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Abstract In this paper, we analyze the location error of time of arrival (ToA)-based lightning location
systems (LLSs) caused by propagation effects over mountainous terrain around the Santis tower located in
the Swiss Alps. The study is based on a full-wave three-dimensional (3-D) finite difference time domain
approach using the topographic map including the Santis tower and the nearby sensors belonging to LLSs. It
is found that the vertical electric fields are strongly affected by the presence of the mountainous terrain and
the finite ground conductivity and that the location error associated with the ToA technique depends
strongly on the used onset time estimation technique. The evaluated location errors associated with
amplitude thresholds of 10% and 20% and the time of the linear extrapolation of the tangent at maximum
field derivative are found to be smallest (about 300 m or less). Finally, we assess the accuracy of two simplified
methods (terrain envelope method and tight-terrain-fit method) to account for the location error due to
propagation over mountainous terrain. These two methods might represent an efficient alternative to
estimate the additional time delay due to propagation over a nonflat terrain by using available topographic
data. In addition, a possible real-time location error compensation algorithm using the elongated
propagation path method to improve the location error of the LLSs in mountainous regions is presented
and discussed.

1. Introduction

The location accuracy of the time of arrival (ToA) technique used in lightning location systems (LLSs) is
affected by propagation effects along a ground with finite conductivity (e.g., Cooray, 2009; Cooray et al.,
2000; Delfino, Procopio, & Rossi, 2008; Delfino, Procopio, Rossi, Rachidi, et al., 2008; Rubinstein, 1996;
Shoory et al,, 2011) and/or rough and nonflat ground configurations (e.g., Cooray & Ming, 1994; Cummins
et al, 2005; Last & Williams, 2000; Last et al., 2000; Li et al., 2013, 2014; Paknahad et al., 2014; Perez-Perez
et al., 2013; Schulz & Diendorfer, 2000; Zhang, Yang, Jing, et al., 2012; Zhang, Yang, Li, et al., 2012). On one
hand, several methods have been proposed to refine the algorithms for the estimation of the time of arrival
associated with a measured waveform to minimize the propagation effects of the lossy ground (e.g., Cooray,
1987; Cummins et al., 2010; Honma et al., 2013, 1998; Liu et al., 2016; Schulz & Diendorfer, 2000; Schulz et al.,
2016). On the other hand, propagation correction methods based on observation-based lightning data sets
have been developed to improve the location accuracy of LLSs, such as in the U.S. National Lightning
Detection Network (Cummins et al,, 2010) and in the European Cooperation for Lightning Detection
(EUCLID) network (Schulz & Diendorfer, 2000; Schulz et al., 2016). Recently, Paknahad et al. (2014) studied
the propagation effects on lightning radiated electromagnetic fields by considering a pyramidal mountain
and noted that the time delays and amplitudes of the lightning-radiated electromagnetic fields can be sig-
nificantly affected by the mountainous terrain and associated diffraction phenomena. In another paper, Li,
Rachidi, et al. (2016) further analyzed the location error of ToA-based LLSs by using a two-dimensional
(2-D) finite difference time domain (FDTD) approach. To reduce the computational complexity, the axial sym-
metric assumption was made using 2-D topographic maps along the direct path between the lightning
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Figure 1. The topographic map of the selected region including the locations of four sensors (51, S2, S3, and S4) in the
region of the Santis tower (red triangle).

location and nearby sensors. Their study showed that the location error strongly depends on the adopted
threshold times.

In this paper, for the first time, the location accuracy of ToA-based LLSs over mountainous terrain is evaluated
based on a three-dimensional (3-D) full-wave FDTD approach using available topographic data. The 3-D FDTD
approach is used to analyze the propagation effects of the electromagnetic fields over mountainous terrain
and to evaluate the location error associated with the ToA technique in LLSs. We also use the 3-D full-wave
FDTD method to compare the accuracy of the calculated lightning locations corresponding to six different
remote field onset time estimation methods. Then, the accuracy of two elongated propagation path methods
(terrain envelope method) (Li, Azadifar, et al.,, 2016) and tight-terrain-fit method (Schulz & Diendorfer, 2000) is
assessed to account for the location error resulting from the propagation over mountainous terrain. Finally, a
possible real-time approach using any elongated path method to improve the accuracy of LLSs when propa-
gation occurs over mountainous regions is discussed.

