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ABSTRACT

Lightning is a naturally occurring phenomenon that involves a sudden electrostatic
discharge caused by an imbalance between electrically charged cloud regions. Although
lightning is visibly amazing, its impact can be dangerous and damaging, which many studies
have carried out lightning-generated electric field measurements to assess the electrical
discharge features. This study conducted the lightning-generated electric field measurement
on the College of Engineering building rooftop at UNITEN from August 2019 to March
2020. A total of 115 negative lightning return strokes waveforms were recorded using a
parallel plate antenna. A comparison was made between the data measured in the tropical
and non-tropical regions, such as UTM, UPM, Sweden, USA, and Germany, in terms of
the characteristic, mainly on the negative return strokes parameters. It was observed that
data measured in the same region, either tropical or non-tropical, were consistent or almost

similar. On the contrary, the results indicated

a significant difference between these two

regions on the negative return strokes
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parameters characteristics. The zero-to-peak
and fast transition 10-90% rise time, as well
as width dE/dt pulse at half peak value in
the tropical region, were observed higher
than the non-tropical region. Meanwhile, the
zero-crossing time and slow front amplitude
relative to the peak in the non-tropical region
were averagely longer as compared to the
tropical region. Therefore, dissimilarities in
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the characteristics of negative return stroke parameters could be attributed to the variation
in the meteorological conditions, geographical locations, and climatic affection.

Keywords: Electric field, lightning, negative return stroke, non-tropical, parallel-plate antenna, tropical

INTRODUCTION

Lightning is a natural phenomenon that involves a sudden electrostatic discharge commonly
during thunderstorm days, which can occur either between electrically charged regions of
the cloud (intra-cloud lightning), between clouds (cloud-to-cloud lightning), or between
a cloud and the ground (cloud-to-ground lightning) (Shivalli, 2016; Arshad, 2017; Nag &
Rakov, 2014). The high current produced by a lightning flash of up to tens of kA can harm
humans and damage electronic and electrical systems (Sokol & Popova, 2021; Wang et al.,
2021). In addition, the brightness and intensity of lightning flash against the cloud create
otherworldly nature phenomena. Lightning can be described, according to Master and
Uman (1984), as a transient, high-current (typically tens of kilo amperes) electric discharge
in the air whose length is measured in kilometres (Rakov & Uman, 2003). About 90%
or more of global cloud-to-ground lightning is accounted for by negative lightning, i.e.,
negative charge is effectively transported to the ground, where the initial process begins in
the cloud and develops in the downward direction (Dwyer & Uman, 2014; Rakov, 2013).

Generally, a lightning phenomenon can be categorised into two types, namely ground
flashes (i.e. the lightning strike makes direct contact with the ground) and cloud flashes (i.e.
the lightning strike does not reach out to the ground part (Cooray & Fernando, 2009). The
ground flash can be further subdivided into downward ground flash, initiated from the cloud
and upward ground flash, actuated from a tall structure (Cooray & Fernando, 2009). Each of
these ground flashes consists of positive and negative types. Meanwhile, the cloud flashes
occur either within a thundercloud, between thunderclouds or between a thundercloud
with clear air. Cloud flashes account for the majority of all lightning discharges (Cooray,
2015; Dwyer & Uman, 2014). Nevertheless, the ground flashes of lightning might be the
most damaging as they could cause property damages, start fires, and cause injuries, even
fatalities to people. The return stroke in a negative cloud-to-ground lightning discharge
is thought to be preceded by the initial or preliminary breakdown, which can be defined
as the in-cloud process that initiates or leads to the initiation of the downward-moving
stepped leader (Cooray, 1997).

The overall effect of lightning is called a flash, consisting of several strokes. The
lightning strike can be defined as a lightning flash attaching to a structure where the electric
fields in the thundercloud are typically 100—200 kV/m and can be as high as 400 kV/m. The
ground flash mechanism involves many physical processes, such as preliminary breakdown,
stepped leaders, connecting leaders, and return strokes (Ahmad et al., 2010). The most
common downward ground flash is a negative ground flash initiated by a lower negative
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charge region from the thundercloud to the ground. The preliminary breakdown process
refers to an electrical breakdown initiation inside the thundercloud, consisting of multitudes
of discharges that lead to a leader’s development that propagates in a stepped structure
towards the ground. The stepped leader constructs branches as it propagates, which induces
opposite polarity charges on objects projecting above the earth’s surface as it approaches
the ground part. According to the basic electrostatic force theory, when two objects carry a
different charge, they will attract each other. Similarly, the induced charges attempt to join
the downward-moving stepped leader by forming an upward-moving connecting leader.
When one of the connecting leaders successfully meets the stepped leader, the thundercloud
releases the charges stored inside. In other words, a complete conducting path (channel) is
formed, along which a massive current flows towards the ground that makes the channel
glow, where a wave of ground potential called the return stroke travels towards the cloud.
A single stroke flash is initiated when the lightning flash ends after the first return current
stops flowing through the stroke channel (Hazmi et al., 2017).

