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Abstract ─ Electromagnetic pulses produced by 

lightning return strokes travel long distances both 

aboveground and underground. This study investigated 

the effects of return stroke parameters on electromagnetic 

propagation over lossy ground. The lightning return 

stroke channel was modeled using the Modified 

Transmission Line with Exponential Decay (MTLE) 

model. Electromagnetics was modeled using a frequency 

domain solver in the form of finite element analysis via 

COMSOL software. The studied stroke current 

parameters were peak, rise time, and decay time. In 

addition, the effects of soil water content was studied. 

Aboveground and underground electric and magnetic 

fields followed and were directly affected by the 

lightning current waveshape. The underground fields 

were affected by soil water content. In contrast, the 

aboveground fields are not affected by water content 

except for the radial electric field. 

 

Index Terms ─ Current parameters, EMF, FEA, lossy 

ground, water content. 

 

I. INTRODUCTION 
Lightning is a vigorous natural phenomenon that has 

significant effects on human lives and systems such as 

power supply, communication, etc. Among the three 

lightning types, namely, cloud-to-ground, cloud-to-

cloud, and intra-cloud, cloud-to-ground lightning poses 

the most significant threat to the above systems [1]. 90% 

of the cloud-to-ground lightning produces return strokes 

with negative current. During the last decade, many 

studies have calculated the electromagnetic fields 

radiated by these return strokes [2-5]. Ground properties 

are known to affect not only the lightning discharge flow 

in soil [6, 7] but also electromagnetic field propagation 

and computed fields at a given distance from the 

lightning source [8-12]. 

The two main ground properties investigated in this 

study were soil conductivity and permittivity. Most 

previous studies considered soil conductivity and 

permittivity as constant or frequency independent. It is 

noted that a correct computation of lightning 

electromagnetic fields requires proper soil modeling. 

Several soil models [7] with frequency dependency were 

proposed by Scott [13], Smith-Longmire [14], and 

Visacro-Alipio [15]. 

An attempt to consider frequency dependent soil 

conductivity and permittivity in the computation of 

electromagnetic fields was proposed by Delfino [16]. 

Delfino uses an improved numerical solver based on 

Maxwell equations to compute the field [16]. Later, 

several other researchers studied the effects of frequency 

dependent soil on electromagnetic fields using frequency 

domain solvers [17-20]. However, the full effects of 

lightning current magnitude, lightning current shape, and 

soil water content on electromagnetic field characteristics 

are not fully understood. 

The accurate evaluation of the electromagnetic 

fields propagated by nearby lightning strikes is important 

in determining lightning induced voltage into power 

systems. The aim of this paper is to study the effects of 

lossy ground and various lightning current parameters, 

such as the peak, front times, and decay time, on the 

EMF characteristics at a given location. Finite element 

analysis was used for simulation. Four lightning currents 

with different magnitudes and shapes were considered. 

The effects of soil water content on EMF characteristics 

were also studied. 

 

II. METHODOLOGY 
The methodology of this study is comprised of four 

parts, namely, specification of energizing currents, 

modeling of the return stroke, modeling of the soil, and 

modeling of electromagnetic field propagation. Each of 

these are described below. 

 

A. Return stroke current at base of the channel 

An analytical expression was adopted to represent 

the lightning current at the base of the return stroke 

channel, as originally proposed by Heidler [21] and 

modified by Diendorfer and Uman. Mathematically, the 

return stroke current is given as i (z, t), where z is the 
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channel height. At the bottom of the channel, the current 

is described as [22]: 

        𝑖(0,𝑡) =
𝑘1(

𝑡

𝛤11
)

𝑛1

1+(
𝑡

𝛤11
)

𝑛1 𝑒
(

−𝑡

𝛤12
)

+
𝑘2(

𝑡

𝛤21
)

𝑛2

1+(
𝑡

𝛤21
)

𝑛2 𝑒
(

−𝑡

𝛤22
)
,       (1) 

where     𝑘1 =
𝑖01

𝜂1
⁄  ,     𝑘2 =

𝑖02
𝜂2

⁄ , 

where i01 and i02 are the amplitudes of the current 

components, Γ11 and Γ12 are  the front time constants, Γ21 

and Γ22 are the decay-time constants, n1 and n2 are 

constants, and η1 and η2 are the amplitude correction 

factors. The corresponding values used in this study were 

categorized as cases 1 to 4 as shown in Table 1. Figure 1 

shows the generated lightning currents for all 4 cases. 
 