2. Adopted Models and Methods for the Analysis
2.1. Terrain Topography

In this study, we focus on the region around the Séntis tower (Romero et al., 2013) to assess the location error
of ToA-based lightning location systems resulting from propagation over mountainous terrain. Figure 1
shows the topographic map of the selected region based on the global digital elevation model version 2
(GDEM V2) data from Advanced Spaceborne Thermal Emission and Reflection radiometer (ASTER) with a hor-
izontal grid spacing of 1 arc sec (approximately 30 m). S1, S2, S3, and S4 are the locations of four sensors
(black dots) belonging to the European Cooperation for Lightning Detection (EUCLID) network (Schulz
et al,, 2016). The red triangle marks the position of the Séntis tower, which is located on the top of Mount
Santis, in the northeastern part of Switzerland. The 124 m tall tower was instrumented for the measurement
of lightning current waveforms and their time derivatives at two different heights (24 m and 82 m) along the
tower. More details on the measurement sensors and instrumentation system can be found in Romero et al.
(2012, 2013).
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Figure 2. An example of the defined reference rectangular region for the 3-D FDTD model between the Santis tower and
the sensor site S4 with length d and width Ly x 2 = 20 km.

2.2. FDTD Modeling

In order to take into account the topography between the Santis tower and the nearby sensors, GDEM V2
data for the selected region (see Figure 1) are smoothed making use of the MATLAB Savitzky-Golay filter tool-
box in order to remove all small-scale topographic fluctuation and interpolated to fit with the size of the spa-
tial grid in the FDTD simulation (Li et al., 2015).

As discussed in Li et al. (2015), a three-dimensional (3-D) FDTD simulation of the full domain would require
exorbitant computation time and memory consumption. On the other hand, the 2-D axial symmetric assump-
tion might lead to inaccuracies. In this study, we have considered a reduced 3-D FDTD model of a rectangular
area containing the region of interest. Figure 2 shows the rectangle considered for the propagation of elec-
tromagnetic fields from a lightning return stroke impacting on the Santis tower to sensor S4. The width of the
rectangle is 2 x L,=20 km. Figures 3a, 3¢, 3e, and 3g present the rectangular domains for each of the four con-
sidered sensors, S1, S2, S3, and S4. For comparison, Figures 3b, 3d, 3f, and 3h show the 2-D topographic pro-
files along the direct path between the Séntis tower and each sensor (Li, Rachidi, et al., 2016). The influence of
the width L, of the chosen reference region is analyzed in the appendix, where it is shown that considering a
20 km wide rectangular area results in an acceptable error level in the calculated field.

3. Analysis, Simulation Results, and Discussion
3.1. Calculation Parameters

For the FDTD analysis, the spatial discretization and the time increment were set to 50 m and 90 ns, respec-
tively. The ground was considered as homogeneous with conductivity o4 = 0.001 S/m. The value corresponds
to conductivity measurements in the Alps (Marescot et al., 2008). The ground relative permittivity & is
assumed to be equal to 10, which is commonly used in many studies. In the 3-D-FDTD analysis, we used
10 layers of convolutional perfectly matching layers (Roden & Gedney, 2000) as the absorbing boundary con-
ditions. The current distribution along the return stroke channel was specified according to the modified
transmission line model with exponential decay (Nucci et al., 1988; Rachidi & Nucci, 1990), assuming a current
decay constant 2 = 2 km (Nucci & Rachidi, 1989). The channel height was assumed to be H = 8 km, and the
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Figure 3. The (a, ¢, &, and g) reference region (left) and the (b, d, f, and g) 2-D cross section (right) of the topographic profiles
along the direct path between the Séntis tower and the observation sensor site S1 (Figures 3a and 3b), S2 (Figures 3c and
3d), S3 (Figures 3e and 3f) and S4 (Figures 3g and 3h).

return stroke speed was set to v = 1.5 x 10% m/s. The channel-base current was represented using the sum of
two Heidler's functions (Heidler, 1985) corresponding to a typical subsequent return stroke (Rachidi et al.,
2001). Figure 4 shows the waveforms of the subsequent return stroke current and its time derivative. The
current is characterized by a peak value of 12 kA and a maximum time derivative of 40 kA/ps.

