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ABSTRACT

Malaysia is one of the countries with the highest lightning activities in the
world. Thus, lightning monitoring and protection system are vital to safeguarding
buildings, communication systems, and electronic equipment throughout the country.
Nevertheless, research on the characteristics of lightning in Malaysia is relatively
limited, with the majority of published studies focusing solely on West Malaysia.
The previous lightning studies were confined to electric fields alone but in this study,
however, investigation of electric field characteristics from Cloud-to-Ground (CG)
lightning in Malaysia are based on in situ electric field measurement together with
high-speed image observation. Field studies were carried out in Malacca (West
Malaysia) and Sarawak (East Malaysia) to measure various lightning parameters of
negative CG lightning, including the temporal characteristics of the lightning strokes,
pulse train (PT), and preliminary breakdown pulse (PBP). Based on the image
results, 68% of the captured lightning occurrences exhibited tortuosity, indicating
that the typical type of lightning channel in Malaysia is tortuous in behaviour. It was
also revealed that 70% of lightning was terminated in a new location. Throughout the
investigation, single stroke lightning was the most frequently observed event,
accounting for 76% of the recorded lightning images. Averagely, vertical lightning
had a longer stroke interval and First Return Stroke (FRS) interval compared to that
of tortuous lightning. The PT observed in this study was analysed using the time-
domain and frequency-domain. It can be inferred that PT occurrences initiate
Subsequent Return Strokes (SRS) since 99.8% of them are found to precede SRS.
Interestingly, out of 930 PT samples analysed, this study observed twelve different
types of PT. In the time-domain, the PT observed in this work could be interpreted as
any regular or irregular PT with varying amplitudes that lasted an average of 653 us
and occurred 25 ms before the next SRS. Additionally, the PT was recorded at a
frequency range of 7.7-403.2 kHz and generated an average of 184.6 (V/m)? peak
power, which can reach up to 2170 (V/m)® The field campaign in Sarawak also
recorded other crucial lightning parameters, including normal electric field (E,),
zero-crossing time (Tyc), zero-to-peak rise time (Tzp), and 10-90% rise time (T;-90)
of return strokes (RS), which were 40 V/m, 80.1 ps, 7.6 ps, and 4.1 s, respectively.
This study discovered variations in lightning characteristics when striking over sea
and land, and its correlation to propagation distance. Furthermore, 52% of the PBP
was detected from the data collected in Sarawak. The PBP lasted an average of 3 ms
and was 24 ms apart from the FRS. Remarkably, this study successfully carried out
the first lightning measurement in East Malaysia as well as discovering more about
the characteristics of lightning across Malaysia.
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ABSTRAK