The features of measurement can be categorised into three different situations. The first
situation is when the size of the sensor is tiny compared to the field wavelength across the
object; hence, the electric and magnetic at field theory can be adopted, which refer to the
quasi-static case with a frequency range of 300 Hz to 1 MHz (Bodewein et al., 2019). The
second situation is when the sensor’s size is equivalent to the field wavelength, usually
applied at microwave frequencies from 1 GHz to 100 GHz (Ohring, 1998); hence, precise
analysis is required where no estimation can be used in theory. Lastly, when the sensor’s
size is bigger than the field wavelength, usually applied at optical frequencies ranging
from 100 GHz to 10 THz (Calvo-de la Rosa et al., 2020), only the waveform amplitude
is considered. Since this study focuses on the electric field measurement, the quasi-static
theory is well applicable to this measurement as the electromagnetic wavelength signal is
significantly larger than the size of the sensor.

Power distribution parties require lightning location detection to select a new safe
power grid site for system protection. The evaluation of a lightning location is one of the
critical issues for lightning mapping and considers the level of lightning risk for power
systems protection. Several studies have evaluated lightning locations, usually based
on the time of arrival of a measured electric field (Rakov, 2013). The lightning activity
produced by thunderstorms can be detected using a lightning detection system (LDS),
which can be ground-based, mobile-based as well as space-based (satellite) (Haddad et
al., 2012). Meanwhile, a lightning protection system (LPS) works by providing a path
of electric discharge to the ground. The LPS can be operated based on the measured and
validated data obtained by the LDS. Developing such systems (i.e. LDS and LPS) requires
an understanding of the theoretical background of lightning physics, which is related to
technical and engineering matters. Apart from the modern and sophisticated equipment
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requirement, a proper detection network is also vital in LDS, which is dependent on
the characteristics and features of lightning due to its very complex nature/atmospheric
phenomenon.

Hence, many studies have been conducted to measure, analyse and characterise the
lightning-generated electric field waveform in tropical and non-tropical regions. A tropical
climate is characterised by having the lowest month’s mean temperature of 18°C or higher.
Most tropical locations are well known for having seasons in the monsoon, warm and cool,
and wet and dry seasons (Trewin, 2014). Meanwhile, the equatorial region is characterised
by consistent warmth (Brohan et al., 2006). Non-tropical regions/countries are also
known as temperate countries, which encounter very cold and hot or winter and summer
weather due to their location outside the tropics (Tushabe, 2020). Non-tropical regions
also experience scorching and cold temperatures since they are far and further away from
the equator. Numerous studies have described the lightning electric field’s measurement
and characteristics in a tropical and non-tropical region (Hazmi et al., 2013; Chi et al.,
2014; Quick & Krider, 2014; Wooi et al., 2015; Yusop et al., 2019). This paper presents
the feature of negative lightning return strokes in the central region in peninsular Malaysia
with a geographical coordinate of (Latitude: 2.973270N, and Longitude: 101.728536E).
We also investigate the comparison of the negative lightning return strokes characteristic
between tropical and non-tropical regions based on the statistical analysis.

METHODOLOGY

There is a motion of charges generated from lightning across the atmosphere’s vicinity in
the lightning phenomenon. Based on this movement, the lightning measurement can be
carried out either for radiation (fast field), electrostatic (slow field), or induction (magnetic
field) (Baharudin et al., 2012). Only the radiation component of the fast field measurement
propagated by lightning is highlighted in this study. Figure 1 illustrates the radiation (fast
field) measurement setup. Based on Figure 1, the radiation field propagates on the parallel
plate antenna when lightning occurs. The radiation field propagation is interpreted as an
induced voltage from a certain distance denoted by d. The signal measured by the parallel
plate antenna is transferred to the transient recorder system via a coaxial cable. A waveform
of voltage versus time indicating the electric field change is then interpreted from the
recorded signal by the transient recorder system.

