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Abstract 
In this paper we have studied the effect of strike to a cone-shaped mountain 
surrounded by two chains of hills on the lightning vertical electric field and 
azimuthal magnetic field at different distances, by using two-dimensional fi-
nite-difference time-domain (2-D FDTD) method in cylindrical coordinate 
systems. In order to analyze the electrostatic shielding effect of strike to a 
cone-shaped mountain surrounded by two chains of hills on the lightning, we 
chose three mountains, and the left one is stroke by lightning, and the right 
one is near the obervation site, and the middle one with the top heights in-
creasing from 0 to 2 km is between them. For the observed point, the elec-
trostatic shielding effect of the right one on the lightning vertical electric field 
is the most serious, and the electric field is much less than that for strike to 
flat ground level; compared with the electric field, the shielding effect of the 
right one on the lightning azimuthal magnetic field becomes less, for most 
cases, the lightning magnetic field at the observed site is larger than that for 
flat ground cases mainly due to that of the increment caused by strike to the 
right mountain. With the increase of distance (e.g., 20 km from the lightning 
strike point), the shielding effect of the right mountain on the lightning field 
becomes less, because the reflected wave from the right mountain bottom 
plays a more important role over intermediate ranges, and the far radiation 
electromagnetic field peak value becomes larger due to such a reflecting wave. 
Therefore, in the lightning detecting technique, we should pay more attention 
to the effect caused by chains of hills on the lightning location and the esti-
mation of lightning current peak. 
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1. Introduction 

The widely used lightning location systems provide lightning return stroke peak 
currents estimated from the remotely measured electric or magnetic field. For 
theoretical estimation expressions, the return stroke channel base currents and 
radiated fields are usually assumed to be proportional each other, with the pro-
portionality coefficient being determined for striking to flat ground with the 
perfect conductivity [1] [2] [3]. However, due to the complexity of lightning 
striking process and the propagation effect of lightning-radiated electromagnetic 
field along the finitely conducting earth, the use of field-to-current conversion 
factors (FCCFs) for the lightning strike to flat ground appears to be inappro-
priate for lightning strike to tall objects, especially for the propagation path with 
the lower conductivity. For example, Azadifar et al. [4] presented the perfor-
mance analysis of the European Cooperation for Lightning Detection (EUCLID) 
lightning detection network using current data obtained at the Säntis Tower (lo-
cated in northeastern of Switzerland), and found that the peak current estimates 
provided by the EUCLID network were about 1.8 times higher than those from 
direct measurements. Furthermore, Li et al. [5] presented a theoretical analysis 
supported by simultaneous records of lightning currents measured at the Säntis 
Tower and electric fields measured at a distance of about 15 km from the tower, 
their results showed that the presence of mountainous terrain around Säntis 
Tower results in an enhancement of radiated electric field, which is consistent 
with the overestimation of the EUCLID Network. 

Until now, there are many authors that have studied the lightning discharge 
characteristics for strike to tall objects or mountain top. For the case of lightning 
strike to tall objects [6]-[17], as a result of transient process in the object, current 
waveforms can differ significantly at different heights along the object and can 
exhibit more than one peak (typically, secondary peak is larger than the initial 
one). At far distances, the lightning-radiated electromagnetic field for strike to 
an object case can become greater than that for strike to the flat ground. Howev-
er, at very close distance near the object height or less, it is found that the electric 
field for strike to object case is reduced relative to the flat ground (e.g. [8] [14]), 
the experimental confirmation of this shadowing effect is also reported by Mo-
saddeghi et al. [15]. For strike to mountain top (e.g., [5] and [18] [19] [20] [21]), 
the lightning-radiated electromagnetic field has much obvious difference from 
strike to flat ground surface, which will have a much effect on the FCCFs for the 
estimation of lightning current peak. Soto et al. [18] [19] have presented the 
lightning-radiated electromagnetic field for strike to different configurations of 
non-flat lossy ground respectively, and found an enhancement of the vertical 
and horizontal electric field components for lightning striking a cone-shaped 
mountain top within a very close distance of 1 km. Khosravi et al. [21] further 
analyzed the difference of lightning-radiated electromagnetic field for striking 
tall tower that sits on the flat ground and on a cone-shaped mountain, and it is 
shown that the electromagnetic field for striking a tower on a cone-shaped 
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ground has an enhancement as compared to the case where the tower sits on a 
flat ground. Also, the mountain cone angle and height as well as the tower height 
have an effect on the current distribution along the tower and the lightning 
channel and its corresponding electromagnetic field. 