Malaysia merupakan antara negara yang mempunyai aktiviti Kilat tertinggi di
dunia. Oleh itu, sistem pemantauan dan perlindungan kilat sangat penting untuk
melindungi bangunan, sistem komunikasi, dan peralatan elektronik di seluruh negara.
Namun begitu, kajian tentang ciri-ciri kilat di Malaysia agak terhad, dengan majoriti
kajian yang diterbitkan tertumpu kepada Malaysia Barat. Selain itu, kajian kilat
tersebut hanya terhad kepada medan elektrik sahaja. Oleh itu, kajian ini dilakukan
untuk menyiasat ciri-ciri kilat dari awan ke bumi (CG) di Malaysia berdasarkan
pengukuran medan elektrik dan pemerhatian imej berkelajuan tinggi. Kajian
lapangan telah dijalankan di Malacca (Malaysia Barat) dan Sarawak (Malaysia
Timur) untuk mengukur pelbagai parameter bagi kilat negatif CG, termasuk ciri-ciri
masa bagi isyarat kilat, jujukan denyut (PT) dan denyut cetusan awal (PBP).
Berdasarkan rakaman imej, 68% kejadian kilat menunjukkan ciri-ciri kecondongan.
Terungkap bahawa 70% kilat berakhir di lokasi yang berbeza daripada Kilat
sebelumnya. Sepanjang penyiasatan, kilat tunggal adalah kejadian yang paling kerap
diperhatikan, menyumbang 76% daripada imej kilat yang direkodkan. Berbanding
dengan kilat condong, kilat menegak mempunyai sela masa antara satu sama lain dan
sela antara kilat pertama (FRS) yang lebih lama. PT yang dicerap dalam kajian ini
telah dianalisis dalam domain masa dan domain frekuensi. Dapat disimpulkan
bahawa 99.8% kejadian PT telah mencetuskan panahan kilat yang seterusnya (SRS).
Menariknya, daripada 930 sampel PT yang dianalisis, kajian ini telah memerhatikan
dua belas jenis PT yang berlainan. Dalam domain masa, PT yang telah dikaji dapat
ditafsirkan sebagai jujukan denyut berpola atau tidak berpola dengan amplitud yang
bervariasi secara purata berdurasi 653 ps dan berlaku 25 ms sebelum SRS
berikutnya. Selain itu, PT telah direkodkan pada frekuensi antara 7.7 kHz hingga
403.2 kHz dalam spektrum frekuensi dan menghasilkan purata kuasa puncak 184.6
(V/m)?, yang boleh mencapai hingga 2170 (V/m)>?. Parameter-parameter penting FRS
termasuk nilai medan elektrik, masa pintasan sifar, masa kenaikan sifar ke puncak
dan masa kenaikan 10-90 % telah direkodkan di Sarawak. Parameter-parameter
tersebut masing-masing bernilai 52.9 V/m, 46.9 us, 7.3 ps dan 4.1 ps. Kajian ini
menemui variasi dalam ciri-ciri kilat yang merambat di laut dan di darat, dan
perkaitannya dengan jarak perambatan. PBP juga telah dikesan sebanyak 52%
daripada data kilat yang dikumpul di Sarawak. Secara purata, PBP berdurasi selama
3 ms dan bersela 24 ms dari FRS. Istimewanya, kajian ini telah berjaya merekodkan
pengukuran kilat pertama di Malaysia Timur serta menambahkan pengetahuan
tentang ciri-ciri Kilat di seluruh Malaysia.
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CHAPTER 1

INTRODUCTION

1.1  Research Background

Lightning is one of the most ancient natural occurrences on Earth and
scientists have been studying it since then. The knowledge became more
understandable with the help of various sorts of advanced measuring tools and the
presence of many experts to conduct numerous in-depth research. However, there are
many facts concerning lightning that are still subject to debate. The propagation path
of a lightning channel for instance. Paulino et al. [1] and Andreotti et al. [2] agreed
that a lightning is assumed to be in a vertical channel. On the other hand, Schoene [3]
and Rameli [4] concluded that lightning is typically not a vertical channel. Thus, a
high-speed video camera is an excellent advanced measuring tool since it can catch
the lightning progression and channels termination point. The integration of advance
and existing measuring instruments such as antennas will result in more valuable

discoveries on the characteristics of lightning.

Beginning with broad lightning characteristics, researchers delved further into
the subject and discovered important parameters involved in lightning formations,
such as Preliminary Breakdown (PB), Stepped Leader (SL), Return Strokes (RS),
and upward and downward lightning. The correlation between the lightning
characteristics and seasonal weathers, topography, and climates were also
investigated. As suggested by Xu et al. [5], “Further research into the relationship
between lightning probability and storm characteristics in diverse climatic regimes
around the world will be required in the future ”. Bourscheidt et al. [6] also proposed
a similar idea, “The lightning activity seems to be affected by terrain, sea breeze,
diurnal and nocturnal wind flow ”. Given the earth's diversity of geography, climates,
and seasons, such study will never be obsolete and will always add value to the

lightning knowledge. In addition, there are several micro-scale pulses that have been

1



found to be associated with lightning electric field signals such as narrow bipolar
pulses, preliminary breakdown pulses and chaotic pulse trains. They are also
important in understanding lightning events. The importance of investigating CPT
was enlightened by Hamzah [7], who stated that “This research creates paves for
various types of analysis on chaotic pulse trains to be conducted in the future in
order to better understand lightning activity”. In addition, Gomes et al. [8] also
mentioned that, “One has to continue this study to determine induced voltages,
power spectrum and sub-microsecond details of CPT. Such studies will be of great
importance to the engineering community dealing on EMI (Electromagnetic
Interference) problems”. The advice of these great people frequently inspires and

motivates researchers to further their understanding in the future.

