a
different time.

In this method, the input waveforms are scaled amplitude waveforms that is, the
amplitude waveforms are scaled to their ground wave maximum. The amplitude wave-
forms from the amplitude waveform bank which are used to calculate the impulse response
functions are also scaled to their ground wave maximum. However, the input waveforms
contain much more high-frequency components than the amplitude waveforms from the
amplitude waveform bank. Even though both of them are scaled to the ground wave
maximum, they contain different ratios of different frequency components. Therefore,
the output waveforms y,, before applying the 50 kHz low-pass Iter, should contain
more high-frequency components. After that low-pass Iter, the output signal loses a
large amount of energy and has an impulse peak much smaller than 1. The problem with
this method is that the lost energy cannot be quanti ed and depends on individual cases.
Therefore, it is dif cultto nd a constant threshold for lightning detection purposes.

8. Discussion

In this work, coherency maps are created based on the lightning waveforms that are
referenced at their occurrence time. Therefore, for each test pixel, the coherency needs
to be calculated based on the relative distance between the test pixel P to n-th receiver
location and the lightning location L to n-th receiver. To determine a single location for the
lightning event without interference from skywaves, two methods can be used. The rst
method is to pre-locate the lightning event into a large area. Then, only the waveforms
recorded by nearby receivers to locate the lightning are used. The waveforms recorded
by the adjacent receivers have a larger ground wave value compared to skywaves. In
addition, the time delay between the ground wave and skywaves is also large, which is
suitable for identifying the ground wave. If the receivers of the network distribute evenly
around the lightning event, there are no apparent lightning movements, and the location
with maximum coherency associated with the ground wave is the simulated lightning
location. The second method is more straightforward. In this method, there is no need to
select the receiver network because the distances are selected by the pixel and the receiver
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locations. For recorded waveform, the impulse response function Iter is applied so that
the lightning event is represented by the Kronecker delta impulse. The calculated dynamic
coherency maps still exhibit lightning movements because of the impulse width. However,
the coherency only reaches the maximum at the lightning location at the occurrence time.

These two solutions are also applied to amplitude maps. For the small network
solution, the interferometric method with amplitude has a critical requirement for baseline.
It is reported by Zhu et al. [21] that the amplitude can effectively work in LF with the
interferometric method. However, in their study, the baselines are between 30 60 km,
which means the recorded ground wave is sharp with few attenuation effects, and no
skywave exists near the ground wave time range. In our case, even with a network of 10
receivers, the propagation distances are between 140 km and 370 km, which leads to an
average time delay between the ground wave and the rst skywave of 160 s. Thistime
delay is equivalent to 50 km distance delay, which is 0.5 degree on the map. It explains
the existence of the rst skywave in Figure 14.

As for the interferometric method using amplitude with Itered waveforms, the results
clearly show the lightning appearance. However, unlike coherency, which has a standard
value range, i.e., 0 1, which only depends on the case number N, the output amplitude
value largely depends on the signal to noise ratio of the individual input waveform. In
practice, it is hard to set a threshold value for lightning detection purposes.

In real-life lightning location work, the coherency map can be calculated in real-time
using UTC time. For the test pixel P at the time Ty, the corresponding point recorded at
the n-th receiver is yn(To + Tp,), where Tp_ is the propagation time between the test pixel
P and the n-th receiver by assuming the propagation velocity equals to the speed of light.
The coherency is

1N yn(To+Tp,)

— —= n=1223...N. 15
N n=1 Jyn(T0+TPn)J ( )

cohp =

If the second method is used, instead of using a single time stamp yn(To + Tp,), @
waveform is needed to apply the lIter. Based on different coherency map sizes, the different
lengths of waveforms, which take the point yn(To + Tp,) as the reference, can be extracted.
The impulse response function Iter for the test pixel P is the waveform from the amplitude
waveform bank with the distance of dp,, which is the propagation distance between the
test pixel P and the n-th receiver.

The limitation of the interferometric method is that the performance is dependent
on the number of receivers used to work synchronously and 10 receivers are needed to
give a reliable coherency map while the traditional TOA technique requires a minimum of
4 receivers.

There are also limitations to the data used. In this work, all the data used for the
simulation works are collected from Bath and Rustrel on the same days. As these events
are all generated from the same storms and recorded at the same locations, they have
similar geographic environments, atmospheric conditions, and propagation paths. In the
future, more data would be evaluated to explore the sensitivity of the simulated results
with respect to different conditions.

9. Summary

This contribution introduces a simulation work that uses the interferometric method to
locate lightning events in a long-range system. In this section, we provide a more detailed
plan for future work of constructing a real-time long-range interferometric system and
detecting the location of lightning by calculating the coherency map.

There are 8 steps to achieve this aim: (1). Segment the area of interest into pixels.
The area of interest is usually the area inside of the receiver network which has a better
detection accuracy. (2). For a given time T and a given pixel P, calculate the distances
dn between P and the n-th receiver. (3). Use the distances d, to extract a set of averaged
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waveforms from the amplitude waveform bank. Calculate the inverse impulse response
function of these waveforms as a set of inverse Iters. (4). Take the recorded electric eld
waveforms of receivers. In this step, the lightning propagation time is considered and the
time of t, = T + d,/c at n-th receiver is referenced to t = 0. Each waveform has a duration
that covers -0.5 ms before and 2 ms after the time 0. (5). Calculate the Itered waveforms
by applying the inverse Iters to the recorded waveform set. (6). Calculate the coherency
waveform of the Itered waveforms. The coherency of time 0 is the coherency of the given
time T at the given location P. (7). Repeat the process for all the pixels of the area of interest
to form a coherency map at the given time T. (8). The coherency threshold is determined
by the receiver number. The area in the map that has a coherency value larger than the
threshold coherency would be considered a signi cant event. The pixel with the largest
coherency inside the area is considered to be the lightning location.

While the TOA technique tries to locate the lightning in a best- t location, this method
scans through the whole area of interest and detects lightning events by nding the areas
with coherency larger than the threshold coherency. The computation time would be large
as this method needs to calculate the coherency for all the pixels. In contrast, this method is
less affected by the skywave interference in a long-range system.

10. Conclusions

This contribution has investigated a novel complex interferometric method for light-
ning detection and location. The sensitivity maps using TOA and coherency are produced to
study the location accuracy caused by the uncertainty introduced by the physical processes
involved, i.e., the varying properties of individual lightning events and the subsequent
wave propagation. The coherency is quantitatively studied for both lightning events and
noises based on different event numbers and receiver locations. These values are used as
the reference for the later coherency map. The waveforms from the amplitude waveform
bank are rst used to study the complex interferometric method. Then, the waveforms of
individual events are used to study the dynamic map using both amplitude and coherency.
It is shown that the coherency works better at long-range mapping in this work with less
interfering rst skywave, a better arrival time of ground wave, and a higher signal to noise
ratio for the ground wave. A small network is simulated for the complex interferometric
method, whose performance has met the expectation for coherency, while the amplitude
method has critical requirements for the network baseline. The Itered waveforms are also
used to map the lightning event without interference from skywaves. The coherency maps
using the Itered waveforms can clearly show a single maximum area for each lightning
event, while the coherency only depends on the case number. The amplitude largely de-
pends on the signal to noise ratio of the individual input waveform. The interferometric
method helps to better identify the lightning ground wave and reduce the interference
from the skywaves. To reduce the lightning apparent movement, which is a by-product of
the interferometric method in the long-range network, two methods are presented here.
In the future, it is planned to expand the simulation work with data re ecting a variety of
ionospheric and geographic scenarios.
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Abbreviations
The following abbreviations are used in this manuscript:

CG cloud-to-ground

ENTLN Earth Networks Total Lightning Network
IC in-cloud discharge

LF low frequency

LLS Lightning location system

LSBB Laboratory Souterrain a Bas Bruit

NLDN National Lightning Detection Network
TOA time of arrival

VHF very high frequency

VLF very low frequency

WGS84  World Geodetic System

Appendix A. Table of Symbols

A : amplitude value of the simulated lightning location L

An: the amplitude waveform recorded at n-th receiver

c: the speed of light

coh: coherency

cohpeac: Peak coherency associated with the ground wave

cohyp,,: threshold coherency

DDp: the distance difference between the test pixel toward n-th and n + 1-th receivers

dn: the distance between the test pixel and the n-th receiver

d_,: the distance between the simulated lightning location L and n-th receiver.

