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ABSTRACT: This paper investigates the modeling of lightning electromagnetic (EM) fields over mixed propagation paths, including
land-ocean and land-lake interfaces with slope angles, using Finite-Difference Time-Domain (FDTD) method combined with staircase
approximation. Two scenarios are considered: a land strike involving a soil-ocean domain and a real-world lightning strike to the CN
Tower with a land-Lake Ontario interface. The return stroke currents are modeled using established MTLE model, and electromagnetic
fields are computed above and below ground. Simulation results demonstrate strong agreement with previously published Finite Element
Method (FEM) results, confirming the accuracy of the proposed approach. The study highlights the significant impact of slope angles on
electromagnetic field components, particularly underground fields near mixed interfaces, and confirms the effectiveness of the staircase
approximation for modeling sloped geometries in FDTD. These findings contribute to improving the assessment of lightning effects in
complex environments, including urban areas and mixed land-water regions.

1. INTRODUCTION

The electromagnetic radiation emitted by lightning poses a
significant threat to both electrical and communication sys-
tems [1-3]. Understanding and characterizing the electromag-
netic fields generated by lightning enables more effective pro-
tection for sensitive systems [4]. FDTD method has emerged as
a highly recommended and extensively used approach in elec-
tromagnetic field simulations. Since the seminal work of Yee
(1966), which demonstrates that Maxwell’s equations can be
replaced by a set of finite difference equations [5], this method
has been distinguished by its robustness and flexibility [6].
Moreover, its ease of implementation in computer codes [7, 8]
makes it a favored option [9] among researchers and practi-
tioners alike. Numerous studies were conducted on the com-
putation of electromagnetic fields in the vicinity of a lightning
discharge using FDTD. Yang and Zhou [10] introduced two
methods: the quasi-image formula and the FDTD method for
low ground conductivity. The latter was employed as a bench-
mark to assess the validity of the Cooray-Rubinstein formula
[11,12]. Mimouni et al. [13, 14] conducted an analysis of the
electromagnetic environment in close proximity to lightning re-
turn strokes to the ground and tall towers, respectively. They
used FDTD method along with engineering models for their in-
vestigations.

To model arbitrary geometries that deviate from a Cartesian
grid, staircase approximation emerged as the most straightfor-
ward and widely adopted approach [15, 16]. Furthermore, this
approximation was used to validate the reliability and effec-
tiveness of alternative methods [17]. Numerous studies tack-
led the challenge of staircasing errors [18—20]. Schneider and
Shlager [15] discovered that errors associated with staircase
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approximation were negligible when the diagonal of the stair-
case (representing the hypotenuse of the triangle formed by the
stairsteps) was smaller than half a wavelength at the highest
frequency.

Numerous studies were conducted on vertically stratified
ground. Shoory et al. [21] provided a review of simplified an-
alytical expressions derived by Wait [22], employing the con-
cept of attenuation function to assess lightning electromagnetic
fields over vertically stratified ground. Paknahad et al. [23]
analyzed the impact of the slope angle on lightning electro-
magnetic fields along mixed land-ocean propagation paths, em-
ploying the Comsol Multiphysics software, which was based
on the finite element method for solving Maxwell’s equations.
Recently, Li et al. [24] analyzed the impact of lossy ground
on lightning-generated electric field characteristics, using si-
multaneous measurements of lightning currents and radiated
fields at different distances from rocket-triggered lightning.
Then, in [25], Li et al. examined the lightning electromagnetic
fields, incorporating the horizontal stratification of the soil and
the frequency-dependent behavior of its electrical parameters.
Both forms of lightning current, typical first and subsequent re-
turn strokes, were used in the analysis.

Hou et al. [26] investigated the impact of high mountains
on the propagation of lightning electromagnetic fields using 2-
D FDTD simulations. Their study considered factors such as
ground conductivity, mountain height and width, as well as its
position within the propagation domain, on the electromagnetic
fields. In [27], Mestriner and Nicora conducted a simulation de-
picting the electromagnetic radiation resulting from a lightning
strike over the sea, while considering the presence of a slope
angle between the sea and the ground, as well as the elevation
of the ground relative to sea level. This was achieved using
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the FEM method within the COMSOL Multiphysics software.
In a more recent study, Jiang et al. [28] employed a simulation
geometry incorporating three layers of ground to explore the
characteristics of lightning electromagnetic fields. They inves-
tigated various simulation scenarios involving the manipulation
of electrical parameters across the layers and implemented the
perfectly matched layer absorbing boundary condition to con-
fine the simulation space.