3.2. Simulation Results and Discussion

In this section, we adopt the following approach to evaluate the location accuracy of ToA-based LLSs over the
mountainous region around the Santis tower. First, we consider a return stroke to the Santis tower and com-
pute the generated electromagnetic fields at different positions corresponding to the sensor sites by using
the full-wave FDTD method. Then, the numerical results are used to determine the location of the lightning
discharge based on the ToA technique. Finally, the estimated locations are compared with the actual Séntis
tower location.

3.2.1. The Electromagnetic Fields Over Mountainous Terrain

Figure 5 shows the vertical electric fields calculated by using our FDTD approach at the positions correspond-
ing to the four LLS sensors (S1, S2, S3, and S4). The computations were performed considering different mod-
els for the ground: (i) perfectly conducting, flat ground (black line); (ii) finitely conducting, flat ground,
og = 0.001 S/m, &g = 10 (blue line); (iii) finitely conducting ground (o4 = 0.001 S/m, &4 = 10), taking into
account the 3-D terrain profile using the topographic map, over a 20 km wide rectangular area (red line);
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Figure 4. Subsequent return stroke current (a) waveform and (b) its time derivative waveform.
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Figure 5. Vertical electric fields at each sensor ((a) S1, (b) S2, (c) S3, and (d) S4) considering different models for the ground.
(i) Perfectly conducting, flat ground (black line); (ii) finitely conducting, flat ground, o4 = 0.001 S/m, &4 = 10 (blue line);
(iii) finitely conducting ground (o4 = 0.001 S/m, &4 = 10), taking into account the 3-D terrain profile using the topographic
map, over a 20 km wide rectangular area (red line); and (iv) finitely conducting ground (64=0.0015/m, &g =10), taking into
account the terrain profile using the 2-D topographic map along the direct path between the lightning location and

each sensor (green line).
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Figure 6. Calculation of the signal onset time ton associated with six different methods: (a) using an amplitude threshold of
10% of the initial rising amplitude of the field, (b) using an amplitude threshold of 20% of the initial rising amplitude of
the field, (c) using an amplitude threshold of 50% of the initial rising amplitude of the field, (d) the zero-crossing time of the
linear extrapolation of the maximum field derivative, (e) the time corresponding to the peak field derivative, and (f) the time
corresponding to the peak field.

and (iv) finitely conducting ground (g, = 0.001 S/m, &4 = 10), taking into account the terrain profile along the
2-D topographic map along the direct path between the lightning location and each sensor (green line).

Note that cases (i)-(iii) are calculated using the 3-D FDTD method, while the results corresponding to case (iv)
are computed by way of the 2-D FDTD approach presented by Li, Rachidi, et al. (2016).

From Figure 5, it can be seen that the vertical electric fields can be strongly affected by the presence of moun-
tainous terrain and the finite ground conductivity. The assumption of a finitely conducting flat ground might
result in a significant underestimation of the peak electric field (see blue and red lines in Figure 5), in agree-
ment with the results presented by Li et al. (2015) and Azadifar et al. (2016). Note that as expected, after tak-
ing into account the propagation effect of the finite ground conductivity and the mountainous terrain, the
rise times of the vertical electric fields in Figure 5 become longer.

It is interesting to note that the results obtained using the approximate 2-D approach (Li, Rachidi, et al., 2016)
are very similar to those obtained using the 3-D FDTD method for the cases corresponding to sensors S1, S2,
and S3. On the other hand, for sensor S4, the results obtained using the 2-D FDTD approach are significantly
different from those obtained using the 3-D approach. This is due, on the one hand, to the fact that the pro-
pagation distance to sensor S4 is much longer than for the other sensors and, on the other hand, to the com-
plex terrain profile along the path between the Santis tower and that particular sensor site, as can be seen
from Figures 3g and 3h.

