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Abstract. Studying underground propagation effects of lightning electromagnetic fields in different geological environments
will contribute to more reasonable designs for protecting underground cables and electronic equipment. In this paper, we have
analyzed influences of different geological environments, depths and soil water content on underground propagation of lightning
electromagnetic fields in detail by using the finite difference time domain (FDTD) method in the 2-D cylindrical coordinate
system to calculate components of underground electromagnetic fields at a horizontal distance of 200 m, including vertical
electric field Ez, horizontal electric field Er and azimuthal magnetic field H𝜑. The results show that the underground electric
field is predominantly horizontal. Propagation of lightning electromagnetic fields in wet clay and wet limestone environment
changes significantly compared to freshwater environment. Attenuation is larger with depth in wet clay and wet limestone, while
propagation is unaffected in freshwater. When water content in soils ranges from 5% to 25%, the vertical electric field has the
largest attenuation and the azimuthal magnetic field has the least attenuation. The electromagnetic fields in clay are most sensitive
to changes in water content.
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1. Introduction

Propagation effects of lightning electromagnetic fields have direct or indirect impacts on the accuracy of
lightning positioning systems, inductive coupling of high-voltage transmission lines, and lightning surge
protection.Therefore,many theoretical calculations and practical applications of lightning electromagnetic
fields above ground have appeared in early studies. For example, Rubinstein proposed Cooray-Rubinstein
algorithm for calculating the horizontal electric field in arbitrary height [1]. Hill and Wait proposed the
concept of attenuation functions and developed Cooray–Rubinstein algorithm in frequency domain [2].
Izadi et al. proposed numerical expressions in time domain for calculating lightning electromagnetic fields
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at close and intermediate distances from lightning channel and validated them by measured data [3]. Baba
and Rakov used FDTD method [4] to calculate lightning electromagnetic fields at different distances and
lightning surge of overhead transmission lines [5]. Boumaiza et al. proposed a new method based on
FDTD method and Kirchhoff’s laws to deduce current and voltage induced by a lightning wave in every
node of the overhead line directly without using FFT [6].

However, a few systematic studies on underground propagation of lightning electromagnetic fields can
be found in the literature due to the complexity of underground environments and difficulties in establish-
ing a more reasonable model and measuring of underground electromagnetic fields. Previous researches
were primarily focused on analyzing effects of the ground stratification on underground lightning electro-
magnetic fields [7–10]. But these studies did not consider effects of changes in geological environments,
water content, soil dispersion, and other factors on propagation of underground electromagnetic fields.

In this paper, underground lightning electromagnetic fields are simulated by FDTD method in the 2-D
cylindrical coordinate system at a horizontal distance of 200 m. The influences of geological environ-
ments, different depths and soil water content on propagation of electromagnetic fields are systematically
analyzed. The results presented herein may provide theoretical guidance for protecting underground cables
and detecting underground electromagnetic signals.

2. Analysis method and computation model

2.1. FDTD Method

The FDTD method is used to solve Maxwell’s equations by converting partial differential equations
into difference equations and performing differential operations [4]. The differential equations for elec-
tromagnetic field components in the 2-D cylindrical coordinate system can be written in algebraic iterative
equations as follows:
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Fig. 1. Schematic diagram of the FDTD simulation domain in the 2-D cylindrical coordinate system.

Where, Er is the horizontal electric field, Ez is the vertical electric field, and H𝜑 is the azimuthal
magnetic field, Δt is the time increment, and Δr and Δz are the vertical and horizontal steps in the spatial
grid, respectively.