Tall towers have been used for lightning current measure-
ments and are among the most common structures exposed
to lightning [29-32]. This preference arose from their high
prospects of lightning strikes, prompting researchers to heav-
ily invest in equipping these structures with an array of instru-
ments. These instruments were designed for measuring both
electromagnetic fields and electrical current pertaining to light-
ning and were strategically placed at various heights along these
towers [33,34]. Consequently, the lightning return stroke cur-
rent initiated to a tall object and its associated electromagnetic
fields were different from those produced by lightning initiated
to flat ground [35]. As aresult, Heidler and Paul [36] examined
the phenomenon of field enhancement during lightning strikes
on the Peissenberg Tower in Germany. Typically, between 10
and 30 km, the field enhancement could surpass 100%. How-
ever, this enhancement notably diminished with a reduction in
soil conductivity (o) and an increase in distance. Li et al. [37]
introduced an extended distributed circuit aimed at modeling
the interaction between lightning channels and tall structures.
This approach incorporated the dynamic attributes of the corona
sheath while considering the nonlinear, nonuniform, and time-
evolving characteristics inherent in lightning channels. Subse-
quently, this model was employed to simulate lightning surges
occurring in wind turbine systems.

Few studies were available regarding the interaction of
lightning with high objects in the presence of stratified
ground or even a mixed propagation domain. Omari and
Mimouni [38,39], using the FDTD method, examined how
horizontal ground stratification influenced electromagnetic
fields both in close proximity and at distant locations from the
Peissenberg Tower subjected to lightning strikes.

The aim of this paper is to integrate staircase approximation
into the 2-D FDTD method to compute the lightning electro-
magnetic fields within a mixed two-layer propagation domain
consisting of soil and ocean, with a slope angle in between. To
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FIGURE 1. The problem geometry corresponding to land strike.

get as close as possible to reality, the work is extended to a real-
world scenario involving lightning striking the CN Tower to
study the effect of this slope angle of the interface land-Ontario
Lake on the electromagnetic fields.

The structure of this paper is as follows. Section 2 presents a
concise overview of the staircase approximation and the mod-
eling of lightning electromagnetic fields using FDTD method.
Section 3 details the validation of the proposed approach,
presents the simulation results, and provides a comprehensive
discussion. Finally, Section 4 concludes the paper with a sum-
mary of key findings and final remarks.

2. THE ADOPTED APPROACH AND THE COMPUTA-
TIONAL MODELS

2.1. The FDTD Method and the Staircase Approach

Since FDTD method operates with a square mesh, staircase ap-
proximation becomes necessary for modeling the interface be-
tween the ground and ocean. Figs. 1 and 2 illustrate geometries
of the respective scenarios, showcasing the various parameters
involved in lightning strikes initiated in the soil and ocean, re-
spectively.

Figure 1 depicts the geometry utilized in the simulation, fea-
turing a horizontal distance of R = 2km, an underground
depth of 100 m, and a lightning channel height of H = 3km.
The spatial steps, both horizontally and vertically, are set at
Ar = Az = 1m, while the time step At = 1ns is cho-
sen in accordance with the stability condition of the FDTD
method [38, 39].

Our calculation code is developed in Fortran PowerStation
and incorporates vertical stratification by using a straightfor-
ward formula R; = f(6°) to determine Ry for each vertical
space step j.
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FIGURE 2. FDTD mesh representation of the land-ocean problem ge-
ometry.
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arad = (00 X 7T)/180 (3)

When the radial distance » = i x Ar is less than R}, (see
Fig. 2) the code employs the electrical parameters of the ground
to calculate electromagnetic radiations. Conversely, when r ex-
ceeds Ry, the code switches to the electrical parameters of the
second layer (ocean). In the simulation, the air is assumed to be
lossless (0 = 0 S/m, €, = 1), while the land and ocean are char-
acterized by finite electrical conductivity (ojang = 0.001 S/m,
Erland = 10) and (Gogean = 4 S/M, €rocean = 30) [23].

