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In this paper, we investigate the wavelet characteristics of the first electric field pulse of four
different flash types namely negative cloud-to-ground flash (—CG), positive cloud-to-ground
flash (+ CG), cloud flash (IC) and isolated breakdown flash (IB). A total of 110 fine waveforms
out of 885 were selected which have been recorded during summer between May and August
2010 in Uppsala, Sweden. The measurement was done by using an electric field broadband
antenna system with the time resolution of 20 Megasample per second. Evidence from our
wavelet analysis suggests that the ionization process during the initial leader development
(coincide with the detection of the first electric field pulse) of at least three flashes (— CG, IC,
and IB) in Sweden was dictated directly by the existence and magnitude of localized free ions
region and lower positive charge center (p region). In general, we found that both single peak
and multiple peaks pulses of the negative CG and IC flashes radiated energy at higher
frequencies and gain larger bandwidth when compared to positive CG and IB flashes. We
suggest that the initial leader development of both IC and negative CG flashes underwent very
rapid and much more extensive ionization process when compared to the positive CG and IB
flashes. In specific comparison between negative CG and IC flashes, both temporal and wavelet
analyses suggest that the first electric field pulses of IC flash radiated energy at higher
frequency in both single spread categories and radiated energy at lower frequency in both
multiple spread categories when compared to the negative CG flash. This finding may explain
the observation of much slower and less bright type « leader (ionization process not so
extensive) compared to much faster and very bright type 3 leader (ionization process very
rapid and more extensive). As for positive CG and IB flashes, the single peak pulses of positive
CG radiated energy at much higher frequency while the multiple peaks pulses radiated energy
at much lower frequency than IB flash. We suggest that the initiation mechanism of positive
CG was dictated directly by the background electric field between the main positive charge
center and the ground, which is distinct from the initiation mechanism of IB flash. The
presence of small magnitude of localized free ions region facilitated the rapidity of the
ionization process in the initial leader development of IB flash.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction
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ning flashes is the key to understand the lightning initiation
process in the thundercloud. So far the information regarding
the lightning initiation within the thundercloud is still not
really well understood. This remains a big challenge to be
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investigated. Classical studies by Schonland (1956) and
Clarence and Malan (1957) have identified the initial break-
down process as “B” stage preceding the stepped leader (L)
stage in negative cloud-to-ground flash (—CG). In addition,
Clarence and Malan (1957) identified intermediate (I) stage in
between B and L stages. Both studies suggested that B stage is
started somewhere between the main negative charge center
(Nregion) and lower positive charge center (p region). Further,
Clarence and Malan (1957) suggested that the discharge
mechanism of B stage is totally different from the L stage.
In contrary, Schonland (1956) hypothesized that both B and
L stages are initiated by the same discharge mechanism and
L stage is actually continuation or extension process from
B stage.

The B stage could be grouped into three general categories
as suggested by Sharma et al. (2008). The first category is a
breakdown process leading to CG and commonly known as
preliminary breakdown process (PBP). The second category
is a breakdown process associated with cloud flash (IC) and
the final category is an isolated breakdown (IB) flash that
does not lead to any subsequent activities. Nag and Rakov
(2009) have used ‘attempted first cloud-to-ground leaders’
and ‘inverted IC flash’ terms to describe IB flash.

From photographic evidence, Schonland (1938) has
observed two different types of B-L process development in
negative CG namely o and 3. Type « is the most common and
frequent where the negative leaders travel downward to the
ground without excessive branching with effective velocity
of the leader ranges from 1 to 5 x 10° m s~ . Type 3 (30% of
the observed cases) is much faster and brighter in its initial
stage than the a type with effective velocity in the order of
10° m s~ . This initial stage is always associated with an
extensive branching process at its end. The later stage of 3
type is similar to the o type with slower velocity and less
brightness.

Schonland (1938, 1956) hypothesized that the very
intense luminosity of very fast leaders in initial stage of 3
type implies a very high field (much more higher than critical
field needed for breakdown) in front of the leaders' tip. Most
probably the existence of very high electric field is due to the
existence of large magnitude of p region near the cloud base as
inferred by Clarence and Malan (1957). However, abnormally
large magnitude of p region would enhance significantly the
electric field but may block the propagation of negative leaders
to the ground as suggested by Nag and Rakov (2009) and gives
rise to IB flash. Alternatively, the local electric field in front of
the leaders' tip could be enhanced significantly caused by rapid
charge reset from hydrometeors to the free ions as suggested
by Gurevich and Karashtin (2013) due to the fact that large
number of electrically charged hydrometeors is available
between N and p regions.

Recent studies by Campos and Saba (2013) and Stolzenburg
et al. (2013) present observations of optical radiation and fast
electric field data of negative leader event indicate that the B
pulse trains occur simultaneously with the development of the
lightning channel. Both studies have observed leader events
similar to type 3 with very bright and fast leader propagation in
the order of 106 m s~ ! in its initial stage. The later stage was
observed to be less bright and slower leader propagation in the
order of 10° m s~ !. In addition, Campos and Saba (2013) have
observed that the initial stage ended with branching.

