
Time Correlations of Lightning Flash Sequences
in Thunderstorms Revealed by Fractal Analysis
Xueqiang Gou1 , Mingli Chen2 , and Guangshu Zhang3

1College of Physics and Electronic Engineering, Northwest Normal University, Lanzhou, China, 2Department of Building
Services Engineering, The Hong Kong Polytechnic University, Hong Kong, 3Cold and Arid Regions Environmental and
Engineering Research Institute, Chinese Academy of Sciences, Lanzhou, China

Abstract By using the data of lightning detection and ranging system at the Kennedy Space Center, the
temporal fractal and correlation of interevent time series of lightning flash sequences in thunderstorms
have been investigated with Allan factor (AF), Fano factor (FF), and detrended fluctuation analysis (DFA)
methods. AF, FF, and DFA methods are powerful tools to detect the time-scaling structures and correlations
in point processes. Totally 40 thunderstorms with distinguishing features of a single-cell storm and
apparent increase and decrease in the total flash rate were selected for the analysis. It is found that the
time-scaling exponents for AF (αAF) and FF (αFF) analyses are 1.62 and 0.95 in average, respectively,
indicating a strong time correlation of the lightning flash sequences. DFA analysis shows that there is a
crossover phenomenon—a crossover timescale (τc) ranging from 54 to 195 s with an average of 114 s. The
occurrence of a lightning flash in a thunderstorm behaves randomly at timescales <τc but shows strong
time correlation at scales >τc. Physically, these may imply that the establishment of an extensive strong
electric field necessary for the occurrence of a lightning flash needs a timescale >τc, which behaves
strongly time correlated. But the initiation of a lightning flash within a well-established extensive
strong electric field may involve the heterogeneities of the electric field at a timescale <τc, which
behave randomly.

1. Introduction

Lightning discharge is a fundamentally multiscale (fractal) event, spanning from less than a meter to many
kilometers in space. It radiates electromagnetic waves across a broad frequency band, ranging from below
1 Hz to near 300 MHz, and even high frequencies like microwave and optical wave (Rakov & Uman, 2003).
Using the time of arrival locating method in the VHF (very high frequency) regime, such as lightningmapping
array (Krehbiel et al., 2000; Rison et al., 1999; Thomas et al., 2004) and LDAR (lightning detection and ranging)
(Maier et al., 1995), a large amount of high-resolution data of VHF radiation sources in lightning event are
obtained. And with these VHF data, more details of lightning processes are revealed and apparent fractal
behaviors are evidenced (Bruning & Thomas, 2015).

There are many researches on the fractal behavior of the development of a lightning flash in thunderstorm.
Based on the well-known bidirectional leader concept of lightning initiation and propagation (Mazur, 2002),
many numerical models are advanced in terms of modeling of spatial morphological features, particularly the
spectacular fractal feature, of lightning events (Mansell et al., 2002; Riousset et al., 2007; Hayakawa et al., 2008;
Iudin & Davydenko, 2015). However, there is a problem that some important features, such as the intermit-
tency and polarity asymmetry in lightning initiation and propagation (Gou et al., 2010; Van der Velde &
Montanya, 2013; Williams, 2006; Williams & Heckman, 2012), which are closely related, are too elusive to
be consistently included in the model work (Da Silva, 2015). As a matter of fact, the bursts of lightning VHF
radiation events observed are dominant with negative polarity (Thomas et al., 2001). There are two types
of negative breakdown: the initial breakdown due to leader extension in virgin air and the recoil breakdown
due to instability of channel characteristic of either the negative differential resistance (Williams & Heckman,
2012) or the screening effect of branched channel (Mazur, 2002; Mazur, 2016). Both breakdowns are found to
show collective behaviors (cluster and synchronicity) in VHF radiation events (Gou et al., 2010; Huang et al.,
1997). The collective behavior of lightning flash sequence in thunderstorm is further evidenced in works of
Telesca et al. (2005), Hayakawa et al. (2005, 2008); Yair et al. (2006); Yair et al. (2009), and Zoghzoghy
et al. (2013).
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The strong burst and collective behavior of lightning VHF events, which often makes the analysis difficult,
however, are well consistent with the theory of general fractal and evolutionary dynamics of catastrophic
event in nature. According to this theory, a large-scale breakdown event is more controlled by the coopera-
tivity and scaling up of small-scale breakdown interactions. A small-scale breakdown event may only occur
in the random phase. As the breakdown increases, a new “phase” appears and small-scale breakdown
events begin to interact and merge, leading to screening and other cooperative effects. A large-scale break-
down event is possible only on electrical field regions correlated to sufficient lengths, characterized by the
stochastic (avalanche) and regular (scale-free) fractal behaviors in VHF radiations (Bak et al., 1987; Turcotte et
al., 2002; Sornette, 2004).

