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Abstract

Cloud-to-Ground (CG) lightning intensity time series recorded in northern Benin, during
days of monsoon season (summer 2006), has been deeply explored using multifractal
framework. The results suggest the existence of strong multifractal characteristics in
lightning intensity. However, detrending the data reduces the degree of multifractality.
The multifractality arises from both a fat-tailed probability density function and long-
range temporal correlations. But, the most dominant multifractality in lightning intensity
series depends strongly on the kind of detrending that is retained from the profile during
the multifractal detrended fluctuation analysis (MFDFA). These findings have allowed us
to understand and characterize the complexity of lightning intensity structure in the
network.
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Introduction

Lightning is an atmospheric discharge phenomenon of nature occurring nearly fifty (50) times
per second worldwide (Tapia et al. 1998). According to Telesca et al. (2008), the most accepted
explanation for lightning is the friction and collision among ice and water particles, traveling in
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convective drafts in the cloud. Moreover, thunderstorms are complex meteorological phenom-
ena that involve several processes (dynamic, thermodynamic, microphysical, electrical, etc.).
The electrical aspect of these phenomena results in natural, brief, and unpredictable discharges
known as lightning (Tapia et al. 1998; Magi 2014).

Christian et al. (2003) have drawn a map of global electrical activities worldwide and note
that the African continent’s contribution into the global density of lightning is one of the most
important in the world. According to these authors, the Congo Basin and a large part of West
Africa, including Benin, are shown to be areas where electrical events are very remarkable
during storms. Also, Betz et al. (2009b) have compiled in a single book of twenty-seven (27)
chapters the results of many impressive researches related to lightning phenomena, gathered in
some subtopics presented as follows: (a) the fundamental charging and discharge mechanisms
of lightning; (b) the lightning detection networks in Europe, its observations from space and
mapping channels; (c) the connection between lightning and higher atmosphere effects,
including Schumann resonances around the globe; (d) the relation between lightning and
microphysical parameters, precipitation, and strong storms; and (e) climate, chemistry, and
important aspects about lightning protection (Betz et al. 2009b). Furthermore, Holler et al.
(2009) reported lightning characteristics from four (4) continents, where sets of lightning
measurements with emphasis on lightning NO, production were done, during field campaigns.
These campaigns were carried out in South Germany (Europe), Bauru area of Brazil (South
America), Darwin area (North Australia), and Djougou area (West Benin). For West Africa,
they concluded that the regional and temporal distributions of lightning vary accordingly to the
fluctuations of few days and to long term seasonal variability, reflecting the West Africa
monsoonal activity accompanied by the southward (northward) progression of the monsoon
(Holler et al. 2009). The inter-continental comparisons of NO, production within thunder-
storms in Djougou area (Benin) show that standard strokes produce less NO, by 40% in West
Africa and Brazil than in North Australia and South Germany. Also, the negative intra-cloud
lightning is said to contribute less in the production of NO than the total cloud-to-ground
lightning in West Africa (Benin) comparatively to Australia, where the positive intra-cloud and
cloud-to-ground lightning contribution is dominant (Holler et al. 2009).