Campos and Saba (2013) found that the first electric field
pulse was detected simultaneously with the observation of the
first, very bright leader channel at altitude 4800 m just above
the estimated p region. The 2D velocity of the first leader was
about 1.2 x 106 m s~ . The initial branching event was ob-
served to occur near cloud base at altitude approximately
4000 m with the 2D velocity estimated around 6 x 10° m s .
The total length of the leader channel was estimated at 800 m.
Stolzenburg et al. (2013) have observed a short and dim, the
first negative leader appeared at altitude between N and p
regions in less than 50 ps before the first pulse was detected.
The first electric field pulse was not detected until the negative
leader became very bright (most likely when the ascending
positive space leader made contact with the descending
negative leader). Therefore it was inferred that the first electric
field pulse was due to impulsive breakdown event (current
pulse originated at the tip of the negative leader and pro-
pagated along the channel). The average 2D velocities of
the first leader and the last leader were estimated at 1.09 x
10° m s~ ! and 3.5 x 10° m s~ !, respectively, which is com-
parable to the range of velocity values obtained by Campos and
Saba (2013). The average total length of the leader channel was
estimated at 872 m, which is also comparable to the total
length obtained by Campos and Saba (2013). In addition to the
negative CG flash, Stolzenburg et al. (2013) have analyzed B
stage from three IC flashes. They found that the luminosity
observed during IC flashes looks generally the same to that
observed during negative CG flashes.

From temporal evidence, (Gomes and Cooray, 2004; Sharma
et al,, 2008; Nag and Rakov, 2009; Nag et al.,, 2009) have made
comparison between negative CG, IC, IB, and positive CG (+ CG)
flashes and their common discovery is that the IC flash has the
shortest pulse duration and the largest number of total pulses
when compared to the other flashes. The temporal analyses of
previous studies were done for the whole duration of the train
of breakdown pulses. Instead of analyzing the whole duration of
the train, Ahmad et al. (2010) have chosen to consider only the
first pulse from the train of breakdown pulses. They made
comparison between IC and negative CG lightning flashes and
they found that the temporal characteristics of the first pulse for
both IC and negative CG are similar, which contradicts previous
observations. Therefore they suggested that the initial break-
down process of both lightning flashes could be the same.

Sharma et al. (2011) looked beyond the temporal domain
and investigated the characteristics of PBP pulse train of
negative CG in time-frequency domain that can be obtained
through wavelet transform. Unlike the Fourier transform,
wavelet transform is capable to identify the power content
of the investigated peak in time-frequency domain and
moreover to localize the power in the frequency domain. The
analysis was done within 200 ps time frame. They analyzed
two types of pulse namely single-peak and multiple-peak
bipolar pulses. They found that the single-peak bipolar
pulses radiated energy in the average spectral range of 100
to 800 kHz, higher than the multiple-peak pulses, which
radiated in the average spectral range of 10 to 100 kHz. In
contrast, the power spectrum density of the multiple-peak
pulses was found to be higher than the single-peak pulses.
However no comparison of breakdown process has been
made to other types of lightning flashes such as positive CG,
IC, and IB.
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Sharma et al. (2011) have used Derivative of Gaussian
(DOG) wavelet algorithm to capture both the positive and
negative peaks as separate waves and consequently the
analysis of both the initial half and the overshoot of a bipolar
pulse could be done. The usage of DOG wavelet algorithm has
been established earlier in lightning research by Miranda
(2008) to analyze the negative and positive return strokes in
Brazil. Recent work by Li et al. (2013) has used Laplace
wavelet algorithm to analyze the time-frequency character-
istic of the first and subsequent return strokes. However as
suggested by Sharma et al. (2011) the DOG wavelet is the
most stable so far (divergence of the results is much less) and
therefore in this paper we continue to use DOG wavelet
algorithm rather than Laplace wavelet algorithm. Detail ex-
planation about DOG and Laplace theories and algorithms
can be found in Miranda (2008), Sharma et al. (2011), and Li
et al. (2013).

In this paper, we are motivated to investigate the wavelet
characteristics of the first pulse of the electrical breakdown
pulses, which can be seen as an extension to temporal
characteristics investigation by Ahmad et al. (2010). The first
pulse may give useful time-frequency information about
lightning initiation process in the thundercloud and provides
us some clue on distinctive features that may exist leading to
different discharge processes. Furthermore, we also provide
detail wavelet analysis and made detail comparison between
all four types of lightning flashes (— CG, IC, + CG, and IB),
where we believe this comparison study was absent in both
Ahmad et al. (2010) and Sharma et al. (2011) work.

2. Experimentation

The measurements were done in a stationary and fully
grounded van located in the premise of Angstrém Laboratory,
Uppsala University, Sweden (59.8°N and 17.6°E) during
summer thunderstorm between the 25th of May and 31st
of August 2010. The measuring station is situated at about
100 km from the Baltic Sea. The measuring system consists of
three main parts as shown in Fig. 1, namely the parallel plate
antenna unit, the buffer circuit unit and the recording unit
(digital storage oscilloscope or DSO) and similar to the mea-
suring system used in Sharma et al. (2008). A set of broad-
band antenna system (together with a buffer circuit in the
protected metal case beneath the parallel plate antenna) was