By scaling analyses, such as detrended fluctuation analysis (DFA) (Peng et al., 1994), Allan factor (AF) analysis,
Fano factor (FF) analysis (Telesca, 2007; Telesca et al., 2005), and discrete scale invariance (DSI) analysis (Saleur
et al., 1996; Sornette, 2004), some important revolutionary processes of a fractal system, such as the long-
range correlation associated with the global instability, can be well revealed.

To further our understanding of the fractal behavior and possible correlation between lightning flashes
in a thunderstorm, which may be an important factor to understand the rule of establishment (electrifi-
cation) of strong electric field necessary for a lightning flash to occur, we aim to have a systematic inves-
tigation of the interdependence of lightning flashes based on large amount of LDAR data. In the present
study, by applying the DFA, AF, and FF analyses to three-dimensional VHF source data from LDAR,
the temporal fractal and correlation behavior of lightning flash sequences in thunderstorms is investi-
gated. Meanwhile, the physical implications of the lightning initiation behind the fractal analysis results
are discussed.

2. Method

A lightning flash is developed from hundreds to thousands of small-scale breakdown processes, which is pro-
ven to have fractal cluster property. But how about the relations between lightning flashes occurring in the
same thunderstorm? Are they correlated or nonrelated to each other? To answer this question, we consider
the lightning flash sequence in a thunderstorm, like any other natural hazards, such as earthquakes, rain, and
volcanic eruptions, as a stochastic point process characterized by the lightning flash occurrence times. Such a
process may be called a fractal system if some relevant statistics show scaling (power law) with related
scaling exponents.

The standard method to investigate the presence of fractal and correlation in a time series is to get the power
spectral density S(f) by means of a Fourier transform of the time series. If the S(f) of a time series decreases as a
power law function of the frequency f as S(f) ~ f�α (where α > 0 is the scaling exponent which quantifies the
strength of time correlations) and α is larger than certain value, then the time series is called a fractal and
time-correlated process. For a point process, like lightning flash sequence, simple application of the
Fourier transform is not possible. Thus, other scaling methods such as FF and AF analyses are designed to
extract the correlation exponent.

A point process is usually described by a set of event occurrence times {ti}. Other two equivalent ways
used to describe it are as follows: (i) the interevent interval series τ(i) = ti + 1 � ti and (ii) the counting pro-
cess Nk(τ) that is produced by dividing the whole time interval into equally spaced contiguous counting
windows of the duration τ and counting the number of events Nk (τ) in the kth window. Both approaches
assume that the indexes of the events serve as a kind of internal “clock” marking the time (Abe & Suzuki,
2012; Varotsos et al., 2011). In this study we use three statistical measures: DFA, AF, and FF. The former one
is related to the interevent interval representation, while the remaining two are related to the counting
process representation.

2.1. Detrended Fluctuation Analysis

Detrended fluctuation analysis (DFA) is a well-known methodology which permits the detection of
long-range correlation in observational time series possibly affected by nonstationarities. The DFA procedure
consists of four steps.

Step 1: For a given time series x(i), i = 1, …, N, determine the “profile” relative to its mean < x>,
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Y kð Þ ¼
Xk
i¼1

x ið Þ� < x >ð Þ: (1)

Step 2: Divide Y(i) intoMs = int (N/s) nonoverlapping segments of the length s starting from both the begin-
ning and the end of the time series (i.e., 2Ms such segments in total). For each of segment v and scale
s, calculate the root-mean-square fluctuation function F(v, s),

F ν; sð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
s

Xs

k¼1

Yν kð Þ � Yn;v kð Þ� �2s
; (2)

where Yv, n is the nth order polynomial fitting of the vth segment Yv.