3.2.2. Evaluated Location of the Lightning Discharge Based On the ToA Technique

Different methods have been proposed to determine the time of arrival of a measured signal used by the ToA
technique (e.g., Lojou et al., 2011; Schulz, 1997). In this study, the so-called onset time is used to determine
the time of arrival of a field pulse at a given sensor of a ToA-based LLS. Note that all the involved parameters
for calculating the onset time will be extracted from the numerical results obtained using our full-wave FDTD
approach. Figure 6 illustrates six different methods considered in this study to compute the onset time t,,,
used to evaluate the time of arrival of the field. Three of these methods are based on the following equation
(Schulz, 1997):

tp —tr
ton =tp ———F, 1
on p Ep — Eth ps ( )
where tr is the threshold time at which the signal exceeds an amplitude threshold Ey,, £, is the peak ampli-
tude of the field, and t, is the time corresponding to the peak amplitude. The values for the threshold times
considered here correspond to (a) 10% of the initial rising amplitude of the field, (b) 20% of the initial rising

amplitude of the field, and (c) 50% of the initial rising amplitude of the field, (Cooray, 1987),

LI ET AL.

TOA-BASED LLS OVER MOUNTAINOUS TERRAIN 11,765



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD027520

(a) (b) 5
300 — — ISQ&SS‘ T T T T T T
P S S1&S3 J
— S81&82
2001 3| S4&S3 |
— S4&82
oL S48&S1 |

100

Distance(km)
o
Distance(km)

-100

-200

-300 :
-300 -200 -100 0 100 200 300

Distance(km) Distance(km)

Figure 7. Lightning location results evaluated by the ToA technique for the ideal case of a flat, perfectly conducting ground using the FDTD approach. The presented
areas are (a) 300 km x 300 km and (b) 5 km x 5 km, centered around the Séntis tower (triangle); six hyperbolas of different colors are shown corresponding to the
following sensor pairs: S2-S3, S1-S3, S1-52, S4-S3, S4-S2, and S4-S1.

The onset time is defined as the zero-crossing time of the straight line defined by the two points (t, and E,)
and (tr and Ey,) (see cases a—c in Figure 6).

Additionally, three other methods were used to determine the onset time (see cases d—f in Figure 6), namely,
(d) the zero-crossing time of the linear extrapolation of the tangent at maximum field derivative (Honma
et al, 2013), (e) the time corresponding to the peak field derivative (Cooray, 1987), and (f) the time corre-
sponding to the peak field.

Note that the improved linear extrapolation algorithm (case d) was used in the updated version of the EUCLID
network from 2011, which was shown to have better accuracy compared to the previously used algorithms
(Schulz et al., 2016).

Figure 7 gives the location results considering the ideal case of a flat, perfectly conducting ground. In the
figure, pairs of hyperbolas associated with the differences in time of arrival between each pair of observation
points (sensors) are shown. It is found that the ToA-predicted location coincides perfectly with the Santis
tower. Note that for the perfectly conducting flat ground case, the result is independent of the choice of
the amplitude threshold in the determination of the onset time.

Figure 8 presents the plot of pairs of hyperbolas associated with the differences in time of arrival between
each pair of observation points (sensors), in this case taking into account the 3-D terrain profile over a
20 km wide rectangular area and a finite conductivity of the ground (o4 = 0.001 S/m and &4 = 10). It is found
that the resulting hyperbolas strongly depend on the adopted onset time estimation technique, as can be
seen by comparing to the perfectly conducting flat ground case in Figure 7. Note that after considering
the effect of the terrain profile, the ToA hyperbolic branches do not exhibit a unique intersection point (see
Figure 8). The estimate of the lightning strike position is then obtained from the minimum total distance
point (MTDP) (solid green circle in Figure 8) by calculating the optimal minimization of the iterative equation
below:

4
MTDP(x.y) = argmin 3 || (t/=t:) = Tix ||, @

where the first term within the summation, (t; — t;) is the measured time difference between the measured arri-
val times to the ith sensor, t; and the time of arrival to sensor 1, t; (sensor 1 corresponding to the reference sen-
sor where the signal arrives first). The second term within the summation in (equation (2)) is the calculated time
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Figure 8. Lightning location results evaluated by the ToA technique taking into account the mountainous terrain and the
finite conductivity of the ground (o4 = 0.001 S/m and &4 = 10) associated with the six different approaches for the
onset time: (a) using an amplitude threshold of 10% of the initial rising amplitude of the field, (b) using an amplitude
threshold of 20% of the initial rising amplitude of the field, (c) using an amplitude threshold of 50% of the initial rising
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(f) the peak field time. The presented area is 5 km x 5 km, centered around the Santis tower (triangle); the minimum total
distance point (MTDP) is represented by a solid green circle; six hyperbolic branches of different colors are drawn corre-
sponding to the hyperbolic branches for the following sensor pairs: $2-5S3, S1-S3, S1-S2, S4-S3, S4-52, and S4-S1.
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Table 1