Table 1: Heidler parameters for lightning return stroke 

adopted from Diendorfer and Uman [22, 23] 

Case 
𝒊𝟎𝟏 

(kA) 
𝜞𝟏𝟏 
(µs) 

𝜞𝟏𝟐 
(µs) 

𝒊𝟎𝟐 
kA 

𝜞𝟐𝟏 
(µs) 

𝜞𝟐𝟐 
(µs) 

n1 & 

n2 

1 19.5 1 2 12 8 30 2 

2 17 0.4 4 8 4 50 2 

3 10.5 2 4.8 9 20 26 2 

4 10.7 0.25 2.5 6.5 2 230 2 

 

 
 

Fig. 1. Lightning current waveforms for four return 

stroke parameter cases (detailed parameters are given in 

Table 1). 

 

B. Current distribution along the channel 

Currents along the channel were implemented using 

the modified Transmission Line with Exponential Decay 

(MTLE) return stroke model. In this model, the channel 

base current was used to calculate currents at different 

channel heights. Current distribution along the channels 

in time domain is specified as: 

         𝑖(𝑧, 𝑡) = 𝑖(0, 𝑡 − 𝑧
𝑣⁄ ) 𝑒−(

𝑧

𝑎
)
, (2) 

where i(z, t) is the channel current at height z, v denoted 

the return stroke speed, and α is the height dependent 

decay constant. Using a Fourier transform of i(z, t) we 

get: 

      𝐼(𝑧, 𝜔) = 𝐼(0,𝜔) 𝑒−(
𝑧

𝑎
) 𝑒−𝑖𝜔(

𝑧

𝑣
)
. (3) 

Equation (3) was then used in the frequency domain 

solver. 

C. Soil model 

Based on the soil equivalent network formula of 

Smith and Longmire (SL) [14], the relative frequency 

domains permittivity and conductivity are written as: 
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where, 

             𝜎𝑜 = 8𝑒 − 3 (
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)

1.54

, (6) 

   𝑓𝑖 = 10𝑖−1  (
𝑝

10
)

1.28

, (7) 

where ε∞ , εo, and σo are permittivity at high-frequency, 

permittivity of free space, and initial conductivity, 

respectively. ai and fi are coefficients that have a good  

fit with the measurement results, and ω is angular 

frequency (with a frequency range from 100 Hz to 5 

MHz). Table 2 shows ai coefficient values for varying i 

values, which were used to define the soil relative 

permittivity and conductivity for different soil water 

contents. 
 

Table 2: Coefficient 𝑎𝑖 of Smith and Longmire 

expressions adopted from [14] 

i 𝒂𝒊 i 𝒂𝒊 i 𝒂𝒊 i 𝒂𝒊 

1 3.4E6 5 5.26E2 9 4.8 13 0.173 

2 2.74E5 6 1.33E2 10 2.17   

3 2.58E4 7 2.72E1 11 0.98   

4 3.38E3 8 1.25E1 12 0.392   

 

Based on Smith and Longmire’s soil model, soil 

properties can be defined for any percentage of soil water 

content using the initial conductivity value and fi 

coefficient. 

 

D. Electromagnetic propagation model 

COMSOL software’s Radio Frequency (RF-

Module) was used for analysis [24] as it allows the 2D 

and 3D calculation of electromagnetic fields along 

passive and active devices. All models were based on 

Maxwell’s equations and material laws for propagation 

in different media. In particular, the electromagnetic 

wave solver of the RF module, which is based on the 

finite-element solution of the weak-form representation 

of the frequency-domain wave equation of the magnetic 

vector potential [24] was used.  

The electromagnetic propagation model was 

divided into three media channels: air, ground, and 

lightning. The electric parameters of air are given as  

σ = 0, εr = 1, while the ground was considered to  

have frequency dependent conductivity σ(f) and relative 

permittivity ε(f). In this model, the 2D axisymmetric 

formulation was utilized to model flat ground with a 

vertical lightning channel, and each medium was meshed 
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by triangular prisms based on FEA theory. Maximum 

element mesh sizes were limited to the skin depth δ and 

minimum wavelength λmin (associated with maximum 

working frequency fmax). The maximum length of  

each element was smaller than (λmin/6). To avoid large 

computational requirements and inefficient matrix 

systems in the FEM formulation due to large model 

dimensions, a thin wire was used to represent the 

lightning channel. The conductor wire was reasonably 

modeled as a sequence of mesh edges [17, 20] with a 

maximum edge length of (λmin/10). 