Lightning is a disastrous weather phenomenon, particularly the cloud-to-ground ones which
cause damages in many pieces of electric and electronic equipments, sensitive to electric and
magnetic fields. For example, damages are noticed on wind power devices and photovoltaic
systems (Martzloff 1989; Gill 2008). Lightning has damaged 3.9%, 8%, and 8.5% of turbines
in Denmark, Germany, and Sweden, respectively. It also causes serious injuries leading to
death in human and animals worldwide (Yuanlian and Yongfeng 2014). Study of Graham-
Jones (2006) in the USA indicates that lightning can kill more than some of certain natural
disasters. For instance, lightning killed 7741 people while 5268 death were related to torna-
does, 4481 to flood, and 1923 died through hurricanes from 1940 to 1981. Holle (2016)
summarized the lightning-related death numbers per year in the world. They provide data for
Africa (1417-1467), America (478), Asia (384), and Europe (24). So, high lightning-related
death rate in Africa (poor continent) indicates that lightning-related death rates in less-
developed countries are much higher than those in developed ones. The impacts are huge in
other sectors such as health insurance, forestry, electricity (generation, transmission, and
distribution), agriculture, telecommunication, transportation, and tourism (Mills et al. 2010).
Unfortunately, there is no statistical data available to figure out the exact number of deaths and
damages caused by lightning occurrence in Benin and other parts of West Africa.
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For reducing the amount of physical and material damages caused by lightning, the
understanding of its intrinsic characteristics as complex meteorological phenomenon is very
important. But, natural phenomenon and climatic variables (e.g., lightning, solar radiation,
precipitations, air temperature, wind speed, solar radiation, etc.) cannot be investigated using
traditional statistical methods, such as discrete-time Fourier transform, linear correlation
analysis, and power spectrum analysis (suitable for calculating relevant characteristics of
stationary signals) because of their nonlinear, non-stationary, and complex nature (see, e.g.,
Zeng et al. 2013; Casdagli 1997; Ingle and Proakis 2000; Kantz and Schreiber 2004; Yang
et al. 2016; Zhang et al. 2017a). Fractal methods are developed in literature and used to study
the complex nature of lightning in several regions of the world (except in Africa, especially in
Benin) to overcome the weakness of these traditional statistical methods (above mentioned).
For example, in Brazil, the multifractal analysis of lightning channel for different categories of
lightning has been done by Miranda and Sharma (2016). The results suggest that single
lightning and multiple lightning have similar complexities in their channels. Telesca (2007)
have studied the time-scaling analysis of lightning in Italy. They found the existence of time-
clustering in the sequence of lightning time-occurrences, characterized by the presence of two
scaling regions. Gou et al. (2007, 2009, 2010) have studied in China the complex nature of
lightning. They found that the return stroke electric signals exhibit strong degree of
multifractality and singularity. In Gou et al. (2009), it is observed that the fractal dimensions
of the electric signals of radiation ranged from 1.2 to 1.5 with an average of 1.3.

During the African Monsoon Multidisciplinary Analysis (AMMA) project’s campaign,
AMMA-CATCH site in Benin has been one of the three strategic sites in West Africa (Benin,
Niger, Mali) offering opportunity to study contrasted climatic areas (Redelsperger et al. 2006;
Mamadou et al. 2014). For this, a lot of equipments have been installed in Northern Benin to
measure several climatic and meteorological parameters (including lightning) for understand-
ing climate strong variability in the region (Redelsperger et al. 2006). However, few efforts
were dedicated to the framework of lightning studies. Some works have explored the relation-
ships between lightning and other atmospheric parameters (related to lightning NO and NOx
production), namely precipitations and thunderstorm’s electrical activities in relation to the
triggering parameters of these natural phenomena (Betz et al. 2009a; Holler et al. 2009;
Houngninou et al. 2013; Adéchinan et al. 2014; Houngninou et al. 2017). Thus, the nonlinear
characteristics of observed cloud-to-ground lightning intensities have not been studied yet.
Also, as cloud-to-ground lightning is directly related to human being, it creates huge physical
and material damages in several domains of existence. The finality of this study aims to reveal
the complex behavior of cloud-to-ground lightning intensity reaching the soil, in the point of
view of the probable damages that it can create to human. So, the objective of this study is to
explore for the first time the multifractal characteristics of cloud-to-ground lightning intensity
in Benin, as a beginning for understanding the complex characteristics of lightning. This step
prepares future studies that will aim to quantify the cross-correlation between lightning and
extreme precipitations by improved method (e.g., multifractal detrended cross-correlation
analysis, MDCCA) instead of traditional cross-correlation analysis (TCA) methods (e.g.,
regression analysis, cluster analysis), based only on a single scale analysis and generally used
in the study area (Houngninou et al. 2013, 2017; Adéchinan et al. 2014). The paper is
organized as follows: in the “Materials and methods” section, the methods and the data set
are described. Results and discussion are represented in the “Results and discussion” section.
Finally, we conclude the paper with a summary and outlook for further research in the
“Conclusions” section.
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Materials and methods
Description of the measurement network