The study recorded the lightning-generated electric field waveforms using a parallel-
plate antenna from August 2019 to March 2020. This duration covered different seasonal
periods in Malaysia, such as the northeast monsoon (December to February), first inter-
monsoonal (March to April), southeast monsoon (May to September), and the second
inter-monsoonal (October to November). The field test measurement was conducted on
the College of Engineering building rooftop at UNITEN. Its proximity to the equator is
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Lightning occurence

Parallel-platen
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d Coaxial Transient
) , cable recorder
system

Figure 1. Lightning electric field measurement

given by geographic coordinates of latitude and longitude 0f 2.973270N and 101.728536E,
respectively. The antenna used in this study had a height of 0.555m, a diameter of 0.25 m
and a distance between plates of 0.03 m.

A specific electronic circuit was used to measure the electric field waveforms of this
study interest for lightning electric field measurement. An electronic buffer circuit has been
adopted in this study, widely used in previous studies (Mehranzamir et al., 2019; Rojas et
al., 2017; Sonnadara et al., 2006). The electronic buffer circuit was designed mainly on
the fast field of electric field measurement, and one of the crucial element was the decay
time constant of the whole system. This element is composed of the RC (resistor-capacitor)
filter circuit, where the decay time constant should be within a range of 10 ms for fast field
and 1s for slow field measurement. Based on the schematic diagram shown in Figure 2, the
electronic buffer circuit can be divided into three parts: (1) RC filter, (2) buffer amplifier,
and (3) an impedance matching circuit. The RC filter was connected with input from the
parallel-plate antenna (Vg), and the filter was composed of R1=50 Q, R2=100 M€, and
C=15 pF. The capacitance (C) value in the RC filter circuit was chosen carefully to control
the decay time. Accordingly, a capacitance of 15 pF was required to control the decay time
constant for fast field measurement.

Meanwhile, for slow field measurement, the required capacitance was 10 nF. Apart
from that, the R2 value was as high as 100 MQ to maintain the decay time constant of fast
field measurement since the input impedance was very high. Thus, it was vital to keep
the value of C as low as possible to keep the whole system’s gain at a reasonable value,
meaning that a high C value would result in a low overall gain of the antenna system.
The next element of the circuit was the buffer amplifier, an essential component in the
electronic buffer circuit. Since the parallel-plate antenna carried high impedance and high
output signals, it could cause damage to the transient recorder system. Therefore, the buffer
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Figure 2. Schematic diagram of buffer amplifier circuit

amplifier was used to isolate the high impedance of the parallel-plate antenna and provide
enough power to drive a signal from the antenna input to the transient recorder system
through a coaxial cable. This study used the MSK0033 component as the buffer amplifier
that offered a high current drive. The high-speed operational amplifier MSK0033 also acted
to control the bandwidth of the whole system up to 140 MHz, which was reasonable for a
peak frequency range between 10 to 300 kHz.

The transient recorder system used was the PicoScope (PC Oscilloscope) 4000 series. A
virtual instrument was formed by connecting the PicoScope oscilloscope to a computer via
Picoscope software. This 12-bit oscilloscope comprises BNC (Bayonet Neill-Concelman)
type connectors whose inputs have an impedance of 1 MQ that is compatible with all
standard scope probes, including x1, x10, and switched types. In this study, the sampling
rate was set to 25 MS/s (Mega samples per second) which was deemed adequate to record
the lightning electric field waveforms (Esa et al., 2014). Meanwhile, the total length of
recorded waveforms was 200ms per division. Another important setting parameter that
plays a significant role in lightning electric field measurement is the triggering level, which
consists of the vertical axis (for voltage) and the horizontal axis (for time). For voltage
triggering, the edge triggering based on the oscilloscope feature is the widely practised
method for capturing edge triggering events, such as the lightning electric field at a specific
voltage. The voltage triggering level must be set wisely, where it cannot be overly high
or too low. If the triggering level were set too low, the oscilloscope would easily capture
an unnecessary and undesirable signal, such as noises. On the other hand, if the triggering
threshold value was set overly high, such as 500 mV, the oscilloscope might not capture
a generated return stroke of the electric field with an amplitude of 250 mV. Consequently,
both conditions might lead to wasted time and opportunity as the actual lightning electric
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field events would have been lost or missed to be captured by the oscilloscope. In this
study, the set voltage triggering level was 200 mV, while the horizontal axis was 100 ms
(for the trigger time).

