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Three electromagnetic models of the lightning return stroke current have been considered in this 
paper. In these models the lighting channel representations are based on the use of an artificial 
medium. The presented results are obtained using the Finite-Difference Time-Domain method 
in three dimensions (3D-FDTD, based on Taflove formulation to solve Maxwell’s equations. 
This allows obtaining the lightning return stroke current and the electromagnetic fields 
waveforms. These results are compared to others taken from specialized literature notably 
measured data. Against this comparison, it appears that the proposed approach, yields to 
reasonably accurate waveforms of close electromagnetic fields and spatiotemporal lightning 
return stroke current. 
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1. Introduction 

 

In lightning studies notably those relative to the effects of lightning on power and 

telecommunication systems we commonly use different mathematical models of the 

lightning return stroke current in order to identify its characteristics like waveform, 

amplitude and speed. These models are classified into four classes namely: gas dynamic 

models, electromagnetic models, RLC models, and “engineering models”. Electromagnetic 

models are new and suitable to analyze the lightning current and the associate 

electromagnetic field components. This class of models involves solving of Maxwell’s 

equations to obtain the spatiotemporal distribution of  the lightning return stroke using 

numerical methods such as the moment method (MoM) in time domain (Van Barcium and 

Mailler[1]),  the moment method in frequency domain (MoM) (Harrington [2])  and the 

finite differences method in time domain (FDTD) (Yee [3]). The MoM method in time 

domain was used by Moini and al. [4] to have a numerical solution of the electric field 

integral equation and for having the distribution of the current stroke along the lightning 

channel. Shoory and al. [5] employed the MoM method in frequency domain for a vertical 

resistive wire excited by a lumped current source to analyze the lightning current while the 

FDTD method was used by Baba and Rakov [6]-[7]-[8]-[9]-[10] for  the specification of the 

time-space distribution relative to the lightning current and its associate electromagnetic 

fields. 

   The FDTD method employs a simple way to discretize the   entire   work   space into 

small cubic or rectangular parallelepiped cells for the computation of electromagnetic field 
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components and the lightning return stroke current distribution. This work needs a special 

lightning channel representation taking into account the current wave propagation velocity 

specification and a specification of the excitation sources.  It is to highlight that Baba and 

Rakov have classified, in various works, the lightning channels into seven types and the 

excitation sources into four types [6]-[7]-[8]-[9]-[10].       

Otherwise, the lightning return stroke current speed value is not presented in Maxwell’s 

equations solved by numerical methods applied in lightning current electromagnetic 

models. Thus, in order to have this speed, researchers were brought to adopt many lightning 

channel representations. Among these representations we can notice the use of an artificial 

medium with a relative permittivity higher than the air one. This allows us to have a 

lightning current speed slower than the light velocity.      

     In this regard, we propose in this paper to investigate, by simulation, the effect of the use 

of an artificial medium on the lightning return stroke current and the associated 

electromagnetic field components. The study is based on the implementation of the Taflove 

formulation in the 3D-FDTD method and the uniaxial perfectly matched layer (UPML) 

boundary conditions [11] (see the appendix). Three kinds of lightning channel 

representations have been considered having the same value of relative permittivity and 

differenced in the size of the area occupied by the artificial medium or the magnetic 

permeability value.   

The paper is structured as follows. In the first part we present the methodology used to 

specify the three cases of lightning channel representations adopted in this synthesis. The 

second part is devoted to the result’s presentation. Thus, we firstly present a comparison 

between lightning return stroke current waveforms. The effect of the presence of an 

artificial medium on the associated electromagnetic field components is given secondly. 

For validation needs, we compare the electromagnetic field wave shapes to measurements 

(taken from literature). Otherwise, to obtain the space-time distribution of the lightning 

current and the associated electromagnetic field components, it was necessary for us to 

develop on Matlab environment a 3D computation code. Finally conclusions are drawn 

about the relevance of the proposed study. In the appendix we give a review on the Taflove 

formulation in the 3D-FDTD method and on the UPML boundary conditions [11]. 

 

2.  Lightning return stroke channel 

 

    Baba and Rakov [6]-[7]-[8]-[9]-[10] have classified  the electromagnetic models relative 

to  lightning return stroke into seven types depending on the lightning return stroke channel 

representation. These types are: 

    1) Perfectly conducting/resistive wire in air above the ground. 

