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An improved stochastic method for computer simulation of lightning leaders is developed based on the results
from optical observation data. The development and attachment process of downward negative cloud-to-ground
lightning in the near-ground area is simulated. The distribution of lightning strike points influenced by tall
structures is statistically analyzed. The results show that when downward negative leaders initiate at 1500 m
height over a structure, the relative strike frequency for the structure increases at a decreasing rate as the
structure height increases. The strike frequency for a 600 m tall structure is approximately 3.6 times that for a
100 m tall structure. Additionally, the structure may attract some lightning to hit itself and shift nearby ground
strike points toward the structure. For taller structures, the deviation effect is more apparent. It is stipulated in
this study that if the ground strike density in the vicinity of the structure is no more than 5% of the average
density, then the structure has a sufficient protective effect on this area. The data indicate that there is a positive
correlation between the protection distance and the height of the structure. The protection distances of structures
of 100-600 m in height are 200 m, 280 m, 350 m, 400 m, 450 m, and 480 m approximatively, which show a

declining rate of increase.

1. Introduction

Lightning is a strong, long-distance, transient discharge phenomenon
in the atmosphere. A thorough understanding of the physical processes
and mechanisms of lightning is needed for science-based protection
against lightning disasters. An effective way to study the physical
mechanisms of lightning is by modeling the electrification and discharge
process based on observations. At present, there are two main types of
lightning leader models, the physical model and the stochastic model.
Complex factors, such as the shape of the leader tip and the induced
charge in the channel and corona region, should be taken into account in
the physical model (Becerra and Cooray, 2006; Goelian et al., 1997;
Helsdon and Farley, 1987; Mazur and Ruhnke, 1998; Mazur et al.,
2000). However, these properties are difficult to obtain. By comparison,

the stochastic model has fewer factors to consider and is easier to
implement. To a certain extent, it is more in agreement with the leader
branching and tortuous characteristics often seen with lightning. The
stochastic model was originally used to simulate the breakdown process
in dielectrics, in which a pending development point is chosen randomly
from among those grid points where the magnitude of the electric field is
above a threshold value instead of being assigned to the grid point with
the maximum electric field magnitude (Wiesmann and Zeller, 1986).
The stochastic model was then used to simulate the discharge process of
lightning (MacGorman et al., 2001; Petrov and Petrova, 1999). Mansell
et al. (2002), Tan et al. (2006), Riousset et al. (2007), Tao et al. (2009)
and Iudin et al. (2017) used the stochastic lightning model to investigate
the development of bidirectional positive and negative lightning leaders
in a domain of varying charge density. The simulation results were
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supported by the observations of very high frequency radiation sources,
electric field variations or camera images for the factors of channel
structure, extended range, and induced charge. The above studies
mostly focused on intracloud (IC) lightning, while cloud-to-ground (CG)
lightning is more harmful to human society. Some researchers have
applied it to the research of the interactions between CG flashes and
protruding objects on the ground (Dellera and Garbagnati, 1990). Rizk
(1994) fitted the relationship between the protective distance of the
structure with its effective height, the length of the lightning rod, elec-
tric field and channel current respectively. Dul’zon et al. (1999) simu-
lated the propagation of CG lightning including the initiation of
lightning, a preliminary discharge in a cloud, the propagation of a
downward moving stepped leader toward the earth, and the initiation
and motion of an upward leader from the earth’s surface. Based on this,
they studied the influence of cloud charge density and channel electric
parameters on the temporal and spatial characteristics of CG lightning,
current and charge distribution in the channel. Some other studies
combined the stochastic lightning model with the electrogeometrical
model to calculate the strike distribution of the top of the low structures
and the nearby ground. The results show that the top of the lightning rod
and the corners of the structure are easy to be struck by lightning, while
the area of the roof near the lightning rod and the ground near the
structure are unlikely to be hit (Ait-Amar and Berger, 2005; Kern et al.,
2012; Metwally and Heidler, 2007). It is also an effective way to study
the impact of the structure on the CG lightning characteristics by
simulating the development and attachment process of leaders when
setting aside the charge structure of thunderstorm cloud and simply
regarding the bottom of the thunderstorm as a parallel plate electrode. It
was found that the probability of lightning striking a structure is closely
related to the height, shape, and location of the structure (Cooray et al.,
2014; He et al., 2009; Petrov et al., 2003; Petrov and Waters, 1995).