dp,: the distance between the test pixel P and n-th receiver

Dd: the distance difference between the determined lightning location, which consid-
ering the time uncertainty, and the test pixel

Dn: the distance difference between the test pixel P to n-th receiver location and the
lightning location L to n-th receiver

L: the simulated lightning location

N: receiver number, i.e., case number

N : random time delay

P: test pixel location

q: quality

R the standout level of the ground wave

Ramp: the ratio between the calculated peak current and the peak current reported by
M@teorage

DT,: the propagation time differences between the test pixel toward n-th and n + 1-th
receivers

DTy : the propagation time differences between the test pixel toward n-th and n + 1-th
receivers with time uncertainty

t, the time point used from the n-th waveform

To: the target time of the map

Tq: the impulse response functions at distance d
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pon: the impulse response function at the distance dp,

Th: the time delay of the test pixel P compared to the simulated lightning location L
for n-th receiver

yn: the analytic signal recorded at the n-th receiver

Yni: impulse response function Itered waveform at n-th receiver
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Chapter 6

Height Determination of a Blue
Discharge Observed by ASIM/
MMIA on the International
Space Station

Commentary

In the previous two chapters, the LF radio waves have been effectively utilized for
the two-dimensional localization of lightning events in long-range systems. The
waveform banks generated during this analysis consist exclusively of -CG events,
which means the altitude information of these events is not considered. However,
we aim to leverage our understanding of the skywave and the waveform bank
to study event altitude. Fortunately, a valuable opportunity presented through
a blue discharge event happened on 3rd February 2019. This particular event
was captured by two sources: the MMIA (Modular Multispectral Imaging Ar-
ray) instrument on the ASIM (Atmosphere-Space Interactions Monitor) onboard
the International Space Station (ISS) and a ground-based electric field antenna
located in South Africa. By applying our knowledge about radio recordings and
the characteristics of lightning sferics, we can calculate the altitude of this event.

Other available data sources, such as optical recordings and meteorological data,
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are also utilized, serving as valuable references for event altitude.

Optical observations estimated the height of the blue discharge to be approxi-
mately 10.9-16.5 km, limited by the cloud top height ranging from 13.3-16.7 km.
Considering skywaves and radio wave propagation, the electric field recording

indicated a height range of approximately 16.0-18.8 km.

Furthermore, the ionospheric height was inferred using radio wave recordings and
was approximately 95.0 km (with an uncertainty of 0.5 km). The validity of
this ionospheric height estimation was confirmed by the arrival times of skywaves
originating from other lightning discharges within the same storm, which sup-

ported an ionospheric height of approximately 93.4 km (with an uncertainty of

0.6 km).
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Abstract we analyze simultaneous photometric observations of thundercloud discharges from the
Modular Multispectral Imaging Array of the Atmosphere-Space Interactions Monitor (ASIM) on board the
International Space Station with ground-based vertical electric field measurements in South Africa on 3
February 2019 at 23:00 23:05 UTC. During this time, ASIM flew over an extended thunderstorm front of
several hundreds of kilometers and recorded a blue discharge with the photometer at 337 nm which emitted
strong electric fields. It is found that the rising edge of the blue photomultiplier tube light pulse allows the
estimation of the blue discharge height: 10.9 16.5 km which is constrained by cloud top height in a range of

13.3 16.7 km deduced from infrared radiometry on board the geostationary Meteosat satellite. The electric
field measurements are used to infer the height of the blue discharge to be 16.0 18.8 km by use of skywave
arrival times. It is shown that the height determinations are consistent with each other within the measurement
uncertainties and the possible presence of an overshooting cloud top is discussed. The height of blue discharges
is important to better understand how they can affect the chemistry in the upper troposphere.

Plain Language Summary Recently, Transient Luminous Events (TLES) and lightning activity
from thunderstorm tops above thunderstorms have attracted great interest. The Atmosphere-Space Interactions
Monitor (ASIM) and the Modular Multispectral Imaging Array (MMIA) are on board the International Space
Station to record the lightning activity and TLES in the UV band (180 230 nm) as well as the blue (337 nm)
and the red (777.4 nm) emissions. In total, 188 MMIA triggers were recorded and more than 2,000 lightning
strokes were reported by the lightning detection and location network during 23:00 23:05 UTC on 3 February
2019. We focus on a blue discharge event that happened at 23:02:41 UTC. The novelty of this work is that the
height determination is carried out by using ground-based electric field measurements and space-based optical
measurements from ASIM. This study can help to understand the chemistry effects at the tropopause level
caused by such blue discharge events.

1. Introduction

Optical observations of lightning discharges are often compared to their electromagnetic signatures at radio
frequencies, which are either recorded on board satellites or on the ground (e.g., A. R. Jacobson & Light, 2012;
Peterson et al., 2021; Smith et al., 2004; van der Velde et al., 2020; Zhang & Cummins, 2020). The main rationale
for this comparison is that the optical and electromagnetic signatures are both ultimately generated by the light-
ning discharge current. Most recently, scientific interest has focused on blue discharge processes near the top of
thunderclouds which are indicative of an interesting streamer to leader transition (e.g., Chanrion etal., 2017; Chou
et al., 2018; Husbjerg et al., 2022; Kuo et al., 2015; Li et al., 2021; F. Liu, Zhu, et al., 2021; F. Liu et al., 2018;
Neubert et al., 2021). The first study of blue luminous events observed by the Atmosphere-Space Interactions
Monitor (ASIM) was reported by Soler et al. (2020). Seven positive and three negative narrow bipolar events
(NBEs) were observed by the ground-based receivers that were associated with blue band emissions, that is,
337 nm (F. Liu, Lu, et al., 2021). One of the key challenges in this area is to simulate the propagation of the light
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emitted from the discharge process near the top of thunderclouds to the spacecraft (e.g., Brunner & Bitzer, 2020;
Goodman et al., 1988; Luque et al., 2020; Peterson, 2019; Thomson & Krider, 1982). The inversion of such opti-
cal simulations can potentially be used to determine the height of blue discharges for comparison with the height
inferred from the corresponding electromagnetic waveforms, which is the main aim of this contribution.

Global observations of Transient Luminous Events (TLEs) and lightning discharges have been conducted before
by the Global Llghtning and sprite MeasurementS (GLIMS) mission on the International Space Station (ISS;
Sato et al., 2015) and the Imager of Sprites and Upper Atmospheric Lightning (ISUAL) payload on board
the FORMOSAT-2 satellite (e.g., Adachi et al., 2016; Chen et al., 2008; Chern et al., 2003) amongst other
astronaut-led observations of TLEs on the ISS (e.g., Blanc et al., 2004; Chanrion et al., 2017; Yair et al., 2013)
and the Space Shuttle (e.g., Price et al., 2004; O. H. Vaughan et al., 1992; Yair et al., 2003, 2005).

The Earth s ground and ionosphere form a nature waveguide to guide the radio wave propagation. The wave that
travels along the ground is called the ground wave, while the wave reflected back and forth between the Earth

ionosphere cavity is called the skywave. The electromagnetic waveforms of energetic intracloud (IC) discharges
are affected by propagation effects and therefore can be significantly influenced by the ground wave, which can
lead to an attenuated peak amplitude, delayed zero-crossing time, and changed pulse width (Li et al., 2020). The
height determination based on the time delay between the ground wave and first skywave becomes less reliable
when the distance increases because the ground wave becomes more attenuated (e.g., Shao & Jacobson, 2009;
Zhou et al., 2021). Smith et al. (2004) used a spherical Earth model of skywave propagation, where the iono-
spheric reflection height during the nighttime is more stable compared to the daytime, which was reported to be

86 km.

