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Abstract: The characteristics of 77 electric field changes of posifje cloud to ground (CG) flashes in
the tropics of Indonesia were investigated. It was found that the arithmetic mean (AM) and geometric
mean (GM) values for 0%—-100% and 10%-90% rise time were 12.7 ps, 11.9 us and 6.1 ps, 5.8 us,
respectively. The percentages of single, double, and triple strokes of lightning flashes were 83%
(64 cases), 16% (12 cases), and 1% (1 case), respectively. The AM and GM of the interstroke intervals
and the returroke (RS) amplitude ratios were 163.9 ms, 0.29, and 13.3 ms, 0.26, respectively
Furthermore, it was also found that 7 (9%) of 77 positive @R flashes had double peak return stroke
waveforms with AM and GM values for 0%-100% and 10%-90% rise time of subsequent return
strokes that were 6.7 s, 6.4 us and 4.1 us, 4 ps, respectively. We inferred that these double peaks are
produced by two ground terminations with a time interval varying from 7 to 560 ps.
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1. Introduction -
19

Downward positive &n to ground (CG) flashes constitute only about 10% of all ground
flashes [1]. Information ab@t positive CG lightning flashes remains scarce in the literature compared
to its counterpart, negative CG lightning flashes. However, positive lightning flashes may lead to more
damage to electric power and@fJecommunication systems than negative lightning flashes. Further,
they have properties that are [ifferent from those of negative lightning flashes, such as high peak
current, and differences in the number of strokes per flash, continuing current, charge transfer, leader
propagation, and branch patterns [2-5]. Generally, a downward leader has many branches. The main
leader branch usually induces an upward leader from the ground and eventually produces a return
stroke to ground termination. For negative CG flashes, several researchers have reported that the
downward leaders with many branches are able to produce different ground terminations, which are
separated by several tens to hundreds of meters [6-12]. Two ground terminations of a stroke occurring
within several microseconds with a separation distance of hundreds of meters are difficult to identify
by a lightning location system [13]. To identify strokes producing multiple ground terminations, return
stroke parameters such as rise time, interstroke interval, and amplitude ratio need to be examined.

This paper reports an investigation of return stroke characteristics of positive CG lightning flashes,
such as rise time, number of return stroke, i@rstmke interval and subsequent to first return stroke
amplitude ratio in the tropics of Indonesia. Comparison of our observation results with those from
the limited number @fprevious studies in other geographic regions is provided. In addition, this
paper also reports on the electric field waveforms of the positive CG return strokes that have multiple
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ground terminations. As far as we know, there has been no report in the literature about the multiple
terminations of positive return strokes produced by one downward leader with several branches.

2. Instrumentation and Data

The data analyzed in this study were recorded on 31 thunderstorm days from May to October,
2014, which produced 77 positive CG flashes. Our measurement station at the Lightning Station
in Padang was located on the roof of the four-story Electrical Engineering Building at the Andalas
University (—0.98° N and 100.3° E) at an altitude of about 311 m above sea level and 13 km away
from Padang Beach at the Indian Ocean. The measurement system was designed to record broadband
electric field changes. All waveforms were sensed by a circular flat-plate parallel antenna (E) that
was connected to buffer electronics and digitized with a 12-bit digitizing oscilloscope with a sampling
rate of 1 MS/s and 32 Megabyte of memory. The record length was 1 s including a pretrigger
time of 400 ms. The instrumentation decay time constant was 100 ms for the electric field antenna.
The oscilloscope trigger level was £1.5 V fexiting window trigger mode to capture signals of both
polarities. The measurement system used in this study was similar to that used by Hazmi et al. [14].

3. Results and Discussion

In this study, we used the physics sign convention to analyze the characteristics of positive CG
flashes such as rise time, number of stroke, interstroke interval, and stroke amplitude ratio.