The electromagnetic fields produced by lightning are calcu-
lated through the direct solution of Maxwell’s differential equa-
tions using FDTD method and Yee discretization scheme, im-
plemented in two-dimensional (2D) cylindrical coordinates.

OH, 1[0E. OE,
615 B E |: 81" 62 :| (4)
oE.  0H,
OF, +¢ 5 = d Q)
OE,  10(rH,)
OF., +¢ 5 = r o (6)

To solve these equations numerically using FDTD, we ap-
proximate derivatives using finite differences. Electric field
components F,., I, and azimuthal magnetic field H, can be
determined as outlined in [38, 39]:
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2.2. Absorbing Boundary Conditions

Usually, simulating electromagnetic fields generated by light-
ning typically involves transforming the infinite real domain
into a computationally finite domain. In this paper, we utilize
first-order Mur absorbing boundary conditions (ABCs) [40] at
the artificial boundaries of the chosen geometry.

2.3. The Distribution of the Current along the Lightning Channel

In this study, the subsequent return stroke at the channel base
is represented using the sum of two Heidler’s functions [41], as
expressed below:

Io1 (15/7'11)2

B Y N G 745 3Y)
2
m 1 + (t/Tll)

ig (h,t) =
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+@L2)26(*t/722) (10)
m 1+ (t/’]’lz)

The distribution of the current along the lightning channel is
represented by adopting the Modified Transmission Line with
Exponential decay “MTLE” model [43,44], with A\ = 2km,
which allows describing the current distribution as a function
of the current at the base of the channel and the speed of the
return stroke.

The first return stroke current (see Fig. 3) is defined by a peak
amplitude of 29.5 kA and a maximum rate of rise of 12 kA/us.
In contrast, the subsequent return stroke current exhibits a lower
peak amplitude of 12 kA but a steeper maximum rate of rise,
reaching 40 kA/us.
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FIGURE 3. The channel base current.

3. SIMULATION RESULTS AND DISCUSSION
3.1. Land Strike

3.1.1. Validation of the Developed Code

Figures 4 and 5 illustrate the horizontal electric field generated
by the subsequent return stroke current (as detailed in Table 1)
at a horizontal distance of 7 = 200 m and a depth of p = 1m,
as well as at the ground surface. These calculations were per-
formed at a distance of dil = 1 m from the land-ocean interface
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TABLE 1. Parameters of the two Heidler’s functions used to reproduce the channel-base current waveshape [42].

Iox TI1 T21 N To2 T12 T22 No
First return stroke 28 (KA) 1.8 (us) | 95 (us) - —
Subsequent return stroke | 10.7 (KA) | 0.25 (pus) | 2.5 (ps) 6.5 (KA) | 2 (us) | 230 (us) 2

TABLE 2. Analyzing the diminishing influence of the slope angle at the Land-Ocean interface on lightning electromagnetic fields.

The used current First return stroke Subsequent return stroke
Lightning EM field Er Ez Hphi Er Ez Hphi
components
The location of the Under Above Under Above Under Above Under Above Under Above Under | Above
observation point the the the the the the the the the the the the
ground | ground | ground | ground | ground | ground | ground | ground | ground | ground | ground | ground
dL=1m + + + - + R + + T N T _
dL=5m + + + - + - + + + B T N
The dL=10m + + + - - - + + + - + -
distance dL. |dL =15m + + + - - - + + + - - -
between |dL =20m + + + - - - - + + - - -
the dL=25m + + + - - - - + - B - -
observation |dL =30m + + + - - - - + - - - -
points and |dL =35m + + + - - - - + - - - -
the dL=40m + - + - - - - - - - - -
junction |4 =45m + - _ _ _ - - - _ R R R
land-ocean |47 = 50m T B N R N R R - - R - -
dL =55m + - - - - - - - - R - -
dL =60m - - - - - - - - - - N _
0 — 0 —
B —
_100 4 fi‘ - —— - - ——"": IR -100 o
‘ — -
‘\ e ) /’, _—— -200
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FIGURE 4. Horizontal electric field at depth of Im. dL = 1m, FE

method [23], FDTD method.

using FDTD method. The results are compared with those ob-
tained using the FE method described in [23]. A strong agree-
ment is observed between the results from the two methods,
both below and above the ground surface.