Step 3: Calculate the fluctuation function,

F sð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2Ms

X2Ms

ν¼1

F ν; sð Þj j2
vuut : (3)

Step 4: Determine the scaling behavior of the fluctuation by analyzing the log-log plot of Fq(s) versus s,

F sð Þ e sα; (4)

where α is the Hurst index quantifying the strength of long-range power law correlations of the time series
events x(i). If α = 0.5, the temporal fluctuations (the events) are uncorrelated. If α > 0.5, correlations among
the events are persistent, meaning that a large (small) value (compared to the average) is more likely to be
followed by a large (small) value, of which the underlying dynamics is governed by positive feedback
mechanisms. If α < 0.5, correlations among the events are antipersistent, meaning that a large (small) value
(compared to the average) is more likely to be followed by a small (large) value, of which the underlying
dynamics is governed by negative feedback mechanisms. If α = 1, it indicates a flicker noise dynamics, mean-
ing a typical system in a self-organized critical state.

2.2. Fano Factor

Fano factor (FF), which is ameasure of the dispersion of a temporal point process, is defined as the ratio of the
variance to the mean,

FF τð Þ ¼ < N2
k τð Þ > � < Nk τð Þ>2

< Nk τð Þ > : (5)

If the point process is time correlated, FF(τ) shall grow in a power law form

FF τð Þ ¼ 1þ τ
τ0

� �α

; (6)

where α (0 < α < 1) is the scaling exponent and τ0 is the fractal onset time marking the lower limit for a sig-
nificant scaling behavior. α ≈ 0 features a Poisson point process FF(τ) = 1, and α > 0.5 features an obvious
fractal and correlative process.

2.3. Allan Factor

Allan factor (AF), which is related to the variability of successive counts, is defined as the ratio of Allan
variance to twice the mean

AF τð Þ ¼
Nkþ1 τð Þ � Nk τð Þð Þ2

D E
2 Nk τð Þh i ; (7)

which is related to FF(τ) by

AF τð Þ ¼ 2FF τð Þ � FF 2τð Þ: (8)
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Like FF(τ), for a time-correlated point process, AF(τ) varies in a power law form

AF τð Þ ¼ 1þ τ
τ1

� �α

(9)

where α (0 < α < 3) is the scaling exponent and τ1 is another fractal onset time. Both FF(τ) and AF(τ) mea-
sure the dispersion and time correlation of a point process referred to the benchmark Poisson process in
which αFF = αAF = 0 and FF(τ) = AF(τ) = 1 for all τ. In contrast to FF(τ), AF(τ) can be used to estimate scaling
exponents over the expanded range (larger than 1). The larger the αAF is, the stronger the time correlation
among the point process. Furthermore, the difference of successive counts is considered in AF(τ) to reduce
the effect of possible nonstationary of the point process.

3. LDAR Data and Preprocessing
3.1. LDAR System

LDAR is a three-dimensional lightning VHF detection network, developed primarily by Lennon at Kennedy
Space Center in mid-1970s and later improved in early 1990s (Lennon & Maier, 1991; Maier et al., 1995). It
contains six outlying stations in an approximately circular array about 20 km in diameter around a seventh
controlling station located at latitude 28.548 N and longitude 80.648 W.

LDAR operates at 66 MHz (VHF) with a bandwidth of 6 MHz, sensing electromagnetic emissions from light-
ning breakdown and channel formation processes. Three-dimesional locations of the lightning VHF sources
are derived from the difference in the time of arrival of the signal detected at different receivers. The time
resolution of LDAR is 10 ns, and the time window for examining individual pulses is 80 μs. The location accu-
racy is about 100 m in its interior and 1 km or less within 40 km. The detection efficiency of LDAR is to be 99%
within 25 km of the central site (Maier et al., 1995).