The analysis reported in this contribution uses a fortuitous overpass of the ASIM/Modular Multispectral Imaging
Array (MMIA) payload on board the ISS over an extended stretch of multiple thunderstorms in South Africa.
During a time interval of 5 min, the MMIA payload 400 km above the ground was triggered 188 times by
exceptionally strong optical pulses, while >2,000 lightning strokes in the north-eastern part of South Africa were
reported by ground-based lightning detection networks. The electromagnetic waveforms of the lightning strokes
were recorded by a vertical electric field antenna, remotely located at Carnarvon in north-western South Africa
at distances 700 1,200 km from the lightning strokes. The 337 nm photometer of MMIA recorded a total of 87
blue pulses as part of the 188 triggers. Eight of these blue pulses exhibit relatively fast rise times <10 sand large
peak intensities, suggesting that the corresponding lightning strokes occurred near the top of the thunderclouds.
One of these eight blue optical pulses was also associated with particularly large vertical electric fields which
indicates that a strong blue discharge event occurred. This blue discharge event is discussed in detail in this paper.
In order to geolocate the blue discharge to the ground, we assume it originates from the cloud top and projects the
pixel corresponding to a maximum intensity of the blue discharge in the 337 nm camera at an altitude assumed to
be 16 km. Knowing the ISS position and altitude at the time of the detection, the pixel is projected to longitude
and latitude of 27.97 E and 26.47 S. It is noted that the projection is done with a zenith angle of 16.85 ; this
means that 1 km uncertainty in the altitude assumption corresponds to only 0.3 km uncertainty on the ground
which is well within the uncertainty of the Meteosat pixel size. The experiment and data used are described in
Section 2, the meteorological situation and storm structure is analyzed in Section 3, the space-based optical
observations and ground-based electric field measurements are described in Section 4, the height determination
with the electromagnetic signatures is explained in Section 5, and the simulations of the light propagation through
the thundercloud are described in Section 6.

2. Measurements
2.1. Meteorology Measurements

Cloud top temperatures (CTTs) are recorded from the thermal infrared (IR) band at 11 13 m of the Spinning
Enhanced Visible and Infrared Imager (SEVIRI) on board the Meteosat Second Generation (MSG) satellite
operated by the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT). The
radiometer SEVIRI scans the Earth disk within about 12 min, from east to west due to the satellite rotation and
from south to north due to the rotation of a scan mirror (Aminou et al., 1997). It provides images in 12 spectral
bands every 15 min. The spatial resolution for the thermal channel is 0.027 , which corresponds to 3 km at the
subsatellite point and about 3.5 km at the latitudes of the study area. The study area is therefore scanned 4 times
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in 1 hr, around 2, 17, 32, and 47 min of each hour. The accuracy of the CTT values depends on several parame-
ters, such as the type of clouds, the time during the day, and the geographic location on the Earth. In the study by
Taylor et al. (2017), that compared SEVIRI CTTs from the new CLoud property dAtAset using SEVIRI, Edition
2 (CLAAS-2) data set against Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) data, the uncertainty
in night conditions was fluctuant between 0 C and 5 C in South Africa (Taylor et al., 2017, Figure 6). Thus,
we consider in the present study the impact of an uncertainty of 2.5 C on the height determination, which is the
mean value from Taylor et al. (2017) for this area. In order to analyze the meteorological conditions in which
the storms developed on 3 February 2019 in the study area, we use the hourly ERA5 reanalysis performed by
the European Copernicus/European Centre for Medium range Weather Forecast (ECMWF) data center for most
of the atmospheric parameters (Hersbach et al., 2020). We also use reanalysis from the National Centers for
Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR), specifically for
the tropopause temperature because it is directly provided. Thus, the analysis considers the Convective Available
Potential Energy (CAPE), geopotential height, wind at 500 hPa level, and the tropopause temperature.

2.2. Radio Waves Measurements

The vertical electric field waveforms are recorded with a flat plate antenna located in Carnarvon, 30.97 S,
21.98 E, in the north-west of South Africa. While the flat plate antenna can in principle record electromagnetic
waveforms from 4 Hzto 1 GHz, the data acquisition unit uses a sampling frequency of 1 MHz to record the
vertical electric field in the frequency range from 4 Hzto 400 kHz with an amplitude resolution of 40 V/m
and a timing accuracy 20 ns determined by a GPS disciplined oscillator (F llekrug, 2010). This low-frequency
(LF) receiver is remotely located in a desert location near the Square Kilometer Array with a controlled radio
environment. There are not many strong LF transmitters in South Africa such that the electromagnetic record-
ings have a relatively small anthropogenic noise level when compared to recordings in northern Europe and
therefore do not require filtering. As a result, this location is ideal for recording lightning waveforms that exhibit
a clear separation between the ground wave and consecutive skywaves which arise from ionospheric reflec-
tions along the propagation path. The Vaisala Global Lightning Detection Network (GLD360) provides lightning
information, which includes the lightning type, that is, cloud to ground (CG) or IC discharges, occurrence time,
location, and peak current. The reported CG stroke detection efficiency of the GLD360 is 40% 60% (e.g.,
Said & Murphy, 2016; Said et al., 2010). The CG flashes are reconstructed from CG strokes by using criteria of
continuity for time interval and distance between successive strokes, here 0.5 s and 10 km, respectively. Thus,
for CG flashes, the detection efficiency is better than for CG strokes. The GLD360 data are mainly used for the
meteorology study in Section 3. The occurrence time, location, and peak current of this blue discharge event
are provided by Earth Networks Total Lightning Network (ENTLN; Marchand et al., 2019). A study evaluating
ENTLN performance was carried out in Florida, which shows that the flash detection efficiency is 99% for natu-
ral lightning. The median location error and median peak current estimation error for rocket-triggered lightning
are 215 m and 15% (Zhu et al., 2022). ENTLN is selected for providing the lightning information for this blue
discharge event because its peak current estimation agrees more with our simulation results. More details are in
Section 3.

South African Lightning Detection Network (SALDN) consists of 23 Vaisala lightning detection sensors,
which detect the lightning electromagnetic signals by using the Time of Arrival and Magnetic Direction Find-
ing techniques. The SALDN provides CG lightning stroke information, such as polarity, peak current, location,
and occurrence time. The SALDN has an estimated 90% detection efficiency and 0.5 km location accuracy
(Gijben, 2012).

2.3. Optical Measurements

The installation of ASIM with its MMIA on the ISS has recently significantly renewed interest to study lightning
discharges, TLEs, and Terrestrial Gamma Ray Flashes from Low-Earth Orbit in near-Earth space (e.g., Chanrion
et al., 2019; Neubert et al., 2019, 2020, 2021; stgaard et al., 2021). The payload includes three photometers
sampling light at 100 kHz in the following bands: 180 230 nm, 337 nm with a bandwidth of 4 nm, and 777.4 nm
with a bandwidth of 5 nm. We will refer to them as UV, blue, and red, respectively, in the remainder of this contri-
bution. Two cameras imaging in 337 nm with a bandwidth of 5 nm, and 777.4 nm with a bandwidth of 3 nm, at up
to 12 frames per second, with a time resolution of 100 kHz, are also included in MMIA (Chanrion et al., 2019).
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The typical location uncertainty of ASIM data is assumed to be 5 km. All MMIA instruments pointed toward the
Nadir at the time of our observations.

3. Analysis of the Meteorology and Storm Structure

Figure 1b shows the geopotential height and the wind at 500 hPa, that is, the altitude of this pressure, with a
colored scale in km and arrows, respectively. Low values of the geopotential form a trough in the southern part
of the African continent between about 40 S and 30 S, insofar as they advance in an area of larger values. Thus,
the low pressure area drives a clockwise flow around it, as it is indicated by the wind arrows. This flow is south-
westerly in the western side of South Africa and westerly at about 20 m s * in the frame of the study which is
crossed by the ISS path (Figure 1b). It can carry humid and warm air from over sea at this latitude. The map of
CAPE in the area of the white frame in Figures 1a and 1b where storm activity was observed (Figure 1c) shows
instability with large regions exhibiting values greater than 1 kJ kg * and locally values up to 2 kJ kg *. This
distribution of CAPE can allow storms to develop for long periods and in a large area. Figure 1d shows the CG
flash density for the period 14:00 02:00 UTC on 3 4 February, calculated with a resolution of 0.05  0.05 .
This lightning density shows elongated southwest-northeast shapes that indicate the movement of thunderstorms
in this direction, confirming the airflow generated by the pressure distribution (Figure 1b). The lightning flash
density exceeds five flashes km 2 in some locations, which is very large for this 12-hr period. Figure 1le displays
the CTT over the whole area of the frame (same as panels ¢ and d) at 23:02 UTC, which is very close to the
time of the blue discharge observation (23:02:41 UTC). It indicates the elongated structure of the storm activity
including several cells with cold CTT (< 60 C) and convective cores with CTT < 70 C for some cells, espe-
cially the cell which produced the blue discharge at 23:02:41 UTC (indicated by a white cross in Figure 1e). At
that time, the CTT of this cell has its coldest value ( 74 C), but it corresponds to only one pixel (3.5 3.5 km?).
Since there is only one pixel with a temperature colder than the tropopause ( 72.5 C according to Figure 1a), the
cloud overshoot has a small horizontal extension. Thus, the resolution of the radiometer SEVIRI does not allow to
determine the minimum of the CTT in such conditions with a large horizontal gradient as indicated in Figure 1f.
Thus, the coldest temperature is probably smoothed and consequently the cloud height can be underestimated.