When thunderstorm clouds are present, the local electric field at the
tips or corners of tall structures increases, which makes the tall struc-
tures more susceptible to lightning, while the probability of lightning
striking the surrounding low structures or the flat ground becomes
relatively smaller. At present, there are few studies on the impacts of tall
structures on lightning activities in their vicinities. Ngqungga (2006)
analyzed the lightning activities around two iron towers in South Africa
using data obtained from Eskom’s lightning positioning and tracking
system. It was found that the flash density within a 2.5 km radius of the
tower was greater than that in the 2.5-10 km ring area, suggesting that
the tower had attracted lightning. By comparing the lightning location
data of a thunderstorm day derived from the National Lightning
Detection Network with the current measurement data on the Canada’s
National Tower (the CN Tower), Hussein et al. (2010) found that if the
number of return strokes on the CN Tower was deducted, the stroke
density near the tower was lower than that further away from the tower.
They argued that the CN Tower attracted flashes around the tower,
which led to a decrease in the nearby flash density. Based on the
detection data of the Lightning Location System of the Guangdong
Power Grid Corporation, Zhang et al. (2017) investigated the distribu-
tion of CG flashes within a 10 km radius near the Canton Tower, and
similar conclusions were drawn. However, there are some deviations in
the results of ground lightning locations, and it is difficult to distinguish
lightning strikes to tall structures from those to the ground within a
certain range. Moreover, it is laborious to obtain sufficient data from
observations to analyze the effects of different factors on the lightning
strike process.

Modeling the discharge process of lightning can compensate for the
defects of low resolution, limited sample size, and difficulty in analyzing
the effects of the parameters on the results. At present, there are rela-
tively few studies on the stochastic model for CG flash leaders, and the
leader development schemes are quite different from the actual
discharge process. Given this, we make some changes to the existing
two-dimensional stochastic model based on optical observations. The
development and attachment process of downward negative CG flash
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under the influence of structures are simulated, and the lightning strike
rates of structures at different heights and the distributions of ground
strike points in the vicinity are analyzed.

2. Model description

The discharge scheme is constructed on the basis of Dul’zon et al.
(1999), Petrov et al. (2003), He et al. (2009) and Tan et al. (2014a). A
certain extent of rectangular space above the ground is regarded as the
research domain, in which we simulate the development of downward
negative lightning, which constitutes over 90% of all CG lightning
(Rakov and Uman, 2003). The vertical range of the domain is 1500 m,
and the horizontal range is adjusted according to the specific situation.
The grid resolution is 10 m x 10 m. Each step of the leader develops at
the intersection of the grids.

A thunderstorm cloud generates the background electric field in the
simulated domain. The bottom of the thunderstorm cloud and the
ground can be regarded as parallel plate capacitors when with the
absence of any structure, and the potential of the ground is 0 V. Given
the corona produced by the tips of artificial structures and trees, the field
strength at the ground-level is set at —5 kV/m and the field strength at
the top boundary is set at —90 kV/m, with the exponential trend among
them (Biagi et al., 2011). The initial position of the downward negative
leader (DNL) is fixed at the top center of the simulated domain, and the
DNL has an initial length of 40 m in a vertically downward direction. In
the simulations, the leader channel is assumed to be completely ionized
and that the potential of the DNL does not change with channel devel-
opment. The potential of the DNL is —40 MV, which is similar to the
assumption in Mazur et al. (2000), Riousset et al. (2007), Tan et al.
(2014b). A rectangular structure is set at the bottom of the domain,
whose potential is 0 V. The upward leader could either initiate from the
structure or the ground, so the potential is also set to be 0 V. The leader,
structure, and ground are defined to satisfy the Dirichlet boundary
condition, where the potential is constant. The air boundary satisfies the
Neumann boundary condition, where the normal derivative of the po-
tential is constant. The atmospheric electric field distribution around the
building is calculated using Laplace’s equation. The successive
over-relaxation iterative algorithm is used to solve Laplace’s equation
under the given boundary conditions in the discretization field.