3.1. Rise Time

The rise time is the time interval that relates to the values of 0%-100% and 10%-90% of the peak
amplitude of the electric field change. Our arithmetic mean (AM) and geometric mean (GM) values for
0%-100% and 10%-90% rise time were 12.7 ps, 11.9 us, and 6.1 us, 5.8 ps, respectively, within the range
of 6-31.5 us and 3.4-13.2 ps, respectively. The rise time distribution of the return strokes is displayed
in Figure 1. Qie et al. [10] reported that the 10%—-90% rise time values varied from 2.4 to 16.4 us in
Da Hinggan Ling, China. Table 1 shows that other authors reported that the AM 10%-90% rise times
of first return strokes recorded in Japan [15], Sweden [16], Brazil [17], and Da Hinggan Ling [5] in

mer were 6.7 us, 6.2 us, 5.7 us, and 7.77 us, respectively. Compared to other locations, our AM

0-90% rise time was longer than that recorded in Brazil and shorter than at other locations.
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Figure 1. Histogram of rise time: (a) Distribution of 0%—-100% rise time; (b) Distribution of 10%—90%
rise time.
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Table 1. Summary se time of return stroke waveform characteristics. AM, arithmetic mean; GM,
geometric mean.

S T Sample Size 0%-100% Rise Time (us) 10%—90% Rise Time (us)
AM GM Range AM GM Range
This study Indonesia 77 127 11.9 6-31.5 6.1 58 3.4-13.2
Hojo et al. [15] Tokyo 44 = - - 6.7 - -
Cooray [16] Sweden ;g 8?9 : : 6_2 : :
Schumann et al. [17] Brazil 72 95 8.9 - 5.7 5:2 -
Qie et al. [5] Da Hinggan Ling 196 13.96 13.18 - TIT 7.27 24-16.4

3.2. Number of Strokes

One of the return stroke g:tric field waveforms of two return strokes, marked RS1 and RS2,
preceded by preliminary breakdown (PB) recorded in Indonesia is shown in Figure 2. Table 2 provides
a comparison with other research studies at different locations with variations in latitude. This study
revealed that the percentage of single, double, and triple str of lightning flashes in Indonesia was
83% (64 cases), 16% (12 cases), and 1% (1 case), respectively. distributigg of the number of strokes
per flash in Indonesia is digplayed in Figure 3. In this study, the average ber of strokes per flash
was 1.18. The AM values‘ﬁorted by Fleenor et al. [18], Saba et al. [3], Nag et al. [4], Qie et al. [5], and
Baharuddin et al. [19] were 1.04, 1.2, 1.2, 1.06, and 1.5, respectively. All observation results showed
that the AM values of stroke per flash for different locations are almost identical to each other.

2-
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Figure 2. Typical multiple strokes of positive cloud to ground (CG) electric field waveform.

Table 2. Comparison of positive CG multiple strokes.

s Sample Single Stroke  Average Number Interstroke Interval (ms)

Authors Location 3 Ratio (%) :
Size io of Stroke Per Flash AM GM Range
This study Indonesia 7 83 1.18 163.9 113.3 16-458

Fleenor et al. [18] America 204 96 1.04 - 27 -
Sabaessl [  uaieiaBeasd, 103 81 12 - 94 14-406
and US
Nag et al. [4] Florida 53 81 1.2 77 54 8.5-201
Qieetal. [5] Da Hinggan 185 9459 1.06 9783 642 646-29073

Ling

Baharuddin [19] Sweden 107 63 1.5 116 70 2.9-518
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Figure 3. Distribution of strokes per flash.

3.3. Interstroke Interval

The interstroke interval is one of the most important parameters of positive ground flash
characteristics. In this study, we analyzed 91 strokes of 77 positive CG flashes. Figure 2 shows
multiple stroke to ground created interstroke intervals and Figure 4 displays a single stroke showing a
double waveform of return stroke to ground with a very short time interval. Tables 2 and 3 display
interstroke and time interval of strokes in positive CG flashes within 1 s. The obtained results showed
that the AM and GM, and minimum and maximum interstroke intervals were 163.9 ms, 113.3 ms, 16 ms,
and 458 ms, respectively. For comparison, the minimum value found by Saba et al. [3], Nag et al. [4],
Qie et al. [5], and Baharuddin et al. [19] were 14, 8.5, 6.46, and 2.9 ms, respectively. The interstroke
interval distribution of the return strokes is displayed in Figure 5. Our minimum value was higher
than from other locations. In addition, Hazmi et al. [20] measured an AM time interval of negative
CG flashes in Indonesia of 55.34 ms. This indicates that the time intervals of positive CG flashes in
Indonesia are different from those of negative CG flashes.