2.2. Computation model

The simulation region is shown in Fig. 1. In the figure, the working space of 1000 m × 8000 m is divided
uniformly into 1 m × 1 m square cells, and the time increment is set to 1.67 ns in order to fulfill the
Courant–Friedrichs–Lewy (CFL) stability criterion [11]. The soil thickness (between the ground surface
and the bottom absorbing boundary) is set to 100 m, and the channel height H is set to 7.5 km. The
upper, bottom, and right-side boundaries are represented by the first-order Mur absorbing boundaries [12]
in order to suppress unwanted reflections there in this study. Assuming the channel of the return stroke
is a thin, unbranched wire that runs perpendicular to the flat and lossy ground, and the lightning return
stroke is represented by the modified transmission-line with exponential current decay (MTLE) model
[13], which is simulated in the FDTD computations by a vertical phased-current-source array [14], the
electromagnetic field components in a certain horizontal distance r and depth can be calculated using
FDTD method in the cylindrical coordinate system.

In the MTLE model, lightning return stroke current at height z and time t, I (z, t), is expressed as follows:

{
𝐼(𝑧, 𝑡) = 𝑃 (𝑧)𝐼(0, 𝑡 − 𝑧/𝑣)
𝑃 (𝑧) = 𝑒−𝑧/𝜆𝑒 .

� (4)

Where, P (z) is the current attenuation factor, 𝜆e = 2000 is the current attenuation coefficient, and v =
1.5 × 108 m/s is the return stroke speed. Here, the Heidler’s function improved by Diendorfer and Uman
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Table 1
Parameters of subsequent return stroke current [16]

I01 ∕ kA 𝜏11 ∕ μs 𝜏12 ∕ μs n1 I02 ∕ kA 𝜏21 ∕ μs 𝜏22 ∕ μs n2

10.7 0.25 2.5 2 6.5 2 230 2

[15], which includes the breakdown current and corona current, is used as the subsequent return stroke
current I (0, t). It is defined as:
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Where, I01 and I02 are breakdown and corona current peaks, 𝜏11 and 𝜏21 are currents’ rise time, 𝜏12
and 𝜏22 are currents’ fall time, n1 and n2 are current steepness factors, and 𝜂1 and 𝜂2 are current peaks’
correction factors, respectively. The parameters corresponding to the subsequent return stroke current used
in this paper are shown in Table 1.

3. Validation of FDTD method

In order to verify that the FDTD method can effectively be applied to calculate underground
electromagnetic fields, here we use analytical formulas in time domain proposed by Cooray [17] to
compare it. Although Cooray’s analytical formulas simplify Sommerfeld’s integrals method, they
have been proven to be effective [18,19]. The results calculated by Cooray’s analytical formulas and
FDTD method are consistent in the same condition, as those are shown in Fig. 2. Therefore, the FDTD
method can be used to precisely calculate propagation of underground electromagnetic fields in a certain
horizontal distance and depth.

4. Influence of geological features

4.1. Influence of different environments and depths

In order to explore propagation effects of lightning electromagnetic fields in different geological
conditions, three typical environments are considered in this study, including freshwater, wet limestone
and wet clay. The electromagnetic parameters of these three environments are listed in Table 2.

Figures 3–5 show the electromagnetic fields in different depths in three different geological environ-
ments, which are calculated using FDTD method. One can see that electromagnetic field components in
each geological environment have different effects on attenuation with depth.

In freshwater, amplitude and rise time do not change significantly with depth, regardless of the electric
field or the magnetic field. Depth has little effect on electromagnetic field propagation, and the energy loss
is small. While, attenuation is significant as depth increases in wet limestone and wet clay, regardless of
the electric field or the magnetic field. This is because the conductivity of freshwater is much smaller than
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(a) (b)

(c)

Fig. 2. Underground electromagnetic field components generated by the lightning return stroke in 5 m depth at a horizontal
distance of 100 m with the earth conductivity of 0.01 S/m, calculated by FDTD method and Cooray’s analytical formulas. (a)
Vertical electric field, (b) Horizontal electric field, (c) Azimuthal magnetic field.