As observed, the DNL can produce many branches, while the upward
positive leader (UPL) generally has no obvious branching in the near-
ground region (Jiang et al., 2015; Jiang et al., 2014; Krider and Ladd,
1975; Krider and Wetmore, 1987; Lu et al., 2013; Lu et al., 2012; Lu
et al., 2016; Qi et al., 2018; Saba et al., 2017). Thus, in the model, each
developed point of the DNL can develop to a nearby undeveloped point.
The probability formula can be used to calculate the probability of each
possible breakdown step (see formula (1) in Mansell et al. (2002)). The
next step of the DNL is selected randomly according to the weight of the
probability (MacGorman et al., 2001; Mansell et al., 2002). To avoid the
branching of the UPL in the model, only the tip of UPL can develop to
one of the undeveloped points around it. According to the observation
(Becerra and Cooray, 2008; Saba et al., 2017), we set the speed ratio of
DNL to UPL as 4:1, that is, when DNL develops four steps, UPL develops
one step. A general consensus exists in the present literature that values
around 100-500 kV/m is a reasonable estimate of fields needed for
leader initiation (Becerra and Cooray, 2008; Gurevich and Zybin, 2001,
Helsdon et al., 2002; MacGorman et al., 2001; Mansell et al., 2005;
Petrov et al., 2003; Riousset et al., 2007). This research adopts a
threshold of 400 kV/m for the initiation of UPL (Helsdon et al., 1992;
Helsdon and Farley, 1987; MacGorman et al., 2001). As we only simu-
late the near-ground part of DNL, so the initiation of DNL is not involved.
In general, the initiation threshold of leader is larger than its propaga-
tion threshold (Helsdon and Farley, 1987; Iudin et al., 2017; MacGor-
man et al., 2001; Williams et al., 1985), which is accordingly set as 150
kV/m (Griffiths and Phelps, 1976; Helsdon et al., 1992; MacGorman
etal., 2001; Tan et al., 2006; Tao et al., 2009; Williams et al., 1985). The
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attachment threshold between the DNL and UPL is set as 500 kV
(Ait-Amar and Berger, 2005; Becerra and Cooray, 2008). Indeed, the
choice of discharge parameters is somewhat subjective, given the un-
certain of the charge distribution in the channel and space and other
facts in the actual discharge process. However, the values above are
reasonable based on the previous research.

Fig. 1 shows the spatial schematic diagram for the simulations. The
width of the structure is 40 m, and its height ranges from 100 to 600 m,
with an interval of 100 m. In the figure, structures at different heights
are marked as colored rectangles. The horizontal distance between the
structure and the DNL initial point ranges from 0 to 2000 m, also with an
interval of 100 m. When the horizontal distance ranges from 0 to 1500
m, the simulation area is 4000 m x 1500 m, as shown in Fig. 1(a). When
the distance ranges from 1600 to 2000 m, the simulation area is 5000
m X 1500 m, as shown in Fig. 1(b). This method not only reduces the
computing time but also creates enough space between the structure and
the air boundary, thus eliminating the influence of the boundary. There
are a total of 126 schemes, and each is simulated 400 times to obtain
statistically significant results. To simplify the description below, we set
the abscissa of the structure’s central axis to O for each scheme. Corre-
spondingly, the abscissa of the DNL or strike point is the horizontal
distance between the DNL or strike point and the structure. In the figure,
the abscissa of the leftmost structure is set as 0.