RESULTS AND DISCUSSIONS

This study recorded 205 lightning signals and successfully identified 115 negative return
strokes from the signals. Figures 3(a)—(d) and Figure 4 shows an example of the measured
negative return stroke signal with the negative stroke’s zooming, in which the signal
represents up to the zero-crossings. The negative lightning return stroke characteristic
was compared with seven negative return stroke parameters between a tropical and non-
tropical region. The parameters involved are zero to peak rise time, 10 to 90% rise time,
zero-crossing time, slow front duration, slow front amplitude relative to the peak, fast
transition 10 to 90% rise time, and width dE/dt pulse at half peak. In this case, each of the
parameters was compared in terms of the range of the data, arithmetic mean (AM), and
standard deviation (SD).
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Figure 3. (a) Measured negative lightning return strokes; and (b) Measured negative lightning return
strokes
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Figure 4. Negative return stroke parameters

Zero to Peak Rise Time

The range of the zero to peak rise of this study was observed within 1.68 ps and 19.72 ps.

Figure 5 shows the associated histogram plot, where the highest occurrence was identified
within 6 ps to 8 pus. Comparison with the data by Arshad (2017) revealed that the AM

920
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(6.70) and SD (2.57) for this specific parameter of this study were in line, respectively.
Additionally, the findings of this study were consistent with the findings by Wooi et
al. (2016) (AM = 6.60, SD = 2.9), where the measurement was conducted in southern
Malaysia. Based on Table 1, most of the zero to peak rise time measured from the non-
tropical region was significantly lower than data measured in a tropical region. Lin et al.
(1979) found that the AM and SD for this parameter are 2.4 and 1.2. Meanwhile, the data
measured by Fisher and Uman (1972) was observed as 3.7. This finding is consistent with
the AM determined by Master and Uman (1984) and Heidler and Hopf (1998), which are
4.4. and 5.3, respectively.

Zero to peak rise time, ps

30
25
20
15
10
,m m

<2 (2,4] (4,6] (6,8] (8,1] (10,12] > 12

QOccurence

Figure 5. Histogram of zero to peak rise time

Table 1
Summary of zero to peak rise time in a tropical and non-tropical region
Authors Location Region SS AM SD

This Study Uniten,Malaysia Tropical 115 6.70 2.57
Wooi et al., 2016 UTM, Malaysia Tropical 104 6.60 2.90
Arshad, 2017 UPM, Malaysia Tropical 142 6.65 2.68
Fisher and Uman, 1972 Coraopolis, USA Non-Tropical 436 3.7 -
Linetal., 1979 KSC, USA Non-Tropical 51 2.4 1.2
Cooray and Lundquist, 1982  Sweden Non-Tropical 140 7 2
Master et al., 1984 Florida, USA Non-Tropical 105 4.4 1.8
Heidler et al., 1998 Germany Non-Tropical 148 53 32

Note. SS: Sample size; AM: Arithmetic mean; SD: Standard deviation

10-t0-90% Rise Time

The range of the 10 to 90% rise time for this study was observed from 3.7 to 8.90 s,
considered in line with the data measured in (Arshad, 2017), which was observed from 0.54
us and 9.32 us. Figure 6 shows the associated histogram plot, where the highest occurrence
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was identified as less than 4 pus. Comparison with the data in (Arshad, 2017) (AM =4.30,
SD = 1.73) revealed that the AM (4.51) and SD (1.25) for the particular parameter of this
study were consistent, respectively. This observation was also in line with the data measured
by Wooi et al. (2016) (AM = 3.9, SD = 2.6). Meanwhile, the calculated AM for the 10 to
90% rise time of non-tropical region (Hojo et al., 1985) was observed consistent with this
study (AM =3.9), as shown in Table 2. However, the data reported by Master and Uman
(1984) was observed slightly lower as compared to the others with AM of 2.6.