Table 2
Electromagnetic parameters of freshwater, wet limestone and wet clay [20]

Environment Conductivity (S/m) Relative permittivity Relative permeability

Freshwater 10−4 81 1
Wet limestone 0.05 8 1
Wet clay 0.1 12 1

that of wet limestone and wet clay. It is known that conductivity is the main factor affecting high-frequency
components of electromagnetic waves. The larger the conductivity, the greater the attenuation of the high-
frequency components of electromagnetic waves, which leads to weaker penetration of electromagnetic
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(a) (b)

(c)

Fig. 3. Electromagnetic field components generated by the lightning return stroke in freshwater in different depths at a horizontal
distance of 200 m, simulated using FDTD method. (a) Vertical electric field, (b) Horizontal electric field, (c) Azimuthal magnetic
field.

waves and shallower penetration depth. Therefore, the electromagnetic field waveforms in wet limestone
and wet clay show more significant changes with depth, including decrease in amplitude and delay in rise
time, compared to freshwater.

Moreover, no matter the geology in which the electromagnetic fields propagate, amplitude of the
horizontal electric field is far greater than that of the vertical electric field, indicating that the underground
electric field is predominantly horizontal.

4.2. Influence of soil water content

Lightning generally occurs during precipitation, and precipitation determines the water content in soil.
Soil is a porous medium, and the ion content and solubility of the solution adsorbed in pores will affect
ionization of the soil [21], thus changes in water content will determine the soil conductivity. Moreover,
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(a) (b)

(c)

Fig. 4. Electromagnetic field components generated by the lightning return stroke in wet limestone in different depths at
a horizontal distance of 200 m, simulated using FDTD method. (a) Vertical electric field, (b) Horizontal electric field, (c)
Azimuthal magnetic field.

water content is the most important factor affecting soil conductivity compared to soil surface adsorption
effects [22]. Therefore, it is more reasonable to consider soil water content than treating soil conductivity
as a constant in order to study propagation of underground electromagnetic fields.

In what follows, the conductivities of clay, silt, and sand in different humidity conditions measured by
X. Sun et al. [23] with the forced current method are used in our study. Relationships between conductivity
and water content in three soils are determined using linear regression with the following models [23]:

⎧⎪
⎨
⎪⎩

𝜎𝑐𝑙𝑎𝑦 = 0.005727𝑝 − 0.02512
𝜎𝑠𝑖𝑙𝑡 = 0.003111𝑝 + 0.006215
𝜎𝑠𝑎𝑛𝑑 = 0.001437𝑝 − 0.002342.

� (6)
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(a) (b)

(c)

Fig. 5. Electromagnetic field components generated by the lightning return stroke in wet clay in different depths at a horizontal
distance of 200 m, simulated using FDTD method. (a) Vertical electric field, (b) Horizontal electric field, (c) Azimuthal magnetic
field.

Where, p is the soil water content and 𝜎 is the soil conductivity. Assume soil water content varies from
5% to 25% and the interval is set to 10% in this study. Electromagnetic fields propagating in the three
types of soil can be analyzed using FDTD method.

Figures 6–8 show the electromagnetic field components in clay, silt, and sand with 5%, 15%, and 25%
water content respectively, generated by the lightning return stroke at a horizontal distance of 200 m in 3
m depth. One can see that changes in water content have the greatest influence on the vertical electric field,
followed by the horizontal electric field and the azimuthal magnetic field is least affected, regardless of the
type of soil. Because soil is generally a non-magnetic medium, changes in water content have little effect
on magnetic properties, and the electrical conductivity increases as the concentration of conductive ions
in water, thus attenuation of high-frequency components of the electric field is more obvious. Therefore,
water content has a stronger influence on the electric field compared to the magnetic field.
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(a) (b)

(c)

Fig. 6. Electromagnetic field components in clay with different water content in 3 m depth at a horizontal distance of 200 m,
simulated using FDTD method. (a) Vertical electric field, (b) Horizontal electric field, (c) Azimuthal magnetic field.

In order to quantitatively describe attenuation of lightning electromagnetic fields in soils with different
water content, Tables 3–5 show changes in peak values and rise time of the electromagnetic fields.