This indicates that, given a wise selection of spatial steps,
employing the staircase approximation within the FDTD
method proves highly effective for modeling and simulat-
ing curved geometries or those featuring slope angles in
electromagnetic applications.

The calculations were conducted for various values of dl
(ranging from 1m to 60 m in increments of 5m) to pinpoint
when the influence of the slope angle diminishes for each com-
ponent of the electromagnetic field. The simulation results de-
tailed in this section correspond to dL = 1 m. While not all re-
sults are shown, a summarized overview of the findings, along

32

T
4 5 6 7 8 9
Time (us)

FIGURE 5. Horizontal electric field at the ground surface. dL = 1m,
FE method [23], FDTD method.

with an analysis, is provided (refer to Table 2). It is impor-
tant to note that all results were obtained without accounting
for the frequency-dependent properties of the soil, as the study
focuses on evaluating electromagnetic fields at close distances.
At such distances, it has been established that the electromag-
netic fields generated by lightning are nearly unaffected by the
soil’s frequency-dependent characteristics [25].

3.1.2. Under-Ground Fields

Figures 6 and 7 present the horizontal electric field at » =
100m and r = 105m, respectively, from the lightning base
channel, and depth of p = 1m. For both observation points,
the horizontal electric field generated by the first return stroke
exhibits a higher amplitude and a significantly longer rise time
than the field produced by the subsequent return stroke. These
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FIGURE 6. Horizontal electric field at » = 100 m for dL = 1 m and depth
of p = 1m. (lines: subsequent return stroke S.R.S, dashed lines: first

return stroke F.R.S).
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FIGURE 8. Vertical electric field at = 100 m for dL = 1 m and depth
ofp=1m.

findings align with the characteristics observed in the current
waveforms depicted in the graphs (Fig. 3). It can also be ob-
served that this electric field component is affected by the slope
angle in the vicinity of the land-ocean interface. Notably, this
influence is more pronounced on the fields generated by the
first return stroke. The horizontal electric field calculated be-
low the ground surface (Fig. 6) exhibits a negative polarity, with
its amplitude inversely proportional to the angle of inclination
for both simulated current types (first return stroke and subse-
quent return stroke). In contrast, at the observation point inside
the ocean (Fig. 7), the horizontal electric field displays a pos-
itive polarity for inclination angles of 30°and 45°. For higher
angles (60°, 75°, and 90°), the horizontal electric field changes
to a negative polarity.

Figures 8 and 9 present the vertical electric field at 7 = 100 m
and r = 105m from the lightning base channel, respectively,
and at depth of p = 1m. It is noteworthy that the slope angle
also affects the vertical component of the electric field, and this
effect is more noticeable on graphs with the first return stroke
than those generated by the subsequent return stroke. The vari-
ation of the angle has a greater effect on the vertical component
than on the horizontal component of the electric field. From
Fig. 8, it can be seen that the vertical electric field exhibits a
negative polarity with an amplitude inversely proportional to
the angle of inclination for both current types. When the subse-
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FIGURE 7. Horizontal electric field at » = 105m and depth of p =
1m.
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FIGURE 9. Vertical electric field at = 105 m and depth of 1 m.

quent return stroke current is used, the field also features a very
rapid rise time. At r = 105m, inside the ocean (Fig. 9), the
vertical electric field initially displays a negative polarity dur-
ing the first few microseconds before transitioning to positive
one. This polarity change is more pronounced when the first re-
turn stroke current is considered. In both cases, the amplitude
remains inversely proportional to the slope angle, while the rise
time is longer for the field generated by the first return stroke.

Figures 10 and 11 illustrate the azimuthal magnetic field at
a distance of 7 = 100m and r = 105 m, respectively, and
a depth of p = 1m. From Fig. 10, it appears that the slope
angle does not affect the azimuthal magnetic field for the ob-
servation point located below the ground surface. In contrast
when the observation point is located at a depth of 1 m inside
the ocean (Fig. 11), a significant influence of the slope angle
on the azimuthal component is observed, regardless of whether
the first return stroke or the subsequent return stroke is used. As
the angle increases, the amplitude of the azimuthal component
consistently decreases. Additionally, the transition between the
first return stroke and subsequent return stroke notably impacts
both the amplitude and rise time of the azimuthal field.