3. Results and discussion
3.1. Simulation results

Using the scheme that the height of the structure is 600 m and the
horizontal position of the DNL initial point is 1000 m as an example, the
simulation results of four flashes are shown in Fig. 2. The initial point of
the UPL connected with the DNL is the lightning strike point. According
to the location of the strike point, the simulation results can be divided
into three cases, each of which is supported by the Tall-Object Lightning
Observatory in Guangzhou (TOLOG) observations. The Canton Tower,
whose height is 600 m, is the tallest structure in the TOLOG observation
area. This study uses the Canton Tower as a reference and shows several
high-speed video camera images (10,000 fps) corresponding to the
simulation results.

The first case is that the strike point is at the top of the structure.
Fig. 2(a and b) shows the simulation results for two flashes. The tip of the
DNL connects to the tip of the upward connecting leader (UCL) (here-
after called tip-to-tip attachment) in Fig. 2(a). The tip of the DNL con-
nects to the lateral of the UCL (hereafter called tip-to-lateral attachment)
in Fig. 2(b) (Kostinskiy et al., 2016; Lu et al., 2013; Lu et al., 2016). The
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Fig. 1. Spatial schematic diagram of the simulations.
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ratio of two types of attachment when lightning hit the structure is close
to 50%, no matter where is the DNL initial point, which is similar to the
observation in Lu et al. (2016). An enlarged view of the leader attach-
ment in the dashed frame is shown in the solid line frame. TOLOG has
obtained images of these two attachment patterns on many occasions.
Fig. 3(a and b,c,d) are high-speed photographs before and after two
strokes hitting the Canton Tower. We set the first frame of the beginning
of the return stroke to zero hour, and the corresponding times of the four
frames are marked in the figures. By comparing the discharge channel
before and after the return stroke, we can determine that Flash-1 is of
tip-to-tip attachment and that Flash-2 is of tip-to-lateral attachment.

The second case is when lightning strikes the side of the structure,
where the length of the UCL is much shorter than that in the first case,
and the top of the structure may generate a long unconnected upward
leader (UUL), as shown in Fig. 2(c). In the study, side flashes only occur
sporadically on structures over 300 m, and there is no case of tip-to-
lateral attachment. For the observations of TOLOG over many years,
only one side flash striking the Canton Tower has been obtained, as
Flash-3 shown in Fig. 3(e).

The third case is that the lightning does not hit the structure, but hits
the nearby ground also of only tip-to-tip attachment in this case, as
shown in Fig. 2 (d). In this case, the UCL is relatively short (Jiang et al.,
2015; Krider and Ladd, 1975). If the DNL is close to the structure, then it
can also trigger a long UUL from the structure (Krider and Wetmore,
1987), as shown in Flash-4 in Fig. 3(f,g,h).

3.2. Analysis of lightning strikes to the structure

In this paper, the lightning strike probabilities (the number of
lightning strikes to the structure versus the number of simulations) for
structures at different heights when the DNL initial point ranges from 0
m to 2000 m are calculated. Six curves of lightning strike probability
with the location of the DNL initial point are fitted, as shown in Fig. 4.
For structures at all heights, the strike probability decreases with
increasing distance. When the DNL initiates directly above the structure,
the strike probability for a 100 m and 200 m tall structure is 94% and
98% respectively, and the probability for other heights is 100%. When
the lightning strike probabilities of all structures decrease to 50%, the
corresponding DNL initial points are approximately 620 m, 880 m, 1040
m, 1170 m, 1270 m, and 1350 m. When the strike probability is between
20% and 80%, the curve decreases nearly linearly, and the absolute
value of the decline rate increases with the height of the structure. With
the increase of the DNL initial point, the intervals between the lines first
increase and then decrease. It means the height of the structure matters
little to the strike probability when the DNL is on the top of the structure
or very far away from the structure. In the middle distances, the height
has the greatest influence on the strike probability.

