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Detecting the distance and orientation of long-distance thunderstorms has very
important practical significance. The multi-station lightning location system relies
on a high-precision time module and good network communication capabilities,
but in some cases these conditions cannot be met, but there is still a need for
lightning activity monitoring, and it is very important to establish a single-site
lightning location system. In this paper, we have established a long-distance
single-site lightning location station, and in order to improve the accuracy of
distance estimation, a numerical algorithm is used to obtain the relationship
between the ground wave arrival time delay and the propagation distance, and
it is used to revise the time difference between the peak value of the skywave and
groundwave.Moreover, we usedmulti-station lightning location data to revise the
site-error in magnetic direction finder method to improve the accuracy of the
direction calculation. The results show that the effective detection range of the
single-site we have been established is 200 km–2000 km, and the revised average
direction deviation dropped from 12.3° to 8.6°. The verification results of
thunderstorms within the effective detection range show that the relative error
of single-site lightning location is 8.4%–18.6% after the revision.
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1 Introduction

Lightning location data has become an integral part of meteorological data observations,
especially in the early warning of severe weather, which has led to continuous improvements
in ground-based and space-based lightning location systems (DiGangi et al., 2022). Now,
ground-based lightning location systems (LLSs) typically use multiple detection stations
(≥4 stations) to detect lightning electromagnetic pulses (LEMP) from lightning radiation
(Koshak et al., 2004; Pohjola and Mäkelä, 2013; Wu et al., 2018; Liu et al., 2020; Wang et al.,
2020). Lightning discharges generate broadband electromagnetic radiation, mainly in the
frequency band from 1 Hz to 300 MHz (Gu et al., 2022), among them, electromagnetic
pulses in the very-low-frequency (VLF; 3–30 kHz) band are widely used in long-range
lightning location. Such signals are also called sferics, which can propagate thousands of
kilometers in the Earth-ionosphere waveguide (EIWG) with little attenuation (~2–3 dB/
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1,000 km) (Ammar and Ghalila, 2020). The LLSs mainly use the
time of arrival (TOA) method and the time difference of arrival
(TDOA) method, which uses the time difference between the LEMP
signal and the station to location, so LLSs can obtain high lightning
location accuracy, and the average error is generally on the order of
hundred meters (Zhang et al., 2010; Shi et al., 2017; Wang et al.,
2021). This also requires that each station is equipped with a high-
precision time module and good network communication so that
the LEMP collected at each station can be aggregated to the data
processing center to give real-time lightning location results (Wu
et al., 2018).

Due to the constraints of the site environment, some places do
not have good network transmission capabilities or have many
restrictions on transmission with external networks, a single-site
can be used to determine the lightning location and also help save
operation and maintenance (O&M) costs. Because of the good
mobility and flexibility of single-site, it has unique superiority in
lightning location in civil aviation, military activities and other
fields. Single-site lightning location technology is a combination
of propagation distance estimation and direction-finding
technology, what matters is how to improve the accuracy of
single-site lightning location. In contrast, the magnetic direction
finder (MDF) method can detect sferics thousands of kilometers
away, a typical magnetic sensor usually consists of two
orthogonal magnetic antennas. However, the method suffers
from an angular uncertainty of 180°, and an electric field
antenna is usually added to determine the lightning polarity,
thus eliminating the angular uncertainty (Herrman et al., 1976;
Rakov, 2013; Nag et al., 2014). Ramachandran et al.
(Ramachandran et al., 2007) used the period and delay
extracted from the quasi-periodic waveform of the electric
field received at the station to estimate distance, the error of
the distance estimate reported in the text is 8.8%. Nagano et al.
(Nagano et al., 2007) used sferics pulses to locate lightning
(direction and distance) at close range with an error of about
10% with less interference from noise. Mostajabi et al. (Mostajabi
et al., 2019) combines the Electromagnetic Time Reversal
(EMTR) and Machine Learning (ML) to propose a new
method for single-site lightning location, which is more
suitable for application in mountainous areas, the model gives
an average error of 253 m for six return strikes (RS) occurring at a
distance of 14.7 km. Wang et al. (Wang et al., 2022) proposed a
single-site location method, The method is based on deep
learning and predicts the LEMP propagation distance by
learning the characteristic points of sferics waveforms with
different propagation distances. Within the detection range of
1,000 km, the relative error of this method is 4.91%–15.26%.
Zhang et al. (Antunes de Sa and Marshall, 2020) used a single-
station magnetic orientation method to locate narrow bipolar
events (NBEs), they found that the positive NBEs produced
between 7 km and 15 km and negative NBEs produced above
14 km. Andre et al. (Zhang et al., 2016) used the time difference
between ground wave and the first skywave combined with ML to
realize the lightning distance estimation by a single-site, 68% of
the data error is within 32 km.