We can estimate the altitude of the cloud top from the ERAS reanalyses provided by the ECMWF. These data
provide the altitude and the temperature at different levels of pressure in the atmosphere. Figure 2 displays both alti-
tude (blue curve) and temperature (orange curve) relative to pressure at the location of the cell producing the blue
discharge. The minimum temperature observed for the atmosphere at 23:00 UTC ( 72.5 C), which is therefore the
tropopause, corresponds to a pressure of 100 hPa. This pressure corresponds to an altitude of 16.3 km, which is indi-
cated by the black lines in Figure 2. Since the cloud top has a minimum temperature of 74 C (Figures 1le and 1f),
itis 1.5 C less than the tropopause, which makes it 150 m above the tropopause according to the gradient of the
adiabatic ( 9.8 C/km) that can be used at this altitude where the air lifted by convection is dry (M. Jacobson, 2005).
Itis a small overshoot but it is consistent with low values of CAPE at this location ( 600 J kg *). The altitude of the
cloud top is therefore near 16.4 km. If we take into account the location of the blue discharge from ASIM optical
detection (white cross in Figure 1f), which is very close to the top of the cell, the temperature of the cloud top there
is 70 C. This temperature on the graph of Figure 2 corresponds to an altitude of 15.0 km (red lines projection).
If we consider a circle of 5 km in radius around the blue discharge for the location uncertainty by ASIM, this leads to
a range of temperatures in the interval ( 74 C, 66 C). Furthermore, considering an error of —2.5 C for the CTT,
the corresponding new range of temperatures ( 76.5 C, 63.5 C) corresponds to a maximum height of 16.7 km
(0.4 km above the tropopause) and a minimum of 13.3 km (red dashed lines in Figure 2). However, if the real CTT
values are colder than those determined at the resolution of 3.5 km 3.5 km, these altitudes could be higher.

Figure 3 displays the rate of CG flashes detected within the cell that produced the blue discharge during 2 hr in
panel (a) and the peak current of the CG strokes during 5 min (23:00 23:05 UTC) of the cell activity in panel (b).
From (a), it seems the blue discharge occurs during a period with a relatively low CG flash rate (9.8 CG flashes
min ) compared to a few tens of minutes later (>40 flashes min * at 23:55 UTC). Panel (b) confirms the low
CG flash rate during the 5-min period where the blue discharge (blue triangle) was detected. Most CG strokes
(from GLD360) are negative and gathered (vertically lined up on the graph) within sequences which correspond
to CG flashes, separated of a few seconds and sometimes a few tens of seconds. The blue discharge at 23:02:41
UTC corresponds to a detection by ENTLN ( 18.9 kA) and is not associated with another CG detection within
2 s. According to the wave propagation model introduced by Kolma ovk et al. (2016) and Ka par et al. (2017),
the experimental attenuation coefficient can be calculated by knowing the propagation distances, peak currents,
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Figure 1.

and measured maximum electric fields of a group of lightning events (Bai & F llekrug, 2022). In this work, the
CG strokes recorded between 23:00:00 UTC and 23:00:05 UTC are used to estimate the experimental attenua-
tion coefficient. Then, based on the propagation distance and the measured maximum electric field of this blue
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20 discharge event, the peak current is estimated to be  18.4 kA, which matches
o--Temperature (°C) | —e—Altitude (km) well with the peak current reported by ENTLN. The peak current reported by
{18 GLD360 for this blue discharge event is 11 kA. Therefore, the ENTLN is
selected for providing the lightning information for this blue discharge event.

-20

-30 +

40 | 1 16

50 L | 1 4. Space-Based Optical Measurements

Altitude (km)

The ISS with the ASIM/MMIA payload passes over South Africa, from 23:00

to 23:05 UTC on 3 February 2019 (Figure 1e). The track of the ISS crosses a

110 front of thunderstorms which extends over several hundreds of kilometers and

0 . comprises numerous individual active cells. The crossing angle is relatively

0 50 100 150 200 250 300 350 small such that the field of view of the MMIA photometers records optical pulses
Pressure (hPa) of lightning discharges for a relatively long duration of 5 min (Figure 1e).

The photomultiplier tube (PMT) traces for red (777.4 nm), blue (337 nm),
pressure, in the upper troposphere (8 20 km). The minimum of temperature and UV (180 230 nm) wavelengths exhibit Iarg_e numbers_of optical pulses
is found at 100 hPa and corresponds with the tropopause at an altitude of above the background. The largest number of optical pulses is observed in the
16.3 km (black lines). The red line indicates the cloud top temperature (CTT) red PMT trace, followed by the blue and finally the UV trace which exhibits
observed at the location of the blue discharge ( 70 C) and the correspondence  the smallest number of optical pulses. This general behavior is illustrated as
with the altitude (15 km). The red dashed lines represent the uncertainty an example in the lower three panels of Figure 4 and it is attributed to the
for the CTT derived from Spinning EhhanCEd V'.S'ble and lnfrared. Imager wavelength-dependent scatter and absorption of the light propagating inside the
(SEVIRI; —2.5 C) and from the location uncertainty of the blue discharge o . L . .
(5 km radius circle), which leads to a range of altitudes for the cloud top thundercloud. The main aim of this contribution is to compare the optical emis-
(13.3 16.7 km). sions of lightning strokes to the corresponding vertical electric field recordings

which are shown in the upper panel of Figure 4. The peaks of the envelope of

the vertical electric field recordings are generally associated with the peaks of
the optical pulses after referencing both records to known lightning flashes, as explained in more detail in the follow-
ing paragraph. Some electric field pulses are not associated with optical pulses, for example, the electric field pulses
at 33.52 and 33.66 s. These pulses might originate from lightning discharges outside the MMIA field of view, or the
corresponding optical pulses from the lightning discharges are completely absorbed by the thundercloud.

-60 1 12

Temperature (°C)

Figure 2. Temperature (orange curve) and altitude (blue curve) versus

The aim of this study is to investigate a blue discharge event near the top of a thundercloud. This event is therefore
defined by two key criteria, namely that the event occurs near the cloud top, that is, <10 s rise time of the optical
waveform with large intensity, and that it is associated with a significant discharge process, that is, a relatively
large vertical electric field intensity, as explained in the introduction. An exemplary blue PMT recording with a
fast optical rise time, large optical intensity, and a strong electric field pulse is shown in Figure 5. The electric
field recordings are referenced to the occurrence time (23:02:41.234970 UTC) and location (26.48 S, 27.95 E)
of the blue discharge event as reported by ENTLN, after correction for the electromagnetic wave propagation time
from the source location to the receiver at the speed of light. The observed electric field pulse is akin to a NBE
which occurs near the top of the thundercloud such that several methods can be explored to determine the height
of the event as described in the following section.

Although the image for this blue event was not downloaded to the ground, the camera metadata giving the sum of
optical intensities along the rows and columns in the picture taken by the camera allows to find the geolocation
of the peak intensity corresponding to the discharge with an uncertainty of 5 km.