Furthermore, 7 (9%) of 77 positive CG flashes had double peak return stroke waveforms based on
the electric field antenna measurements. Typical double peak electric field waveforms of two return
strokes are shown in Figure 4. In this study, due to the absence of auxiliary data sources such as
high speed camera, TV, and very high frequency (VHF) lightning location, in order to identify the
double electric field showing two fast rising waveforms, the two terminations return strokes were
analyzed using very common return stroke parameters (i.e., time interval, stroke amplitude ratio and
rise time), as shown in Table 3. From Table 3, the time interval between two terminations return strokes
varied from 7 ps to 560 us with AM and GM values at about 101 us and 18 s, respectively. Making
a comparison with negative CG flashes, several authors [6,6-10,21,22] found that the time interval
between branches in negative CG flashes varied from 4 ps to 5 ms, as shown in Table 4. Additionally,
the ratio of the electric field change (AE2) of the subsequent termination return stroke to the electric
field change (AE1) of the first termination return stroke varied from 0.19 to 0.71. Our ratio values
showed that the amplitude of the first termination return stroke was higher than that of the subsequent
termination return stroke. Our AM and GM values for 0%-100% and 10%-90% rise time for the first
termination return stroke were 13.24 ps, 12.92 us and 5.96 ps, 5.79 s, respective]y‘ Meanwhile, the AM
and GM values for 0%-100% and 10%-90% rise time of the sufEjuent termination return stroke were
6.7 us, 6.4 us and 4.1 ps, 4 us, respectively.
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Figure 4. Typical double electric field waveform (a,b); expanded positive CG electric field waveform

with very short time interval (¢,d).

Table 3. Summary of very short interstroke interval characteristics.

Rise Time (us)

Local Time Time

No. Date (hhimm:ss)  Interval (s) AE2/AE1 First First Second Second
0%-100% 10%-90% 0%-100% 10%-90%

1. 09/05/2014 22:09:51 13 0.68 16.04 7.68 8 46

Z 09/05/2014 22:35:49 560 053 12.88 5.63 11.07 5.82

3 09/05/2014 22:48:22 8 0.35 11.94 464 4 274

4. 12/08,/2014 19:12:10 10 0.47 14.97 7.93 5] 3.9

5. 24/09/2014 20:59:43 13 0.36 15.98 6.15 8 5.54

6. 25/09/2014 4:18:15 9 0.71 7.86 3.75 5 3

7. 25/09/2014 9:52:48 7 0.19 12.98 5.94 5 337

Counts

0 100 200 300 400 500
Interstroke interval (ms)

Figure 5. Interstroke interval histogram for 27 strokes of 13 positive CG flashes.
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Table 4. The summary of very short time interval of two terminations return stroke.

Authors Method Time Interval (us)
B This study Electric field antenna 7-560
Guo and Krider [10] Electric field antenna and optic 46-110
Rakov and Uman [6] Electric field ante and TV 15-3300
Ballarotti et al. [8] Electric field antenna and Elgh speed camera 31-5000
Qie and Kong [9] Electric field antenna and gh speed camera 4-10
Kong [21] Electric field antenna and high speed camera 4-486
Sun et al. [22] Electric field antenna and VHF lightning location 1500-2700

 Positive CG.