To analyze the comprehensive cases of lightning strikes to the
structure when flashes are generated evenly, we integrate the lightning
strike probability within a radius of 2 km around the structure using
formula (1) based on the fitted results with the logistic model. Formula
(1) is as follows:

2
N= / f(r)-2nr-dr, @
0

where r (km) is the distance between the DNL initial point and the
structure, f(r) is the lightning strike probability for the structure when
the DNL initiates at a distance of r, and N is the relative lightning strike
frequency for the structure.

The relative lightning strike frequencies for the structures, when the
average lightning density is 1 km ™2, are shown in Fig. 5. According to
the trend of the curves, the relative frequency is positively correlated
with the height of the structure. However, this is not a simple linear
positive correlation, but with an increase of structure height, the rate of
change of the curve decreases, which corresponds to the variations in the
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Fig. 2. Simulation Results: (a) A flash strikes the top of the structure with a tip-to-tip attachment; (b) A flash strikes the top of the structure with a tip-to-lateral
attachment; (c) A flash strikes the side of the structure with a tip-to-tip attachment; (d) A flash strikes the ground with a tip-to-tip attachment. The structure is
represented by the black rectangle. The red lines and the green lines are branches of the DNL and UPL, respectively. The black line is the attachment process after the
potential difference between them reaches the attachment threshold. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

spacing between the curves with the increase of structure height in
Fig. 4. Relative lightning strike frequencies of structures at 100-600 m
are 1.7, 2.8, 3.8, 4.6, 5.3 and 5.9, respectively. The probability of a 600
m structure being hit by downward negative CG lightning is approxi-
mately 3.6 times that of a 100 m structure.

3.3. Analysis of lightning strikes to the ground

Fig. 6 shows the distributions of ground strike points when the DNL
initial points are at different positions. The heights of the structures are
100 m and 600 m in Fig. 6(a) and (b), respectively. For the cases when
few lightning flashes (less than 10) strike the ground or some points
strike the other side of the structure, the locations of the ground strike
points are shown by diamonds in the figure. The red dots in the figure
are the averages of the ground strike points. For comparison, the theo-
retical averages of the ground strike point positions when the structure
does not exist are also marked by the black dots in the figure. In the
absence of the structure, the ground strike points present a normal
distribution centered on the abscissa of the DNL initial point, so the
horizontal and vertical coordinates of all black points are the same.

When the height of the structure is 100 m and the DNL initial point is
right above the central axis of the structure, there are 23 strikes on the
ground, which show an approximately symmetrical distribution
centered on the structure. When the DNL initial point is 100 or 200 m,
there are also separate ground strike points on the other side of the
structure. The average of the ground strike point positions is not
calculated when the DNL initial point ranges from 0 m to 400 m. When
the DNL initial point is 500 m or more, the ground on only one side of the
structure is hit. As the distance between the DNL initial point and the

structure increases, the distribution range of the ground strike points
gradually expands. When the DNL initial point is close, the value of the
red point is larger than the black point’s, and the distance between the
red point and the black point is greater, being approximately 300 m.
This means that the average of the ground strike points is farther from
the structure than the DNL initial point. As the distance between the DNL
initial point and the structure increases, the two points approach and
gradually coincide.

For the case that the structure is 600 m high and only when the
distance between the DNL initial point and the structure is more than
600 m, lightning can potentially strike the ground. When the DNL initial
point is close, the value of the red point is smaller than the black point’s,
and the distance between them is approximately 200 m. Same with the
first case, the two points gradually coincide with each other with an
increase in the distance between the DNL initial point and the structure.
To make a more intuitive comparison, only the tallest and lowest cases
of structures are drawn. When the height of the structure is between
these cases, the position of the red dot is transitional.