5. Height Determination From Ground-Based Electric Field Measurements

The electric field recording of the blue discharge event is shown in Figure 6a. This is a negative lightning
event recorded at 23:02:41.238 UTC on 3 February 2019. There are two pulses for both, the first and second
skywave (Figures 5 and 6a), which indicates that the source height is high above ground. The complex analytic

Figure 1. Meteorological conditions on 3 February 2019. (a) Temperature of the tropopause in a large area including South Africa. (b) Geopotential (color) and wind
(arrows) at the level 500 hPa in the same area at 18:00 UTC. The white frame indicates the area for (c) (e) panels and the white dashed line the ISS path. (c) Convective
Available Potential Energy (CAPE) values at 18:00 UTC in the area of the white frame. (d) Cloud to ground (CG) flash density from 14:00 on 3 February to 02:00

on 4 February, calculated at a resolution of 0.05  0.05 in the same area. (e) Cloud top temperature (CTT) in the same area at 23:02 UTC. (f) Zoom of the CTT on
the thunder cell producing the blue discharge correspond to the squares shown in (c) (e) at 23:02 UTC. The dashed line and the star indicate the path and the position
at the detection time, of the International Space Station (I1SS)/Atmosphere-Space Interactions Monitor (ASIM), respectively. The white cross in (e) and (f) indicates

the location of the blue discharge by ASIM at 23:02:41 UTC. The red plus symbols and pink dots indicate the +CG and CG flashes, respectively, detected by GLD
between 23:00 and 23:05 UTC. The red dashed line is the CALIPSO track.
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Figure 3. The cloud to ground (CG) lightning activity of the thunder cell producing the blue discharge (shown in panel f) of
Figure 1: (a) CG flash rate during 2 hr from 22:00 UTC on 3 February to 00:00 UTC on 4 February; (b) peak current of CG
strokes during 5 min from 23:00 UTC to 23:05 UTC on 3 February. The blue triangle in (b) indicates the detection by Earth
Networks Total Lightning Network (ENTLN; 18.9 kA) at 23:02:41 UTC.

signal of this blue discharge event is calculated to help define the pulse peaks for both skywaves. The height
determination is based on modeling the skywave propagation, and a simulation of the source height and the
ionospheric reflection height. For long distance propagation, the ground wave is heavily attenuated during a
long propagation path, and the rising edge of the ground wave is delayed during the propagation along the
Earth s curvature (Hou et al., 2018). Therefore, the time delays between the two skywaves are used in this
work. The time delays t, and t, are marked in Figure 6a. The time delay t, refers to the time delay of
the ionospheric reflections of the first skywave and second skywave in the ionospheric reflection model in
Figure 6b. The time delay t, is the time delay of the ground reflections of these two skywaves in the ground
reflection model in Figure 6¢. The absolute value of the analytic signal of this event is calculated to ensure that
the two skywaves exhibit unique local maxima and to rule out the possibility of misidentification. The receiver
used in this work was placed at an altitude of 1.341 km (F llekrug et al., 2019) which is also considered in this
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Figure 4. Comparison of vertical electric field recordings with optical photometers recordings of Modular Multispectral
Imaging Array (MMIA) on the International Space Station (ISS). (upper panel) The envelope of the electric recordings
exhibits numerous pulses, most of which are associated with optical pulses recorded by the photometers (lower three panels)
which measured red, blue, and UV wavelengths. See text for details.

model. According to the time delays t, and t,, the corresponding distance differences D, and D, can be

calculated under the assumption that the wave propagation velocity is equal to the speed of light ¢ such that
D,=c tiand D,=c t,

5.1. Spherical Model

The wave propagation models are illustrated in Figures 6b and 6c. These two models are combined to estimate
the ionospheric height and the source event height. The angle can be calculated using

- @
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Figure 5. All records are referenced to the occurrence time of a lightning flash reported by Earth Networks Total Lightning
Network (ENTLN; upper panel, red star). The vertical electric field waveform within the dashed lines is shown in Figure 6a
in more detail.

where d is the distance between the source event and the receiver, a spherical Earth model is adopted in this study,
and the distance between the receiver and the source is 766.4 km as reported by ENTLN, where r = 6,371 km is
the equivolumetric radius of the Earth.

5.1.1. lonospheric Reflection Model

This model is suitable for the skywaves that are first reflected by the ionosphere (Figure 6b). Different combina-
tions of ionospheric height h; and source event height h, are simulated to calculate the first skywave ionospheric
reflection path x, + x,, and the second skywave ionospheric reflection path x, + 2 x, + X5. Then, the distance
difference between the first and second skywave ionospheric reflection paths can be calculated and compared
to the measured distance difference D,. As the ionospheric reflection height during the nighttime is stable, in
this work, we assume that the ionospheric height over the wave propagation path is constant. For a set composed
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Figure 6. Determination of the height of the blue discharge. (a) The consecutive maxima of the electric field recordings are used to determine the height of the
ionosphere and height of the blue discharge. The time difference T, is associated with the model in (b), and time difference T, is associated with the model in (c).
The peak of the waveform corresponds to the ground wave. For T, and T,, the rising edges correspond to the first skywave, while the falling edges correspond to
the second skywave. (b, c) Observation geometry and path of the consecutive skywaves used to determine the source height h, which are observed with a receiver at the
height h,. The first skywave propagation paths are marked in black, while the second skywave propagation paths are marked in red. (d) The height of the blue discharge
and the ionospheric height are inferred from simulations for various parameter combinations which offers an assessment of the relative uncertainty of the estimates.
(e) The waveform table calculated from many negative lightning discharges exhibits consecutive skywaves which are used to calculate an average ionospheric height
93.4 km. For each distance bin, an averaged amplitude waveform is plotted with its y-axis entered at its corresponding distance bin where the color scale represents its

electric field.

of the ionospheric height h; and the source event height h,, the ionospheric reflections can be calculated using
Equations A1 A5 in Appendix A, where d is the propagation distance, h, is the receiver height (i.e., 1.341 km), r
is the Earth radius, and is the center angle. Equations Al, A3, and A4 mean the incidence angle is equal to the
reflection angle. Equations A2 and A5 indicate the angle enclosed by the ionospheric propagation path equals

The difference between the observed and simulated results in ionospheric reflection model Y, is given by
@)
5.1.2. Ground Reflection Model

This model is suitable for the skywaves that are first reflected by the ground (Figure 6c). Different combina-
tions of ionospheric height h; and source event height h, are simulated to calculate the first skywave ground
reflection path x, + x, + X,, and the second skywave ground reflection path x, + 3 X5 + X,. Then, the distance
difference between the first and second skywave ground reflection paths can be calculated and compared to the
measured distance difference D,. For a set composed of the ionospheric height h; and the source event height
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h,, the ground reflections can be calculated using Equations A6 A1l in Appendix A, where d is the propagation
distance, h, is the receiver height, r is the Earth radius, and is the center angle. Equations A6, A7, A9, and A10
mean that the incidence angle is equal to the reflection angle. Equations A8 and A11 indicate the angle enclosed
by the ionospheric propagation path equals

The difference between the observed and simulated results in ground reflection model Y, is given by

®)

For a simulated ionospheric height and source event height pair, the overall distance uncertainty Y is

(4)

The overall distance uncertainties Y are shown in Figure 6d based on different simulated ionospheric heights and
source event heights. The best fitting results should provide a minimum overall distance uncertainty Y. The best
matched ionospheric height is 95.0 km, and the event source height is 17.4 km.

A sensitivity analysis for the timing is carried out to constrain the simulations. With a timing uncertainty assumed
from the electric field measurements of —3 s, the ionospheric height is within a range from 94.5 to 95.5 km, that
is, 95.0 km (—0.5) km, and the source height is between 16.0 and 18.8 km, that is, 17.4 km (—1.4) km. With
a timing uncertainty of —1 s, the ionospheric height is between 94.8 and 95.2 km, that is, 95.0 km (—0.2) km,
and the source height is between 16.9 and 17.9 km, that is, 17.4 km (—0.5) km.

5.2. lonospheric Height From Amplitude Waveform Bank

A waveform bank consists of distance-dependent averaged waveforms, and it is a useful tool to investigate lightning
waveform characteristics (e.g., Bai & F llekrug, 2022; Z. Liu et al., 2018; Said et al., 2010). The waveform bank
is used here to calculate the ionospheric height. The lightning location used to calculate the amplitude waveform
bank is provided by SALDN data. In this amplitude waveform bank in Figure 6e, only negative CGs are included
to mitigate the larger positive peak currents and each waveform is scaled to the ground wave maximum. The
distance range of the amplitude waveform bank is 720 930 km, which covers the propagation distance of the blue
discharge event, which is 766.4 km. Therefore, the ionospheric height determined by the amplitude waveform bank
can be used as a reference to the ionospheric height determined by the blue discharge event. The distance bins for
the amplitude waveform bank are separated by 10 km. All the waveforms that fall —5 km around this distance bin
are averaged to one waveform to represent this distance. Each distance bin needs to include more than 100 events
to produce a reliable averaged waveform, which explains the gaps shown in Figure 6e. The skywave propagation
model used here is modified from the model created by Laby et al. (1940) and Schonland et al. (1940). The receiver
height is considered. Based on the time differences between the first and second skywaves, the ionospheric heights
are calculated for different distances with a mean value of 93.4 km. This result matches well with the ionospheric
height determined from the measurements of the blue discharge event as explained in the previous section.