Parallel flat

Insulator

1.5m
Grounding

Rod __

Ground Plane

Buffer
Circuit

installed approximately 2 m away from the van and mounted
about 1.5 m above the ground plane using a grounded rod.
The antenna was used to record the incident vertical electric
fields. The fast variation electric field that has been acquired
by the antenna is then being driven to the buffer circuit unit
via a 60 cm long RG58 coaxial cable. Essentially, the buffer
circuit is used to isolate high input impedance coming from
the antenna unit and the captured signal is not amplified
because the antenna gain is unity. The upper and lower
frequency limits are determined by the rise time and decay
time constants, 7, and T4, respectively. Theoretically, the
higher 3 dB frequency limit of bandwidth (BW) is given
by 1/2mnT,, while for lower frequency limit of BW is given by
1/2n71,4. The rise time and decay time constants used for
our measuring system are 10 ns and 15 ms, respectively.
Therefore, our system translates it to 3 dB frequency limits
of 10 Hz and 16 MHz. Considering the sensitivity of the
electronic circuits to disturbances, batteries were used to
power up the buffer circuit in order to minimize disturbances
from other electronic devices and recording equipments.
The electrical signal from the buffer circuit unit was directed
by using a 10 m RG58 coaxial cable to the DSO, which was
placed in the stationary van. The inner part of the van is
half-covered with an aluminium metal plate and fully ground-
ed. The DSO used is a 4-channel 12-bit Yokogawa SL1000 and
equipped with DAQ modules 720210. The recorder's sampling
rate was set to 20 MS/s (50 ns time resolution) and pre-trigger
delay was 200 or 300 ms with the total of 1 s window frame.
The trigger setting of the oscilloscope was set such that the
signals of both polarities could be recorded automatically. The
trigger level was set between the range of 100 mV to 1V in
order to capture both remote and close lightning flashes. A total
of 885 waveforms were recorded during this measurement
campaign.

3. Results and discussion

From a total of 885 recorded waveforms that have been
examined, 110 very fine structure waveforms are selected
and divided into 4 categories. 44 out of 110 are negative CG,
16 positive CG, 39 IC, and the remaining 11 waveforms are IB.
The analysis is focusing on the first electric field pulse found
in the initial breakdown process from each category. The
criteria and selection method for the first pulse are the same

Yokogawa SL1000

10 m DSO (4-channel &
coaxial cable | 12-bit vertical res.)

Fig. 1. The fast electric field broadband antenna system.
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as used by Ahmad et al. (2010). The pulses were then
wavelet-transformed using DOG algorithm and the normal-
ized power spectrum was estimated and plotted. The power
spectrum was normalized to the maximum value because the
information of the distance between the source of radiation
and the point of observation was absent.

Fig. 2 shows an example of the first electric field pulse in
initial breakdown process of negative CG in time domain
(top) and its corresponding normalized power spectrum in
wavelet or time-frequency domain (bottom) for both initial
and overshoot stages of the electric field pulse. The initial
stage is basically the zero crossing time (ZCT) and the
overshoot stage can be defined as the difference between the
total pulse duration (PD) of the electric field pulse and the
ZCT. The intensity level of the normalized power spectrum is
plotted according to color coding contour. The vertical color
bar on the right hand side of the bottom figure shows the
scale for intensity level from 0 to 1. Dark-red color contour
represents the highest intensity level while dark blue color
represents the background noise. The spread region is
bounded by the dark-red color contour while the spectral
region is bounded by the light-blue color contour.

The statistical distributions of the spectral region, spread
region, bandwidth, and ratio of power peak for both initial
and overshoot stages are analyzed and discussed in this
section. These parameters except the ‘bandwidth’ were
introduced and utilized by Miranda (2008) and Sharma et
al. (2011) in their analyses. We introduce the ‘bandwidth’
parameter in order to compare the frequency spread of the
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Fig. 2. Wavelet power spectrum of the first pulse for isolated breakdown
flash (IB) with single peak and single spread (IB with trace no. 1 taken on
25th of August 2010).

spectral and spread regions between all four types of flashes
(—CG, IC, +CG, and IB). Bandwidth of spectral and spread
regions in wavelet domain can be estimated from two
different approaches; (i) BW is defined as the difference
between the average of maximum frequency of the spectral
(or spread) and the average of minimum frequency, and
(ii) BW is estimated from the bandwidth distribution. Both
approaches resulted to almost the same bandwidth values as
evidence in Table 2. For example, the maximum frequency of
the spectral region in Fig. 2 is about 200 kHz during initial
stage and slightly lower during overshoot stage at about
150 kHz. On the other hand, the minimum frequency of the
spectral region is about 40 kHz during initial stage and
30 kHz during overshoot stage. Therefore, the BW of spectral
region in Fig. 2 is estimated about 160 kHz and 120 kHz for
initial and overshoot stages, respectively. The definitions and
detail explanations of all parameters are given in Table 1.

3.1. Temporal-wavelet categorical composition

We found that the first electric field pulses of the ini-
tial breakdown processes have two distinctive structures:
(1) smooth single peak structure (an example from IB flash
in Fig. 2) and (2) multiple peaks structure with small
unipolar structure superimposed on the initial stage of the
pulse (an example from negative CG is shown in Fig. 3).
These structures are similar to the one observed by Ahmad et
al. (2010) and Sharma et al. (2011). Further, both pulse
structures were found to compose (after wavelet transfor-
mation) not just single (as observed by Sharma et al., 2011)
but multiple spread regions. Fig. 4 shows a single peak
structure with the corresponding two spread regions at the
initial stage. One spread region is centered at 500 kHz and
the other one is centered between 60 and 70 kHz. Fig. 2
shows an example of single peak electric field pulse with the
associated single spread region. On the other hand, Figs. 3
and 5 show examples of multiple peaks electric field pulse
category with the associated multiple and single spread
regions, respectively. The definitions and explanations of
each category are tabulated in Table 1.