3.1.3. Above the Ground Surface Fields

Figures 12 and 13 depict the horizontal electric field at a dis-
tance of 7 = 100m (dL = 1m) and r = 105m, respec-

WWwWw.jpier.org



rPIER B

Omari, Mimouni, and Ghlib

45 o

- e e T, SN
20 P \\-\\
1s ] 4 — —9—30°F.RS — =-0=45°F.RS
] Y 4 — =-0=60°F.R.S — =-0=75°F.R.S
30 4 ¥ — =0=90°F.R.S
_— 1
E 254 7
59 20 T /] 0 =30° S.R.S 0 =45° S.R.S
= | 0 =60° S.R.S 0 =75° S.R.S
15 0 =90° S.R.S
10 - ’
1
o T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

Time (us)

FIGURE 10. Azimuthal magnetic field at » = 100m, p = 1m, dL =
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FIGURE 12. Horizontal electric field at r = 100m and H = 5m.
dL =1m.

tively, and with a height of 5m above the ground using the
first and subsequent return strokes. It is evident that above
the ground, the magnitude of this component is greater than
the underground scenario. The angle has a minor impact on
the horizontal component above the ground at both observation
points. For the subsequent return stroke, this effect is notice-
able only during the early-time response and diminishes in the
later stages. In contrast, for the first return stroke, the effect
of the angle remains evident throughout the entire simulation
time.

Figures 14 and 15 present, respectively, the above ground
vertical electric field at a distance of 7 = 100m (dL = 1m)
and » = 105 m from the lightning base channel. It can be seen
that the magnitude of the vertical component of the electric field
is significantly greater than that of the same underground com-
ponent at a depth of p = 1 m. Unlike the underground case,
the slope angle does not affect the vertical electric field above
the ground surface, which is for both types of current (first and
subsequent return strokes). Running the simulation with the
parameters of either the first stroke or subsequent return stroke
affects only the amplitude and rise time of the resulting fields.

Figures 16 and 17 present the above ground azimuthal mag-
netic field at » = 100m (dL = 1 m) and » = 105 m from light-
ning base channel, respectively. It is clear from these figures
that the azimuthal magnetic field is easily determined using the
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FIGURE 11. Azimuthal magnetic field at r = 105m and depth of p =
1m.
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FIGURE 13. Horizontal electric field at » = 105m and H = 5m.

approximation of a vertically stratified soil (§ = 90°) whatever
the value of the slope angle.

Table 2 provides an analysis to determine the exact distance
dL at which the effect of the slope angle becomes negligible for
all components of the lightning electromagnetic field. A “+4”
sign indicates the presence of the slope angle effect, while a
“—” sign indicates that the effect has diminished to the point of
being negligible.

An interesting approach for enhancing the robustness of sim-
ulation results in the presence of uncertainties and variability
is the application of fuzzy similarity, as demonstrated in [45].
In the context of FDTD simulations, fuzzy similarity could al-
low for an effective and lightweight comparison between dif-
ferent simulated configurations or between simulation results
and experimental data, explicitly accounting for the uncertain
nature of the input conditions. Although the current study does
not implement this method, it is recognized as a valuable tool
for future model validation and for systematically addressing
structural approximations and uncertain physical parameters in
advanced numerical simulations.

Finite Element Method (FEM) is known to require con-
siderably higher computational time for large-scale electro-
magnetic simulations, mainly due to the need for assembling
and solving large sparse matrix systems, especially when fine
meshing is employed. In contrast, the Finite-Difference Time-
Domain (FDTD) method, based on an explicit time-stepping
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FIGURE 17. Azimuthal magnetic field at » = 105mand H = 5m.

TABLE 3. Summary of FDTD vs. FEM computational characteristics.

Aspect

Finite-Difference Time-Domain (FDTD)

Finite Element Method (FEM)

Time-stepping

Explicit (fast updates)

Implicit (requires matrix solving)

CPU Time (per iteration)

Low (simple calculations at each point)

High (matrix assembly and inversion)

Total CPU Time (for

large-scale simulations)

Lower (Efficient for large domains)

Higher (Computationally

expensive for fine meshing)

small Geometries

Memory Usage Low (Stores only field values at grid points) | High (Requires storing large sparse matrices)
Suitability f¢
urtabiity tot ) Excellent Limited by computational cost
Large-Scale Domains
Flexibility for Compl
exibility for Complex Moderate Excellent

scheme, achieves faster iteration speeds, lower memory usage,
and greater overall computational efficiency for problems of
this nature. Table 3, provides a comparative summary of the
key characteristics of FDTD and FEM methods relevant to this
study.