6. Estimation of the Source Altitude From the Optical Pulse

The altitude of the flash can also be determined from the analysis of the optical pulse observed in the 337 nm
photometer. Following the work of Luque et al. (2020) and Soler et al. (2020), we can estimate the height of the
blue discharge from the optical pulse shape with the assumption that the source is prompt and located at a cloud
depth L below the top of a planar cloud. Rewriting Equation 1 from Soler et al. (2020), which was originally
introduced by Krapivsky et al. (2010), with different variables and for an instantaneous source at t = 0, we have

®)

where | is the photon intensity, 1 is the maximum photon intensity, D is the diffusion coefficient for photon
scattering, and is photon absorption frequency. For the 337 nm wavelength, the absorption frequency varies
between 10 2and 10 s ! (Soler et al., 2020) and it is reasonable to neglect the absorption for pulses of a few ms
duration. In this case, the equations becomes
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(6)

The maximum of the pulse is reached at the time L?/6D and the photon flux depends only on L%/Dt, the 10% 90%
rise time T, is given by T, = 0.0742 L%D. The cloud depth L is then the square root of the rise time given by

, where N, is the cloud particle concentration and r the radius of the parti-
cles. Subtracting this from the cloud top altitude gives an estimate of the event altitude.

The third panel of Figure 5 gives the light curve from the 337 nm photometer, a direct measurement the rise
time by linear interpolation would give 9 s which is below the 10 s period of the photometer sampling. To
measure the true rise time of a light pulse that follows Equation 5, we have modeled the sampling of the equation
by the photometer, simulating the light integration done by the instrument in every sample for different starting
times in 100 110 sand rise timesin 0 100 s in Equation 5. We found a perfect match during the rising period
between the simulated sampling of the pulse and the photometer response for only one pulse having a start time
101.1 sand atrue rise time of 5.5 s. The match is given in supplementary material as Figure S1 in Supporting
Information S1, in which we give plots of the pulse from Equation 5 together with its simulated sampling and the
ASIM photometer response, the sampling point matches perfectly at 100, 110, and 120 s and we take the value
of 5.5 s as best estimate. We also note that the rise time is associated with a time constant L%4D of 18.5 s. With
a cloud top altitude between 13.3 and 16.7 km from Figure 2, assuming a cloud particle concentration of 108 m 3
and a particle radius of 15 m corresponding to a photon mean free path of 7 m (Soler et al., 2020), the cloud
depth is 0.64 km. To estimate the uncertainty, one can assume a cloud particle concentration from 107 to 108 m 3
(Knollenberg et al., 1993) and a particle radius from 10 to 20 m (Bennartz, 2007) to get a cloud depth range of
0.5 3.1 km (see Figure 7a) and an event altitude of 10.2 16.1 km (see Figure 7b). We note that the estimation
of the maximum altitude with this method is at the bottom edge of the altitude range of 16.0 18.8 km estimated
by the radio measurements. The uncertainty range of the cloud particle concentration and particle radius will be
discussed further in the next section.

7. Discussion

The blue discharge was observed during the vertical development of a thunder cell embedded within a convec-
tive line of several hundreds of kilometers length. This cell exhibited a cloud top height 16.4 km with a small
overshoot above the tropopause ( 150 m in height and one pixel in lateral extent) according to the MSG/SEVIRI
observation. In Section 3, by combining the uncertainty about the CTT estimation (2.5 C) and that about the
location from ASIM imagery (5 km), we estimated the altitude of the blue discharge between 13.3 and 16.7 km.

However, according to the resolution of the SEVIRI radiometer in the region (3.5 km 3.5 km for one pixel) and
the small area with lower CTT, it is difficult to estimate with large accuracy the CTT and therefore its altitude.
In order to have an independent estimate of the cloud top altitude, we use S-band Doppler radar measurements
at Irene, South Africa (28.21 E, 25.91 S), 66 km away from the cell location. Figure 8 displays the composite
image made with 11 radar beam elevations from 0.5 to 22.3 centered in time around 23:04:51 UTC. Figure 8a
shows the maximum reflectivity vertically found within the cloud, while Figure 8b shows a reconstituted vertical
cross section along the 32 km long red dashed line in Figure 8a. Furthermore, Figure 8c shows a zoom of the
main cell corresponding to the white frame in Figure 8a. As in other studies of altitude discharges, the high region
of the thundercloud is not completely scanned by the radar beam and the cloud top may not be intercepted by
the radar beam between two neighboring scan elevations (Dimitriadou et al., 2022). When the elevation angle is
large between two successive scans at different elevation angles, there is a region of the cloud that is not covered
by the radar beam. Thus, the vertical cross section cannot completely account for the overshoot above 16 km in
the present case. The reflectivity is only reported at given distances (circles around the radar) that do not corre-
spond to the maximum of the reflectivity and therefore to the convective core. Indeed, values of reflectivity up to
33 dBZ are reported at a level very close to 16 km in the region of the storm indicated by the white arrow which
can be considered as the region of the overshoot. Figure 8c shows that the blue discharge indicated by the black
cross is located very close to this region, also indicated by the white arrow on the dashed line (<3 km). It confirms
the observation made from Figure 1f where the blue discharge was located very close to the minimum CTT. The
location of blue corona discharges detected by ASIM above two regions of the same thunderstorm in northern
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Figure 7. (a) Estimate of the cloud depth as a function of the ice particle density for three constant ice particle radius: 10, 15,
and 20 m. (b) Estimate of the event altitude as a function of the ice particle density for three constant ice particle radius: 10,
15, and 20 m. (c) Estimate of the cloud depth as a function of the ice particle density for two ice particle size distribution
correspondingto 48 Cand 76.5 C. (d) Estimate of the event altitude as a function of the ice particle density for two ice
particle size distribution correspondingto 48 Cand 76.5 C.

Awustralia was considered by Dimitriadou et al. (2022). These blue corona discharges were produced close to the
highest regions of the thunderclouds which reached to altitudes above the tropopause at 17 km in a more tropical
region when compared to the present case and with CAPE values of 4 kJ kg *. The radar also could not detect the
cloud tops in this case, only giving values of 22 dBZ at 17 km. In the present case, with values of 30 33 dBZ
observed at an altitude close to 16 km, it is thought that the cloud top was locally above 16 km. Indeed, according
to the study of tropical hot towers by Williams et al. (1992), the 30 dBZ reflectivity can reach 16 17 km in the
towers near cloud tops.

The blue discharge altitude is also estimated by the electric field recordings of skywave arrival times. Except
for the sensitivity analysis based on the electric field timing, which gives the event altitude uncertainty range of
16.0 18.8 km, the height uncertainty is also given by a sensitivity analysis based on the altitude determination
algorithm. This method simulates different ionospheric heights and blue discharge heights to find a minimum
root mean square value of the distance differences of the propagation along two ionospheric reflection paths Y,
and two ground reflection paths Y,. The time uncertainty is not considered here. It can be seen from Figure 6d that
the height uncertainty for the blue discharge is estimated to between 15.5 and 19.0 km with a distance uncertainty
of 1 km for the distance difference Y (defined in Equation 4). The distance difference Y is a measurement related
to the propagation path, which is 766.4 km, therefore an uncertainty range of 1 km corresponds to a relative
uncertainty of  0.1%.