Fig. 6 shows the categorical composition of each flash
group. Clearly from the figure, only negative CG and IC flashes
compose all 4 categories while multiple-peak multiple-spread
(MM) category is absent from positive CG flash and all multiple
spread categories are absent from IB flash. This categorization
method provides clear distinction between the group of IB and
positive CG flashes and the group of negative CG and IC flashes
as the latter group has all 4 categories. Also, clear distinction
could be made between IB and positive CG. On the other hand,
no clear distinction could be made between negative CG and IC
in wavelet domain as both flashes have comparable amount of
single spread category (84% in negative CG and 82% in IC) and
almost the same amount of multiple spreads category (16% in
negative CG and 18% in IC). However, in time domain, single
peak could be differentiated from multiple peaks, just for the
single spread category only. The IC flash consists higher
number of Single-peak Single-spread (SS) category at 72%
compared to negative CG flash at 52% while negative CG flash
consists higher number of Multiple-peak Single-spread (MS)
category at 32% compared to IC flash at 10%.
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Table 1
Definitions and explanations of important wavelet parameters and categories.

Parameter/category Definition

Remarks

Spectral region

Spread region
energy radiation.
Bandwidth
average minimum frequency.

Ratio of power peak
overshoot stage power peak.
*Single-peak Single-spread (SS)
spread region (in wavelet domain).
*Single-peak Multiple-spread (SM)
spread regions (in wavelet domain).
*Multiple-peak Single-spread (MS)
spread region (in wavelet domain).

Region where predominant energy radiate.
Part of spectral region, which is the most intense

Difference between average maximum frequency and

Ratio of power peak of initial stage corresponds to
Pulse with single peak (in time domain) with single
Pulse with single peak (in time domain) with multiple

Pulse with multiple peaks (in time domain) with single

Color bar value of 0.3 and above and is bounded by the
light-blue color contour.

Color bar value of 0.9 and above and is bounded by the
dark-red color contour.

Spectral region and spread region are bounded by lower
bound (minimum) frequency and upper bound (maximum)
frequency.

Peak values are the normalized values.

[llustrated by Fig. 2.
Mlustrated by Fig. 4.

[llustrated by Fig. 5.

*Multiple-peak Multiple-spread (MM) Pulse with multiple peaks (in time domain) with multiple Illustrated by Fig. 3.

spread regions (wavelet domain).

Note: The asterisk (*) indicates SS, MS, SM and MM are correspond to wavelet categories

The single spread category of both single peak (SS) and
multiple peaks (MS) is dominant among all lightning flashes
where the smallest amount recorded from IC flash is at 82% and
the largest amount recorded from IB flash is at 100%. IB flash
has the largest amount of SS category at 82% and negative CG
flash has the smallest amount of SS category at 52%. In contrast,
negative CG flash has the largest amount of MS category with
32% compared to IC, IB and positive CG with 10, 18 and 19%,
respectively. On the other hand, multiple spreads category of
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Fig. 3. Wavelet power spectrum of the first pulse for negative CG (—CG)
with multiple peaks and multiple spreads (— CG with trace no. 35 taken on
24th of August 2010).

both single peak (SM) and multiple peaks (MM) has the largest
amount recorded from IC flash at 18%, small percentage
when compared to their counterpart of single spread category
(SS and MS).

3.2. Spectral and spread regions

Comparison between all four flash groups for all temporal-
wavelet categories is shown in Figs. 7 and 8 for spectral
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Fig. 4. Wavelet power spectrum of the first pulse for cloud flash (IC) with
single peak and multiple spreads (IC with trace no. 1 taken on 24nd of
August 2010).
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Fig. 5. Wavelet power spectrum of the first pulse for positive CG (+ CG) with
multiple peaks and single spread (+CG with trace no. 2 taken on 28th of
August 2010).

region and spread region, respectively. Figs. 7A and 8A show
the estimated bandwidth of spectral and spread region by
using approach (i). Figs. 7B and 8B show the distribution
of bandwidth using box plots defined using approach (ii).
The perfect agreement between approaches (i) and (ii) is
evidenced in Table 2. For both spectral and spread regions,
positive CG and IB flashes seem to radiate predominantly
at lower frequencies when compared to negative CG and IC
flashes especially in SS and MS categories. IC flash seems
to have higher BW than negative CG in SS, MS and SM
categories with the factor of 3 as shown in Fig. 7A. However,
in MM category, negative CG gains at least 3 times higher
BW than IC flash. This is because IC flash frequencies are
distributed across a wider range between 100 kHz and 9 MHz
for spectral region in SS, SM and MS categories as illustrated in
Fig. 7B and negative CG bandwidth is distributed within the
same frequency range in MM category. The same pattern has
been observed in spread region as shown in Figs. 8A and 8B but
with smaller frequency range (between 20 Hz and 2.4 MHz).
In SM category, the radiation frequency of positive CG
was lower than negative CG and IC flashes during initial stage
but comparable to the spectral and spread regions of IC
flash particularly during overshoot stage. In general, we could
observe high degree of distinction between the group of
positive CG and IB flashes and the group of negative CG and
IC flashes from the analysis of spectral and spread regions as
we have been observed from temporal-wavelet categoriza-
tion. Moreover, single peak pulses of each flash (SS and SM)
were observed to radiate predominantly at higher frequen-
cies compared to the multiple peak pulses (MS and MM).