    2)  Wire loaded by an additional distributed series inductance in air above the ground. 

    3)  Wire surrounded by a dielectric medium (other than air) that occupies the half 

space above ground. 

    4)  Wire coated by a dielectric material in air above ground. 

    5)  Wire coated by a fictitious material having high relative permittivity and a high 

relative permeability in air above the ground. 

    6) Two parallel wires having additional distributed shunt capacitance in air. 

    7)  Phase current source array in air above the ground. 

 

Among these seven electromagnetic models we chose the following models (Fig.1): 
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- Model 1: lightning channel considered as a vertical wire of 0.2 m radius. The latter is 

surrounded by a dielectric medium of permittivity �� = 4.12 (greater than 1) occupying 

the entire half space above a flat ground. 

- Model 2: a vertical wire embedded in a parallelepiped having a permittivity  �� = 4.12. 

- Model 3: a vertical wire embedded in a parallelepiped having a permittivity �� = 4.12 

and a permeability µ r = 4.12. 

 

    Note that these models have been used by Baba and Rakov [6]-[7]-[8]-[9]-[10] in their 

2D and 3D FDTD computation of the lightning current distribution only, based on the 

algorithm of Yee associated to Liao’s and the perfectly matched layer (PML) boundary 

conditions. They have been also used by Moini and al. [4] in their lightning 

electromagnetic field calculation based on the achievement the MoM method in time 

domain. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1  Three  representations  of the lightning  return  stroke channel above a perfectly conducting 

ground excited at its bottom  by  a current  source:  (a)  Model 1, (b)  Model 2    and (c) Model 3. 

 

    The speed of the return stroke current wire along the lightning channel which is 

represented by a wire loaded by an additional distributed series inductance is related to the 

relative permittivity by the following relation [8]: 

 

� = 	
√��                                                                                                                     (1) 
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�� : Relative permittivity 

c :   The light speed.     

     In the electromagnetic models achievement related to lightning current modeling, it is 

necessary to represent the channel base current and to excite at its bottom the vertical wire 

modeling the lightning channel before beginning the electromagnetic field computation.  

 

     Lightning channel excitation methods used in electromagnetic models can be resumed as 

follows [9]-[10][12]: 

 

    1) Closing a charged vertical wire at its bottom with specified impedance; 

    2) A lumped voltage source; 

    3) A lumped current source; and  

    4) A phased current source array. 

 

3. Presentation of results 
 

3.1 Simulation Principle 

      

In this study the lightning return stroke channel is represented by a vertical wire placed 

at the center of a horizontal perfectly conducting plane and excited at its bottom by a 

current source. The later is represented by three kinds of electromagnetic models (Fig. 1(a)-

(b)-(c)).   

     The study is divided into two parts. In the first one we analyze only the return stroke 

current space-time distribution along the lightning channel using three electromagnetic 

models, illustrated in Fig. 1. The second part of this study is reserved to the lightning 

electromagnetic field components computation based on the three electromagnetic models 

listed before.  

    

     The wire representing the lightning channel has a length of 4 km. This wire is placed in 

a working volume of 90 m x 90 m x 4000 m, which is divided into rectangular 

parallelepiped cells of 1.5mx 1.5m.10m. In this way a vertical wire has an equivalent radius 

of 0.2 m     (req = 0.135 x ∆x, according to Taniguchi and al [13]-[14]). We can notice that 

the 1.5 m small lateral side length of cells is chosen for computing fields at 15 m from the 

source (10 cells)  and the vertical space segment length: ∆z = 10m is used to minimize the 

3D-matrix size used in our computation code in other to decrease the computation time. 

Uniaxial perfectly matched layer (UPML) boundary conditions are set at the top and sides 

of the working volume. The time increment was fixed to 2 ns. 

 

     Finally, in the second part of this section, we compare our results, consisting of the 

lightning electromagnetic field components, with measurement results presented by Izadi 

and al [15]. 

 

3.2 Lightning channel current distribution 

  

Each vertical wire shown in Fig. 1 is excited at its bottom by a lumped current source, 

this latter produce a current waveform having a peak of 16 kA and a rise time of 0.7 µs. 

Note that the channel-base current waveform shown at Fig. 2(a)-(b)-(c), at distance of 0 m, 

is calculated using Heidler function (Eq. (2)) applied to the subsequent return stroke and 
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using parameters recorded in Table 1. It should be noted, however, that these parameters 

values have been taken from reference [15] since we compare our results with those 

presented in this reference. 

