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Abstract— This paper presents contributions of the Colombian 
research group PAAS to knowledge about the phenomenon of 
lightning and modeling of external protection systems. This work 
constitutes a contribution to analyze variations of lightning 
parameter magnitudes within space and time and some 
approximations for a more realistic modeling of lightning 
protection.  
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I. INTRODUCTION  
Modern research on the physics of lightning began in the 

early 20th century with the work of C.T.R. Wilson [1], [2]. 
Whipple [3] in 1929 compared the diurnal variation in Brooks 
[4] results and the diurnal variation in the earlier electric field 
measurements over the ocean [5] and thereby produced 
evidence that the global circuit contribution is dominated by a 
superposition of effects from three major zones of convection: 
tropical South America, Africa and the Maritime Continent 
(Southeast of Asia and Australia). 

At present most of the information available on the 
characteristics of lightning flashes is based on studies 
conducted in temperate and semitropical regions [6]. However, 
based on the evidence of the electrical dominance of these 
three zones, some researchers have investigated about the 
influence of the geographical latitude and topographical aspects 
on the lightning parameters [7] - [12], [14] . 

The electromagnetic phenomenon of lightning produce 
electromagnetic disturbances and negative effects on industrial, 
commercial, residential systems and hazards to life, which 
must be protected with appropriate designs and parameters to 
the area in question. 

 Lightning parameters plays an important role in 
engineering design. The accuracy of these parameters allows 
engineers to diminish risk associated with electric and 
electronic devices failure and human being casualties. The 
lightning parameters for engineering are derived mainly from 
direct and indirect measurements. 

Past evidences [8], [13] suggest that tropical regions 
present a semiannual cycle with maximum lightning activity 
occurring during spring and autumn in both hemispheres. In 
addition, it has been found by Torres and Herrera [7], that the 
cycle of lightning activity in Colombia, a tropical country, 
depends on several factors but mainly upon the atmospheric 
circulation effects. These results suggest that electrical 

atmospheric activity could vary from region to region (spatial 
aspect) as well as from month to month (temporal aspect). 

Based on the different research results on the lightning peak 
current, and only with the aim of finding some differences 
between the results of different authors, it could be possible to 
construct some comparative probabilistic curves showing the 
results from Berger in Monte San Salvatore in temperate zone, 
measured between 1950 and 1970 and results in the tropical 
region. For instance, the average probabilistic value measured 
by Berger and taken by CIGRE and IEC is 30 kA, whereas the 
average probability value measured in Brazil, Colombia, or 
Rhodesia, in tropical area by different methods and at different 
times is about 42 kA [16]. 

 

 
Figure 1. Comparison of cumulative probability of lightning peak current 

from CIGRE and four tropical sites (Malaysia, Rhodesia, Brazil, and 
Colombia). Taken from [11]. 

II. LEADER MODEL FOR TORTUOUS OR BRANCHED 
CHANNELS 

There are two main conceptual models of the leader 
channel found in the literature for negative cloud-to-ground 
discharges. On the one hand there is the unipolar concept, 
which theoretically assumes that an unipolar and unidirectional 
leader channel emanates from the charge center of the cloud 
toward ground and the electrical charge is transferred from the 
cloud to the leader channel [17]-[18]; nevertheless, there is no 
physical explanation for this transfer mechanism, but this is the 
most widely used in the literature. On the other hand, there is 
the bipolar concept, which considers a bipolar and bidirectional 
leader moving in opposite directions. Therefore, a negatively 
charged channel propagates toward ground while a positively 
charged channel penetrates into the cloud. The charge 
deposited on each channel has the same magnitude but 



opposite polarity, this means that the net charge on the bipolar 
leader is zero and there is no charge transfer from the cloud to 
the leader [19]-[31]; The bipolar concept makes sense 
physically and it is a better approach to the real phenomenon. 
Several works have been developed on the basis of either the 
unipolar or the bipolar leader concept, but they do not allow 
estimating the charge distribution on tortuous or branched 
downward leaders, which appear in reality. For this reason, an 
electrostatic model of the lightning leader channel for negative 
cloud-to-ground discharges was developed by using the Charge 
Simulation Method (CSM) [37]-[38], which was initially 
conceived for stepped leaders even assuming tortuosity and 
branching; however, it can be also applied to model dart leader 
channels. 

A. Model description 
A more detailed description of the model may be found in 

[37]-[38], However, its main characteristics are presented as 
follows.  

The thundercloud was represented by two spherical charge 
centers. A positive center was located in the upper part of the 
cloud and a negative center in the lower part, each one having 
the same uniform charge density but opposite polarity, like a 
dipolar structure. The leader channel was modeled on the basis 
of the bipolar/bidirectional concept, assuming that the channels 
extend away from a starting point at the bottom of the lower 
negative charge center, with opposite directions and polarities, 
and their net charge is zero [2][3][17][18]. Therefore, the 
downward negative leader advances toward the ground while 
positive branches penetrate into the cloud. The upward positive 
branching was established with a fixed geometry, whose 
horizontal extent is significantly larger than the vertical one, 
which concurs with the negative ground flashes reconstructed 
by means of mapping systems [19]-[21].  