10-t0-90% rise time, ys

60

50
o 40
o
]
5 30
Q
O
© 20

i -

0 L
<4 (4,6] (6,8] >8

Figure 6. Histogram of 10-t0-90% rise time

Table 2
Summary of 10-t0-90% rise time in a tropical and non-tropical region
Authors Location Region SS AM SD

This Study Uniten, Malaysia Tropical 115 4.51 1.25
Wooi et al., 2016 UTM, Malaysia Tropical 104 39 2.6
Arshad, 2017 UPM, Malaysia Tropical 142 4.03 1.73
Willett and Krider, 2000  Florida, USA Non-Tropical 76 - -
Hojo et al., 1985 Japan Non-Tropical 8 3.9 -
Master et al., 1984 Florida, USA Non-Tropical 105 2.6 1.2

Note. SS: Sample size; AM: Arithmetic mean; SD: Standard deviation

Zero-Crossing Time

Apart from that, the range of the zero-crossing time for this study was observed from 4.69
to 82.52 us, whereas it was from 4.66 to 82.06 us for Arshad (2017). Figure 7 shows the
associated histogram plot, where the highest occurrence was observed within 30 and 50 ps.
The calculated AM was 33.79, slightly higher than Arshad (2017). On the same note, Wooi
et al. (2016) reported a much higher AM value (50.7) than this study. On the other hand,
the calculated SD for this specific parameter of this study was 12.77, which was slightly
lower than Arshad (2017). Also, the data reported in Wooi et al. (2016) is consistent with
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the data measured in the same region, Colombia, with AM of 62 (Santamaria et al., 2006).
From Table 3, the zero-crossing time reported from Florida, USA (Haddad et al., 2012) in
the non-tropical region were significantly longer than the other region with an arithmetic
mean of 89. Meanwhile, Heidler and Hopf (1998) recorded the lowest zero-crossing time
with arithmetic mean and standard deviation of 5.3 and 3.2, respectively.

Zero crossing time, us
40
35
30
8 25
&
5 20
3]
o 15
10
5
o N -
<10 (10,20] (20,30] (30,40] (40,50] > 50

Figure 7. Histogram of zero crossing time

Table 3
Summary of zero crossing time in a tropical and non-tropical region
Authors Location Region SS AM SD

This Study Uniten,Malaysia Tropical 115 33.79 12.77
Wooi et al., 2016 UTM, Malaysia Tropical 104 50.7 44.4
Arshad, 2017 UPM, Malaysia Tropical 142 32.9 13.3
Santamaria et al., 2006 Colombia Tropical 68 62 -
Haddad et al., 2012 Florida, USA Non-Tropical 265 89 -
Cooray and Lundquist, 1982 ~ Sweden Non-Tropical 140 49 12
Heidler et al., 1998 Germany Non-Tropical 148 5.3 32

Note. SS: Sample size; AM: Arithmetic mean; SD: Standard deviation

Slow Front Time

The slow front duration for this study was observed from 0.606 to 9.18 us, whereas it was
from 0.30 to 9.92 us for Arshad (2017). Figure 8 shows the associated histogram plot,
where the highest occurrence was observed within 2 and 4 ps. Comparison with the data
in Arshad (2017) (AM =4.5, SD =2.6) revealed that the AM (4.36) and SD (2.08) for this
specific parameter of this study were consistent, respectively. In addition, these values
were observed to be close to the data measured by Wooi et al. (2016) (AM =4.5, SD =
2.4). From Table 4, the finding of this study was also consistent with the data reported in
Sri Lanka (Cooray & Lundquist, 1985) (AM = 4.6, SD = 1.5). The arithmetic mean and
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standard deviation measured from Florida and Germany (Heidler & Hopf, 1998; Haddad
et al., 2012; Weidman & Krider, 1978) in the non-tropical region was observed in line
with all studies conducted in a tropical region. However, the data reported by Cooray and
Lundquist (1982) in Sweden was observed slightly lower with AM of 2.9.

Slow front time, ps
40

35
30
25
20
15

: .