In terms of changes in peak values, electromagnetic fields in soil with water content ranging from 5%
to 15% will be greatly attenuated. The decay rates of vertical electric fields in each type of soil are 97.5%,
71%, and 82%. Attenuation rates of horizontal electric fields are 86.9%, 49.5%, and 61%. Attenuation
rates of azimuthal magnetic fields are 20.3%, 9%, and 8%. In addition to attenuation of peak values, rise
time is also obviously delayed.

While, electromagnetic fields will be less attenuated when water content ranges from 15% to 25%,
due to the saturation of water in soil pores and stable conductivity. Meanwhile, due to changes in water
content, attenuation in clay is greater than that in silt and sand. This is because clay has less sand content,
more pores, slower water seepage, and better water retention than silt and sand. Therefore, moisture is a
greater determinant of electrical conductivity in clay.
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(a) (b)

(c)

Fig. 7. Electromagnetic field components in silt with different water content in 3 m depth at a horizontal distance of 200 m,
simulated using FDTD method. (a) Vertical electric field, (b) Horizontal electric field, (c) Azimuthal magnetic field.

Table 3
Electromagnetic field peak values and rise time in clay with different water content

Water content Vertical electric field
peak value (V/m)/Rise

time (μs)

Horizontal electric
field peak value

(V/m)/Rise time (μs)

Azimuthal magnetic
field peak value

(V/m)/Rise time (μs)

P = 5% −13.03/0.28 −127.53/0.49 7.06/2.35
P =15% −0.32/0.42 −16.65/1.02 5.63/3.08
P =25% −0.12/0.58 −9.48/1.39 5.06/3.64
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Fig. 8. Electromagnetic field components in sand with different water content in 3 m depth at a horizontal distance of 200 m,
simulated using FDTD method. (a) Vertical electric field, (b) Horizontal electric field, (c) Azimuthal magnetic field.

Table 4
Electromagnetic field peak values and rise time in silt with different water content

Water content Vertical electric field
peak value (V/m)/Rise

time (μs)

Horizontal electric
field peak value

(V/m)/Rise time (μs)

Azimuthal magnetic
field peak value

(V/m)/Rise time (μs)

P = 5% −1.38/0.31 −36.92/0.68 6.33/2.60
P =15% −0.40/0.40 −18.64/0.96 5.74/2.99
P =25% −0.20/0.49 −12.72/1.18 5.36/3.31

5. Conclusions

In this paper, we calculated and analyzed propagation effects of underground lightning electromagnetic
fields in freshwater, wet limestone, and wet clay in the same horizontal distance and different depths using
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Table 5
Electromagnetic field peak values and rise time in sand with different water content

Water content Vertical electric field
peak value (V/m)/Rise

time (μs)

Horizontal electric
field peak value

(V/m)/Rise time (μs)

Azimuthal magnetic
field peak value

(V/m)/Rise time (μs)

P = 5% −9.08/0.27 −104.04/0.50 6.97/2.37
P =15% −1.63/0.30 −40.46/0.66 6.39/2.57
P =25% −0.76/0.34 −26.64/0.80 6.06/2.76

FDTD method. Attenuation characteristics in clay, silt, and sand with different water content were also
analyzed. The following conclusions can be drawn from this paper.

(1) Lightning electromagnetic fields do not change significantly propagating in freshwater in different
depths. While in wet limestone and wet clay, attenuation is more obvious with depth.

(2) No matter what geological environment electromagnetic fields propagate, attenuation of electric
field is significantly greater than magnetic field, and attenuation of the vertical electric field component is
most significant.

(3) Regardless of the type of soil, underground electromagnetic fields have a greater attenuation in
soils with water content ranging from 5% to 15%, compared to soils with water content ranging from
15%–25%. Attenuation in clay is the most obvious.

(4) In the geological environments discussed above, the amplitude of the horizontal electric field is
greater than that of the vertical electric field and the azimuthal magnetic field. The horizontal electric
field may carry the most energy of the underground electric field. Therefore, the induced voltage caused
by the horizontal electric field in the protection engineering of underground cables and equipment is not
negligible.
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