The study was carried out in AMMA-CATCH network in the northern part of Benin,
characterized by a Sudanian climate. This region extends between latitudes 9° N to 10.4° N
and longitudes 1.5° E to 3° N and covers an area of about 15,000 km?, as indicated by the inner
part of the border limiting the study area in Fig. 1a. There is one rainy season from March to
October and a dry season the rest of the year. The total cumulative mean precipitation amount
is ~ 1200 mm/year over the period 1954-2005. August is the rainiest month in the area (Lawin
et al. 2010). The mean values of air temperature and relative humidity are respectively ~30 °C
and ~80%. The area’s relief is not marked; however, the country’s highest relief point of ~
658 m is located in the study area and known as “Atacora Mountains.” Fig. 1b displays the
topographical map of the study area, showing that Natitingou and Boukoumbe are in the
highest relief level. The lightning measurement network is constituted by six sites: Natitingou,
Bembereke, Boukoumbe, Djougou, Parakou, and Bassila, as shown in the Fig. 1. Around each
site, intra-cloud lightning and cloud-to-ground strokes discrimination can be performed for
120-km radial distance.

Description of the materials

Lightning’s location and their intensity are shown to be used for quantifying precipitations in
numerous studies in addition to radar’s reflectivity (Houngninou et al. 2013, 2017; Adéchinan
et al. 2014). During the AMMA campaign, in-situ database of light-storm electrical activities
was drawn from which data are used for the current study. A VLF/LF Lightning Network
(LINET) equipped with several sensors was deployed, as one of the four (4) continents of
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Fig. 1 LINET deployment in Benin during AMMA campaign (from June to November 2006) in Djougou area
(West Africa). a) Map of Benin, showing the six stations of the LINET-Benin and the study area, modified from
Holler et al. (2009). b) Hydro-topographical map of the study area, showing the level of elevation (m) in a
Sudanian climate. ¢) Location of Benin in Africa
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European international research network cooperation (Betz et al. 2008; Holler et al. 2009).
LINET’s functioning principle during AMMA is the same as described for European network
in Betz et al. (2008) and Holler et al. (2009). Five modern features are specified in the network:
(a) a total lightning capability, leading to the measurement of both cloud-to-ground strokes and
intra-cloud (IC) lightning; (b) a low-amplitude reporting, capable of detecting discharge
current below 5 kA within the central part of the network, whereby IC events dominate; (c)
a 3D discrimination, utilizing a time-of-arrival (TOA) method to separate efficiently CG from
IC and provided that the sensor baseline does not exceed ~250 km; (d) an IC emission height,
permitting to determine the height of each cloud event; and (e) an optimization of the location
accuracy leading ~ 150 m, an average value of strokes reaches positions (Betz et al. 2009a).
LINET is a sensitive network working with 3D capability. Thus, intra-cloud lightning as well
as cloud-to-ground flashes can be detected. The efficiency of the system allows for unprece-
dented low-amplitude detection power (Holler et al. 2009; Betz et al. 2009b). Since abundant
IC events are located, an effective discrimination against CG is performed. Preferentially, the
time-of-arrival method which required at least four stations recording data is used for locating
the horizontal and vertical position of lightning strikes during measurement (Betz et al. 2004,
2008, 2009b). The system can measure the time and the horizontal and vertical location of
VLF sources as well as the amplitude and the polarity of these events. In our study sites, each
station of the LINET consists of (1) a crossed loop antenna for measuring the magnetic field,
(2) a Global Positioning System (GPS) antenna for measuring the precise time reference, and
(3) a personal computer (PC) for data acquisition and data storage. Figure 2 a presents the
measurement equipment at Natitingou, a typical site of the AMMA-CATCH Lightning
Network.