Recently, Hou et al., [2018] compute the lightning vertical electric field and 
azimuthal magnetic field at ground level at observed distance ranging from 0.3 
km to 50 km for striking the cone-shaped mountain terrain with different height 
and inclination angles, and found that the mountain height and inclination angle 
have much effect on the lightning electromagnetic field both for the close and far 
observed distance, and in the lightning location technique, we should pay more 
attention to the effect of strike to mountain height and inclination angles. 

However, Hou et al., [2018] simply analyze the effect of one chain of 
cone-shaped hills on the lightning-radiated electromagnetic field. In fact, the com-
plex topography and geomorphology have much effect on the lightning electro-
magnetic field propagation (e.g., the field peak value and its arrival time), for 
example, in the lightning location technique, the the arrival time of the lightning 
field wave is delay due to the complex topography and geomorphology, which 
will increase the lightning location error. Therefore, in this paper we will study a 
more general condition for the effect of strike to a cone-shaped mountain sur-
rounded by several chains of hills on the lightning electromagnetic field, and 
further analyze the effect of changes of mountain height on the lightning field. 

2. Methodology 
2.1. 2-D FDTD Model for Computing the Lightning-Radiated  

Electromagnetic Field for Strike to Mountain Terrain 

In order to simulate the effect of non-flat terrains on the lightning-radiated elec-
tromagnetic field, the Maxwell equations are solved by using two-dimensional 
finite-difference time-domain (2-D FDTD) method in cylindrical coordinate 
systems [22] [23]. Figure 1 shows the configuration of the 2-D FDTD model in 
cylindrical coordinate systems for lightning striking a cone-shaped mountain 
surrounded by several chains of hills. The lightning channel is placed on the axis 
of symmetry. M1, M2 and M3 are the heights of three cone-shaped mountains 
with the same inclining angle and different heights, respectively. The lightning 
strikes the M1, and the observed site is near the right side of M3. Therefore, 
through changing the heights of M1, M2 and M3, respectively, and we can ana-
lyze the effect of stroke mountain M1, the mountain M2 that is scattered along 
the propagation path and the mountain M3 near the observed site, respectively. 
And d is the horizontal distance from the lightning channel to the observation 
point. The simulation dimension is 52 km × 8 km, and the upper and right 
boundary are surrounded by Convolutional Perfectly Matched Layer absorbing 
boundary (CPML) [24]. The space step was ∆r = ∆z = 5 m, and time step was 8.3 
ns. The lightning channel is simulated by a vertical array of current sources [25]. 
In order to simulate the non-flat ground in the FDTD method, the conformal  
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Figure 1. Configuration of the 2-D FDTD model in cylindrical coordinate systems for lightning 
striking a cone-shaped mountain surrounded by several chains of hills. The lightning channel is 
placed on the axis of symmetry. M1, M2 and M3 are the heights of three cone-shaped mountains 
with the same inclining angle and different heights, respectively. σ and ε are the soil conductivity 
and permittivity, respectively. 

 
FDTD method was used [26] [27]. And the electromagnetic parameters such as 
the permeability (μ), the conductivity (σ), and the permittivity (ε) in a boundary 
cell between ground and air are calculated considering the proportion of the two 
median on the edges of the cell. Figure 1 also shows the positive directions of 
the electromagnetic field component vector used in this paper. 

2.2. Validation of our 2D FDTD Codes 

In order to validate our 2D FDTD method codes for considering the effect of 
strike to mountain terrain, we compare our result with that calculated by finite 
element method (FEM). Figure 2 shows the compared simulated results between 
ours and that in [20], all parameters chosen here are the same as that presented 
by Paknahad et al. [20]. And we can see that ours are approximately the same as 
that presented in [20], which means our code of 2D FDTD method is correct 
and can be used to analyze the lightning-radiated electromagnetic field for strike 
to mountain top. 