�0, �� = ���
��

�� ���� ���
���� ���� ��� � ! " #�

��$% & ��$
�$

�� �$�� ��$
���� �$�� ��$ � ! "#�

�$$%                                                                 (2) 

 

Where: 

 

i01, i02   :  are the current amplitudes.  '��, '�( : are the front time constants.                                    '(�, '(( : are the decay time constants.   

n1, n2      : exponents. 
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Table 1:  Lightning channel base current parameters 

 
i01 

(kA) 
'�� 

(µs) 

'�( 

(µs) 

i01 

(kA) 
'(� 

(µs) 

'(( 

(µs) 

n1 n1 

14.8 0.244 2.77 6.86 4.18 40.66 2 2 

    The speed of the lightning return stroke current wave is equal to 1.4752.108 m/s [15] 

(lower than the light velocity: 3.108 m/s) for this reason we took the artificial medium 

permittivity /0 = 1. 23. Note that this latter has been calculated using Eq. (1). 

 

3.3 Lightning current waveforms comparison  

 

    Figure (2) present a comparison between results, obtained by the achievement of the 3D-

FDTD method and EM models. These results consist in current waveforms which are 

plotted at different lightning channel heights namely: 0 m, 250 m, 500 m, and 750 m.  

 

 

 

 

 

 

 

 

  

 
 

 

(c) 

 

 
(b) 

(a) 

Fig. 2 Current waveforms calculated at different heights using the 3D-FDTD method and EM models: 

(a) Model 1 (b) Model 2 (c) Model 3 
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3.4 Electromagnetic field waveforms comparison 

      In this section, we compare the electromagnetic field waveforms, obtained by the 

achievement of electromagnetic models for the lightning current and the 3D FDTD method 

for the computation of the associated electromagnetic fields, with those obtained using field 

measurements taken from reference [15].  

 

Thus in Fig. 3 and 4, we present the calculated electromagnetic field waveforms. In the 

same figure, we present also the measured fields collected from a triggered lightning 

experiment in Florida, USA [15]. In Fig. 3(a), the vertical electric field waveforms 

measured at the surface of ground and at distance of 15 m from the lightning channel are 

presented while in Fig. 3(b), the vertical electromagnetic field waveforms calculated at the 

surface of a flat perfectly conducting ground and at distance of 15 m from the lightning 

channel are plotted.  

 

  

(a) (b) 

Fig.3. Vertical electric field waveforms calculated and measured at distance 15 m: 

(a) Measured field [15], (b) 3D-FTD calculated fields using electromagnetic Models. 
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(a) (b) 

Fig.4. Calculated and measured magnetic flux densities waveforms at distance 15 m : 

(a) Measured waveform [15],    (b) calculated waveforms 

Furthermore, we also computed the magnetic flux density waveforms at distance of 15 m 

from the lightning channel using Model 1-2-3 (without additional resistance). The obtained 

waveforms are presented in Fig. 4(b) while in Fig. 4(a) the measured waveforms at the 

same distance from the lightning channel, taken from reference [15] are presented for 

comparison needs.  

 

4. Discussion  

 

  According to result presented in Fig.2 (a) the speed of lightning return stroke obtained 

using Model 1 is equal to 1.4752.108 m/s, whereas if we use Model 2 this speed is equal to 

2.38. 108 m/s. The exploitation of Model 3 gives a speed of 1.7857.108. It is clearly 

remarked from this lightning return stroke speeds values that the use of all three models 

provides a speed value lower than the light velocity (3.108 m/s). However, the speed 

calculated using Model 1 is close to the one presented in reference [15]. As shown in Fig. 2 

(a)-(b)-(c), there is a difference in the rate of attenuation of each waveform; this one is 

affected by the size of artificial medium and the values of permittivity and permeability. 

The comparison between simulation and measurement results presented in Fig.3 shows 

that the lightning vertical electric field waveform, calculated using Model 1, is more 

affected when the artificial medium occupies the entire half space of the working volume 

(or more than the half space). So for this reason researchers avoid the use of this model in 

electromagnetic field analysis. Finally, the waveform obtained using Model 2 presents 

attenuation if we compare it to the measured one while the exploitation of Model 3, gives a 

satisfactory agreement between the computed lightning vertical electric field waveform and 

the measured one. 