Initially, the lightning expertise was established and more advanced in nations
within temperate-climate regions before extended to tropical countries. In fact, the
21 century saw a broad range of in-depth and long-term investigations on lightning
activities that originated in tropical nations, including positive and negative lightning
mechanisms, features, and the correlation between lightning characteristics and
topography. All of these researches took place in and around Brazil, Colombia, Sri
Lanka, and Malaysia. Despite this advancement, Malaysia is still lagging in lightning
research due to a lack of data collection. Hence, Malaysia needs to progressively
move forward in lightning research, especially when it comes to determining the
features of the electric field involved during a lightning occurrence and their
correlation with different climatic circumstances. This will be better done by using

an advanced tool, such as a high-speed camera.

1.2 Problem Statement

Malaysia is a tropical country located in Southeast Asia and is so close to the
equator, where the number of thunderstorm days is relatively high with countless
lightning events reported every year. Unfortunately, the lightning characteristics in
Malaysia remain poorly unknown as researches on lightning activity from this region

are still lacking. The majority of the available investigations were carried out



utilising a parallel plate antenna and an oscilloscope to collect the lightning electric
field data. However, this measurement setup only captures and analyses the
waveform of the electric field generated from the lightning. If one is to investigate
and understand the lightning progression and channel behaviour, the method to
measure the electric field needs to be further enhanced. Therefore, a high-speed
video camera is an ideal additional instrument to improve the measuring technique as
the device can be used to capture the lightning events, as desired. This is crucial
since the behaviour of the lightning channel is still debatable. It is also worth noting
that there is no report available on lightning observation using a high-speed camera
in Malaysia up to 2017.

Secondly, the mechanism that initiates the formation of lightning inside
thunderclouds has yet to be understood. It is known that FRS always starts with tiny
little unipolar and bipolar pulses, known as PBP, that can be correlated to the initial
stage of lightning formation. Meanwhile, PT is commonly found to precede the
Subsequent Return Strokes (SRS) that it may be considered as the initiation pulse of
the SRS occurrences. In addition to FRS, SRS occurrences are also important in
understanding the lightning formation that PT deserves an in-depth study. However,
there are only a few available data that was successfully collected in Malaysia

resulting in a paucity of research on PT characteristics.

Furthermore, all previous lightning studies in Malaysia were based on data
collected and recorded from West Malaysia only. To date, no lightning data has ever
been recorded and reported from East Malaysia in any lightning research work in
Malaysia. Geographically separated, West Malaysia is a peninsula projected from the
Asian Continent, while East Malaysia is part of Borneo Island. Thus, it is reasonable
to conduct an exploratory study including both West and East Malaysia so that a
conclusive lightning study, which covers data from all regions of Malaysia, can be
established. It is also crucial to examine the relationship between lightning formation
and lightning characteristics with various elements, such as climate, temperature, and
propagation medium, to name a few. Therefore, a profound investigation on the data
must be done throughout Malaysia to be advanced on a par with temperate countries

in lightning research.



1.3  Research Objectives

This exploratory study seeks to uncover a better understanding of lightning
characteristics observed in Malaysia using both the parallel plate antenna and high-

speed camera. The data obtained would be used:

1. To optically investigate the cloud-to-ground lightning characteristics from
high-speed images observed in West Malaysia.

2. To characterise the Pulse Train (PT) in cloud-to-ground lightning in West
Malaysia in the time and frequency domain.

3. To analyse the temporal characteristics of the cloud-to-ground lightning
electric field for the data obtained from East Malaysia.

1.4 Research Hypothesis

Lightning channels can be categorised into two types, namely vertical and
tortuous. The tortuous lightning is considered the common pattern of lightning
conducting channels, as agreed in past studies [9, 10]. The approach employed in this
field campaign will be extremely useful and significant in investigating lightning
mechanisms, as reported by Ballarotti et al. [11] and Tran et al. [12]. In addition,
various categories of PT and their radiation features generated by lightning in
Malaysia would be discovered. Using the wavelet analysis, the PT features,
especially its radiation power and frequency spectrum, could also be determined.
Moreover, recent literature showed that the parameters of the lightning electric field
vary depending on the propagation medium, which involves distinct geological
environments [13, 14]. Therefore, the lightning striking over South China Sea near

Sarawak may have different characteristics than those striking on the Sarawak land.