3.2. Flash Grouping

LDAR data are available for download from the Global Hydrology Resource Center. In conducting the
research, we first group the large numbers of individual radiation sources of LDAR data into discrete lightning
flashes according to specific temporal and spatial constraints. The Interactive Data Language flash-grouping
algorithm for the LDAR sensor, developed by Murphy et al. (2000) and extended by Nelson (2002) and
McNamara (2002), is adopted; see also Hansen et al. (2010) and Stano et al. (2010). The algorithm first
removes the calibration data and then uses temporal and spatial constraints to group data points into flashes.
For a data point to be included in a flash, it must occur within 3 s of the first data point in the flash, and a
successive point must have occurred within 0.5 s of the previous data point in the flash. For the spatial con-
straint of a data point to be included in a flash, an ellipse with major and minor axes of 5,000 m plus LDAR’s
radial and azimuthal errors in locating the data point is created around the data point. If the previous data
point included in the flash is within the ellipse, the data point under consideration is included in the current
flash. Otherwise, the data point is excluded from the current flash.

After flash grouping, data points within a flash are further grouped into branches based on another set of
temporal and spatial constraints. To be part of a branch, a data point must be within 0.03 s of the previous
data point in the same branch. The spatial constraint is again a function of the data point’s distance from
LDAR central site. Once all data points are grouped into flashes and branches, the results are written to an
output file, which includes each original LDAR data point (occurring time and three-dimensional location)
and an index indicating the sequential number of that data point within a branch of a flash and so on.

4. Results

We have checked all the flash data from 1997 to 2007, only those flashes originating within 90 km of LDAR
central site were used in this study. The reason for doing this is that LDAR’s effective usable distance for scien-
tific study is approximately within this distance (Boccippio et al., 2001). In addition, a flash with the VHF source
number less than 10 was filtered out and not included in the flash sequence for AF and FF analyses. Imposing
the 10-source criterion, as demonstrated by Wiens et al. (2005), will not affect the determination of the trend
in total lightning but can eliminate noise points that the LDAR might misclassify as a flash.
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After flash grouping of LDAR data, the flash data set was further selected using certain temporal and spatial
constraints. For temporal constraint, we looked for a relatively complete and long (more than 1 h) evolution
circle featured with a large flash peak rate, including apparent increase and decrease of the flash rate. In
doing this, first, all flashes were binned into each UTC minute to arrive at a flash rate, that is, the total number
of flashes in each minute. Second, the plot of 1 min time flash rate versus time was smoothed using a two-
point moving average method. Then, the time period of data was tentatively selected manually to examine
whether the plot of flash rate versus timemeets the temporal constraint. For spatial constraint, we focused on
the isolated storm cell by manually identifying and selecting the clusters in a scatterplot. The two restriction

Figure 1. A multipanel plot of LDAR VHF sources (colored points) for a 93 min period beginning at 20:22:21 UTC on
7 August 2003 of a selected thunderstorm. Sources are colored by time from blue to red. (top left) X-Z cross-section view of
the VHF sources. (top right) The VHF source frequency histogram with altitude. (bottom left) X-Y plan view.
(bottom right) The Y-Z view of the VHF sources. Distances are referred to the center station of LDAR.

Figure 2. A plot of the 1 min total flash rate (red dotted line) and the interevent time (blue line) for flashes grouped from
VHF sources of the thunderstorm shown in Figure 1.
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procedures were repeated several times until last selection. For all the flashes examined, 40 thunderstorm
cases that occurred nearby LDAR stations were selected for analyses.

Shown in Figure 1 is a multipanel plot of LDAR VHF sources (colored points) for a 93 min period beginning at
20:22:21 UTC on 7 August 2003 of a selected thunderstorm. The data contained 678,951 VHF source points,
which were grouped into 4,769 flashes. No distinction is made between intracloud and cloud-to-ground
flashes. Shown in Figure 2 is the 1 min total flash rate (red dotted line) and interevent time (blue line)
sequence for the flashes grouped from the VHF sources of the thunderstorm shown in Figure 1.

By applying AF, FF, and DFA methods to the interevent time sequence of flashes grouped from VHF
sources in each thunderstorm, factors FF and AF have been calculated for timescales τ ranging from
10 s to T/10 for all the 40 thunderstorm cases, where T is the total period of the interevent time sequence
in each thunderstorm case.