3.2. Practical Geometry Simulation (CN Tower Strike)

Building on the work presented in Part A and aiming to achieve
greater alignment with real-world conditions, this second part
focuses on analyzing the impact of the slope angle of the land-
Ontario Lake interface on the electromagnetic fields gener-

35

ated by lightning strikes to the CN Tower in Toronto, Canada.
The study employs staircase approximation and FDTD method,
considering various inclination angles between the ground and
Ontario Lake, as the precise value of this angle remains uncer-
tain.

3.2.1. Distribution of Lightning Current along the Tower and the Light-
ning Channel

The model used to describe the lightning current distribution
along the tower and lightning channel was proposed by Baba
and Rakov [46]. This model is based on a lumped series voltage
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source located at the junction point between the channel and
striking object. Baba and Rakov demonstrated the equivalence
of this representation to the distributed source model introduced
by Rachidi et al. [47]. In their methodology, they provided a
spatial-temporal distribution of the current along the channel
and strike object, expressed in terms of the short-circuit current

ise(t):
For0< 2z <h
(! 1—pr Pi Py ise (h,t — b=z 27Zh>
1 (Z 7t) e Z /
P | et (e )
(11)
Forz' > h
; z'—h . S —h
1— lsc (h,t— > )—ptZO (h,t_T)
Z'(z’,t):ipt

2 +ZOPZP?_I(l‘FPt)Zac(ht_zv;h_@)
n=

12)
Variable h represents the tower’s height, while p; and p,
stand for the top and bottom current reflection coefficients
concerning upward and downward propagation waves, respec-
tively. c indicates the wave propagation speed along the strike
object (the speed of light). Additionally, v signifies the re-
turn stroke front speed, whose chosen value, in this study, is
150 m/us [48]. Lastly, n serves as an index denoting the succes-
sive multiple reflections taking place at two ends of the tower.
The short-circuit current, i4.(t), as depicted in the model
by Baba and Rakov, corresponds to typical subsequent return
strokes. It is represented by a combination of two Heidler’s
functions [41] with parameters including a peak value of 12 kA
and a maximum steepness of 40 kA/us. The specific parame-
ters of the short-circuit current can be found in Table 1.
As seen in Fig. 18, the site chosen for this study is located
in Toronto, Canada, hence the considered high object is the
Canadian National Tower. The necessary tower parameters for

Lightning
—
o=}

A p——

CN LTower

__________

j= Gd Sur

H
» n
. 4\5» B | -
RE) _- Land Lake
R max Junction

FIGURE 18. The adopted problem geometry.
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the model developed by Baba and Rakov include its height
(h = 553m) and the reflection coefficients at the top and
bottom, which have been set respectively, to specific values
(—0.366 and 0.8) as provided by [46]. The electrical param-
eters of Ontario Lake are defined as follows: electrical conduc-
tivity o = 0.008 S/m and relative permittivity £, = 81 [49].
The area surrounding the CN Tower is highly urbanized, with
most structures constructed from materials such as clay brick,
steel, or reinforced concrete, underlain by a water system. Es-
timating the equivalent ground conductivity in this area is chal-
lenging; however, it is likely to be somewhat lower than the
conductivity associated with Ontario Lake [49] so estimated as
o = 0.001 S/m and relative permittivity £, = 10.

The waveforms of the current assessed at both the top and
base of the CN Tower are depicted in Fig. 19. The impact of
multiple reflections at the tower’s ends is readily apparent in
these waveforms. Additionally, it is evident that the current at
the tower’s base exhibits a higher peak value, attributed to the
positive reflected wave’s contribution at ground level.

30

154
10

T T
0 2 4 6 8 10 12 14 16 18 20
Time (us)

FIGURE 19. Lightning current at the base and at the top of the CN
tower.