In single-site lightning location that relies on MDF to obtain
lightning directions, there are unavoidable system errors that arise
from two main factors: random errors (from non-vertical lightning

channels, background noise and electronics differences) and site
errors (from the surrounding terrain and secondary radiation from
surrounding conductive structures), with the former typically
having an effect of 1–2° on the orientation results, while the
latter has a much larger effect, possibly in the range of 10–30°

(Mach et al., 1986; Chen et al., 2013; Lu et al., 2017). Due to the
curvature of the earth and the finite conductivity of the ground, the
electromagnetic waves generated by lightning will be attenuated
when propagating along the ground at long distances, and there
will be some deviation when estimating the lightning distance
(Honma et al., 1998; Shao and Jacobson, 2009). To obtain the
direction and distance of lightning relative to a single-site, we use a
combination of the ionosphere reflection model and MDF, and
also use an analytical algorithm to simulate the relationship
between ground wave arrival time delay and distance and use
LLSs established in China to obtain the site-error in single-site
lightning location, revise the estimation results of distance and
direction respectively, so as to obtain more accurate single-site
lightning location results.

2 Data analysis method

2.1 Description of experimental instrument
and data

The multi-station lightning location data used in this paper are
from a VLF LLSs established in China (Li et al., 2022; Zhang et al.,
2022), the single-site equipment installed in Nanjing, Jiangsu
Province, China. The single-site receives lightning signals in the
range of about 100 Hz to 80 kHz, records LEMP waveform data by
continuous acquisition, and stores them in a hard disk drive (HDD).
The sensors used for detection include a fast electric field antenna
and two orthogonal magnetic antennas, induce the electric field
signal and the magnetic field signal in the east-west (EW) and north-
south (NS) directions, respectively. The sampling frequency of the
equipment is 1MS/s, and the GPS receiver provides an output of
one-pulse-per-second output (1 PPS) as a reference source for
tagging data sample times, with an accuracy of ±50 ns. A trigger
threshold will be set according to the background noise, and the
original waveform data greater than the threshold will be extracted.
The record length of the extracted waveform is 1000 µs, and the pre-
trigger time is 300 µs, while the extracted signal is de-noised by the
Modified Empirical Wavelet Transform (MEWT) method based on
the Empirical Wavelet Transform (EWT) (Dai et al., 2022).

The data used in this paper are from August 7, and August 11-
15 August 2022, during which frequent thunderstorm activities
occurred, the location data from August 11-August 15 are used
to revise the site-error by comparing it with the multi-station
lightning location results, while some sustained all-day
thunderstorm activity recorded by multiple stations during these
days will also be used to calculate the ionosphere equivalent
reflection height, and the data from August 7 are used to verify
the effect of the revision. Figure 1 shows the lightning that occurs in
different areas on different days. These data will be used to calculate
the trend of the ionosphere equivalent reflection height over a 24-h
period. Since the data in the same area on August 12 is not
continuous for most of the time, this will affect the reliability of
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the results, so the dates of this day are not used to calculate the
ionosphere equivalent reflection height. Since the ionosphere
reflection regions calculated in Figures 1A–D are relatively close
to each other. Therefore, in this paper, the ionosphere reflection
region calculated by Figures 1A, B is referred to as region A, and the
ionospheric reflection region calculated by Figures 1C, D is referred
to as region B.

2.2 Direction calculation

The MDF method has been widely used in the study of
lightning location, assuming that lightning is a dipole discharge
approximately perpendicular to the ground, and two orthogonal
magnetic antennas to measure the horizontal magnetic field
generated by lightning. According to the ratio of the induced
voltage of the lightning magnetic field in the two vertical
directions, the direction of the lightning relative to the
detection station can be determined. For long-distance
lightning location, the scale of the discharge channel is

smaller relative to the detection distance, and the hypothesis
of dipole is reasonable. According to the above-mentioned
method, the value of the azimuth φ of the lightning
occurrence position relative to the single-site is:

φ � arctan
BNS

BEW
(1)

In Eq. 1, BNS and BEW are the induced electric potentials
generated on the NS and EW magnetic antennas, respectively.
The azimuth angle φ is defined as the angle rotated by clockwise
rotation starting from north direction. Also, in combination with the
received LEMP electric field waveform, the polarity of the lightning
can be determined, thus eliminating the problem of 180° angle
ambiguity. The schematic diagram of the site error is shown in
Figure 2.