<2 (2,4] (4,6] (6.8] >8

Occurence

o

Figure 8. Histogram of slow front time

Table 4
Summary of slow front time in a tropical and non-tropical region
Authors Location Region SS AM SD

This Study Uniten,Malaysia Tropical 115 4.36 2.08
Wooi et al., 2016 UTM, Malaysia Tropical 104 4.5 2.4
Arshad, 2017 UPM, Malaysia Tropical 142 4.5 2.6
Cooray and Lundquist, 1985  Sri Lanka Tropical 104 4.6 1.5
Haddad et al., 2012 Florida, USA Non-Tropical 265 5 2
Cooray and Lundquist, 1982  Sweden Non-Tropical 140 2.9 1.3
Weidman and Krider, 1978 Florida, USA Non-Tropical 104 4.6 1.5
Heidler et al., 1998 Germany Non-Tropical 148 4.5 2.4

Note. SS: Sample size; AM: Arithmetic mean; SD: Standard deviation

Slow Front Amplitude Relative to Peak

In this study, the range of the slow front amplitude relative to peak parameter was observed
from 7.5% to 43.2%, whereas it was from 0.98% to 78.76% for Arshad (2017). As shown
in Figure 9, the highest occurrence for this parameter was observed within 20% to 30%.
For this parameter, the arithmetic mean and the standard deviation was calculated as 28.8
and 8.46; meanwhile, the data recorded by Arshad (2017) was determined as 34.4 and 17,
respectively. The data recorded from this study is also consistent with those obtained by
Wooi et al. (2016) under the same region as illustrated in Table 5. However, the non-tropical
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area data was observed significantly higher, such as in KSC, Florida USA, and Sweden
with AM and SD ranging from 41-50 and 10—11, respectively (Cooray & Lundquist, 1982;
Master & Uman, 1984; Weidman & Krider, 1978; Weidman & Krider, 1980).

45 Slow front amplitude relative to peak, %
40
35
o 30
(8]
§ 25
g 20
© 45
10
5
o [N |
<10 (10,20] (20,30] (30,40] > 40

Figure 9. Histogram of slow front amplitude relative to peak

Table 5
Summary of slow front amplitude relative to peak in a tropical and non-tropical region
Authors Location Region SS AM SD

This Study Uniten, Malaysia Tropical 115 28.8 8.46
Wooi et al., 2016 UTM, Malaysia Tropical 104 30.8 16.2
Arshad, 2017 UPM, Malaysia Tropical 142 344 17.0
Willett and Krider, 2000 KSC, USA Non-Tropical 76 50 10
Weidman and Krider, 1978 Florida, USA Non-Tropical 62 50 -
Cooray and Lundquist, 1982 Sweden Non-Tropical 140 41 11

Note. SS: Sample size; AM: Arithmetic mean; SD: Standard deviation

Fast Transition 10-t0-90% Rise Time

This study’s measured data of fast transition 10 to 90% rise time ranged from 2.8 to 10.18
us, in line with the data in Arshad (2017), which varied from 0.10 pus to 11.32 ps. Based on
the associated histogram plot from Figure 10, the highest frequency was observed within 2
and 4 ps. The arithmetic mean was calculated as 3.95, slightly higher than the data recorded
from Arshad (2017). On the same note, Wooi et al. (2016) reported a much lower AM value
(AM = 1.5) compared to this study. Meanwhile, the calculated SD (1.71) for this specific
parameter of this study was slightly higher than Arshad (2017). It is noticeable from Table
6 that the AM and SD for this parameter measured in non-tropical regions were observed
significantly lower than the data obtained in tropical regions (Hojo et al., 1985; Master
& Uman, 1984; Weidman & Krider, 1978; Weidman & Krider, 1980). Both AM and SD
were determined within 0.09 to 0.97 and 0.04 to 0.68, respectively.
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Figure 10. Histogram of fast transition 10-to-90% rise time

Table 6
Summary of fast transition 10-to-90% rise time in a tropical and non-tropical region
Authors Location Region SS AM SD

This Study Uniten, Malaysia Tropical 115 3.95 1.71
Wooi et al., 2016 UTM, Malaysia Tropical 104 1.5 1.0
Arshad, 2017 UPM, Malaysia Tropical 142 2.14 1.65
Weidman and Krider, 1978  Florida, USA Non-Tropical 125 0.09 0.04
Weidman and Krider, 1980  Florida, USA Non-Tropical 38 0.2 -
Master et al., 1984 Florida, USA Non-Tropical 105 0.97 0.68
Hojo et al., 1985 Japan Non-Tropical 8 0.14 -