Description of the measurement process

The lightning detection principle is based on the measurement of the electromagnetic field in a
frequency range VLF/LF. Indeed, each sensor of the system detects the electromagnetic pulse
with a time delay proportional to the distance separating the antenna to the real location of the
lightning. Since the speed of propagation of the wave and the distance between the sensors are
constant, it is therefore sufficient to calculate the difference in arrival time existing between the
sensors two by two and deduct a set of equations describing a hyperbolic shape. The
intersection of these hyperboles is the unique solution that indicates the real location of the
discharge. This technique known as friangulation requires at least three sensors with synchro-
nized time base. Within or close (< 120 km) to the network, it is possible to discriminate cloud-
to-ground lightning and intra-cloud lightning. Observations of more distant lightning are also
possible for the stronger events. No lightning data is available in Benin before AMMA-
CATCH campaign. Unfortunately, during this period in Benin, lightning data of only summer
2006 (June to November) has been recorded for experiments. A total number of 1,301,993
lightning events have been recorded. Despite the small size of the time series, the robustness of
the method will not be affected because multifractal detrended fluctuation analysis (MFDFA,
described below) is less sensitive to the size of the series (Lopez and Contreras 2013). These
data are of good quality so that several scientific research groups use them for a variety of
purposes (see Holler et al. 2009). Both the high detection efficiency with the inclusion of IC
events and the improved location accuracy represent interesting features that are exploited by
numerous projects in atmospheric electricity (Holler et al. 2009; Betz et al. 2009a). In the
current study, we use only cloud-to-ground data.
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Fig. 2 a) LINET station installed in Natitingou (photo from the measurement fields). b) Seasonal cloud-to-
ground lightning distribution in the study area. c) Effectiveness of the IC detection
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Figure 2 b and c present respectively the seasonal cloud-to-ground lightning distribution
and the effectiveness of the IC detection in the study area. One can notice that the mean
intensity of cloud-to-ground lightning (Fig. 2c) increases when moving away from the center
of the study area. The strongest variations are noticed after 120 km. So the analysis in this
study should not be affected by the detection sensitivity to the distance.

Daily cloud-to-ground lightning intensities (negative and positive values) are used. Let us
remember that no specific predefined time scale exists for studying lightning. So, we have used
daily lightning average intensities comparatively to some other important meteorological param-
eters such as rain amount, air temperature, and solar power, in which variation can impact
importantly human existence and which study required at least daily time scale. Let /s be the
daily cloud-to-ground lightning intensity domain-averaged values. /¢ is calculated as follows:

Teo = 537 (EMNTeo )] + X1 Ple(m)) 1)

where N; and N, are, respectively, the number of negative and positive cloud-to-ground lightning
intensities observed during a chosen day in the period of measurement and N/ and Pl are
respectively the negative and positive cloud-to-ground lightning intensities observed during a
chosen day in the period of measurement.
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The temporal variation of /- time series and the daily number of lightning events are
presented in Fig. 3. We notice a strong variation of both daily cloud-to-ground lightning
intensities and lightning numbers during the study period.

Box counting method

The fractal dimension is computed by using the box counting method (Mandelbrot 1982;
Lovejoy et al. 1987; Hubert and Carbonnel 1989). Let T be the total observation time; it is
divided into » contiguous intervals of length ) taken as successive powers of 2 {20, 21,22, .},
The total number of occupied intervals, N(\), in which at least one lightning intensity greater
than or equal to a given threshold, 7%, is counted. If the data forms a one-dimension fractal, then
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Fig. 3 Variation of lightning time series during the days of monsoon season in 2006. a) Daily cloud-to-ground
lightning numbers. b) Daily cloud-to-ground lightning intensities
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where K is constant and Dy is defined as the fractal dimension. When plotting log(N()\)) as a
function of log()), a straight line with slope (=D)) is obtained. In this study, the fractal
dimension of each lightning intensity data is performed at various thresholds (7%), namely
{0, 0.5, 1 and 1.5} M, where M is the mean value of lightning intensity data.