The accurate azimuth angle φ′ can be obtained from the LLSs,
and the angle difference between φ′ and φ is the site error γ. The site
error calculation formula is:

γ � φ − φ′ (2)

FIGURE 1
The distribution of lightning events in selected regions (A) From 00:00 to 23:59 on 11 August2022 (local time); (B) From 00:00 to 23:59 on
13 August2022 (local time); (C) From 00:00 to 23:59 on 14 August2022 (local time); (D) From 00:00 to 23:59 on 15 August2022 (local time).
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2.3 Time delay revision

2.3.1 Ground wave time delay revision
However, when electromagnetic waves radiated by lightning

discharges propagate along the surface of the earth, they will be
affected by irregular ground conductivity distribution and complex
terrain on the propagation path, especially during long-distance
propagation. The propagation speed of electromagnetic waves will
be less than the speed of light, and the arrival time will lag behind the
ideal arrival time, this phenomenon has appeared in both simulation
and actual observations (Shao and Jacobson, 2009; Hou et al., 2018).
In this article, td is defined as the ground wave arrival time delay due
to the increase in the propagation distance.

The numerical algorithm used in this paper is based on the
propagation theory of ground waves in finite conductivity proposed
by Hill andWait (Hill andWait, 1980) Considering the propagation
effect the limited ground conductivity and the propagation effect
due to the curved surface of the earth, the attenuation coefficient in
the frequency domain is calculated as (Wait, 1974):

W � e−jπ/4
���
πx

√ ∑∞
s�1

e−jxts

ts − q2
(3)

x � k0R/2( ) 1
3 d/R( ) (4)

q � −j k0R/2( ) 1
3Δ (5)

Δ � k0/k ����������
1 − k0/k( )2√

(6)
k � ω

�������������
εrε0μ0 − jσμ0/ω√

(7)

In Eqs 3–7: t is the normalized ground surface impedance, k and
k0 are the wave numbers of electromagnetic waves propagating in
soil and vacuum, respectively, d is propagation distance, R is the
radius of the earth,ω is the angular frequency, ε0, μ0 are the dielectric
constant and magnetic permeability in the vacuum, εr, σ are the
relative dielectric constant and conductivity of the ground
respectively, ts is the roots of the complex equation, the complex
equation is:

w1
′ t( ) − qw1 t( ) � 0 (8)

w1(t) is expressed as:

w1 t( ) � ��
π

√
Bi t( ) − jAi t( )( ) (9)

Ai(t) and Bi(t) are the Airy functions.
In this paper, three different lightning current sources are

considered as the typical first return stroke (RS), subsequent RS,
and dipole source. The model used is a modified transmission line
model with exponential current attenuation with height (MTLE)
mode (Nucci, 1988). Among them, the current source of the first RS
and the subsequent RS assumes that as the lightning current travels
on the lightning channel, the amplitude decreases exponentially with
the increase of height, the waveform is in the form of a double
Heidler function (Heidler et al., 1999). While the current waveform
of the dipole source is assumed to be uniform along the lightning
discharge channel.

Table 1 shows the typical lightning-based current waveforms of
the First RS and Subsequent RS commonly used in engineering
calculations (Rachidi et al., 2001).

i01 and i02 are the peak current of the breakdown current and
corona current respectively, τ11 and τ12 are the rising and falling
edge times of the breakdown current, τ21 and τ22 are the rising and
falling edge times of the corona current.

The return stroke current waveform of the dipole source is
assumed to be uniform along the lightning discharge channel and
given as:

I t( ) � I0
]0
γ

e−at − e−bt[ ] 1 − e−γt[ ]/H (10)

Where I0 = 20 kA, ]0 = 8 × 107 m/s, γ = 3 × 104s−1, a = 2 ×
104s−1, b = 2 × 105s−1, and H is the lightning discharge channel
length (Dennis and Pierce, 1964; Hu and Cummer, 2006).