To explain why the averages of the ground strike points of structures
at different heights show this discrepancy, more detailed distributions of
the ground strike points in the vicinities of the two structures at 100 m
and 600 m when the DNL initial point is at a certain location are shown
in Fig. 7. The ordinate is the proportion of the number of samples per
interval. In Fig. 7(a), the height of the structure is 100 m, and the DNL
initial point is 500 m. A total of 142 flashes strike the ground. In Fig. 7
(b), the height of the structure is 600 m, and the DNL initial point is
1000 m. A total of 50 flashes strike the ground. The formulation of the
scheme in the figure is that the DNL initial point is the nearest when the
number of ground strike points is over 50 and they only hit one side of
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Fig. 3. (a,b) A flash strikes the top of the Canton Tower with a tip-to-tip attachment; (c,d) A flash strikes the top of the Canton Tower with a tip-to-lateral attachment;
(e) A flash strikes the side of the Canton Tower; (f,g,h) A flash strikes the lower structure near the Canton Tower with a tip-to-tip attachment.

Probability of lightning striking the structure

0 500 1000 1500

X of DNL initial point (m)

Fig. 4. Lightning strike probabilities of structures at six heights with the po-
sitions of the DNL initial points.

the ground. In this way, not only is there statistical significance but also
the contrast is more obvious. The lightning striking the ground is rep-
resented by a bar chart with a solid red border, and the lightning striking
the structure is represented by a bar chart with a dashed red border. At
the same time, the distribution of ground strike points when the struc-
ture does not exist is shown by the gray bar chart. The gray bar graph is
obtained by setting the height of the structure to 0 m and running 2000
simulations. The distribution is approximately normal, and the range is
slightly greater than 2000 m. In Fig. 7(a), the right-side red solid line bar
graph is highly consistent with the gray bar graph, while the rest are
generally smaller than the gray bar graph. This means that the lower
structure tends to attract left-leaning ground strike points to the

w ~ (¢} o2}
T T T T
L L ! !

Relative lightning strike frequency
N

1 1 1 1 1 1 1
100 200 300 400 500 600

Height (m)

Fig. 5. Relative strike frequencies for the structures at six heights by downward
negative CG lightning when the DNL initial points are evenly distributed at a
height of 1500 m with the density of 1 km™2.

structure, retaining the points that are relatively further such that the
average of the positions of the ground strike points is larger than when
there is no structure. In Fig. 7(b), the position of the red solid line bar
graph is to the left of the gray bar graph, so the average of the positions
of the ground strike points is smaller than when there is no structure. It
shows that the tall structure attracts a portion of the flashes to itself, and
that others striking the ground are attracted toward the structure. When
the structure is low, it has little influence on the ground strike points.
The taller the structure is, the greater the deviation of the ground strike
points toward the structure.
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Fig. 6. The distributions of ground strike points when the initial DNL point is at
different positions. (a) The height of the structure is 100 m. (b) The height of
the structure is 600 m. The diamonds and boxes are the distributions of ground
strike points. The red points are the averages of the ground strike points in the
presence of the structure. The black points are the averages of ground strike
points in the absence of the structure. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

A figure of potential spatial distribution at the initiation of DNL can
be more intuitive to illustrate the attraction effect of the structure, as
shown in Fig. 8. In this case, the height of the structure is 600 m and the
DNL initial point is at 1000 m. It can be seen that on the left side of the
DNL, namely the side containing the structure, the equipotential lines
are denser than the side without the structure and the field strength is
greater, which is more conducive to the development of the leader.

By superimposing the ground strike points when the DNL initial
points are at different positions, the one-dimensional lightning density
distribution on the ground near the structure can be obtained when the
flashes are generated evenly at a height of 1500 m. When the abscissa of
the DNL initial point exceeds 2000 m, it can be assumed that the posi-
tions of the ground strike points are no longer affected by the structure,
so in this case, the normal distribution (gray bar graph) in Fig. 7 is
superimposed at each distance. As the lightning distribution in the vi-
cinity of an isolated structure is centrosymmetric, the two-dimensional
lightning density can be obtained by rotating the one-dimensional dis-
tribution curve (after smooth interpolation) around the structure. The
average density of the ground strike points is converted to 1 km 2. Fig. 9
shows the distribution of lightning around the structure with 600 m
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height. At approximately 3000 m from the structure, the density of

lightning on the ground tends to 1 km™2. As the distance from the
structure decreases, the density of lightning on the ground gradually
decreases.