Note. SS: Sample size; AM: Arithmetic mean; SD: Standard deviation

Width dE/dt Pulse at Half Peak Value

Furthermore, the range of the width dE/dt pulse at half peak measured from this study
was observed from 1.4 to 6.9 us, whereas it was from 0.56 to 7.48 us for Arshad (2017).
Figure 11 shows the associated histogram plot, where the highest occurrence was identified
within 2 to 3 pus. Comparison with the data in Arshad (2017) (AM =2.7, SD = 1.5) revealed
that the AM (3.57) and SD (1.23) for this specific parameter of this study were consistent,
respectively. This observation was also in line with the data measured in Wooi et al. (2016)
(AM =2.4,SD = 1.3). However, there was a significant difference in AM and SD reported
from the non-tropical region, as shown in Table 7. This data was identified much lower
with AM and SD of 0.1 to 0.77 and 0.2 to 0.3 than the data obtained in a tropical region
(Heidler & Hopf, 1998; Krider et al., 1996; Willett & Krider, 2000).
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Figure 11. Histogram of width dE/dt pulse at half peak

Table 7
Summary of width dE/dt pulse at half peak value in a tropical and non-tropical region
Authors Location Region SS AM SD
This Study Uniten, Malaysia Tropical 115 3.57 1.23
Wooi et al., 2016 UTM, Malaysia Tropical 104 2.4 1.3
Arshad, 2017 UPM, Malaysia Tropical 142 2.7 1.5
Willett and Krider, 2000 KSC, USA Non-Tropical 76 0.77 0.2
Krider et al., 1996 Florida, USA Non-Tropical 61 0.1 0.2
Willet and Krider, 2000  Florida, USA Non-Tropical 131 0.64 0.22
Heidler et al., 1998 Germany Non-Tropical 148 0.62 0.3

Note. SS: Sample size; AM: Arithmetic mean; SD: Standard deviation

CONCLUSIONS

This paper presents characteristics of negative lightning return strokes recorded in the
central part of peninsular Malaysia, close to the equatorial line. A total of 115 lightning-
generated electric fields have been measured and analysed based on the seven types of
negative lightning return stroke parameters. In addition, a comparison was made between
the data measured in the tropical and non-tropical regions in terms of the characteristic
mainly on the negative return strokes parameters, such as zero-to-peak rise time, 10 to
90% rise time, zero-crossing time, slow front duration, slow front amplitude relative to the
peak, fast transition 10 to 90% rise time, and width dE/dt pulse at half peak value. In this
study, statistical data at various countries in a tropical region have been compared, such as
Malaysia, Colombo, and Sri Lanka. Meanwhile, the non-tropical region involved several
countries, including Sweden, Germany, Japan, and the USA. From the results, it can be seen
that most of the arithmetic mean and standard deviation of each parameter shows a good
agreement with the data measured from the same region. In this case, the recorded data
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from this study does not differ much from the measured data in the same region reported
by Arshad (2017). On the same note, the findings of this study were consistent with the
previous study conducted at the University Teknologi Malaysia (UTM) in the southern
part of Malaysia (Wooi et al., 2016).

Compared to the non-tropical region, the data also match with 10 to 90% rise time
and slow front time parameters. Nevertheless, there was a significant difference between
these two regions in the zero to peak rise time parameter. Based on the statistical data in
the non-tropical region, the AM and SD were observed (20.90% to 64.18%) and (24.5%
to 53.3%) lower than a tropical data measurement. Meanwhile, most of the zero-crossing
time in the non-tropical region was identified significantly longer than a tropical region
with a percentage difference of 41.3% to 62%. Similar to slow front amplitude relative to
the peak, it was observed 30% to 42.4% higher than the tropical region’s data. Furthermore,
a considerable difference was observed between a tropical and non-tropical region in fast
transition 10 to 90% rise time and width dE/dt pulse at half peak. In this part, the AM and
SD of fast transition 10 to 90% rise time measured in a tropical region were discovered
75.4% to 96% and 60.23% to 97.66% higher than those obtained from a non-tropical
region. This finding is consistent with the width dE/dt pulse at half peak parameter. Both
AM and SD reported in a tropical region were observed significantly higher than a non-
tropical region with a percentage difference of 78.43% to 82.63% and 75.61% to 83.74%.
A significant difference in the data comparison with different countries, mainly from the
non-tropical region, was observed due to geographical locations, meteorological conditions,
and climatic variations. It was likely because most tropical areas near the equator are not
affected by or experiencing the seasonal variations of non-tropical areas, specifically spring,
summer, fall, and winter.
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