The ground conductivity used in this paper is taken to be a
typical value of 0.01 S/m, which corresponds to the wet ground
condition. Figure 3A shows the current waveforms of the typical first
RS and subsequent RS, Figure 3B shows the current waveform of the
dipole source. The rising edge of the subsequent RS is steeper than
the other two current sources and contains more high-frequency
components. Figure 3C shows the ground wave arrival time delay at
different distances, compared with the arrival time propagated at the
speed of light. That is, the difference between the ideal ground wave
arrival time and the actual ground wave arrival time, which is td as
defined above. It can be seen from Figure 3C, the delay time
increases approximately linearly with distance, and the difference
between the three current sources is small. Due to the different
frequency bands of the three current sources, the high-frequency
component will arrive earlier than the low-frequency component
during the long-distance propagation due to the propagation effect,
and the subsequent RS contains more high-frequency components
compared with the other two current sources, so the td of the
subsequent RS at the same propagation distance is relatively small
compared with the other two current sources. In order to revise the
ground wave arrival time delay, the average curve is used to
represent the relationship between the ground wave time delay
and the propagation distance. Further from the data, it can be
obtained that the peak arrival time of lightning electromagnetic
waves is delayed by 0.9 μs on average for every 100 km increase in

FIGURE 2
Effect of site error on direction calculation.
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propagation distance, which indicates that for long-range LEMP, the
ground wave arrival delay time brings non-negligible impact on the
accuracy of distance estimation. According to the research results of
other scholars, it demonstrates that propagation over the land for the
distance of about 130 km with a conductivity of 3 mS/m, the peak of
the RS pulse was delayed by an average of 1.8 µs (Han and Cummer,
2010a). The simulation results of Shao et al. (Shao and Jacobson,
2009) show the leading edge and the peak are delayed by 5 μs and
13 µs, respectively, at a distance of 1,000 km. These results are
consistent with the simulation results given in this paper, so the
average curve can be used to revise the propagation effect.

2.3.2 Ionospheric reflection model
Figure 4A shows the geometric model of sferics propagating in

EIWG. The signal propagates through multiple specular

reflections of the earth’s surface and the ionospheric D layer
in the EIWG, the signal received by the station that arrives
directly along the surface is called ground wave, and the signal
that arrives after reflection from the ionosphere is called skywave
(Li et al., 2022). Figure 4B shows a set of electric and magnetic
field waveforms received by the single-site. A black asterisk is
used to indicate the peak points of the ground wave and the first
skywave. The propagation speed of electromagnetic waves is
assumed to be the speed of light in the model, and the ground
is a good conductor. With this model, it is possible to calculate
the ionosphere equivalent reflection heights for different
directions and regions based on the lightning location results
obtained from LLS, and compare if significant differences exist.
Using the ionosphere equivalent reflection heights, the lightning
distance occurred can also be estimated.

TABLE 1 Typical lightning current waveform parameters of the First RS and Subsequent RS.

Type i01(kA) τ11(μs) τ12(μs) i02(kA) τ21(μs) τ22(μs)
First RS 28 1.8 95 - - -

Subsequent RS 10.7 0.25 2.5 6.5 2 230

FIGURE 3
The lightning current waveforms and ground wave arrival time delay. (A) Current waveforms of the typical first RS and subsequent RS; (B) current
waveform of the dipole source; (C) Delay of ground wave peak arrival time compared to d/c.
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The reflection height (H1) of the first sky wave can be derived in
the following way (Somu et al., 2015).

H1 � R cos
d

2R
( ) − 1[ ] +

������������������������������
R2 cos 2 d

2R
( ) − 1[ ] + ct1 + d

2
( )2{ }√

(11)
In Eq. 11, R is the radius of the earth, and d is the spherical

distance between the lightning and the station. c is the speed of light
in free space, and t1 is the arrival time difference between the ground
wave and the first skywave obtained the LEMP waveform received
by the detection station.

However, when propagating over long distances, using the above
equation, the estimation results are often biased due to the ground
wave peak time delay. In general, electromagnetic wave propagation
over terrain with lower ground conductivity brings a larger arrival
time delay. The ground wave arrival time delay caused by the
propagation effect is considered in this work, and the theoretical
time difference between the arrival time of the skywave and the
ground wave is assumed to be T. The time difference between the
skywave and the theoretical ground wave should be expressed as
Eq. 12:

T1 � t1 + td (12)
td is ground wave peak time delay at a specific distance obtained

from Figure 3.
We substitute the distance (d) and the revised time difference

between the first skywave and ground wave (T1) of the lightning
event given in Figure 1 into Eq. 11 to calculate the continuous 24-h
variation of the ionosphere equivalent reflection height. Since
lightning occurs far away from the station, the altitudes of the
source and single-site are ignored in the calculations, and the
accuracy of the calculation results will not be affected.