Fig. 10 shows the two-dimensional distribution of grounding points
at different distances for all structures. Owing to the attraction of the
structure, the lightning density for the nearby ground is lower than
average and drops to O at a certain close distance. Greater structure
heights show lower nearby lightning densities. At the same time, the
difference between the two structures with adjacent heights decreases as
the height increases. It can be seen that the lightning distributions near
the structures with heights of 500 m and 600 m are very close. Compared
with Fig. 7, it can be inferred that this may be due to the deviation of the
ground strike points near the tall structure.

This study stipulates that when the lightning density on the ground is
less than 5% of the average density, the structure has a sufficient pro-
tective effect on the area. According to the six curves in Fig. 10, the
protection distances of structures at the six heights are calculated to be
200 m, 280 m, 350 m, 400 m, 450 m, and 480 m, respectively, as shown
in Fig. 11. With the increasing height of the structure, the protection
distance increases, but the rate of change of the curve decreases, which
corresponds to the decreases in the differences between the curves in
Fig. 10. The trend of the curve is consistent with the previous research
summarized in Golde (1977).

4. Conclusions

Based on the two-dimensional stochastic lightning leader model, this
study adopts a discharge plan that is in agreement with observations.
The structures distort the spatial electric field and affect the channel of
lightning. By simulating the development and attachment process of
downward negative CG lightning when the DNL initial points are at
different positions and the structures are at different heights, the hori-
zontal positions of the ground strike points for different schemes are
computed. The one-dimensional distribution of the grounding points is
transformed into a two-dimensional distribution through a certain
spatial transformation relationship. On this basis, the relative lightning
strike frequencies for structures at different heights, the distributions of
the lightning strike points and the protection distances on the sur-
rounding ground of structures are determined. In this paper, some
quantitative conclusions are reached, which can improve the under-
standing of the physical process of lightning and the interaction between
flashes and objects.

The lightning strike rate for the structures decreases with an increase
of the horizontal distance of the DNL initial point, where the decline rate
first increases and then decreases. Assuming that the DNL initial points
are evenly distributed at 1500 m height, the relative lightning strike
frequencies of structures at 100-600 m are 1.7, 2.8, 3.8, 4.6, 5.3 and 5.9,
respectively, when the average lightning density on the ground is 1
km ™2, The relative lightning strike frequency for the structures increases
with increasing structure height, but the rate of increase decreases with
increasing structure height.

By analyzing the distribution of the ground strike points, it is found
that tall structures attract the ground strike points toward the structure
and that the deviation is positively correlated with the height of the
structure. By superimposing the simulated positions of the ground strike
points, the distribution in the vicinity of the structure and the protection
distance on the surrounding ground of the structure can be obtained.
The protection distance is positively correlated with the height of the
structure, but the rate of increase decreases with the height of the
structure. According to the definition of protection distance in this
paper, the protection distances of structures at 100-600 m are 200 m,
280 m, 350 m, 400 m, 450 m, and 480 m, respectively.

In this paper, the development and attachment process of DNL and
UPL are well simulated, which is close to the observed results.
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Fig. 10. The 2-D relative density of ground strike points of downward negative
CG flash near the structure at six heights.
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Fig. 11. Protection distances of the structures with six heights.

Additionally, each scheme is simulated multiple times, and some laws
having statistical significance are calculated. At the same time, the
conversion method in this paper can effectively reduce the enormous
calculations from direct use of a three-dimensional model to simulate
the distribution on a horizontal plane. However, for the simulations in
this study, a series of more complex problems, such as a change in leader
speed in the process of development, the phenomena of double or
multiple ground points, the influence of structural shape, and the
comprehensive effects of structure group, have not been taken into ac-
count, which needs further research.
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