For comparison, Qie et al. [5] found in China that the AM for 0%-100% rise time of the first
and subsequent return strokes werfg) 3.96 pis and 6.6 ps, respectively. Our observation results for the
double peak waveforms indicated that the rise times of the first and subsequent termination return
strokes were similar to the observation results as reported by Qie et al. [5]. We speculate that the very
short time interval (smaller than 1 ms) indicates that the single stroke induced two terminations on
the ground simultaneously. This rare occurrence may be produced by a same-stepped leader with
many branches that creates two different terminations on the ground. Further study is needed to get a
better un@ffstanding of double waveform return strokes of positive CG flashes using an electric field
antenna, a high speed camera, and a VHF lightning imaging system simultaneously.

3.4. Return Stroke Amplitude Ratio

The most important parameter of electric field radiation is return stroke amjjtude. Generally,
the first return stroke electric field fgak is a factor of 2-3 larger compared to that of the subsequent
return stroke [11,19]. The summary of the electric field peak ratios of subsequent return stroke to first
return stroke (SRS/RS) are displayed in Table 5. In this study, 14 subsequent return stroke electric
fields wer@alyzed‘ Our AM, GM, and SD values of the electric field amplitude ratio obtained were
0.29, 0.26, and 0.13, respectively. Meanwhile, the mim'lum, median, and maximum values of the
electric field amplitude ratio were 0.11, 0.25, and 0.53, respectively. Figure 6 shows the distribution of
the @Ftric field amplitude ratios. We did not find that subsequent return strokes were larger than the
first return strokes. This has also been reported in a previous study by Baharudin et al. [19], where, in
Sweden, they found AM, SD, GM, minimum, median, and maximum values of 0.48, 0.36, 0.36, 0.05,
0.52, and 3.7, respectively. The subsequent to first return stroke amplitude ratio distribution is shown
in Figure 6. Compared with the values reported by Baharudin et al., our AM and GM values were
smaller. Further, our minimum andfaximum values were in the range as reported by Baharudin et
al. In addition, a previous study of negative CG flashes reported by Hazmi et al. [20], conducted at
the same location, foundgfiM, 5D, GM, minimum, and maximum values gf.36, 0.27, 0.3, 0.05, and
2.97, respectively. It was found that 2% of subsequent return strokes were larger than the first return
strokes in the negative CG flashes. Compared with the §fjjies reported by Hazmi et al., our AM and
GM values were quite similar. Thus, these observation results were found to be in good agreement
with the previous study. The differences may be due to limited data and different thunderstorm types
between the two locations.

Table 5. Stroke amplitude ratio.

Author Number of Mean SD GM Minimum  Median Maximum
Subsequent Stroke
This study 14 0.29 0.13 0.26 011 025 0.53
Baharudin et al. [19] 53 0.48 0.36 0.36 0.05 052 37
Hazmi et al. [20] 2 523 0.36 027 0.3 0.05 - 297

* Indonesia, negative CG strokes.
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Figure 6. Distribution of subsequent return stroke to first return stroke (SRS/RS) ratio.

4. Conclusions

Return stroke parameters such as stroke rise time, number of strokes, interstroke interval, and
stroke amplitude ratio were examined. It was found that the AM and GM values for 0%-100% and
10%-90% rise time were 12.7 ps, 11.9 ps and 6.1 ps, 5.8 ps, respectively. The percentages of single,
double, and triple strokes of lightning flashes were 83%, 16%, and 1%, respectively. The AM and
GM values of the interstroke intervals and the RS amplitude ratios were 163.9 ms, 0.29 and 13.3 ms,
0.26, respectively. We also found that 7 (9%) of 77 positiff§ CG flashes had double peak return stroke
waveforms with AM and GM values for 0%-100% and 10%-90% rise time of the subsequent return
stroke at 6.7 ps, 6.4 ps and 4.1 ps, 4 ps, respectively. The AM and GM values for the time interval
between the return strokes of two simultaneous terminations produced by the same stepped leader
were 101 us and 18 us, respectively, with time variation from 7 us to 560 us. The information about
multiple ground terminations is very useful for lightning protection and detection in order to minimize
the risk of lightning strokes to grounded objects and properties. Each new ground termination may
cause damage to properties, structures, or people. Further research is needed to investigate this issue.
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