3. Computed Results and Analysis 

In this paper we chosen a typical subsequent return stroke channel-base current, 
with a peak value of 12 kA and a maximum steepness of 40 kA/μs, represented 
by the following Heidler [28] parameters: I01 = 10.7 kA, τ11 = 0.95 μs, τ12 = 4.7 
μs, I02 = 6.5 kA, τ21 = 4.6 μs, τ22 = 900 μs, and n = 2. The modified transmission  
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Figure 2. Compared simulated results between ours (b) and that presented by Paknahad 
et al. [20] (a). 

 
line model with exponential decay model (MTLE) [29] [30] assuming a current 
decay constant λ = 2 km was adopted for representing the return stroke current 
along the channel. The channel length is assumed to be H = 7.5 km and the re-
turn stroke velocity is set to be v = 150 m/μs. 

3.1. Effect of the Mountain M2 on the Lightning Vertical Electric 
Field and Azimuthal Magnetic Field at the Different Observed 
Distance 

From Figure 1 there are several factors that may have much effect on the 
lightning electromagnetic field at the observed site on the ground level, in this 
paper we only analyze the effects caused by the top heights of M1, M2 and M3, 
and the observed site distance d from M3. 

Figure 3 shows the computed lightning vertical electric field at the bottom of 
mountain M3 (see Figure 1), and the earth conductivity is 0.01 S/m. Assuming 
that lightning strikes that M1 mountain top with the heights of 1000 m and and 
the inclination angles of mountain M1 is assumed to be a constant of 45˚, and 
the top height of mountain M2 ranges from 0 to 2000 m. 

It is found that the electrostatic shielding effect for the vertical electric field 
due to the mountain M3 is very obvious, with the increase of top height of the 
mountain M3, the shielding effect becomes more. From Figure 3(a) without the 
mountain M2, even the top height of mountain M3 is less than that of mountain  
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Figure 3. For the vertical electric field at the bottom of mountain terrain M3. 

 
M1, the lightning vertical electric field is much less than that for strike to flat 
ground level, which means that the effect of mountain M3 on the lightning ver-
tical electric field at its bottom is the most serious. It is worth noting that the 
reduction of the electric field near the mountain terrain is due to the electrostatic 
shielding effect caused by mountain terrain, but not due to the reflecting wave in 
the transition. Further analysis show that the electrostatic shielding effect of the 
higher and sharper mountain terrain will be more. 

Therefore, if the observed site is very near the mountain M3, which means 
that we should pay more attention to the effect of mountain terrain near the ob-
served site on the estimation of lightning current peak using observed electro-
magnetic field. The theoretical estimation expressions between the return stroke 
channel base currents and lightning electromagnetic field are usually assumed to 
be proportional to each other, with the proportionality coefficient being deter-
mined for strike to the flat ground similar to Figure 1(a). 
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However, with the increase of distance, the electrostatic shielding effect 
caused by the mountain M3 decreases obviously due to the quick attenuation of 
the electrostatic field. At the same time, the reflected wave occurs at the transi-
tion between the cone-shape mountain and the flat plane and it plays a more 
important role in the lightning electric field over intermediate ranges, and the 
far radiation field peak value becomes larger due to such a reflecting wave. The 
far radiation field components are the superposition of the incident wave from 
the mountain top (lightning strike point) and the reflected wave at the transi-
tion. Therefore, compared with the computed field results in the bottom of 
mountain M3 at the close distance, the effect of mountain M3 becomes less. In 
this situation, although the mountain M3 with the top height of 3000 m is much 
taller than those of M1 and M2, the lightning vertical electric field at the distance 
of 20 km is still more than that for strike to the flat ground. 

Therefore, near the bottom of the mountain M3 at the close distance, we 
should pay more attention to the electrostatic shielding effect, because the near 
field is primarily electrostatic component. While at the intermediate ranges, we 
should pay more attention to the reflected wave of the lightning radiation field 
from the transition between the mountain and the flat plane, because the inter-
mediate far is primarily radiation field component. 

Similar to that of Figure 3 and Figure 4, Figure 5 shows the computed 
lightning azimuthal magnetic field at the bottom of mountain M3 and at the in-
termediate distance of 20 km from M1. It is found that the magnetic field value 
for strike to the mountain M1 with the height of 1000 m is nearly 2 times as 
much as that for strike to flat ground (see the line for h3 = 0). However, with the 
increase of mountain height of M3, the lightning magnetic field obviously de-
creases due to the shielding effect caused by mountain terrain M3. 