We now look further at the altitude determination from the optical pulse from the blue discharge event. From
Figure 7, it can be noted that the uncertainty comes mainly from two origins that can be discussed. The first is
the ice crystal size and second the ice crystal density. The ice particle size is assumed to be constant for the three
curves given in Figure 7a which is a strong hypothesis that can be relaxed by choosing a particle size distribution
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Figure 8. Radar composite image of the cell producing the blue discharge, at 23:04:51 UTC. (a) Horizontal cross section with the maximum reflectivity (dBZ) in the
column; (b) vertical cross section along the red dashed line in (a); (c) zoom into the white frame included in (a). The black cross indicates the blue discharge location
(27.97 E; 26.47 S). The white arrow in (b) and (c) indicates the location of the maximum altitude with the highest reflectivity observed along the vertical cross section.

(PSD) that is more realistic to the cloud top ice particle composition. Following Heymsfield et al. (2013, Equation
6), the PSD can be fitted to a gamma distribution of the form N(D) = N,D e P where is the dispersion, is the
slope, and N, is the intercept (here, chosen such that the PSD is normalized) and the parameters and can be
expressed as a function of the temperature (Montany et al., 2021).
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Figure 9. (a) Normalized particle size distribution (PSD) for ice crystals temperature at 48 Cand 78.5 C; (b) ice water content (IWC) and ice crystal density (c) as
a function of the altitude along the track of CALIPSO recorded at about 23:35 UTC.

To estimate the temperature range between the discharge origin and the cloud top, we anticipate a maximal
cloud depth of about 2 km. It corresponds to an altitude range of 11.3 16.7 km and a temperature range between

48 Cand 76.5 C. According to Heymsfield et al. (2013), at those temperatures varies then between 176 and
2,300 cm tand varies between 0.71 and 4.6, giving the normalized PSDs plotted in Figure 9a. Knowing the
PSD as a function of the temperature makes it then possible to calculate the key parameters affecting the propa-
gation of light in the cloud. For a density varying between 107 and 108 m 2 and a temperature varying between

48 Cand 76.5 C, the mean free path varies between 0.45 and 90 m, the absorption frequency between 49.6
and 0.37 s 1, and the diffusion coefficient between 3.7 10°and 7.9  10%° m?%/s. With a true rise time of 5.5 s
and with an ice particle density in the range of 107 108 m 3, the cloud depth is now estimated between 0.2 and
2.4 km from Figure 7c and the discharge altitude between 10.9 and 16.5 km from Figure 7d.

The last parameter to discuss for the estimation of the discharge altitude is the particle ice density. We looked at
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations, that is, CALIPSO, satellite data (e.g., M.
A. Vaughan et al., 2004; Winker et al., 2003) which allow to measure the ice composition at cloud top heights.
The CALIPSO track is marked as a red dashed line in Figure 1f. Unfortunately, it flew over another thunderstorm
cell centered at the longitude and latitude 28.75 E and 26.5 S. However, it is close enough to the cell from which
the blue discharge originated such that it is reasonable to assume that the thermodynamical composition of the
cell is similar, and that the ice PSD follows the same dependency with the temperature. The CALIPSO track is
indicated in Figure 1f by a red line corresponding to a pass 23:35 UTC. CALIPSO allows to estimate the ice
water content (IWC; Delano® & Hogan, 2010) which is given along the track in Figure 9b. The IWC of the cell
observed by CALIPSO is discussed here for the purposes of determining the ice crystal density, which will be
used to further estimate the ice crystal density of the cell which produces the blue discharge.

We note that the IWC varies between 0.02 and 1 g/m? below a small overshoot that was measured 23:34:50
UTC. Following Heymsfield et al. (2013), the IWC is given by IWC = n; ,N(D)m(D)dD, where n,, is the
ice crystal density, N(D) is the PSD, and m(D) is the ice crystal mass relationship developed by Schmitt and
Heymsfield (2009) with D in cm and m in g. The IWC allows therefore to estimate the ice
crystal density which is given in Figure 9c and we can see that the ice crystal density varies between 4  10° and
2.8 108m 3which appears low when compared to the estimate used in the preceding section and we remind the

reader it corresponds to another cell than the one from which the blue discharge originated.

The movie CellEvolution.avi in the supplementary material gives the temporal evolution in time of the cells.
It is noted that the CTT of the cell observed by CALIPSO 23:35 UTCis 67 C, thatis, 5 C warmer than the
cell from which the discharge occurs. The cell observed by CALIPSO is therefore below the tropopause. From
the reflectivity presented in Figure 8, we can also note that the radar reflectivity reaches maximum values of
58.5 dBz for the cell with the blue discharge and 46.5 dBZ for the cell observed by CALIPSO. The difference
in dBZ is similar to the difference in radar reflectivity between a mature overshooting top and a decaying one,
for example, as observed by Homeyer and Kumjian (2015, Figure 11). The movie CellEvolution.avi also indi-
cates that the cell with the blue discharge is in a higher level of overshooting maturity than the cell observed by
CALIPSO. The first cell is 15 min after the maximum of its overshooting phase and the second does not over-
shoot at all. Such difference of reflectivity can be related to a ratio of ice particle density assuming the reflectivity
is directly proportional to it, and we find that the ice crystal density from the cell producing the discharge is about
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30 times higher than that of the cell observed by CALIPSO. Finally, we find that the ice density for the cell that
produced the blue discharge can be estimated to be between 1.2 107 and 8.4 107 m 2, Furthermore, and even
if the measurement of cloud tops ice density is difficult to obtain, we can note that this range is in good agreement
with Kr mer et al. (2020) and Protat et al. (2011) which report ice particle densities that reach values as high as
3 107and 108 m 3, respectively. Those findings coincide with the range we have chosen in the preceding section
and the corresponding altitude range we obtained for the altitude of the discharge from the optical measurement
of ASIM, that is, 10.9 16.5 km.

This work enables a thorough estimation of measurement uncertainties of an exemplary blue discharge event
height, while the parameters are chosen to be consistent because only one event is available to us. The parameters
that affect the uncertainty are CTT estimation, location, reflectivity, distance, ice crystal size, and ice crystal
density, which are thoroughly discussed in this section.

8. Summary and Conclusions

The ASIM/MMIA overpass in South Africa described in this report enables an extension of previous results
with a focus on the comparison between space-based optical observations and ground-based electric field
recordings.

A strong link between optical and electric field observations was found for the blue PMT pulses which are asso-
ciated with lightning discharges reported by lightning detection networks. One question of particular interest in
this context is whether the height of the blue discharges can be determined with significant confidence. There are
three sources of height information which have been used, that is, the cloud top height inferred from geostationary
satellite imagery, the pulse height determination from skywave arrival times, and the height estimation from the
optical recordings.

The calculated cloud top height is 13.3 16.7 km. From the radio recordings, the altitude of this blue discharge
event is 17.4 km with uncertainty range of 16.0 18.8 km by using a spherical Earth model. The ionospheric
height calculated using the same model is 95.0 km, which is consistent with that determined from the waveform
bank of CG discharges (93.4 km). The height estimation derived from the rising edge of the blue optical emission
is between 10.9 and 16.5 km.

Besides studies of selected events, as pursued in this report, this unique and rich data collected by MMIA on
ASIM could also be used to study the statistical properties of many events, for example, a comparison of peak
pulse intensities and rise times of electric field recordings associated with many blue and/or red PMT pulses and
their association with reports from lightning detection networks.

Appendix A: Equations of Source and lonospheric Reflection Heights Determination

Equations Al and A2 refer to the ionospheric reflection model in Figure 6b. For the path x; + X,, the incidence
angle into the ionosphere equals to the reflection angle in Equation Al:

(A1)

For the first skywave propagation path, the center angle can be seen as two portions: portion 1 is enclosed by
h, + rand h; + r, and portion 2 is enclosed by h; + rand h, + r:

(A2)

For the path x; + x, and the path x, + X, the incidence angle into the ionosphere equals to the reflection angle in
Equations A3 and A4

(A3)
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(A4)

For the second skywave propagation path, the center angle can be seen as four portions: portion 1 is enclosed
by h, + rand h; + r, portion 2 and portion 3 are both enclosed by h; + r and r, and portion 4 is enclosed by h; + r
andh, +r:

(A5)

Equations A6 A10 refer to the ground reflection model in Figure 6¢. For the path x, + x,, the incidence angle into
the ground equals to the reflection angle in Equation A6:

(A6)
For the path x, + x;, the incidence angle into the ionosphere equals to the reflection angle in Equation 4:
(A7)

For the first skywave propagation path, the center angle can be seen as three portions: portion 1 is enclosed by
h, + rand r, portion 2 is enclosed by h; + r and r, and portion 3 is enclosed by h; + rand h, + r:

(A8)

For the path x, + x., the incidence angle into the ground equals to the reflection angle in Equation A9:
(A9)
For the path x; + X, the incidence angle into the ionosphere equals to the reflection angle in Equation A10:
(A10)

For the second skywave propagation path, the center angle can be seen as five portions: portion 1 is enclosed by
h, + rand r, portions 2 4 are all enclosed by h; + r and r, and portion 5 is enclosed by h; + r and h, + r:

(A1)

All the equations used here are according to the cosine rule.
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Chapter 7

Conclusion

7.1 Summary

7.1.1 Lightning Sferics Coherency

In long-range lightning detection and location networks, the presence of sky-
waves can pose a significant challenge when attempting to differentiate them from
ground waves for two reasons. Firstly, the time difference between the arrival of
the ground wave and the skywave can be relatively small. Secondly, the ground

wave experiences rapid attenuation as the distance from the source increases.