Figure 3 is the result of AF analysis of the interevent time sequences shown in Figure 2. From the figure, the
following salient features can be seen: (i) the arrival process is not strictly Poissonian, since the AF curve is not
flat for all timescales investigated; (ii) the time-scaling regime (the linear part of the log-log AF curve) is clearly
seen from the curve. The scaleless range, indicated by two vertical dotted lines in the figure, is from 46 s to
553 s. The scaling exponent, αAF, as the slope of least squares fitting line of linear part of the log-log AF curve
in the figure, is estimated approximately as 1.7, which implies the presence of time correlation structures in

Figure 3. A log-log plot of the fluctuation AF(s) versus scale s for the interevent time intervals of lightning flashes shown in
Figure 2 and that of the corresponding 95% shuffled data with identical mean and number. The thick solid line represents
the linear least squares fitting of the original data. The obtained exponents and the Pearson correlation coefficients
are reported in the figure. The scaleless range is indicated by the two vertical dotted lines.

Figure 4. Same as Figure 3 but for the FF analysis.
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the interevent time distribution of the lightning flash sequence in the
thunderstorm. The Pearson correlation coefficients (R), which measures
the goodness of the fitting, is as high as 0.99.

In order to check whether the scaling behavior of the sequence is due to
the shape of probability density function of interevent times or due to
their orderings, a shuffled version of surrogate data (shuffled data) test
(Theiler et al., 1992) was performed. The shuffled data were generated
by randomly permuting the temporal order of the interevent time series,
with the information of relative sizes of interevent time intervals
remained, but all time correlations and dependencies among interevent
time intervals were canceled by the shuffling procedure. For each intere-
vent time interval sequence of lightning flashes in a thunderstorm, a set
of 300 shuffled data of the original sequence was generated, and for
each timescale the 95th percentile among the AF values for that time-
scale was calculated. The final 95% confidence of the AF curve was then
given in a set of the 95th percentiles, as shown by the blue dotted
square curve in Figure 3. It can be seen that the 95% confidence of
the AF curve for the shuffled data is significantly different from that
for the original AF curve within the scaling range. This indicates that it
is the ordering of intervals that gives rise to the scaling behavior of
the AF curve for the lightning flash sequence. Figure 4 is the FF result
for the same sequence signal shown in Figure 2. Apart from the differ-
ence in scaling exponents, the FF result is very similar to that of the AF
analysis in other aspects. The AF curve is more irregular and rougher
than the FF curve, partially because that the AF is defined as the differ-
ence of counts. Meanwhile, the scaling range of the FF curve is even
wider and the fitting line is almost perfect (the Pearson correlation coef-
ficient is nearly 1).

For DFA analysis, the scale s is ranged from 4 to 1/4 of length of the ser-
ies. Figure 5 is the DFA result for the same sequence signal shown in
Figure 2 as well as the shuffled data. Similar to the AF and FF results,
two different scaling regions are clearly detected with a crossover at
scale sc = 71. For the scale region lower than sc the process is featured
at random with a scaling exponent of about 0.5, while for the scale
region larger than sc the process is featured by a strong persistence with
a scaling exponent of about 0.9. The timescale corresponding to the
crossover scale sc can be obtained by multiplying the crossover scale

Figure 5. Same as Figure 3 but for the DFA analysis.

Table 1
A Summary of Lightning Flash Numbers Grouped From LDAR Records for the
40 Thunderstorms Analyzed

Thunderstorm/LADR packet Flash no.