In negative CG flash, the SS category is observed to radiate
at higher frequencies than MS category. The largest value of the
average maximum (upper bound) frequency of SS category
during initial stage is estimated at 1694 kHz, higher by a factor
of 3 compared to the largest value of MS category at 579 kHz.
Also, similar pattern can be seen during the overshoot stage
as shown in both Figs. 7 and 8. Further, the same pattern could
be observed from multiple spreads category (between SM
and MM) for both initial and overshoot stages. The largest
value of the average maximum (upper bound) frequency of SM
category during initial stage is estimated at 6512 kHz, higher
by a factor of 1.6 compared to the largest value of MS category
at 4021 kHz.

From time domain perspective, this observation would
suggest that ZCT and PD of the single peak pulses are much
shorter than multiple peaks pulses. Figs. 9 and 10 provide the
statistical distributions of ZCT and PD for all categories.
Clearly we can see that the average ZCT of SS category is much
shorter than the MS category, 2.98 4 2.76 ps compared to
3.78 + 2.83 s, respectively. Moreover, the average PD of SS
category is much shorter than MS category, 6.72 4 6.14 s
compared to 10.29 £ 5.82 s, respectively. Furthermore, Ahmad
etal. (2010) have discovered that the average PD of the single
peak pulses is much shorter than multiple peaks pulses,
2.33 + 3.48 ps compared to 16.3 ps, which reflects very well
with our observation in wavelet domain.

By comparing between negative CG and IC flashes, we
found that the first electric field pulses of IC flash were tending
to radiate at higher frequency in both single spread categories
(SS and MS). The largest value of the average maximum
(upper bound) frequency of IC flash was estimated at 3570 kHz
compared to negative CG at 1694 kHz during initial stage of SS

Percentage %

100 1
8%
18%
'O, 0,
7% 10% 19%
801 10%
32%
60 1
| 82%
0 72% 75% ’
52%
20 1
0
-CG IC +CG 1B

. Multiple-peaks Multiple-spreads (MM)
. Single-peak Multiple-spreads (SM)
[[] Muttiple-peaks Single-spread (MS)
[[] single-peak Single-spread (SS)

Fig. 6. The fraction in percentage of categories for different type of lightning
flashes.
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category, higher by a factor of 2.1. Also, similar pattern can be
seen during the overshoot stage as shown in both Figs. 7 and 8.

From time domain perspective, this observation would
suggest that ZCT and PD of the single peak pulses of IC flash are
much shorter than the negative CG flash. Fig. 9 shows that the
average ZCT of SS category for IC flash is much shorter than
the —CG flash, 1.16 4 1.55 ps compared to 2.98 + 2.76 s,
respectively. Moreover, the average PD of IC flash is much
shorter than negative CG flash for SS category with 2.99 +
4.35 ps compared to 6.72 £ 6.14 ps, respectively and for MS
category with 8.49 £ 9.75 ps compared to 10.29 4 5.82 ps.
The comparison of temporal characteristics between negative
CG and IC flashes reflects very well with our observation in
wavelet domain.

By comparing between positive CG and IB flashes, we
found that positive CG flash radiated predominantly at higher
frequency in SS category for both initial and overshoot stages
when compared to IB flash. The largest value of the positive
CG average maximum (upper bound) frequency was estimated

at 599 kHz compared to IB at 218 kHz, higher by a factor of 2.8.
This observation would suggest that ZCT and PD of the single
peak pulses of positive CG flash are much shorter than the IB
flash. The temporal characteristics of positive CG and IB flashes
in Figs. 9 and 10 confirm the wavelet observation.

On the other hand, we found that IB flash radiated pre-
dominantly at higher frequency in MS category for both
initial and overshoot stages when compared to positive
CG flash. The largest value of the IB average maximum
(upper bound) frequency was estimated at 283 kHz com-
pared to + CG at 139 kHz, higher by a factor of 2.0. Once again,
the temporal characteristics of positive CG and IB flashes
tabulated in Figs. 9 and 10 confirm our wavelet observation.
Clearly, both temporal and wavelet observations suggest that
initiation mechanism of the breakdown process in IB flash is a
unique event and distinctive from positive CG. Further, the
initiation mechanism of the breakdown process for both IB and
positive CG flashes is definitely distinctive from both negative
CG and IC flashes.
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Fig. 7. A. Localized bandwidth of the spectral region for all flash groups. B. Bandwidth distribution of spectral region for each type of lightning flashes pertinent

to their categories.
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Fig. 7 (continued).

3.3. Bandwidth and ratio of power peaks

In general, negative CG and IC flashes are observed to
have larger bandwidth than positive CG and IB as shown in
Figs. 7 and 8 and tabulated values in Table 2. In particular,
there are two exception cases when the bandwidths of the
positive CG and IB flashes are slightly larger than negative CG
and IC flashes during overshoot stage. The positive CG flash
has larger bandwidth than negative CG and IC flashes in SM
category by a ratio of 1.2 and 1.4, respectively. The IB flash
has larger bandwidth than negative CG and IC flashes in MS
category by a ratio of 1.1 and 1.3, respectively.

However, these ratios are relatively small and occurred
during overshoot stage, thus making the exception cases in-
significant. For example, the ratios between the largest band-
width of negative CG and the largest bandwidth of positive CG
and IB flashes are 2.7 and 13.9, respectively. Moreover, the

ratios between the largest bandwidth of IC and the largest
bandwidth of positive CG and IB are 3.6 and 18.8, respectively.
Therefore in general, we could say that the bandwidths of
negative CG and IC are always larger than the bandwidths of
positive CG and IB.