Electromagnetic wave and frequency domain 

interfaces were used to solve time-harmonic 

electromagnetic field distribution. This physics interface 

solved the second-order vector wave equation for 

electric fields [21]: 

  𝛻 × (𝜇𝑟
−1 𝛻 × 𝐸) −

𝜔2

𝑐2  (𝜀𝑟 − 𝑗
𝜎

𝜔𝜀0
)  𝐸 = 0,       (8) 

while the magnetic field was determined using the first 

Maxwell equation: 

                            𝛻 × 𝐸 = −𝑗𝜔𝜇𝑟𝜇𝑜𝐻,                      (9) 

where E, and H are the electric and magnetic fields. The 

variables μr, εr, and σ are relative permeability, relative 

permittivity, and electric conductivity, respectively; ω is 

angular frequency, c is propagation speed of light, and 

∇× is the curl of the vector variables.  

In COMSOL, the soil–air interface used natural 

Neumann conditions expressed as: 

−𝑛 × [(𝜇𝑟
−1 𝛻 × 𝐸)𝑆𝑜𝑖𝑙 − (𝜇𝑟

−1 𝛻 × 𝐸)𝐴𝑖𝑟  

             =   𝑛 × 𝑗𝜔𝜇𝑜(𝐻𝑆𝑜𝑖𝑙 − 𝐻𝐴𝑖𝑟) − 𝐽𝑠 = 0,        (10) 

where ESoil and EAir are the electric fields at the soil–air 

interface, HSoil and HAir are the magnetic fields at the 

same interface, Js denotes surface current density, and n 

is the unit normal vector directed from soil to air. To 

prevent the electromagnetic wave from being reflected 

off of boundaries, a Perfect Match Layer (PML), 

(available in the frequency domain RF module) was 

used. PML width is equal to (2 λmin) [24]. 

The electromagnetic field radiated by the lightning 

channel is defined by three components, the vertical 

electric field (Ez), the radial electric field (Er), and  

the azimuthal magnetic field (Hϕ). The electromagnetic 

component was obtained in the time domain using the 

inverse Fourier transform. 

Table 3 lists the parameters used to calculate current 

along a lightning channel and other simulation details 

[17]. Figure 2 shows the FEA simulation model 

consisting of lightning channels for the ground, air, and 

Perfectly Matched Layers as well as the generated FEA 

mesh. 

Figure 3 illustrates the flow chart of the 

computational procedure for modeling the 

electromagnetic propagations over lossy ground.  

 

 

Table 3: Parameters used for return stroke model and 

electromagnetic computation  

Parameters/Symbols Values 

Return stroke speed v, [m/s] 1.3 x 108 

Range of frequency f, [Hz] (0 – 5 x 106) 

Number of samples 1024 

Lambda 𝜆, [m] 60 

Decay constant 𝛼, [m] 2000 

Max. Mesh size, [m] (𝜆/fmax) = 30 

Min. Mesh size, [m] 0.07 

Height of lightning channel [m] 7000 

Width of the model [m] 4500 

Depth of ground [m] 1000 
 

 
 

Fig. 2. Lightning channel and electromagnetic model 

containing ground, air, and Perfectly Matched Layers 

(PML) as well as the generated FEA mesh. 
 

 
 

Fig. 3. Flow chart of the numerical solution. 

 

III. RESULTS AND DISCUSSION 
This study simulated the effects of lightning current 

parameters and soil water content on computed 

electromagnetic fields. 

 

A. Effects of lightning current parameters  

Figure 4 shows the resultant radial and vertical 

components of the electric field and the azimuthal 
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 component of the magnetic field for lossy ground for 

four lightning return stroke currents. The observation 

point was located 10 m above ground and 50 m from the 

lightning channel. It was observed that the measured 

aboveground electric and magnetic fields followed  

and were directly affected by the lightning current 

waveshape. With proper calibration, the measurement of 

these aboveground fields enables us to determine the 

magnitude and shape of a lightning current source. 

 

 
   (a) 

 
      (b) 

 
    (c) 

 

Fig. 4. Variation of electromagnetic components over 

lossy ground for: (a) Radial component of the electric 

field (Er), (b) vertical component of the electric field 

(Ez), and (c) azimuthal component of the magnetic field 

(Hɸ). 
 

Figure 5 shows the effect of lossy ground on the 

radial and vertical electric fields and the azimuthal 

magnetic field for all lightning return stroke currents. 