[
W
1
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Current (KA)
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(=}
1

3.2.2. Validation of the Developed Code

To validate the computational code, the measured vertical elec-
tric field and azimuthal magnetic field at distances of 198 m and
185 m, respectively, from the Peissenberg tower, as published
by Guerrieri et al. in 1996 [50] are used. The model of Rachidi
etal. [47] is employed to represent the current distribution along
both the lightning channel and Peissenberg tower, incorporat-
ing the MTLE model with a decay constant A = 1500 m. The
MTLE model is particularly suitable for these calculations, as it
generates field predictions that closely approximate the avail-
able experimental data. It offers an optimal balance between
mathematical simplicity and accuracy.

From Figs. 20 and 21, the simulated waveforms show strong
agreement with the experimental results. The slight discrep-
ancies observed between the measured and simulated electro-
magnetic fields can be attributed to various factors, including
assumptions inherent in the theoretical models, experimental
inaccuracies, the chosen values for reflection coefficients, and
the estimated electrical parameters of the propagation domain
used in the simulation.
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FIGURE 20. The vertical electric field simulated by FDTD and measured

at 198 m from Peissenberg tower [50].
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FIGURE 22. Horizontal electric field at »r = 499 m (dL = 1m) and

p=1m.

3.2.3. Underground Fields

The horizontal electric field generated by lightning strikes to
the CN Tower is illustrated in Fig. 22. It can be seen that this
electric field component is influenced by the slope angle of the
land-lake interface. Similar to the observations of land strike,
as the slope angle increases, the magnitude of this component
decreases. The impact of the slope angle on the underground
horizontal component, in the presence of a tower, appears less
than the case when the lightning is initiated from a ground.

Furthermore, it is evident that the results differ when consid-
ering homogeneous ground as opposed to varying slope angles.
Neglecting the presence of Lake Ontario leads to inaccuracies
in electromagnetic fields predictions.

Figure 23 depicts the underground vertical electric field for
a distance of » = 499 m (dL = 1m). It is evident that this un-
derground component is significantly influenced by the slope
angle. There is a notable discrepancy in peak values among
different cases of slope angle variations, with the effects of
multiple inversions of the current wave at the two ends of the
tower becoming more pronounced. The peak values of the ver-
tical electric field increase with the decrease of the slope angle
value. Similar to the horizontal component, the vertical elec-
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Experimental measurements [50]
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.

FIGURE 21. The azimuthal magnetic field simulated by FDTD and mea-
sured at 185 m from Peissenberg tower [50].
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FIGURE 23. Vertical electric field at r = 499m (dL = 1m) and p =
1m.

tric field is particularly affected by the slope angle in nearby
regions (dL = 1 m).

Moreover, the results of the vertical electric field in the pres-
ence of Lake Ontario differ from those obtained in the case of
homogeneous ground without the lake. Achieving accuracy in
the computation of lightning electromagnetic fields necessitates
considering the propagation domain as close as possible to re-
ality.

From Fig. 24 it appears that the azimuthal magnetic field, in
the immediate vicinity of the land-lake junction, is not really
influenced by the variation of the slope angle.

It can therefore be deduced that at distances equal to or
greater than 1 m from the observation point to the meeting point
between the two layers soil-lake, the azimuthal component of
the electromagnetic field can be evaluated without taking into
account the slope angle or the vertical stratification of the prop-
agation domain. In other words, it can be calculated using only
the electrical parameters of the first layer.

3.2.4. Above the Ground Surface Fields

From Fig. 25 illustrating the horizontal component of the elec-
tric field above the ground, it is evident that this component,
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FIGURE 24. Azimuthal magnetic field at r = 499m (dL
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FIGURE 26. Vertical electric field at r = 499 m (dL = 1m) and H =
10m.

as in land strike scenario, is only minimally influenced by the
slope angle of the land-lake interface. The magnitude of the
horizontal component exhibits a decreasing trend as the angle
of the land-ocean interface increases.

The vertical electric field (refer to Fig. 26) above ground re-
mains unaffected by changes in the slope angle value, as the
land case scenario. Regardless of whether the angle is set at
0 = 30°, 45°, 60°, 75°, or 90°, the results appear identical.
However, similar to the horizontal electric field component,
the vertical component is influenced by the presence of Lake
Ontario. Compared to the case of homogeneous ground, the
presence of the lake, with its higher electrical parameters than
the soil, leads to a reduction in the magnitude of horizontal and
vertical electric fields.