The model can also be used to estimate the lightning distance by
bringing the time of receiving the LEMP waveform and the
ionosphere equivalent reflection height corresponding to that
time into Eq. 11, and the distance between the lightning strike
point and the single-site is obtained by iterative solution.

In Section 2.2, and Section 2.3, we obtained the direction and
distance of the lightning relative to the single-site, respectively.
While the location of the single-site is known, we use the Bessel
geodesic problem algorithm to first establish an auxiliary sphere

FIGURE 4
Lightning signal propagation in EIWG. (A) Schematic diagram of the first and second skywave reflections in EIWG; (B) Lightning waveform.

FIGURE 5
Ionosphere equivalent reflection height variations of continuous
24 h. (A) On different dates; (B) On different regions.
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centered on the ellipsoid with any length as the radius, and then
project ellipsoid elements onto the spherical surface according to
certain conditions, solve the earth problem on the spherical surface,
and finally convert the obtained spherical elements into ellipsoid
elements according to the corresponding projection
relationship. The reference system used in this paper is the
WGS84 coordinate system, from which we can finally rely on a
single-site to obtain the location of the lightning strike point.

3 Results and analysis

3.1 The ionosphere equivalent reflection
height changes over 24-h

Figures 5A, B shows the line graphs of ionosphere equivalent
reflection height with time delay considered. From Figure 5A, it can
be seen that even in different regions, the difference in the
ionosphere equivalent reflection height is not very large,
especially at night (00:00–05:00). The reason for the fluctuations
during the daytime period (06:00–18:00) on August 14 and August
15 was that the amount of data during that period was very small,
which also brought unexpected fluctuations. The trend of changes in
the H1 calculated in different regions is similar. Due to the small
amount of data in the time period from 14:30 to 17:00 on August 11,
the curve has increased in advance, which is somewhat different
from the situation in other days. In order to reduce the deviation that
occurs when there is less data, we further fit the two curves obtained
in the same area into one, and the result is shown in Figure 5B.
Among them, Region A is mainly the southwestern part of Fujian
Province, China, while Region B is mainly the southwestern part of
Shandong Province, China, and the border with Hebei Province.

In Figure 5B, during the night time from 00:00 to 05:00, the H1

in region A and region B fluctuated in the range of 84 km–85 km and
86km–87km, respectively. At 05:00, the height was rapidly dropping,
the drop lasted about one hour. Between 06:00 and 18:00, the height
was in a relatively stable state. Region A and region B fluctuated in
the range of 73 km–77 km and 68 km–73 km, the H1 in region A is
slightly higher. At the nighttime (from 20:00 to 23:59), region A and
region B fluctuate in the range of 84 km–85 km and 84 km–86 km,
respectively. The Consultative Committee on International Radio
(CCIR) recommends the ionosphere reflection height at night and
noon is about 87 km and 70 km, respectively (Zhou et al., 2021). At
night, Han et al. (Han and Cummer, 2010b) revealed an average
ionospheric height of 84.9 km in the D region, ranging from 82.0 km
to 87.2 km which is close to the results obtained in this paper. In the
subsequent distance estimation, according to the time of lightning
occurrence, the ionosphere equivalent reflection height
corresponding to region A or region B will be selected according
to the direction of the lightning strike point relative to the Nanjing
station and brought into Eq. 11 for iterative calculation.

3.2 Distance estimation

In this section, we bring the revised arrival time difference
between the ground wave and the first skywave (T1) and the
ionosphere equivalent reflection height (H1) into Eq. 11 and

solve the distance between the lightning strike point and the
single-site by an iterative method.

Figure 6 shows the effect of the revised ground wave arrival time
delay on the accuracy of distance estimation, it can be seen that when
the lightning strike point is close to the station, the arrival time delay
of the ground wave is small, the revised method brings greater
errors. And as the propagation distance increases, the impact of the
propagation effect becomes more pronounced, the time difference
between the ground wave and the skywave in the actual received
waveform is less than the ideal situation, resulting in the estimated
distance is smaller than the actual propagation distance, thus
bringing a greater deviation. As the propagation distance
increases, the distance deviation of the revised method decreases

FIGURE 6
Comparison of the mean deviations of the revised and not
revised methods at different distances.