Packet_000927_235452627 4610
Packet_020801_204510305 5942
Packet_030426_203557387 4472
Packet_030603_214510035 11408
Packet_030716_165821594 4287
Packet_030722_202627053 3833
Packet_030730_222614200 4969
Packet_030801_201732172 6708
Packet_030807_201934512 4769
Packet_030812_162539729 3049
Packet_040603_194027590 3580
Packet_040604_193420699 4159
Packet_040605_192614241 9751
Packet_040611_174250001 1524
Packet_040620_211304160 4747
Packet_040627_235210427 5197
Packet_040708_174704008 9245
Packet_040712_165543126 9392
Packet_040819_181922678 7235
Packet_050804_192819135 2441
Packet_050806_191946523 3534
Packet_050812_183056322 2663
Packet_050813_174809680 6824
Packet_050815_180006401 7420
Packet_060718_170707575 4586
Packet_060724_194331399 5079
Packet_060826_173647291 2505
Packet_070607_192301082 6045
Packet_070611_183037596 1957
Packet_970804_195025401 7153
Packet_970805_172423139 4973
Packet_970811_185948724 5975
Packet_970816_173057255 4300
Packet_980706_191153090 3086
Packet_980712_185537363 2429
Packet_980806_173127302 5528
Packet_980815_172458353 8779
Packet_990821_185213100 3964
Packet_990907_150821568 3477
Packet_990907_172002381 7061
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sc to the mean interevent time< τ > = 1.27 s, which gives a crossover timescale τc = 88 s. Comparing the DFA
result of the original lightning flash series with that obtained on the shuffled data series, it is very obvious that
the two curves are not overlapped and the scaling exponent for the shuffled data series is around 0.5,
indicating a typical random process.

The results for all the 40 thunderstorm cases are very similar. The lightning flash numbers grouped from LDAR
records for the 40 thunderstorms are summarized in Table 1. Shown in Figure 6 is a matrix plot of the scaling
exponents (αAF and αFF) for AF and FF analyses for the 40 thunderstorm cases, where αAF ranges from 1.11 to
2.06 with a mean of 1.62 and αFF from 0.75 to 1.03 with a mean of 0.95. The Pearson correlation coefficient,
RAF, ranges from 0.96 to 0.99 with a mean of 0.98 and RFF from 0.98 to 1.03 with a mean of 1.0.

Figure 6. A matrix plot of the scaling exponents (αAF and αAF) for AF and FF analyses for the 40 thunderstorm cases.

Figure 7. A matrix plot of the scaling exponents (α1 and α2) for DFA analysis for the 40 thunderstorm cases, where α1 and
α2 are for the small and large scales separated by the crossover scale sc, respectively.
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Figure 7 is a matrix plot of the scaling exponents (α1 and α2) for DFA analysis for the 40 thunderstorm cases,
where α1 and α2 are for the small and large scales separated by the crossover scale sc, respectively. The α1
ranges from 0.38 to 0.66 with a mean of 0.46 and α2 from 0.81 to 1.58 with a mean of 1.10. The Pearson
correlation coefficient, R1, ranges from 0.97 to 1.0 with a mean of 0.99 and R2 from 0.96 to 0.99 with a mean
of 0.99. Figure 8 is a matrix plot for the estimated crossover timescale τc and the maximum timescale τmax for
DFA analysis for the 40 thunderstorm cases. The τc ranges from 54 to 195 s with amean of 114 s and τmax from
290 to 931 s with a mean of 551 s.

To further quantify the significance of the test, for the lightning flash sequence in each thunderstorm case,
the scaling exponent αAF for both the original and shuffled data was calculated in the same scaling range.
Let α be the scaling exponent of the original sequence, μs the mean, and Δs the standard deviation of scaling
exponent of the shuffled sequence. The difference in the exponent before and after the shuffling process can
be quantified as

σ ¼ ∣α� μs∣=Δs; (10)

Figure 8. A matrix plot for the estimated crossover timescale τc and the maximum timescale τmax, for DFA analysis for the
40 thunderstorms.

Figure 9. The scaling exponents αAF and αDFA versus sigma σ for the 40 thunderstorm cases analyzed. The horizontal
dotted line is corresponding to σ = 1.96 (p = 0.05).
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where σ measures the number of standard deviation of the scaling exponent of the original data apart from
that of the shuffled data. The larger the σ is, the larger the separation between the exponent for the shuffled
data and that for the original data. Thus, a larger σ value indicates a stronger correlation.

The significance level p is quantified as p = erfc (σ/√2) (Telesca et al., 2004), which is the probability of the
observing significance σ. A larger p means that the null hypothesis (absence of any correlation) is true or α
values are obtained by chance.