The azimuthal magnetic field above the ground illustrated in
Fig. 27 remains unaffected by variations in the slope angle of
the land-lake interface. Additionally, it is evident that the re-
sults obtained with the presence of the lake are identical to those
without the lake (homogeneous ground). The electrical param-
eters of the propagation domain do not influence this compo-
nent. Furthermore, in the presence of a stratified domain, the
azimuthal magnetic field above the ground can be determined

38

100

'\/——'M

0=30°
0 = 45°
0 = 60°
0 =75°
0 =90°

homogeneous soil

.8 10
Time (us)

FIGURE 25. Horizontal electric field at » = 499m (dL = 1m) and
H =10m.
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FIGURE 27. Azimuthal magnetic field at » = 499m (dL = 1m) and
H =10m.

by utilizing the parameters of a single layer or by employing
the perfectly conductive ground assumption.

Upon reviewing the preceding figures and observations, it is
evident that the slope angle affects both components of the un-
derground electric field, while only influencing the horizontal
component above ground. This effect manifests itself as a re-
duction in the electric field’s amplitude with increasing values
of the angle #, and conversely. With the high electrical param-
eters of the ocean, rendering it a conductive body, as the an-
gle 6 increases, the ocean covers more cells in the propagation
medium, further intensifying its effect. The effect of the slope
angle is slightly more pronounced in the land strike scenario
than the CN Tower strike scenario. This difference is attributed
to the higher electrical parameters assigned to the ocean than
those used for the Lake.

4. CONCLUSION

In this paper, we have validated the staircase approach com-
bined with Finite-Difference Time-Domain (FDTD) method for
modeling geometries with slopes and analyzed its impact on
lightning-induced electromagnetic fields. Two scenarios were
studied:
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v' Land strike: The propagation domain consisted of land
and ocean. Electromagnetic fields were simulated above
and below the ground surface at two points: one located
on land at a radial distance r = 100 m (with dL = 1m)
and the other on the ocean at r = 105m.

v’ Lightning strike to the CN Tower (Toronto, Canada): A
realistic geometry was modeled, including the land and
Lake Ontario, to achieve high accuracy. Simulations were

conducted above and below the ground at r = 499m
(dL = 1m).

The subsequent return stroke base current was modeled using
the sum of two Heidler functions. For the land strike case, the
current along the lightning channel followed the MTLE model,
while for the CN Tower case, the current distribution was rep-
resented by the Baba and Rakov model. Maxwell’s equations
were solved using FDTD method, with staircase approach im-
plemented to model land-ocean and land-lake interfaces.

Results demonstrated the effectiveness of the staircase ap-
proximation with FDTD in modeling geometries with slope an-
gles.

In mixed land-ocean domains, the peak values of horizontal
and vertical electric fields at underground observation points in-
creased as the slope angle decreased. The azimuthal magnetic
field was significantly affected by slope angles on ocean ob-
servation points, while its impact was less pronounced on land.
Above ground, only the horizontal electric field component was
sensitive to slope angles. While the land-lake interface exhibits
similar behavior to the land-ocean case, the overall impact of
the slope angle is smaller due to the lower conductivity of Lake
Ontario. If the presence of the lake is neglected and the domain
modeled as a single land layer, this simplification introduces
noticeable errors in the predicted electromagnetic fields. This
emphasizes the necessity of modeling the propagation domain
as realistically as possible.

The FDTD method was confirmed as an efficient tool for
modeling lightning electromagnetic fields due to its simplicity,
versatility, and explicit time-domain formulation. The staircase
approach employed in FDTD can be a good approximation for
representing complex or curved structures, balancing accuracy
and computational efficiency. FDTD’s time-domain solutions
make it ideal for transient phenomena like lightning. In con-
trast, Finite Element Method (FEM) is more computationally
intensive and complex, requiring advanced expertise in mesh-
ing and solver configuration. The explicit nature of FDTD en-
sures faster and simpler implementation, making it a corner-
stone method for solving Maxwell’s equations across diverse
electromagnetic applications.

Although staircase approximation provided sufficient accu-
racy for the large-scale scenarios considered in this study, fu-
ture work could benefit from non-Cartesian or adaptive mesh-
ing techniques to more accurately represent complex terrain
geometries, thereby reducing geometric approximation errors
without significantly increasing computational cost.
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