The Distance d Between MTDP and the Séintis Tower Position Corresponding to the
Six Considered Onset Time Estimation Approaches

difference Ty =1/ (X — x)? + (Y, — ) Je—/ (1 —x) + (Y1 —y)?) /<,
where (xy) is the prospective lightning source location, (X;Y;) is the
location of the ith sensor, (X;,Y;) corresponding to the reference sensor

Different onset times d(m)  position, and ¢ is the signal propagation velocity, which is assumed to
Using an amplitude threshold of 10% of peak 356 be the speed of light. The iterative procedure is repeated by varying
Using an amplitude threshold of 20% of peak 343 the values of x and y until the calculated MTDP converges to the
Using an amplitude threshold of 50% of peak 624 optimal minimization of equation (2). Table 1 summarizes the distance
The zero-crossing time of linear extrapolation 298

of the tangent at maximum Field derivative
The time of peak field derivative

The time of peak field

d between MTDP and the Séntis tower position corresponding to the
752 six different approaches of onset time estimation.

1,651 The evaluated location errors associated with amplitude thresholds of

10% and 20% of the peak and the time of the linear extrapolation of
the tangent at maximum field derivative (Honma et al., 2013) are found to be smallest, about 300 m or less.
On the other hand, the evaluated locations due to the time of the peak field derivative (Cooray, 1987) and the
onset time using an amplitude threshold time of 50% of the peak (Cooray, 1987) appear to be more sensitive
to the presence of mountainous terrain, resulting in relatively large location errors. The maximum evaluated
location error found, d = 1651 m, corresponds to the case considering the time of the peak field.

4. Elongated Propagation Path Methods

In this section, we assess the accuracy of two simplified methods (terrain envelope method) (Li, Rachidi, et al.,
2016) and tight-terrain-fit method (Schulz & Diendorfer, 2000) to account for the additional time delays
resulting from the propagation over mountainous terrain. As explained in what follows, we apply the tight-
terrain-fit method in a different manner compared to that used by Schulz and Diendorfer (2000).

There are two main differences between the algorithm of Schulz and Diendorfer (2000) and the one pre-
sented in this paper. The first one is related to the way the tight-terrain-fit method used. Schulz and
Diendorfer (2000) proposed an iterative method in which each iteration in turn to estimate the possible loca-
tion by calculating the tight-terrain-fit propagation delays to the sensors. The process continues until two
successive iteration locations satisfy a predefined condition (such as a distance shorter than a given mini-
mum). On the other hand, in the algorithm presented in this paper, the propagation delays from each sensor
as a function of angle and distance are precalculated and the information is combined with the measured
time of arrival times to determine the point for which the same stroke time is seen by each one of the sensors.

The second notable difference between the tight-terrain-fit method of Schulz and Diendorfer (2000) and the
one presented in this paper is that the grid size used by Schulz and Diendorfer (2000) was adjusted to
improve the obtained results, leading to an observed optimum for a large grid size of the order of a couple
of kilometers by a couple of kilometers. Based on the results obtained in this paper, which we present below,
we infer that the reason for Schulz and Diendorfer’s observed grid size optimum is that, by using a large grid
size, Schulz and Diendorfer (2000) were effectively averaging the main features of the terrain, inadvertently
converting the tight-terrain-fit method to the terrain envelope method since the fine structure of the terrain
was averaged out.

We will consider here the resulting location error corresponding to the speed-of-light propagation along the
two elongated propagation paths and compare them with the results of the FDTD method. Figure 9 illus-
trates the two elongated propagation paths between the Santis tower and each sensor (S1, S2, S3, and S4),
namely, the terrain envelope method (blue line in Figure 9) and the tight-terrain-fit method (red line in
Figure 9).

