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Abstract—The Full-Wave Finite-Difference-Time-Domain
(FDTD) electromagnetic (EM) simulation method can simulate
large domains and produce time-marching solutions for
arbitrary time-domain sources, making it ideal for many
lightning applications. In this paper, a two-dimensional (2D)
axial-symmetric and a three-dimensional (3D) FDTD model
are developed that include irregular terrain based on real
topographic data. The models open the door to a wide variety of
advanced modeling applications in the analysis of the lightning
EM field propagation over mountainous terrain and the location
error of lightning location systems (LLSs) in the presence of in
mountainous regions.
Index Terms—FDTD, Mountainous terrain, Säntis Tower

Fig. 1. The topographic map of the selected region around the Säntis Tower
(red triangle) including the locations of four sensors (S1, S2, S3 and S4, black
dots) and the Herisau station (black star).

I. I NTRODUCTION
Full-Wave FDTD numerical simulations have a number of
advantages with respect to other methods, including the ability
to simulate large domains without having to solve matrix
equations, the time-marching nature of the solutions and
the possibility of using arbitrary time-domain sources. These
advantages make FDTD especially well-suited for lightning
EM field simulations with engineering Return Stroke (RS)
models.
In this study, we present two full-wave FDTD models based
on available topographic data that can be used to analyze
propagation effects of the lightning EM field over mountainous
terrain and to evaluate the location error associated with the
Time of Arrival (ToA)-based LLSs.
II. ADOPTED MODELS AND METHODS
In this study, as shown in Fig.1, we focus on the region
around the Säntis Tower located in the Swiss Alps. The 124m Säntis Tower has been instrumented since 2010 and it
serves as an experimental station for the direct measurement
of lightning currents [1]. We consider the topography between
the Säntis Tower and nearby LLS sensors (see Fig.1) based
on the global digital elevation model version 2 (GDEM V2)
data. The current distribution along the lightning channel is
specified according to the modified transmission line model
with exponential decay (MTLE) with the channel-base current
directly measured at the Säntis Tower. More details of the
FDTD simulation of the return stroke can be found in [2], [3]
and the references quoted there.

Fig. 2. (a) The 2D cross-section of the topographic map along the direct
path between the Säntis Tower and the Herisau E-field measurement station.
(b) Measured and simulated lightning RS current. (c) Associated electric field
(adapted from [2]).

III. SIMULATION RESULTS AND DISCUSSION
A. 2D axial-symmetric FDTD model
In this section, to save computational cost with sufficient
accuracy, we use a 2D axial symmetric FDTD model that
assumes that the 2D cross-section of the topographic map
along the direct path between the Säntis Tower and the Herisau
station in Switzerland is the same in all azimuthal directions
(see Fig. 2(a)).
For comparison purposes, two terrain profiles are considered
in our 2D axial-symmetric FDTD modeling, namely the irreg-
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ular ground model based on the topographic map shown in
Fig.2(a), and a flat ground. Experimental observations consist
of simultaneous records of lightning RS currents measured at
the Säntis Tower and the associated electric fields measured
at the Herisau station, about 15 km away from the Tower.
The measured channel-base current and a fitted version using
genetic algorithms are presented in Fig.2(b). As shown in
Fig.2(c), after considering the real irregular terrain between
the Säntis Tower and the field measurement station, both the
waveshape and amplitude of the simulated electric fields are
in excellent agreement with the measured waveforms. On
the other hand, the assumption of a flat ground results in a
significant underestimation of the peak electric field.

corresponding to sensors S1, S2 and S3. However, for Sensor S4, the results obtained using the 2D FDTD approach
are significantly different from those obtained using the 3D
approach. This is due, on the one hand, to the fact that the
propagation distance to Sensor 4 is much longer than for the
other sensors and, on the other hand, to the complex terrain
profile along the path between the Säntis Tower and S4 sensor
site (see Fig.3(g, h)).

B. 3D FDTD model
As discussed in [3], a 3D FDTD simulation of the full
domain would require prohibitively high computational resources. In this section, we consider a reduced 3D FDTD
model and we compare it with the 2D axial-symmetric model
presented in the previous section A. The 3D model utilizes
a reduced version of the full 3D space consisting of a 20km wide rectangular area between the lightning at the Säntis
Tower and the field point (See Fig.3(a), (c), (e), (g)).

Fig. 3. The rectangular region (left) and the 2D cross section (right) of the
topographic profiles along the direct path between the Säntis Tower and the
observation sensor site S1 (a,b), S2 (c,d), S3 (e,f) and S4 (g,h) (adopted from
[3]).

We use four field points corresponding to lightning location
system sensors S1, S2, S3, and S4 belonging to the European
Cooperation for Lightning Detection (EUCLID) network. For
comparison, as shown in Fig.4, we consider four different
conditions for the ground: (i) Perfectly-conducting flat ground,
(ii) Finitely-conducting flat ground, (iii) Finitely-conducting
ground taking into account the 3D terrain profile, and (iv)
finitely-conducting ground, taking into account the 2D terrain
profile. From Fig.4, it is found that the peak and the rise
times of vertical electric fields can be strongly affected by
the presence of mountainous terrain and the finite ground
conductivity. It is interesting to note that the results obtained
using the approximate 2D approach [2] are very similar to
those obtained using the 3D FDTD model for the cases

Fig. 4. Vertical electric fields at sensor S1(a) , S2(b), S3(c) and S4(d)
considering four different conditions for the ground corresponding to the cases
from (i) to (iv). Note that cases (i), (ii) and (iii) are calculated using the 3D
FDTD method, while the results corresponding to case (iv) are computed by
way of the 2D FDTD approach presented by in Section A. (adopted from
[3]).

IV. CONCLUSION
In this paper, based on two proposed full-wave FDTD
models, we presented an analysis of the propagation effects of
lightning EM fields over mountainous terrain, to illustrate the
use of FDTD in complex models for lightning EM field calculations. It is noted that the lightning EM fields can be significantly affected by the presence of mountainous terrain. After
considering the real irregular terrain over which propagation
occurs, the simulated electric fields are in excellent agreement
with the measured waveforms, validating the accuracy of the
FDTD technique and of the implemented models. On the other
hand, the results obtained using our 2D axial-symmetric FDTD
model can save considerable computation time and agree well
in most cases (e.g., sensors S1, S2 and S3) with those obtained
by using a more complex 3D FDTD approach. However,
the 2D axial-symmetric assumption analysis might lead to
inaccuracies in the cases when the terrain is characterized by
a particularly complex profile (e.g. sensor S4).
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