On the other hand, the Charge Simulation Method – CSM 
was used for the numerical solution of the model. The electrical 
charges along the Bi-Leader channel were the model unknowns 
and the soil conductivity was assumed infinite. Two spherical 
charges with known uniform density were utilized for 
modeling the thundercloud and finite line charges without 
symmetry were used to model the downward leader channel 
and the upward branching. The generalized equations for finite 
line charges without symmetry were deduced, which makes it 
possible to model channels with arbitrary orientation and 
location in space, i.e. to model tortuosity and/or branching 
[22][23]. 

The input parameters of the Bi-Leader model are listed in 
Table 1 and Figure 2 presents the complete model. All of these 
were set to a specific value according to experimental data and 
estimations reported in the literature. However, the cloud 
charge density (ρV) was established variable and its wide range 
of variation allows regulating the total charge deposited on the 
downward leader channel, something that enables controlling 
the prospective peak current of the return stroke, as explained 
in [22] and [23]. 

 

Table 1. Input parameters of the model 

Parameter Symbol Established  
Value 

Values Reported  
in Literature  

Cloud charge 
density [nC/m3] ρV 0.01 - 3 ≤ 10 

Cloud radius 
[km] R 2 2-6 

Leader channel 
radius [m] r 3 0.5 – 5 

Negative charge 
center height 

[km] 
Hn 6 3-7 

Positive charge 
center height 

[km] 
Hp 11 8-12 

 

 
Figure 2. Leader model 

 

B. Model results 
Results for straight downward leader channels were 

presented in [23] and a good agreement with previous works 
was found for the charge density in the lower part of the 
stepped leader, dart leader electric fields at ground level, 
stepped leader electric fields waveforms, average leader 
current, leader potential and striking distance to flat ground.  

In addition, based on studies and field observations of the 
trajectory of natural negative discharges [4,26-28], several 
cases were simulated by randomly generating downward 
stepped leader channels, following the procedure described in 
[22]. This was made in order to evaluate the effect of the 
tortuosity and branching of the downward leader on some 
important parameters, such as charge distribution along the 
leader channel and striking distance.  

The charge distributions along tortuous and branched 
downward leader channels were calculated and compared to 
the distributions obtained when assuming straight channels. As 
can be seen in Figure. 3a, for tortuous channels without 
branches the charge density along the channel is similar during 
its propagation, but as the leader approaches the ground, the 
charge on the lowest tens of meters of the tortuous channels 
becomes higher. This increase in charge on the leader tip 
depends on the degree of tortuosity of the channel (the more 

Hp 

Hn 

R 



tortuous, the higher the increase) and it can be up to 20% for 
peak currents between 5 and 100 kA. Nevertheless, the straight 
channel approach is acceptable for estimating the charge 
distribution of tortuous channels without branches. 
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Figure 3. Charge distribution along the downward stepped leader for a 
downward tortuous channel without branches (a) and a tortuous channel with 
3 branches (b). (solid: straight channel, dotted: tortuous or branched channel). 

On the other hand, for branched channels, the charge 
density on the main channel of downward branched leaders 
decreases significantly with respect to a straight channel. This 
is because the total downward leader charge is distributed 
along the main channel and its branches; therefore, the charge 
on the former is reduced. It is worth noticing that if the leader 
branches are neglected, the charge density of the main channel 
and its tip is overestimated, as shown in Figure 3b for a channel 
with three branches. Also, the charge reduction on the main 
channel of branched leaders increases with the number of 
branches and for a range of peak currents between 5 and 100 
kA, such a reduction was estimated between 10% and 60% for 
2 branches, and between 20% and 80% for 3 branches, this 
amount of branches being the 50% of the Eriksson’s 
observations [24]. Thus, the estimation of the charge 
distribution along branched leaders by means of a straight 
channel modeling, may produce significant errors and it may 
be considered incorrect. 

Finally, The Striking Distance (SD) to flat ground was 
estimated for tortuous channels without branches and channels 
with 2 and 3 branches. It was found that the SD to flat ground 
calculated with a straight leader channel might be slightly 
overestimated for peak currents lower than 80 kA, but this 
approximation of the channel geometry is acceptable for 
estimating the average SD of tortuous downward channels, as 
shown in Figure 4. 
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Figure. 4 Striking distance to flat ground (solid: straight channel, circles: 

tortuous channels, crosses: channels with 3 branches) 
 

However, The average SD for branched leaders was 
reduced by around 40% for 2 branches and 50% for 3 branches 
(see Figure 4), the greatest differences being for peak currents 
between 20 and 60 kA. This reduction of the striking distance 
to flat ground, when considering the branching of the 
downward leader, implies a decrease of the attractive effect of 
the ground and the minimum values of the SD. Thus, this can 
affect the performance of lightning protection systems and it 
could offer an explanation to unexpected strikes observed on 
transmission lines or buildings. 