To evaluate the lightning location from the tight-terrain-fit method, we first calculated the distance from
the Séntis tower to each one of the sensors along the tight-terrain-fit path. This corresponds to the
lengths of the red lines in Figures 9a-9d. Next, we calculated the propagation time to each sensor by
dividing its distance by the speed of light. We then calculated the time differences to each pair of sen-
sors by subtracting the corresponding calculated propagation times. Finally, these differences in time of
arrival were used to obtain an estimate of the lightning position based on the ToA technique assuming a
flat and perfectly conducting ground. The same procedure was followed for the terrain envelope method
using the lengths of the blue lines in Figure 9 to calculate the propagation times. Note that the blue line
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Figure 9. lllustration of two different elongated propagation path methods for the determination of the time delay of sensors (a) S1, (b) S2, (c) S3, and (d) S4, the
terrain envelope method (blue line) and tight-terrain-fit method (red line).

corresponding to the terrain envelope method is the smallest convex polygonal chain, which was
calculated in this paper using convhull, which is a MATLAB Convex Hull algorithm function, to obtain
the terrain envelope path.

Figure 10 presents the results for the location following the procedure described in the previous paragraph,
taking into account the terrain profiles based on the terrain envelope method and tight-terrain-fit method.
For the considered configuration, the lightning location errors are also estimated by using the distance
between the MTDP and the Séntis tower position, which are 1,998 m for the tight-terrain-fit method and
273 m for the terrain envelope method. For the considered case, it can be seen that the terrain envelope
method is able to provide a better estimate of the location of the lightning strike (Santis tower). It is interest-
ing to note that the hyperbolas corresponding to the tight-terrain-fit method in Figure 10a are found to be
very similar to those obtained with the FDTD numerical results considering the peak amplitude time shown
in Figure 8f.

Taking as a reference a flat ground model, the extra length of the tight-terrain-fit method path and of the ter-
rain envelope method path will appear as an additional time delay. Figure 11 further shows the additional
time delays for each sensor corresponding to the speed-of-light propagation along the two elongated paths
(tight-terrain-fit method and terrain envelope method) and those of the FDTD numerical approach consider-
ing the six different values of the onset time. The figure shows that the additional time delays introduced by
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Figure 10. Hyperbolic branches calculated using the ToA technique for times of arrival calculated according to the two different elongated propagation path meth-
ods. (a) The tight-terrain-fit method and (b) the terrain envelope method. The presented area is 5 km x 5 km, centered around the Santis tower (triangle), and the

minimum total distance point (MTDP) is represented by a solid green circle.

the terrain envelope method agree well with the results obtained from our full-wave FDTD approach
considering the time of the linear extrapolation of the maximum field derivative, an amplitude threshold
of 10%, and an amplitude threshold of 20% of the initial rising amplitude of the field. On the other hand,
the additional time delays calculated by using the tight-terrain-fit method are close to the FDTD results

considering the time of peak.
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Figure 11. Additional time delays with respect to a flat ground for sensor sites
S1, S2, S3, and S4 corresponding to the FDTD approach with the six different
values of the onset time: (1) using an amplitude threshold of 10% of the initial
rising amplitude of the field, (2) using an amplitude threshold of 20% of the
initial rising amplitude of the field, (3) using an amplitude threshold of 50% of
the initial rising amplitude of the field, (4) the time of the linear extrapolation of
the maximum field derivative, (5) the peak field derivative time, and (6) the peak
field time. Tight-terrain-fit method (red dots) and terrain envelope method
(blue dots).

Based on these observations, we propose an algorithm in section 5 that
uses available topographic data to compensate the measured arrival
times for the effect of the mountains, which in turn allows the use of
the flat ground equations to improve the location accuracy of ToA-
based lightning location systems. The use of the considered configura-
tion does not constitute a rigorous proof for the hypothesis, and more
exhaustive tests would need to be performed to arrive at general con-
clusions. However, comprehensive testing would require excessive
computational and time resources, and we have therefore left them
as future work.