Traditionally, the detection and location of lightning events in such networks
rely on a single point of detection and employ techniques such as Time of Arrival
(TOA) to determine the location of a single lightning event. However, the novelty
of this work lies in the utilization of complex analysis techniques and simulation
of the interferometric method to locate lightning events within a specific area.
This approach goes beyond single-point detection and offers the potential for

enhanced accuracy and localization capabilities.

This work focuses solely on using negative cloud-to-ground (-CG) lightning events
recorded during nighttime periods. The dataset is meticulously chosen, ensur-
ing that any potentially misidentified positive cloud-to-ground (+CG) events are

excluded from the analysis.
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For the events recorded at Rustrel, the attenuation coefficient is estimated to
be 5.11 dB/Mm. Notably, this value is lower than the attenuation reported
by previous research conducted by Kolmasova et al. (2016). The disparity in
attenuation values can be attributed to the nighttime conditions under which the

data was collected and the lower frequency range employed in this PhD project.

To study the characteristics of lightning sferics, both the amplitude waveform
bank and the coherency waveform bank are computed. Both waveform banks
can represent high-order skywaves effectively when observed on a logarithmic
scale. However, their ability to handle the interference of the first skywave with

the ground wave differs.

The ratio between the ground wave and the first skywave serves as an indicator
of this property. Within the distance range of 190-1,220 km, the ratio decreases
from approximately 1.26 to 0.92 for the coherency waveform bank, while for the
amplitude waveform bank, it decreases from around 3.43 to 0.24. This demon-
strates that the amplitude waveform bank is more susceptible to the interference

of the first skywave than the coherency waveform bank.

Subsequently, the amplitude waveform bank is employed to detect lightning
events. Among the 47 available distances, 45 groups exhibit an average impulse
detection efficiency exceeding 80%, indicating a reliable and successful detection

capability.

7.1.2 Long-Range Lightning Interferometry

The results obtained from the sensitivity map analysis indicate that the accu-
racy of distance estimation for both amplitude and coherency depends on the
geometric configuration of the receiver network. However, there are notable dif-
ferences between the amplitude and coherency sensitivity maps. The amplitude
sensitivity map demonstrates high accuracy, primarily within the boundaries of
the receiver network. In other words, the distance estimation accuracy is signif-
icant only for lightning events detected within the network’s coverage area. On
the other hand, the coherency sensitivity map showcases relatively larger accu-
racy even outside the receiver network. This suggests that the coherency-based

method exhibits a more extended range of accurate distance estimation, allowing
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for the identification and localization of lightning events beyond the confines of

the receiver network.

Quantitative analysis of the coherence between lightning events and background
noise is conducted, considering various event numbers and receiver locations. It is
observed that the coherency ratio between lightning events and noise exhibits an
increasing trend as the event number grows. As the number of events increases,
the coherency ratio tends to reach a relatively constant value. This stability is
observed when the event number reaches approximately 100. At this point, the
coherency of the lightning events averages around 0.51 with a small variation of

0.005, while the coherency of the background noise averages around 0.08 with
a slightly larger variation of 0.008. Consequently, the coherency ratio between

the lightning event and noise stabilizes at approximately 6.4.

In the long-range interferometric method simulation, an inherent challenge arises
due to the apparent movement of lightning associated with the wide pulse of
long-distance propagation of sferics. Two methods are proposed to address this
issue and identify a single location for each lightning event: (1) Utilizing a small
network configuration: By employing a network with a shorter distance between
receivers, the time difference between the ground wave and the first skywave
becomes relatively larger. As a result, this time difference does not cause in-
terference and allows for accurate localization of the lightning event to a specific
area. (2) Filtering the lightning data for interferometric simulation: This method
involves applying a filtering process to the lightning data, enabling the simulation
of the interferometric method. The filtering procedure ensures that only a single
maximum area is presented for each lightning event, with the coherency depen-
dent on the specific case number considered. By employing these two approaches,
the challenges posed by apparent lightning movement and wide pulses of long-
range sferics can be effectively mitigated, improving accuracy in determining a

single location for each lightning event.

7.1.3 Blue Discharge Event Height Determination

The altitude determination method employed in this study utilizes the arrival

times of skywaves in conjunction with a radio wave propagation model. Applying
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this method to analyze a blue discharge event, an estimated altitude range of
approximately 16.0-18.8 km is obtained. Furthermore, the ionospheric height
is calculated to be 95.0 km with a small uncertainty of 0.5 km. The arrival
times of skywaves from other lightning events occurring within the same storm
are considered to validate this ionospheric height estimation. The skywave arrival
times corroborate an ionospheric height of approximately 93.4 km, with a slightly
larger uncertainty of 0.6 km. These results demonstrate the effectiveness of
the altitude determination method using skywave arrival times and the radio
wave propagation model, providing valuable insights into the altitude of the blue

discharge event and confirming the ionospheric height estimate.

7.1.4 Limitations

Indeed, despite the valuable findings and contributions of this work, several lim-

itations should be acknowledged:

(1) Limited data representativeness: The data used for this study were collected
during the same storms and at the same locations. As a result, the dataset may
not fully capture the diverse range of lightning events and atmospheric conditions
encountered in real-world scenarios. This limitation could potentially impact the

generalizability of the results.

(2) Interferometric method complexity and computation time: While the inter-
ferometric method shows promise in enhancing lightning detection accuracy, the
current algorithm may require significant computational resources and time for
its implementation. This limitation could hinder its practical application in real-

time lightning detection and location systems at the present time.

(3) Manual intervention in altitude determination: The altitude determination
method used in this work relies on the manual identification of ground waves and
skywaves. This manual process can introduce subjectivity and potential errors.
Additionally, the requirement for waveforms with clear and distinct skywaves
might limit the applicability of the method to some lightning events that do not

exhibit such characteristics.
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7.2 Future Work

There are several potential avenues for future research based on the topics dis-

cussed:

1. Impulse detection methodology: The current impulse detection methodology
can be expanded to (1) detect lightning events without prior knowledge of the
distance, allowing for more comprehensive lightning detection capabilities, and
(2) assist in classifying the type of lightning event, distinguishing between intra-
cloud (IC) and cloud-to-ground (CG) discharges.

2. Long-range interferometric method: The work presented in Chapter 5 focused
on data collected from Bath and Rustrel, which shared the same storm conditions
and recording locations. In future research, evaluating additional data collected
from diverse geographic environments and under various atmospheric conditions
would be beneficial. This would enhance the understanding and simulation of

the long-range interferometric method.

3. Real-time long-range interferometric system: Section 3 of Chapter 5 provides
theoretical estimations of lightning coherency, which can be utilized as a threshold
to develop a real-time long-range interferometric system. By calculating the
coherency map, lightning locations can be detected and monitored in real time.
Further details regarding the implementation steps can be explored in Section 9
of Chapter 5.

4. Three-dimensional lightning location: Chapter 6 discusses the calculation of
lightning discharge altitudes, enabling the determination of lightning locations
in a three-dimensional long-range system. This aspect opens up possibilities for
comprehensive lightning tracking and analysis, considering the horizontal dimen-

sions and the altitude of the lightning discharges.

These potential areas for future investigation have the potential to expand and
refine the understanding and applications of long-range lightning detection and

location systems.
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