III. ESTIMATION OF THE GROUND 
Taking into account that Lightning is a transient 

phenomenon and given that ground has to be considered for 
making analysis, some measurements were developed in order 
to get the variation of the electrical parameters (resistivity and 
permittivity) with frequency. Tests were carried out by means 
of a concentric spheres setup. One type of sand was used as 
sample and three different humidity values were tested. Sample 
was feed by a voltage impulse, the current was recorded in 
order to compute the impedance and therefore resistivity and 
permittivity could be computed taking into account the setup 
geometry [40] , [45]. 

Based on results, resistivity and permittivity show a 
decreasing trend with increasing frequency; reduction for 
resistivity reached up to 55%, comparing values at 103 and 106 
Hz, while reduction for permittivity is greater, because it was 
up to 50 times for same frequency range [42] (see Figures 5 
and 6).  
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Figure 5. Frequency variation for resistivity of a type of sand 
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Figure 6. Frequency variation for permitivity of a type of sand 

 
In order to quantify how these reductions can affect the 

grounding systems design, the hybrid electromagnetic method 
(HEM) was implemented in software for computing transient 
voltages for any configuration of grounding systems made of 
straight thin wire conductors [42], [44]. Software was widely 
validated by means of experimental results [42], [43], other 
models [41][42] and software described in [40][42].  

Based on results of software, an overestimation of 
grounding systems design was found; overestimation can reach 
up to 20% (peak value) for low humidity levels and 10% for 
medium humidity values, when frequency variation is not 
considered [42]. 

Recently, an analysis of common configurations of 
grounding systems considering the frequency variation of soil 
parameters and its comparison to the homogenous soil case 
was presented [46]. 

Results shown that the differences between constant 
parameters and frequency dependent models for resistivity 
values are higher at high frequencies. This characteristic is the 
main reason of differences between peak values in transient 
voltage waveforms. The higher the resistivity, the higher the 
differences. For the same reason, differences in the tail portion 
of the waveform are not significant; in this case, the transient 
voltage is governed by low and medium frequencies signals. 
The final conclusion was that the operating grounding systems 
could be oversized when considering its transient behavior 
[46]. 
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Figure 7 – Simulated GPR of horizontal cable for high resistivity values (6000 
Ω-m). 

 
Based on previous results and taking into account the 

experience of many years, future studies can be carried out to 
get equations to represent frequency variations of soil 
parameters, because the existing equations of the literature 
cannot represent adequately different types of soil and their 
geophysical conditions. As well, is mandatory to include these 
frequency variations in transient models associated with 
lightning phenomenon to compute the behavior of systems and 
devices. 

IV. CONCLUSIONS  
A model of the lightning leader channel was developed and 

presented in this work. The simplifications and assumptions 
made in the modeling were based on previous works and 
measurements, something which support such assumptions. 

Some of the most important advantages and contributions 
of the Bi-Leader model are the following: 

• The bipolar/bidirectional concept is a better approach to the 
real phenomenon and it has better physical support than the 
typically used unipolar/unidirectional concept. Moreover, 
the upward branching is a better approximation to the real 
lightning structure inside the cloud. 

• The model can be applied to either the stepped or the dart 
leader stage, even though the main application presented in 
this work and in the Part II is to model stepped leaders. 



• All the results can be expressed as a function of the 
prospective return stroke peak current, which is very useful 
for practical applications and comparisons. Thanks to this, 
it is also possible to model random cases based on the peak 
current probability distributions measured in any region, 
just like Monte Carlo Simulations. 

• The model makes it possible to simulate randomly 
generated tortuous and/or branched channels. These are 
similar to the real macroscopic geometry of lightning, in 
aspects such as the step length, the change of direction of 
the leader in 3D and the branching angle. 

• The estimation of the charge along the leader branches 
allows evaluating the influence of the branching on the 
most relevant lightning parameters. Also, the charge per 
unit length obtained with the present model may be used as 
input data for RS models when assuming tortuosity or 
branches. 

• The model allows estimating several electrical parameters 
of the discharge (potential, current and electric field, among 
others) for both stepped and dart leaders. This can be useful 
in many physics and engineering applications. 

On the basis of the analysis carried out, it is possible to 
draw the following conclusions: 

• It is acceptable to assume straight channels to model 
tortuous leaders without branches. 

• The results obtained when assuming branched channels and 
a straight one show significant discrepancies; thus, 
simplified models without branches are not considered 
valid representations of natural branched discharges, since 
such models may lead to significant errors.  

• The effect of downward leader branches greatly influences 
the lightning attachment process, as could be seen by 
evaluating the SD to flat ground. Therefore, disregarding 
the leader branching may give rise to a faulty evaluation 
and designing of the lightning protection system. 

• The reduction of the striking distance to flat ground caused 
by the effect of the downward leader channel branching 
implies a decrease of the attractive effect of the ground and 
the minimum values of the SD. This finding can offer an 
explanation to unexpected lightning strikes on transmission 
lines and other structures, something which must be 
thoroughly studied in a future work. 
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