Also, the mountain M2 between the strike point and observed site has much 
effect on the magnetic field value, when the top height of the mountain M2 is 
larger than that of M1 and M3, the effect of the mountain M2 is dominant (see 
Figure 5). However, although the mountains M2 and M3 cause the reduction of 
magnetic field due to the shielding effect and the attenuation effect, respectively, 
for most cases, the lightning azimuthal magnetic field at the bottom of mountain 
M3 is larger than that for the ideal cases (see Figure 1(a) for the flat ground), 
mainly because of the increment caused by strike to the mountain M1. 

Further, with the increase of distance, the shielding effect becomes less and 
the lightning azimuthal magnetic field is much more than that for strike to flat 
ground over intermediate ranges of 20 km, mainly because of the increment 
caused by strike to the mountain M1.For example, from Figure 6, even the top 
heights of mountain M2 and M3 are taller about by 2 - 3 times than that of 
mountain M1. Therefore, for the chains of hills, if the lightning strikes the 
mountain top, the lightning electromagnetic field becomes more than that for 
strike to flat ground. 

Also, from Figures 3-6, we can see that the lightning field wave is propagating  
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Figure 4. Same as that in Figure 3, but for the site of 20 km from the mountain M1. 
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Figure 5. For the azimuthal magnetic field at the bottom of mountain M3. 

 

 
Figure 6. Same for Figure 3, but for the distance of 20 km from M1. 

https://doi.org/10.4236/jemaa.2020.122003


X. Y. Peng et al. 
 

 

DOI: 10.4236/jemaa.2020.122003 24 Journal of Electromagnetic Analysis and Applications 
 

along the earth surface, the time delay due to the mountain terrain is very obvious 
for the bottom of M3 at the close distance. However, for the distance of 20 km, 
the time delay due to the mountain terrain becomes less. Therefore, we should 
pay more attention to the lightning location errors caused by the mountain ter-
rains when using time of arrival (TOA) method, especially when the observation 
point is close to the mountain terrains. 

3.2. Effect of the Mountain M1 Stroke by Lightning on the 
Lightning Vertical Electric Field and Azimuthal Magnetic 
Field at Different Observed Distance 

Figure 7 and Figure 8 show the effect of the mountain M1 on the lightning ver-
tical electric field and azimuthal magnetic field at different observed distance  

 

 
Figure 7. Effect of the mountain M1 stroke by lightning on the lightning azimuthal magnetic field at different observed 
distance. 

 

 
Figure 8. Same as that in Figure 7, but for lightning vertical electric field. 
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(e.g., the bottom of mountain M3 and the distance of 20 km), respectively. It is 
seen that with the increase of top height of mountain M1, for most cases, the 
corresponding lightning electromagnetic field value increases obviously. How-
ever, at the bottom of mountain M3, the shielding effect due to the mountain 
M3 for lightning vertical electric field is much more than that for lightning azi-
muthal magnetic field, and at the distance of 20 km, the shielding effect ob-
viously decreases. 

4. Conclusion 

In fact, the complex topography and geomorphology have much effect on the 
lightning electromagnetic field propagation (e.g., the field peak value and its ar-
rival time), for example, in the lightning location technique, the arrival time of 
the lightning field wave is delay due to the complex topography and geomor-
phology, which will increase the lightning location error. Therefore, in this 
paper we have studied the effect of strike to a cone-shaped mountain sur-
rounded by two chains of hills on the lightning vertical electric field and azi-
muthal magnetic field at different distances, by using two-dimensional fi-
nite-difference time-domain (2-D FDTD) method in cylindrical coordinate sys-
tems. Three mountains are assumed and the left one is stroke by lightning, and 
the right one is near the obervation site, and the middle one with the top heights 
increasing from 0 to 2 km is between them. Compared with the electric field, the 
shielding effect of the right one on the lightning azimuthal magnetic field be-
comes less, for most cases, the lightning magnetic field at the observed site is 
larger than that for flat ground cases mainly due to that of the increment caused 
by strike to the right mountain. With the increase of distance (e.g., 20 km from 
the lightning strike point), the shielding effect of the right mountain on the 
lightning field becomes less, because the reflected wave from the right mountain 
bottom plays a more important role over intermediate ranges, and the far radia-
tion electromagnetic field peak value becomes larger due to such a reflecting 
wave. Therefore, in the lightning detecting technique, we should pay more atten-
tion to the effect caused by chains of hills on the lightning location and the esti-
mation of lightning current peak, and we should pay more attention to the 
lightning location errors caused by the mountain terrains when using time of ar-
rival (TOA) method, especially when the observation point is close to the 
mountain terrains. 
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