5. Location Error Compensation Algorithm for
Mountainous Terrain

A possible real-time approach using the elongated propagation path
methods (tight-terrain-fit method and terrain envelope method) to
improve the location accuracy of LLSs involving propagation over
mountainous terrain is discussed in this section. Based on the analysis
of section 4, the evaluated location of a lightning discharge corre-
sponding to the terrain envelope method is in good agreement with
the FDTD numerical results, which might represent an interesting alter-
native to estimate the additional time delay due to the propagation
over a nonflat terrain by using available topographic data and to com-
pensate for this extra delay to obtain a better estimate of the strike
location. Figure 12 presents the terrain map (left) and the additional
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Figure 12. The (left column) terrain map and the additional time delay map centered around four sensors S1(a1,b1,c1), S2(a2,b2,c2), S3(a3,b3,c3) and S4 (a4,b4,c4)

calculated by using the (middle column) tight-terrain-fit method and (right column) terrain envelope method. The presented area is 300 km x 300 km, the reference
0° direction is north, and the red triangle represents Santis tower.
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time delay map calculated by using the tight-terrain-fit method (middle)
and terrain envelope method (right) with respect to the flat ground
around the four sensors (S1, S2, S3, and S4) with different azimuth

Figure 13. Indexes of different azimuth angle/distance pairs generated by fol-
lowing a clockwise spiral path. In the example, the indices i go from 1 to n.
The black dot is the position of the centered sensor.

1.

index 1 angles within a radius of 300 km. It can be seen that the additional time
0 delays vary strongly as a function of the range and direction of propa-
V% 1 gation. This result is consistent with the study of Cummins et al. (2010).
dl The tight-terrain-fit method, as expected, is more sensitive to the pre-

Al1 sence of mountainous terrain than the tight-envelop method.

If the extra time delay could be compensated for, the differences in time
of arrival would correspond to those that would be measured if the
ground were flat. Those compensated arrival times would therefore allow
for a better estimation of the lightning strike point in real time. A possible
real-time propagation correction using any elongated propagation path
method to improve the location errors of the LLSs over mountainous
region can be computed as follows, where steps 1 and 2 are carried
out once, and the rest of the steps are followed for each detected stroke:

Define circular ring sectors around each sensor (black dot) as shown in Figure 13. Assign a unique
identifier, which we will call index, as a function of distance d and azimuth angle 0, to each sector.
In the figure, integers following a clockwise spiral path are used. Note that although a polar coordi-
nate system, which has advantages in the areas close to the pole, is used here since it lends itself
easily for the explanation of the technique, the algorithm can be readily modified to use with latitude
and longitude as coordinates, which is preferable since, on the one hand, in the polar diagram the
size of the sectors is sensitive to the distance d and, on the other hand, commercial systems use lati-
tude and longitude. Note that in order to show the propagation characteristic clearly, we adopt a
polar coordinate system in the example.

For each sensor j, create a five-column table as illustrated in Table 2. The first column identifies the sensor.
The second column contains the identifying index of each circular ring sector. The third and fourth col-
umns contain, respectively, the clockwise angle from the north to the axis of symmetry of the sector
and the distance from the centered sensor (black dot in Figure 13) to the center of the sector. The fifth
column contains the propagation time At; from the center of the sector to the sensor location calculated
using the elongated propagation path method. (Note that any method that produces accurate propaga-
tion times can, in principle, be used here, such as full-wave simulations or experimental data. However, the
former would require prohibitively high computer resources and the latter is impractical and extremely
costly.) This propagation time corresponds thus to a specific azimuth angle 6; and distance d; pair. Note
that the choice of the granularity of the angles and distances will determine the maximum precision
obtained with the algorithm.

For a given stroke detected by the LLS, obtain the arrival times T; to each participating sensor.

4. Create new propagation times tables based on Table 2, changing the last column so that it contains

T; — At;. This time corresponds to the stroke occurrence time since it is the time of arrival T; minus the pro-
pagation time At;.