According to Lee et al. (2006), the critical temporal scale (Cts) is defined as the value of A
at the intersection of straight lines with D, <1 and that with D=1, for each threshold. The
lightning intensity exceeding the threshold 77 could occur when time scale is greater than or
equal to the critical scale.

Multifractal detrended fluctuation analysis

To investigate multifractal characteristics of non-stationary, nonlinear, natural, and complex
meteorological phenomenon time series (Shen et al. 2017; Wan et al. 2016; Jiang et al. 2017),
the MFDFA method was proposed by Kantelhardt et al. (2002). It can be briefly described as
follows (Shen et al. 2017):

Let {x/t=1, 2, ..., N} be an original time series of N equidistant measurements to which
the procedure of the MFDFA method is applied. First, a new series named “profile” is
determined as follows:

Y(k) = Xt (v < x>) (4)

where <x> is the mean value of x, and k=1, 2, ..., V.

The profile is then divided into N = in#(N/s) equal-sized nonoverlapping windows with a
length s. Since N is not the integral multiple of s in most of the cases, there might be a short
part at the end of the profile that remains uncovered. To take full account of the series, the same
procedure can be repeated starting from the end of the series. Hence, we obtain 2Ns segments
altogether. We then calculate the variance of each window as

1 A2
) —Zle{Y[(,,_I)H,-]—y,(/m)(l)} for v=1,2,..., N;
F (I/,S) = S 2 (5)

1
I {0} for v = (N + 1,28,

It should be noted that linear (i.e., polynomial order m = 1), quadratic (i.e., m = 2), cubic (i.e., m =3),
or higher order polynomials y(") (i) can be used to fit the local trend, and MFDFA is noted as
MFDFA1, MFDFA2, MFDFA3, MFDFA4, etc. Multifractal fluctuation analysis (MFFA) corre-
sponds to a case in which any kind of detrending is retained from the profile. In MFDFAm, possible m
order trends are eliminated in the profile. By averaging over all windows, we obtain the fluctuation as

{am<>wp%m

Fy(s) =
Z,Z,IX ln[FZ(V s)]} forg =0

(6)
“P an,

where ¢ is the order of moment. If the time series follow the power law, then we can obtain the scaling
function

Fy(s)es™? (7)

where /(q) is the generalized Hurst scaling function (Kantelhardt et al. 2002; Telesca et al.
2004). For monofractal time series, /(q) is independent of ¢, whereas, for a multifractal time

@ Springer



Bulletin of Atmospheric Science and Technology (2020) 1:43-57 51

series, h(g) varies with ¢. This dependence is considered to be a characteristic of multifractal
process (Kantelhardt et al. 2002). In order to avoid a divergence of moments in the fat tails of
the fluctuation distribution as mentioned by some authors (Wang et al. 2013; Thlen 2012), we
restrict the order ¢ within the range — 5 <¢ <5 as in Wang et al. (2013).

Multifractal spectrum

In order to get more information about the lightning intensity data and to characterize the
strength of the multifractality, two functions and parameters are deduced from /(g) via the
Legendre transform (Feder 1988; Kantelhardt et al. 2002; Shi et al. 2008; Liu et al. 2014a, b;
Jiang et al. 2016). These functions are defined by following equations:

alg) = hiq) + Q%(:) (8)

f(@) = qla~h(g)] +1

a(q) and fla) are respectively singularity exponent and multi-scales fractal spectrum.
These parameters are defined as follows:

Ao = O'max ™~ Omin (9)

and
Af = f(amin)_f(amax) (10)

where o, and oy, are obtained from the relation f{a) = 0.