Figure 9 shows the scaling exponents αAF and αDFA and their corresponding σ calculated from equation (10)
for all the 40 flash sequences analyzed. The horizontal line is corresponding to σ = 1.96 (p = 0.05). It can be
seen that all cases were time correlated and persisted with a significance level less than 0.05 (σ > 1.96).

5. Conclusions and Discussions

In this paper, we have investigated the time correlation of interevent time series of lightning flash sequences
in thunderstorms with the DFA, AF, and FF analysis methods. The lightning flash sequences were obtained by
grouping the VHF source data recorded by LDAR during the period of 1997 to 2007. Only those flashes ori-
ginating within 90 km of LDAR central site were selected for the study. The VHF sources were first grouped
into lightning flashes based on certain criteria and then the 1 min total flash rates were checked. For all
the 40 thunderstorms analyzed, it is found that the scaling exponents of AF and FF analysis results (αAF
and αFF) were about 1.62 and 0.95 in average, respectively, indicating a strong time correlation among the
lightning flashes in a thunderstorm. DFA analysis further showed that there is a crossover scale (sc) / timescale
(τc): the lightning flash sequence in a thunderstorm showed a quite different scaling behavior over scales
shorter than the crossover scale with that over scales longer than the crossover scale. For all the 40 cases,
the DFA scaling exponent (αDFA) for scales shorter than the crossover scale (sc) ranged from 0.38 to 0.66 with
a mean of 0.46, indicating a typical random behavior, while that for scales longer than the crossover scale (sc)
ranged from 0.81 to 1.58 with an average of 1.10, indicating a strong time-correlated behavior. The crossover
timescale (τc) ranged from 54 to 195 s with an average of 114 s.

The above results suggest the coexistence of different dynamics related to the lightning flash sequence
(occurrences) in a thunderstorm: a pure random behavior at short timescale (e.g., less than 114 s) and a strong
persistence at larger timescales (e.g., larger than 114 s). Moreover, the results confirm the fact of obvious and
natural correlation between all sequential lightning flashes in thunderstorms through a common process of
cloud electrification in thunderstorms. This process is the time changing in its intensity, as is affected by the
size of the “lightning tree” and the power of the lightning discharges. Each lightning flash, by diminishing the
ambient electric field, affects the ambient electrical conditions in a larger scale, including timing of occur-
rence of lightning flashes which follow.

Physically, the occurrence of a lightning flash needs a strong enough electrical field established in a large
enough region in a thunderstorm. The above results may imply that the establishment of an extensive strong
electric field necessary for the occurrence of a lightning flash needs a timescale not less than the crossover
timescale at least (e.g., about 2 min in average) and behaves strongly time correlated. However, the initiation
of the lightning flash within a well-established extensive strong electric field behaves randomly in a timescale
less than the crossover timescale. From the view of fractal dynamics (Sahimi & Arbabi, 1996), such a random
behavior in short timescales means that the lightning initiation may involve the heterogeneities of the elec-
tric field in the thunderstorm. Initially, small-scale discharge events may occur randomly due to local hetero-
geneities of the electric field (random phase). Once the electric field increases to certain level in an extensive
region in the thunderstorm, these locally occurring small-scale discharge events begin to interact andmerge,
leading to a great degree of a forthcoming global instability and a catastrophic event, the lightning flash.

There is also a long-standing and fundamental problem about the lightning initiation. Most of lightning initia-
tion mechanisms involve the local electric field intensification, such as the hydrometeor-initiated positive
streamer, cosmic ray-initiated runaway breakdown, or beam plasma-like instability (Petersen et al., 2008;
Iudin & Davydenko, 2015; Rison et al., 2016). However, these small-scale breakdowns may only serve as an
exogenous trigger factor, such as a “lightning seed” (Tran & Rakov, 2016). Only when it is in a highly correlated
extensive strong electric field region a lightning seed (a small-scale breakdown) could grow into a large-scale
lightning flash, while it could not evolve into a large-scale lightning flash when in a less correlated electric
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field region. In other words, the establishment of a highly correlated electric field region, hence the occur-
rence of a lightning flash, is highly subjected to the common electrification process in a thunderstorm.
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