Significant distinction could be observed between negative
CG and IC flashes as shown in Figs. 7 and 8. The bandwidth of IC
flash is significantly larger than negative CG in SS category
while the bandwidth of negative CG is significantly larger than
IC in MM category, for both initial and overshoot stages. How-
ever, in SM and MS categories, IC flash has larger bandwidth
when compared to negative CG only during initial stage, while
the bandwidth of negative CG is larger during overshoot stage.
Furthermore, significant distinction could be observed between
positive CG and IB flashes. We found that the single peaks pulses
of positive CG tend to radiate energy with larger bandwidth
when compared to the single peak pulses of IB flash. In contrast,
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the multiple peaks pulses of positive CG tend to radiate energy
with smaller bandwidth when compared to the multiple peaks
pulses of IB flash.

Fig. 11 shows the ratio of power peak of initial stage to
overshoot stage. The IC flash always has the highest average
ratio while positive CG has the lowest average ratio in all

Frequency (MHz)

categories. Moreover, both IC and negative CG flashes are
observed to have higher ratios compared to the positive CG
and IB flashes in all categories. The average ratio value of
negative CG flash for SS category is comparable to the ratio
value obtained by Sharma et al. (2011) at about 1.8 for both
SS and MS categories.
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categories.
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Fig. 8 (continued).

3.4. Discussions

In the light of recent optical radiation and electric field
studies, the time rate of change of the velocity during the
initial stage (type 3 stepped leader in negative CG) is much
faster than the later stage as evidenced from Fig. 2 in Campos
and Saba (2013). In the initial stage, the velocity has dropped
drastically from 12 x10°ms™! to 6 x 10° ms~! along
the 800 m leader channel in just 1 ms while in the later

stage the velocity kept fluctuated between 2 x 10° m s~ ' and

6 x 10° m s~ ! along the 4000 m leader channel in 14.5 ms.
Further evidence from Table 3 in Stolzenburg et al. (2013)
shows that the velocity of the first leader channel (corresponds
to the first electric field pulse) is much higher than the
subsequent leader channel extension. The average velocity of
the first leader channel is estimated at 1.09 x 10® m s~ !, much
higher than the average velocity of the second leader channel
extension at 7.8 x 10° m s~ .
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Table 2
Bandwidth of spectral and spread regions using approach (i) and approach (ii).
Category  Discharge type  Spectral region Spread region
Initial Stage Overshoot stage Initial stage Overshoot stage
a b Ratio (a/b) a b Ratio (a/b) a b Ratio (a/b) a b Ratio (a/b)
SS —CG 1499 1499  1.00 634 634  1.00 351 351 1.00 164 164 1.00
IC 3109 3109  1.00 1403 1404 1.00 737 737  1.00 520 520 1.00
+CG 537 537  1.00 222 221 1.00 96 95 1.01 58 59 0.99
1B 234 234 1.00 175 174  1.00 49 49  1.00 30 30 1.00
MS —CG 521 521 1.00 202 202 1.00 87 87 1.00 67 67 1.01
IC 706 706  1.00 164 163  1.00 136 136  1.00 75 75  1.00
+CG 119 119  1.00 129 128 1.01 20 21 097 27 28  0.98
1B 247 247  1.00 405 405  1.00 70 70 101 61 60 1.01
SM —CG 1443 1443  1.00 1045 1045 1.00 373 373  1.00 302 302 1.00
IC 4432 4432  1.00 891 890  1.00 963 963  1.00 386 38  1.00
+CG 1124 1124 1.00 1219 1219 1.00 322 322 1.00 134 134 1.00
MM —CG 3283 3282  1.00 670 669  1.00 641 641 1.00 182 182  1.00
IC 1112 1111 1.00 314 313 1.00 168 168  1.00 92 92  1.00

a—Approach (i): Bandwidth (BW) = Mean Max frequency — Mean Min frequency

b—Approach (ii): Bandwidth (BW) = Mean of BW distribution

These observations suggest that acceleration of the elec-
trons in the initial stage is much faster than the later stage,
most likely due to very rapid and extensive ionization process
in the vicinity of the leader tip during the initial stage.
Schonland (1938) suggested that the rapid and extensive
ionization produced by electrons in the tip of the leader alone is
sufficient to reach such acceleration and Clarence and Malan
(1957) proposed that the presence of large magnitude of p
region near the cloud base facilitates further the rapid
ionization process in the leader tip. However as argued by
Gurevich and Karashtin (2013) based on data of in-situ electric
field measurements in thunderclouds, the ionization process
produced by electrons in the tip of the leader alone and
facilitated by high background field (due to presence of large
magnitude of p region) could not reach such acceleration level.
Further, they argued that the resultant electric field from the
ionization produced by electrons in tip leader alone is not high
enough to surpass the required critical field value for breakdown
to occur. The suggestion by Gurevich and Karashtin (2013) that
such very rapid and extensive ionization, which implied the
presence of free ions region in the vicinity of the leader tip (due
to the charge reset from hydrometeors) does appear to be valid.
Although they inferred that this localized free ions region
facilitated runaway breakdown avalanche to occur, we argue
that the localized free ions region alone with strong p region
would provide very high field in front of the leader's tip as
evidence from Clarence and Malan (1957) observations.