1.5 Research Scope

This study focuses on lightning characterization using statistical analysis or
numerical inference. Characterization seeks to find and comprehend potential causes
of variance, whereas statistical analysis assists in identifying trends and patterns in
data. Several scopes are defined to guarantee that the investigation is carried out
within the established boundaries. A high-speed camera (Chronos 1.4) with a frame
rate of 2873 Frames per Second (FPS) was used to examine the progression of CG
lightning in Malacca. The observation station was installed in the Technology
Campus, Technical University of Malaysia (UTeM). The field measurements were
carried out from April 2018 until December 2019. Temporal analysis was done
solely based on the recorded videos by using a video editor software (Wondershare
Filmora X). The data used to optically investigate the lightning channel behaviour,

including:

@) The number of tortuous and vertical channels.

(b) The number of single and multiple strokes lightning.

(© The number of lightning that created new channels.

(d) Identify the stroke interval and First Return Stroke (FRS) interval.

Besides that, CG lightning electric field waveforms with pulse trains were
also collected in Malacca using a parallel plate antenna and fast field circuit in April
2019. These data were used to investigate the significant profiles based on the time-
and frequency-domain of PT using the wavelet analysis in MATLAB. The pulse
trains were characterised by the following characteristics:

@ The type of categories of PT that exist.

(b) The percentage of PT found in a single stroke.

(c) The percentage of PT being an initiation event to Subsequent Return Strokes
(SRS).

(d) The PT features by stroke orders, including the PT duration and PT to SRS

separation time.



(e) The power spectrum produced by PT using the wavelet analysis in
MATLAB.

A similar antenna and fast field circuit were also installed in the lightning
measurement station located in the campus compound of University of Technology
Sarawak (UTS) in Sibu, Sarawak. Since the data in Sibu, Sarawak was collected
during the beginning of Malaysian Movement Control Order due to COVID-19
pandemic, the measurement of CG lightning electric field can only be performed in
March and July 2020 only. The period of this measurement had considered the active
occurrence of lightning activities which usually occur during the monsoon season
from March to July. By adopting the atmospheric sign convention, the electric field

obtained in Sarawak were analysed to discover the following characteristics:

@ The normal electric field (E,), zero-crossing time (T,), zero-to-peak rise
time (Tp), and 10-90% rise time (T;y—qo) for the RS variation in different
propagation medium; sea and land

(b)  The percentage of detectable PBP, PT duration, and the separation time
between PBP and FRS

1.6 Contributions of Research

All the findings in this research work lead to uncovering new knowledge on
lightning physics, specifically in Malaysia, and generally in tropical regions. The

contributions of this thesis are outlined as below:

l. CG Lightning Observation using a High-Speed Camera

Lightning photography is the most recent approach in lightning research,
which had not yet been implemented or published in Malaysia prior to this study. In
other words, this study is the first of its kind in Malaysia which is one of the novel
outcomes of this study. The progression of CG lightning was visually examined



using a high-speed camera. This technology was used to record the behaviour of
lightning channels, including vertical and tortuous channel characteristics. All these
findings contribute to an added value in the knowledge of lightning physics. Based
on the findings, tortuous was considered the typical type of lightning channel that
occurs in Malaysia. Other than that, to the best of the author’s knowledge, several
types of lightning events, such as fork lightning, LCL, and upward initiated
lightning, were significantly the first optical observation using high-speed camera
reported in Malaysia. The tendency of lightning to create a new channel is an
important aspect that needs to be taken into consideration to further understand the

fatal behaviour of lightning.

. PT Characteristics in Time and Frequency Domains

The implementation of both temporal and frequency analysis allows us to
develop more lightning characteristics. Based on the CG lightning electric field
waveform, two new PT categories have been identified and added to the current list
of the existing PT types. There was a 99.8% chance of initiating SRS if PT was
present. The PT time duration and the separation time between the PT and SRS were
obtained from the temporal analysis. Meanwhile, the wavelet analysis in MATLAB
produced information on the peak power, spectrum, and spread region frequency of
the PT. The results have remarkably contributed to the enhancement of lightning
physic knowledge, which could also be applicable for the development of lightning
warning and monitoring systems. In addition, the findings of this study would also
facilitate the development of effective lightning sensors. Since all the PT signals in
this study were found to precede SRS, thus, the sensors were able to detect the PT
signal based on the spectral frequency value and anticipate lightning multiplication.
The anticipation of the lightning multiplication allows us to estimate the amount of
harmful energy generated from the event. This information is important in designing
protective devices, such as surge arresters [15]. The wavelet analysis of the PT
samples is also beneficial in lightning research as it significantly contributes to the
design of lightning protection systems. For instance, the PT peak power and the
spectral and spread region are potentially useful in designing lightning Radio
Frequency Interference (RFI) filters for electronic equipment and communication