FIGURE 7
The changing trend of the deviation with distance.
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rapidly, and reaches the lowest point at 600km, then rises, and
remains relatively stable at 800 km–1200 km.When the propagation
distance is greater than 1200 km, the distance deviation of the
revised method has a small increase, and the distance estimation
deviation has increased by 59 km. When the propagation distance is
greater than 1600 km, the distance estimation deviation has
decreased slightly, which is 46 km lower than the maximum
average deviation. Overall, the distance deviation of the revised
method remains within a relatively stable and credible range, and
there is no failure as the propagation distance increases.

Figure 7 gives the changing trend of the deviation with
distance from lightning to the station, where the red dashed
line represents the median deviation and the red solid line
represents the mean deviation. When lightning occurs within
400 km from the station, the deviation is large. This is because
when the propagation distance is short, the arrival time delay of
the ground wave is not obvious, and the revised arrival time
difference between the ground wave and skywave is greater than
the not revised, resulting in a larger deviation. With the increase
of the propagation distance, affected by the propagation effect,
the arrival time of the ground wave lags behind the arrival time of
the lightspeed. In this way, the revised method mentioned in this
paper can be used to compensate for the ground wave arrival time
well, so that it is closer to the ideal situation. Therefore, in the
range of 400 km–2000 km, compared with the multi-station
lightning location dates, the mean deviation of the estimated
distance obtained by the single-site is 7.9%–17.0%.

3.3 Site-error revision

Figure 8 shows the scatter plot of the site error distribution
obtained from August 11 to August 15. The five graphs in the left
column are the calculated results based on the ground wave peak in
the signal received by the two orthogonal magnetic antennas, while
five graphs on the right column are the results calculated based on
the skywave peak. The azimuth is defined as the angle rotated by
clockwise rotation starting from north, the due north direction of
Nanjing Single station is 0°. It can be seen from the figure that the
number of lightning that occurred in the direction of 120°–150° in
these 5 days is very small, while other times the scatter shows almost
the same distribution. At the same time, it can be seen from the
distribution of scattered points that the site errors obtained by the
skywave peak are more concentrated, which also means that if the
results obtained by the skywave peak are used to revise the site
errors, the effect will be better.

The fitting results of the scatter plot are given in Figure 9, which
shows more intuitively that the site-error obtained from the skywave
have a smaller fluctuation range and are closer to 0° compared to the
results obtained from the ground wave. It can be seen from the figure
that the trend of changes in the results obtained from different dates
is close. Among them, there was a reverse result appears on August
10 compared with other dates. Which may be due to the fact that
there are fewer data in this range, resulting in fewer scattered points
affecting the fitting result, which is not statistically significant. It may
also be due to changes in the surrounding background noise or

FIGURE 8
Scatter graph of site error distribution. (A) On August 11, based on the ground wave peak; (B) On August 11, based on the skywave peak; (C) On
August 12, based on the ground wave peak; (D) On August 12, based on the skywave peak; (E) On August 13, based on the ground wave peak; (F) On
August 13, based on the skywave peak; (G)OnAugust 14, based on the groundwave peak; (H)On August 14, based on the skywave peak; (I)On August 15,
based on the ground wave peak; (J) On August 15, based on the sky wave peak.
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interference from other equipment. Due to data limitations, it is
impossible to determine whether this interference is periodic. After
obtaining more data, it can be well explained whether this situation
occurs by accident or is periodic, which also has practical

significance for the siting of the station. In this article, in order
to minimize its impact on the revised result, the five-day curve is
further fitted to obtain the final revised curve shown in Figure 10.
And this paper will use the site-error revision curve obtained by
skywave to revise the azimuth calculated by the single-site.

As can be seen from Figure 10, the peak of the positive deviation
of the site-error appears near the three angles of 0°, 150°, and 300°,
and the peak of the reverse deviation is reached near 130° and 270°,
respectively. The largest site-error is 20°, which occurs when the
azimuth is 152°. The change of site error shows a trend of slow
decline and fast rise. The occurrence of larger site errors has a certain
periodicity, which may be related to the background noise of the site.
In the results given by Lu et al. (Lu et al., 2017), this phenomenon
also occurs at some sites.