Therefore, as faster acceleration implies more rapid and
extensive ionization process during initial leader develop-
ment, we infer that the radiation pulses of the initial stage
emit more high frequency component than the radiation
pulses of the later stage due to the faster leader propagation,
in the presence of sufficient free ions region to facilitate the
rapid and extensive ionization process of the leader devel-
opment. Further, we infer also that the first electric field
pulse radiates more high frequency component than the
subsequent initial breakdown.

Ahmad et al. (2010) found that the average PD of multiple
peaks pulses for IC flash was much shorter than negative CG
flash, 1.37 ps compared to 16.3 ps, respectively, which also

reflects very well with our observation in wavelet domain.
However, the average PD of SS category for IC and negative
CG flashes is differed from our temporal and wavelet
analyses. They found that the durations between IC and
negative CG were almost similar (in Florida thunderstorms),
2.08 4+ 1.6 us compared to 2.33 + 3.48 ps, respectively.
Based on this finding, Ahmad et al. (2010) hypothesized
that the breakdown process of IC and negative CG flashes for
the SS category could be initiated by the same rapid ioniza-
tion process which takes place during the initiation process
of both flashes in Florida thunderstorms. On the other hand,
we observe that the average PD of IC flash is much shorter
than negative CG flash during thunderstorms in Sweden,
2.99 + 4.35 compared to 6.72 + 6.14 respectively as shown
in Fig. 10. In order to discuss this observation, let us introduce
three important assumptions:

(i) The first electric field pulse of negative CG flash was
due to the current surge in the first negative leader propagat-
ing downward caused by an impulsive breakdown event
(discharge originated in between p and N regions). This
assumption is made based on the fact that all negative CG
breakdown pulses have the same polarity as the initial stage of
the following first return stroke and based on the hypothesis
made by Stolzenburg et al. (2013).

(ii) The first electric field pulse of IC flash was due to the
current surge in the first positive leader propagating down-
ward (discharge originated in between P and N regions where
P region is the main positive charge center) or propagating
upward (discharge originated in between p and N regions). This
assumption is made due to the fact that all IC breakdown pulses
have the opposite polarity to the negative CG breakdown pulses.

(iii) The magnitude of the p region is larger at higher
latitudes as revealed by Nag and Rakov (2009) and Baharudin
et al. (2012). The reason for this phenomenon is most
probably due to more intense positive corona at ground at
higher latitudes, which lifted up by updraft during thunder-
storm. Therefore, we assume that the magnitude of p region
in Sweden is much larger than in Florida.

In the case when positive leader propagating upward
(IC discharge originated in between p and N regions), the
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Fig. 9. Statistical distribution of zero crossing time (ZCT) for each type of lightning flashes pertinent to their categories.

velocity of the positive leader propagation is comparable to the
negative leader propagation as both leaders under the in-
fluence of the same background electric field strength and
experience similar ionization process. As the magnitude of p
region in Sweden is much larger than Florida, we infer that
the velocities of both leaders in Sweden thunderstorms
are supposed to be much larger than Florida thunderstorms.
Therefore, depending on the strength of the background
electric field between p and N regions (depending on the
magnitude of p region), we infer that the first electric field
pulse of IC flash radiates as much as high frequency com-
ponent as the first electric field pulse of —CG flash and
consequently both first pulses should have similar PD and
ZCT. This inference basically validates the hypothesis made by
Ahmad et al. (2010) and explains why they found the average

PD of SS category for IC and negative CG flashes were almost
similar in Florida thunderstorm.

A closer look at the PD values of both IC and negative
CG in Florida shows that their values are much smaller than
the PD values of both IC and negative CG in Sweden. This
observation suggests that the first pulses in Florida radiated
more high frequency component than the first pulses in
Sweden even though the background electric field between
p and N regions in Florida is much lower than Sweden. The
local electric field in front of the leader tip must be enhanced
significantly by the rapid and extensive ionization caused by
the presence of localized free ions region due to the charge
reset from hydrometeors. Therefore, we infer that under the
influence of the same background electric field strength, the
ionization processes during both negative and positive leader
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Fig. 10. Statistical distribution of pulse duration (PD) for each type of lightning flashes pertinent to their categories.

development are more rapid and extensive with the presence
of localized free ions region in the vicinity of leader tip, which
leads to faster propagation of the leaders. Further, the results
would suggest that the presence of large magnitude of p
region is not the main factor for the rapid and extensive
ionization process to occur which leads to very fast leader
propagation.

If we consider the fact that the total electric field between
the p and N regions is not uniform and very localized (most
probably due to the non-uniform distribution of the available
free ions region), the velocity of the positive leader can be
faster or slower from the negative leader and vice versa
depending on the availability and strength of the free ions
region. As evidenced from our wavelet analysis in Figs. 7 and 8,
the first electric field pulses of IC flash radiated more high
frequency component than the negative CG flash for SS and MS

categories suggesting that more rapid and extensive ionization
processes have occurred during the positive leader develop-
ment of the IC flash. On the other hand, the first electric field
pulses of negative CG flash radiated more high frequency
component than the IC flash for SM and MM categories
suggesting that more rapid and extensive ionization process
have occurred during the negative leader development of the
negative CG flash. This finding may explain Schonland's (1938)
observation of much slower and less bright type « leader
compared to more faster and very bright type (3 leader.