Ifthe observed time series is a single-scale fractal series, the function f{cv) is constant. Generally,
if the time series is a multi-scale series, the function f{cx) has a bell-like shape. The parameter A«
describes the inhomogeneity of the distribution of probability measured on the overall fractal
structure, which has been identified as the intermittency and degree of multifractality (Liu et al.
2014a, b). A« is multifractal spectrum width. The smaller A« indicates that the fractal region is
more uniformly distributed, while the bigger A« implies that the probability distribution is more
heterogeneous. Af> 0 shows that the number of the largest subsets is greater than the minimal one
in probability measures, so, multi-scale fractal spectrum shows a “left hook™ shape; Af< 0 shows
the contrast condition, and the multi-scale fractal spectrum is “right hook™ shape.

Origins of multifractality

Generally, there are two major types of sources for multifractality in time series: (a) different
temporal correlations for small and large fluctuations and (b) a fat-tailed probability distribu-
tion for the values of the time series (Rak and Zieba 2015). The main methods to find the
contributions of the two sources of multifractality are the shuffling procedure and the surro-
gating procedure, respectively (Kwapien et al. 2005). Indeed, to test the first source of
multifractality, we randomly shuffle the series to remove any temporal correlations. Thus, if
no multifractal feature remains after we conduct the shuffling procedure on the original
multifractal series, we can conclude that long-range correlation dominates the multifractality
in the original series. The shuffling procedure consists of generating a random permutation of
the array elements of time series. In contrast, surrogate data is used to check whether the
multifractality comes from fat-tailed probability distribution, because it can eliminate any sort
of nonlinearities in original series and weaken the non-Gaussianity of the distributions. In this
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paper, we use the common method of amplitude adjusted Fourier transform (AAFT) developed
in Theiler et al. (1992), Dong et al. (2017), and Wu et al. (2018) to obtain surrogate data.
AAFT can be summarized according to Dong et al. (2017) as follows: (1) a discrete Fourier
transform of the original series is conducted, (2) the discrete Fourier transform of the data is
multiplied by random phases, and (3) an inverse Fourier transform is performed to generate a
phase randomized surrogate. To further compare the contributions of multifractality from the
two sources, the corresponding multifractal spectrum width is computed for the original series,
shuffled series, and surrogated series.

Results and discussion

Figure 4 presents the results of applying the box counting method, with different thresholds
(Th). Box counting results are practically the same for 7% {0; 0.5} M. However, it is observed
that the critical temporal scale is an increasing function of 7h. This result implies the existence
of multifractal characteristics in lightning intensity.

Figure 5 a— present respectively the variation of the generalized /(q), the singularity
spectrum function f{cr), and the singularity exponent function a(g) obtained using MFFA
and MFDFA1-4. It is important to remember that in MFFA, any kind of detrending is retained
in the profile. Figure 5 a shows the generalized Hurst exponents 4(g) with varying moments

8 T
e  Th=0Omean
e Th=0.5mean
7 e Th=1mean |
*  Th=1.5mean

LogzN(k)

-1 I I I I I I
3 4 5 6 7
Log,(A)
2
Fig. 4 log(N(\)) versus log()\) for different thresholds (7%): the abscises values on the horizontal axis of the

intersection points between the straight lines (in black color), corresponding to each threshold curve and the
vertical dash lines (in black, blue, and green color) respectively, indicate the critical temporal scale (Cts)
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@=5,4,3,2,1,—-1,-2,—-3,—4,-5). It is observed that whatever the method used (MFFA
or MFDFA 1-4), the exponents /(q) decreases with the increase values of the moment ¢ which
indicate the presence of the strong multifractal behavior in lightning intensity series. However,
the exponents /(q) change little with the increasing values of ¢ when m (m= 1, 2, 3, 4) order
trends are eliminated in the profile, indicating the weak multifractal behavior.

The multifractal spectrum f{cr) obtained by MFFA and MFDFA 14 versus « are shown in
Fig. 5b. The curves have a bell-like shape and confirm the strong multifractal characteristics of
the lightning intensity series. Figure 5 ¢ presents the relationship between a(q) and the moment
gq. Their shapes also confirm the strong multifractal characteristics. To measure the strength of
this multifractality, the multifractal spectrum analysis has been done.