systems. Most systems operating in the VLF, LF, and MF range are prone to
interference. Therefore, the RFI filter is designed to block the undesired RF energy
while also allowing RF energy to flow through to the ground [16]. Furthermore, each
lightning discharge emits electromagnetic waves that propagate away from the
lightning channel and are directed over the earth through the Earth-ionosphere
waveguide. While the frequency of the radiation determines the attenuation of these
waves, the highest frequencies are the first to be suppressed, whereas the lowest
frequencies can travel long distances. Therefore, a distant thunderstorm is very
feasible to be detected using ground sensor networks that detect the emitted waves
[17]. The thunderstorm can be monitored continuously even in remote regions with
sensors that are highly sensitive to Extremely Low Frequency (ELF) band
waveforms. This indicates that lightning sensors development is very crucial in
lightning monitoring systems, which opens the opportunity to study lightning
characteristics and activities.

1. Temporal Analysis on CG Lightning Characteristics Obtained from East

Malaysia

A lightning measurement station was developed in Sarawak, Malaysia, which
was the first lightning data acquisition in the region. Four lightning parameters,
namely the normal electric field, the zero-crossing time, the zero-to-peak rise time,
and the 10-90% rise time of the RS, were all recorded. On top of enriching the
lightning physics knowledge, the findings in this chapter can be implemented in
several applications. It was stated that a higher voltage above the BIL level poses a
higher possibility for equipment damages due to the induced voltage [18]. Thus, the
value of E,, can be very useful in improving the selection of insulating materials for
lightning protection. This can be applied in the Standard BIL used by the Sarawak
Energy listed in the Sarawak Energy List of Material, 2017 [19]. As aforementioned,
the T, value corresponds to the quantity of charge ttransferred through the voltage
in a certain time interval. Therefore, it is very useful in designing surge arresters to
determine the energy absorption capability of the instrument [20]. This would
minimise the risk of surge arrester failure rate. Meanwhile, both T,p and T;y_go Can

be used to classify SPDs, as outlined in the Malaysian Standard of Low-Voltage



Surge Protective Devices (MS IEC 61643) [21]. SPD Type 1 is characterised by a
longer rise time than SPD Type 2. All four lightning parameters (E,, Tzc, Tzp and
Ti0-90) Can also be used to improve the reliability of the LPL determination outlined
in Malaysian Standard of Protection Against Lightning (MS IEC 62305) [22].
Besides the RS lightning parameter, this study conducted a thorough analysis of the
PBP1p. Interms of its application, PBP occurrences and features are important to be
considered in developing prediction algorithms for lightning monitoring systems.
The presence of PBP train in the lightning waveform provides a 52% of probability
in the train's ability to initiate FRS. Because FRS is known to be connected with high
voltages, lightning monitoring systems may be the first to respond in safeguarding

structures and electronic equipment from the risks of lightning overvoltage.

1.7 Thesis Outline

In this thesis, Chapter 1 covered the surface idea of the research study.
Chapter 2 presented the lightning literature, stretching from the electricity discovery
by Benjamin Franklin until the most recent reports on lightning research. The chapter
discussed the evolution of lightning research, including the measurement tools and
the lightning parameters of interest. In Chapter 3, the hardware installation and
analysis methods are thoroughly described. This is including the high-speed image
observation, wavelet analysis and the lightning characteristics measurement.
Meanwhile, the findings of the practical measurements conducted in three separate
periods from 2018 to 2020 were presented in Chapter 4. Several significant
characteristics of four lightning pulses are investigated in this research, including
PBP, PT, FRS, and SRS. Finally, Chapter 5 highlighted the study's findings as the
conclusions of this study. This chapter also included recommendations for potential
future works. In addition, the Gantt chart, as shown in Appendix A, was designed
based on the methodology to achieve the research objectives. This study was
projected for completion within four and half years of experimental and analysis

works.
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