The observation point was located 10 m belowground 

and 50 m from the lightning source. It was observed that 

the measured underground radial electric and magnetic 

fields followed and were directly affected by the 

lightning current waveshape. Similar to the aboveground 

case, the measurement of these two underground fields 

enables us to determine the magnitude and shape of a 

lightning current source. 
 

 
      (a) 

 
       (b) 

 
    (c) 

 

Fig. 5. Variation of electromagnetic components in lossy 

ground for: (a) Radial component of the electric field 

(Er), (b) vertical component of the electric field (Ez), and  

(c) azimuthal component of the magnetic field (Hɸ). 

 

B. Water content effect 

Figure 6 shows radial electric fields with water 

content for return stroke currents at locations 50 m from 

the lightning channel and 10 m above and below ground. 

It was observed that the water content impacted the 

underground currents magnitude and the pattern of  

the radial electric field until 10% soil water content.  

For water content above 10%, the field magnitude was 

approximately zero. Water content (up to 10%) increased 

the aboveground field. Increment amounts were 

dependent on current shape. 
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(a) 

 
(b) 

 

Fig. 6. Peak radial electric fields with water content for 

four return stroke cases 50 m from the lightning channel 

at: (a) 10 m aboveground and (b) 10 m below ground. 

 

Figure 7 shows variations in the above and 

underground vertical electric fields with water content 

for four return stroke currents 50 m from the lightning 

channel. It was observed that the water content impacted 

the underground currents magnitude and the pattern of 

the vertical electric field until about 10% soil water 

content. For water content above 10%, the field 

magnitude was approximately zero. Unlike the radial 

field, water content did not affect the aboveground 

vertical field. 

Figure 8 shows variations in above and underground 

azimuthal magnetic fields with water content for four 

current cases 50 m from the emitting source. It was 

observed that the underground magnetic field linearly 

decreased when increased water content from 1 to 100%. 

The decrement amount depended on current shape. For 

the vertical electric fields, the aboveground magnetic 

field remained unaffected by water content. 
 

 
(a) 

 
(b) 

 

Fig. 7. Vertical electric fields with water content for four 

return strokes determined 50 m from the lightning 

channel at: (a) 10 m aboveground and (b) 10 m 

belowground. 

 

 
(a) 

 
(b) 

 

Fig. 8. Azimuthal magnetic fields with water content for 

four return strokes determined 50 m from the lightning 

channel at: (a) 10 m aboveground and (b) 10 m 

belowground. 

 

Results showed that the waveforms of the electric 

and magnetic fields have similar patterns to the return 

stroke current waveform above/belowground, with the 

exclusion of underground vertical electric field. Hence, 

the waveform shape for the vertical electric field was 

mainly affected by soil conductivity frequency 

dependency [17]. 

For all return stroke cases, the peak value and 

pattern of the three electromagnetic components 

behaved differently due to soil electrical parameters. 

Hence, the peak values of the radial electric field 

increased with increased soil conductivity and decreased 
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permittivity (higher water content according to [14]).  

In contrast, the underground fields were dampened, 

especially for soil water contents greater than 10%. The 

peak values for underground vertical electric fields were 

significantly affected by soil electric parameters. The 

aboveground fields were unaffected by increased water 

content. Differences were found in the behavior of peak 

values between return strokes.  

Simulation results were based on the 

electromagnetic model presented by Akbari [17] and 

different solver techniques in [16, 19]. The electric and 

magnetic fields results of case 4 are in good agreement 

with those presented in [16, 17] for both above/ 

belowground for various distances from the lightning 

channel. Using case 4 as reference, other cases were 

evaluated over different soils. 
 

IV. CONCLUSION 
The shape and magnitude of above and 

belowground electric and magnetic fields were directly 

affected by the lightning current waveform. The 

measurement of the lightning electric and magnetic field 

waveforms enables us to determine the magnitudes and 

shape of a lightning currents source. Underground fields 

were found to be affected by 0.5% to 100% soil water 

content. The effect was more dominant for the azimuthal 

magnetic field (up to 100% water content) compared to 

the radial and vertical electric fields, which were only 

affected by up to 10% soil water content. In contrast, 

aboveground fields were not affected by soil water 

content, except for the radial electric field (up to 10% 

water content). 

Soil water content had various effects on 

electromagnetic component peak values for the four 

return strokes. There was no significant differences in 

the effect of water content for the aboveground return 

strokes. For the underground fields, all three 

electromagnetic components behaved slightly different 

at different soil water contents. Electric fields were 

almost constant after 10% of water content, while the 

magnetic field continually decreasing with increases in 

water content up to 100%. 
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