5. Combine the tables of the participating sensors into a single global table.
6. Since the stroke time should be the same for all the sensors, the next step is to process the overall table to
find the rows that contain the same stroke time (or similar stroke times since in practice the times will have
some tolerance) in the last column. The search can be carried out as
follows. First, sort the table in increasing stroke time order. Then,
::ol;l:giﬁon Times Table for Sensor i add a sixth column to the table in such a way that the sixth element
of a row contains the difference between the strike time of that row
A i 25 bingls DIHEIES SRR Ui A and the strike time of the next row. The sixth cell of the last row can
i 1 0, dq Aty be left empty since it has no next row. Finally, select all the rows in
i 2 02 dy Aty which the new column contains a number smaller than a prede-
’: : fined tolerance. Any three consecutive rows satisfying that condi-

i n On dn At,

tion are a candidate to identify the angle and the distance from

Note. The number n correspond to individual angle and distance.

each participating sensor to the strike position.
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Note that the sorting of the stroke times in step 6 would be the most time consuming part in the algorithm. The
sorting could be carried out in a tenth of a second on modern Laptops using for instance the radix sort algorithm.

It is worth noting that although the elongated propagation path method provides an interesting approach to
improve the location errors of the LLSs when propagation occurs over mountainous terrain, for real-time use
in practice, more studies involving other observation data (such as natural and rocket-triggered lightning)
are needed.

6. Conclusions and Summary

In this paper, we analyzed the location error of time of arrival (ToA)-based lightning location systems (LLSs)
due to propagation over mountainous regions. For the analysis, we considered the region around the
Santis tower in the Swiss Alps and the nearby sensor sites belonging to the EUCLID network. The analysis
was based on a full-wave three-dimensional (3-D) finite difference time domain (FDTD) approach taking into
account the terrain profile.

It was found that the vertical electric fields are strongly affected by the presence of mountainous terrain and
the finite ground conductivity. We further evaluated the accuracy of six different approaches of onset time
estimation used in the ToA technique by using our full-wave FDTD approach. It was shown that the location
error associated with the ToA technique depends strongly on the adapted onset time calculation.

The evaluated location errors associated with amplitude thresholds of 10% and 20% and the time of the lin-
ear extrapolation of the tangent at maximum field derivative were found to be smallest, about 300 m or less.
However, the evaluated locations derived using onset times based on the time of the peak field derivative
and an amplitude threshold time of 50% of the peak appear to be more sensitive to the presence of moun-
tainous terrain, resulting in relatively large location errors. The maximum evaluated location error is about
1,600 m, which is associated with the case considering the peak field time.

Finally, we assessed the accuracy of two simplified methods (terrain envelope method and tight-terrain-fit
method) to account for the location error resulting from the propagation in a mountainous terrain. The pre-
liminary analysis suggests that the terrain envelope method might represent an interesting alternative to esti-
mate the additional time delay due to the propagation over a nonflat terrain by using available topographic
data. In addition, a possible real-time location error compensation algorithm using any elongated propagation
path method to improve the location errors of LLSs over mountainous region was presented and discussed.

Appendix A: The Effect of the Width of the Rectangular Area Ly
In this appendix, we discuss the influence of the adopted width of the reference rectangular area for our
FDTD simulation. Figure A1 shows the vertical electric field calculated by using different widths (L,) at
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Figure A1. The effect of the width Ly of the reference area for the (a) S1 and (b) S4 sensor sites.
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Figure A2. Onset times corresponding to six different algorithms for the (a) S1 and (b) S4 sensor sites. (1) using an amplitude threshold of 10% of the initial rising
amplitude of the field, (2) using an amplitude threshold of 20% of the initial rising amplitude of the field, (3) using an amplitude threshold of 50% of the initial
rising amplitude of the field, (4) the zero-corresponding time of the linear extrapolation of the maximum field derivative, (5) the peak field derivative time, and (6) the

peak field time.
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sensors S1 (d = 30 km) and S4 (d = 220 km). As can be seen, the numerical results at S1 sensor (close
distance) are nearly insensitive when L, varies between 10 and 30 km (see Figure A1). On the other
hand, for farther distances (sensor S4), a difference of up to 20% is observed in the amplitude of the field
when Ly varies from 20 km to 100 km. Figure A2 further gives the onset times calculated by using the six
different methods defined in section 3.2.2 for sensors S1 and S4. It is found that all the onset times used
by the ToA technique depend only on the initial rising front of the measured signal, which is not signifi-
cantly affected by the considered width L, Therefore, in our case, the adopted width of L; = 20 km
appears to be reasonable.
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