 The analysis of the obtained simulation results of the magnetic flux density presented in 

Fig. 4 shows that the three used models give the same magnetic flux density waveforms 

with small differences in magnitudes. A good agreement is also observed between 

measured and calculated magnetic flux density waveforms. 

 

5. Improvement of the model 3 
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    Through the comparison presented in the previous discussion concerning the vertical 
electric field, it is remarked that the model 3 gives a satisfactory agreement with the 
measured results. However, these calculated results need an improvement to have a better 
agreement. This improvement can be obtained using two modifications. The first one is 
based on the adjustment of the permittivity and the permeability values relative to the 
artificial medium in order to obtain a return stroke current speed value equal to 1.4752.108 
m/s. The second change relates to the improvement of the vertical electric field waveform. 
This can be obtained by loading the vertical wire, representing the lightning channel, by 
resistances which allow the control of the return stroke current attenuation magnitudes. 

 

  

(a) (b) 

 Fig.5. Vertical electric field waveforms calculated and measured at distance 15 m: 

(a) Measured field [15], (b) 3D-FTD calculated fields using electromagnetic Models 3 

 

   In figure 5, we present calculated and measured waveforms of the vertical electric field. 

The comparison between these waveforms shows the interest of the modifications 

performed on the artificial medium parameters and on the lightning channel representation. 

Thus, the speed value of 1.47.108 m/s needs a relative permittivity value equal to 5.3 and a 

relative permeability value equal to 5.3 and a lightning channel representation based on a 

vertical wire loaded by a distributed series resistances of R = 0.35 Ω/m.  
 

   This good agreement between calculated and measured results, validate on the one 

hand our computation approach (based on the use of electromagnetic models associated to 

the Taflove formulation of the 3D-FDTD method) and secondly our calculation code 

developed on Matlab environment 

 

6. Conclusion 

    The 3D-FDTD method was employed to compute the lightning return stroke current and 

the associated electromagnetic field using electromagnetic models involving the use of the 

artificial mediums. This computation was performed by the achievement of the Taflove 

formulation and UPML boundary conditions. The influence of the artificial medium 

parameters (like permittivity, permeability and the size of the artificial medium relative to 

each electromagnetic model of the lightning current) on the speed and the waveforms of the 

lightning current and on the radiated electromagnetic fields has been examined in order to 

determine the most interesting electromagnetic model. Thus, according to the obtained 

results Model 1 has proved to be a good tool in the analysis of the lightning current. 

Unfortunately, this model is not recommended for the electromagnetic field computation. 
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Model 2 gave a big return stroke speed comparatively with that obtained by the 

achievement of Model 1 and 3 and produce the same feature of measured field but with 

attenuation in magnitude. Furthermore, the return stroke speed obtained using Model 3 is 

not much affected by the relative permeability change and this model has given a 

satisfactory agreement with measured result. This latter model was improved by the 

modification of the artificial medium permittivity and permeability and also the lightning 

channel representation to have a better agreement between calculated and measured vertical 

electric field waveforms. 

Finally, we can conclude after this survey that the use of the 3D-FDTD method 

associated to the Taflove formulation and the UPML boundary conditions has turned out to 

be a good way to analyze the lightning return stroke current distribution along the lightning 

channel and the electromagnetic field components. The 3D-FDTD developed code has been 

validated and allows us to study in the future more complex geometries involving lightning 

phenomenon. 

 

Appendix :Taflove formulations 
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Similar expressions can be derived for the remaining electric and magnetic fields 

components along y and z axes. 

 

With: 

I5( ) = "5
O%P . IPQ5                                                                                                        (A-5)                                               

85( ) = 1 + �85,PQ5 − 1�. "5
O%P

                                                                                    (A-6) 

                                 

IPQ5 = − (P��)R6�S(T)�
( � O                                                                                                     (A-7)                                         
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U(V) = �#( � 	WXY Z <(5) O5[�     (Reflection error)                                                              (A-8) 

  η=\µ

ε
                                                                                                                                    (A-9) 

 

d:  The UPML area thickness. 

x: A positive integer number corresponding to the layer’s number (0 <  < ^). 

 

    This approach based on the Taflove formulation was used in references [24]-[25]-[26]-

[27]-[28] in order to evaluate the lightning return stroke current and the associated 

electromagnetic field.   
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