In the case when positive leader is propagating down-
ward (IC discharge originated between P and N regions), the
background electric field between P and N regions is much
higher than the background electric field between p and N
regions due to the fact that the magnitude of p region must
be smaller than P region. We suggest that the positive leader
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in P and N regions propagates downward much faster than
the negative leader in p and N regions, suggesting that the
ionization of the positive leader is much more rapid and
extensive than the negative leader. Consequently, the first
electric field pulses of IC flash radiate more high frequency
component than the negative CG flash, as evidenced from our
wavelet analysis in Figs. 7 and 8 for SS and MS categories. On
the other hand, if the total electric field in the vicinity of the
negative leader tips is significantly enhanced by the presence
of localized free ions region, extensive ionization will take
place during the leader development and it is possible that
the localized electric field exceeds the background electric
field between P and N regions. In this case, the negative leader
in p and N regions propagates downward much faster than the
positive leader in P and N regions. Consequently, the first electric
field pulses of negative CG flash radiate more high frequency
component than the IC flash, as evidenced from our wavelet
analysis in Figs. 7 and 8 for SM and MM categories.

Based on the inferences that have been made so far,
evidence from wavelet analysis in Figs. 7 and 8 suggests that
the ionization processes of both IB and positive CG flashes are
much less extensive when compared to the more rapid and
extensive ionization process in IC and negative CG flashes. This
finding suggests that the presence of very large magnitude of p
region (prerequisite for IB flash to occur) does not facilitate
more rapid and extensive ionization during IB flash breakdown
process. As evidenced previously, the ionization processes of
both IC and negative CG flashes in Florida are more rapid and
extensive (as we inferred due to the presence of very strong
free ions region in the vicinity of leader tip), when compared
to the IC and negative CG flashes in Sweden, even though
the magnitude of p region in Sweden is much larger than in
Florida.

In the case when the first electric field pulses of IB flash
radiated more high frequency component than positive CG as

evidenced from category MS in Figs. 7 and 8, we suggest that
high localized electric field was present in the vicinity of the
negative leader tip (due to the availability of free ions region)
but not so much high as can be seen in the case of negative CG
and IC flashes. This high localized electric field superposition
with high background electric field due to very large magni-
tude of p region was much more larger than the total electric
field in the vicinity of the positive leader in positive CG. Under
such condition, the ionization process during the negative
leader development was more rapid and extensive than the
ionization process during the positive leader development.

On the other hand, in the case when the first electric field
pulses of IB flash radiated less high frequency component than
positive CG as evidenced from category SS in Figs. 7 and 8, the
localized electric field is probably too low (due to the absence
or very few of free ions region) and thus the total electric field
needed to initiate breakdown was depending on the back-
ground electric field alone (the strength of p region). Under
such condition, the ionization process during the negative
leader development was much less extensive than the ioniza-
tion process during the positive leader development.

4. Conclusions

The analysis of spectral and spread regions reveals a high
degree of distinction between the group of positive CG and IB
flashes and the group of IC and negative CG flashes as we
have observed from temporal-wavelet categorization study.
In general, IC and negative CG flashes were observed to
radiate energy predominantly at higher frequencies and
having larger bandwidth compared to the positive CG and
IB flashes in all temporal-wavelet categories. Moreover, IC
and negative CG flashes were observed to have higher band-
width ratios compared to the positive CG and IB flashes in all
categories. Also, we found that the single peak pulses of all
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flashes were observed to radiate energy at higher frequencies
when compared to the multiple peaks pulses.

Evidence from our wavelet analysis and recent optical
radiation and electric field data allow us to hypothesize that
the ionization process during the initial leader development
(coincide with the detection of the first electric field pulse)
of at least three flashes (—CG, IC, and IB) in Sweden was
dictated directly by the existence and magnitude of localized
free ions region and p region. We suggest that the initial
leader development of both IC and negative CG flashes
underwent more rapid and extensive ionization process
when compared to the positive CG and IB flashes.

In specific comparison between negative CG and IC flashes,
both temporal and wavelet analyses suggest that the first
electric field pulses of IC flash radiated energy at higher
frequency in both single spread categories (SS and MS) and
radiated energy at lower frequency in both multiple spreads
categories (SM and MM) when compared to the negative CG
flash. This finding may explain the observation of much slower
and less bright type « leader (ionization process not so
extensive) compared to more faster and very bright type 8
leader (ionization process more rapid and extensive).

In the case IC flash was originated somewhere between p
and N regions, the initiation mechanism of both negative CG
and IC is believed to be the same and influenced largely by
the presence and magnitude of localized free ions region. In
the case IC flash was originated somewhere between P and N
regions, the initiation mechanism of negative CG and IC is
believed to be distinct. The ionization process of the IC initial
leader was dictated directly by much stronger background
electric field. Furthermore, in both cases, the presence of
large magnitude of p region is not the main factor for the
rapid and extensive ionization process to occur as evidence
from Florida thunderstorm.

As for positive CG and IB flashes, both temporal and
wavelet observations suggest that initiation mechanism of
the breakdown process in IB flash is believed to be distinctive
from positive CG. In positive CG flash, the single peak pulses
radiated energy at much higher frequency while the multiple
peaks pulses radiated energy at much lower frequency when
compared to IB flash. We discovered that the presence of very
large magnitude of p region (prerequisite for IB flash to
occur) does not facilitate more rapid and extensive ionization
during IB flash breakdown process. Instead, the presence of
small magnitude of localized free ions region facilitated the
rapidity of the ionization process. We speculate that the
magnitude of free ions region is believed to be very small
when the magnitude of p region becomes abnormally large.

On the other hand, the initiation mechanism of positive
CG was dictated directly by the background electric field
between P region and the ground, which is distinct from the
initiation mechanism of the IB flash.
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