Figure 6 presents the variation of Ac, and Af versus the degree m of the local polynomial
trend when MFFA and MFDFA1-4 methods are used. MFFA is represented by m = 0. It is
observed that A« is positive whatever the used values of m. Generally, A« values obtained
with MFFA is greater than those obtained when m (m =1, 2, 3, 4) order trends are eliminated
(MFDFA1-4). Therefore, lightning intensity presents a stochastic dynamic character and
strong fluctuations (Zeng et al. 2013). The maximum A« shows strongest multifractal char-
acteristics. So, detrending the data reduces the degree of multifractality. However, when the
fourth-order trends are eliminated (MFDFA4), the smaller A« is obtained, indicating that the
fractal region is more uniformly distributed. It is observed that Af> 0, when MFFA is applied.
This result shows that the number of the largest subsets is greater than the minimal one in
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probability measures. The contrasted results are obtained when MFDFA 14 is applied. The
fractal properties of the series change accordingly to the kind of trend.

The multifractal spectrum width and the A« of original, shuffled, and surrogated series are
shown in Fig. 7. It is found that when any kind of trend is retained in the profile (i.e., MFFA is
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Fig. 7 Aa-m plots of lightning intensity series obtained using MFFA (when m = 0) and MFDFA1-4 (m =1, 2, 3,
4) for original, shuffled, and surrogated data
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applied) or when the fourth-order trends are eliminated (MFDFA4), Acvg,r < Acigy,; thus, the
multifractality due to fat-tailed probability is the most dominant multifractality in lightning
intensity series. However, when m (m =1, 2, 3, 4) order trends are eliminated (MFDFA1-4),
the range of change of A« is significantly reduced after the original series is shuffled and
surrogated, indicating a reduction in the degree of multifractality. Moreover, Adgmo < AQghur <
Aay, so, in these cases, the strength of the long-range correlation multifractality is greater than
that of the fat-tailed probability distribution multifractality. Therefore, the multifractality arises
from both a fat-tailed probability density function and long-range temporal correlations. From
these results, one can note that the multifractal characteristics, the multifractality degree and
the origin of multifractality depend strongly on the kind of detrending that is retained.

Conclusions

The analysis performed in this study aims to explore for the first time the multifractal
characteristics of lightning intensity in Benin. Daily cloud-to-ground lightning inten-
sities (negative and positive values) measured in northern Benin during days of
monsoon season for 2006 are cumulated to draw a set of daily lightning intensity
time series. Box counting method is applied to obtain the critical temporal scale (Cts)
for different thresholds. The multifractal detrended fluctuation analysis (MFDFA) is
used to investigate the multifractal properties.

The results of applying box counting method with different thresholds (7/) show that
Cts is an increasing function of 7h. Therefore, multifractal characteristics exist in
lightning intensity. The results related to the application of MFDFA method reveal the
presence of the strong multifractal behavior in lightning intensity series. However, the
multifractal characteristics, the multifractality degree, and the origin of multifractality
depend strongly on the kind of detrending which is applied to the data in the MFDFA
method. Generally, the detrended reduces the degree of multifractality. The
multifractality arises from both a fat-tailed probability density function and long-range
temporal correlations. But, the most dominant multifractality in lightning intensity series
depends strongly on the kind of trend eliminated in MFDFA method. These findings are
important in understanding the complexity of lightning intensity structure in the network.
Then, traditional cross-correlation analysis (TCA) methods are inappropriate and can
provide erroneous or spurious results in cross-correlation of lightning intensity with other
parameters (e.g., extreme precipitations). They are not in a position to fully characterize
processes driven by nonlinear and multifractal characteristics with high degree of tem-
poral variability as for lightning time series. Therefore, to overcome this problem, our
future studies will aim to quantify the cross-correlation between lightning and extreme
precipitations by multifractal detrended cross-correlation analysis (MDCCA).
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