3.4 Single-site lightning location

In this section, we selected lightning activities at different
distances from the single-site which occurred on 7 August 2022
(local time) to evaluate the accuracy of single-site lightning
location. The location results of the single-site will be

FIGURE 9
Fitting results for site error on different dates. (A) On August 11; (B) On August 12; (C) On August 13; (D) On August 14; (E) On August 15.

FIGURE 10
Site-error revision curve.
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compared to the location results obtained by the multi-station
lightning location network we built. The accuracy of multi-
station location results has been compared with Arrival Time
Difference Thunderstorm Detection system (ADTD) in the
previous work. The average positioning error is 4.32 km, and
the standard deviation is 2.46 km (Zhang et al., 2022). From
Figure 11, we can see that the single-site lightning location results
are more dispersed compared to the multi-station results.
However, compared with the not revised location results, the
revised location results are closer to multi-station results. It can
be seen that as the distance increases, the multi-station lightning
location results are more concentrated, while the single-station
lightning location results are more dispersed, this is more likely
due to errors in distance estimation.

We give the location error of the single-site at different
distances (multi-station results as a reference). Figure 12 shows
the relationship between the trend of deviation and the distance
from lightning to the single-site, where the red dashed line
represents the median deviation and the red solid line
represents the mean deviation. It can be seen that as the
distance increases, the average error and the median deviation
both increases. When the distance is in the range of 600–800 km,

FIGURE 11
Lightning location results of single-site and multi-station. (A) In the range of 400–600 km; (B) In the range of 800–1000 km; (C) In the range of
1200–1400 km; (D) In the range of 1800–2000 km.

FIGURE 12
The changing trend of the single-site lightning location deviation
with distance.
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the deviation has a big change, and in subsequent longer distances,
the deviation has decreased again. In the two farthest distance
groups, the average deviation decreased, which shows that the
single-site lightning location method proposed in this paper has
practical application value in long-distance lightning location, and
the results are still credible. In the effective detection range
(200km–2000 km), the deviation range of this single-site
lightning location is 8.4%–18.6%.

4 Discussion

In order to better illustrate the effectiveness of using multi-
station lightning location results to revise site-error, Figure 13 shows
the azimuth results obtained by the single-site using the not revised
method and revised method (multi-station results are for reference).
It can be clearly seen that the direction error revised by using the
site-error revision curve is smaller and the distribution is more
concentrated. Smaller direction error account for most of the total
number. The number of smaller direction error after the revision has
been greatly improved compared to when it was not revised. After
revision, the average direction error has been reduced from 12.3° to
8.6°, and 80% of the direction error is within 11.5°, which has a
significant effect on the accuracy of long-distance single-site
lightning location.

After revising the ground wave arrival time delay and site-
error, the error of single-station lightning positioning proposed
in this paper is 8.4%–18.6%. The comparison between method in
this study and other methods is shown in Table 2. The
outstanding advantages of this paper have two parts. Firstly,
the universality of the method, because it is easy to obtain the
peak points of ground wave and skywave, so the method can be
used to estimate lightning occurring at different distances from
any station. The statistics of site-error are relatively simple, and a
few days of data can be used to revise site-error, but more data
revision will be better. Secondly, for lightning occurring far away
from the station, the estimation error can still be controlled
within a reasonable range.

By analyzing the waveform data, it is found that the data with
large deviation values are mainly due to the fact that the sferics is
affected by noise during propagation. And thus, when matching
with the waveform bank, the wrong ground wave peak point or
skywave peak point will be identified within the specified time
window, which will make the time between the ground wave and
the skywave becomes smaller or bigger, resulting in the deviation
between the estimated distance and the actual distance becomes
larger. At the same time, the noise will affect the ratio of the peak
points of the skywave in the sferics waveform received by the two
orthogonal magnetic antennas, which also leads to the deviation of
the direction calculation, making the single-site lightning location
results deviate greatly compared to multi-station lightning location
results.

5 Conclusion

In this paper, we propose two methods to improve the
positioning accuracy of single station and the method can be
used in engineering practice. Single-site lightning location does
not depend on high precision timing system and internet, and
the operating cost is low. The relationship curve between the

FIGURE 13
Compared with themulti-station results, the distribution of direction error of the single-site. (A)Not revised the site-error; (B) Revised the site-error.

TABLE 2 Comparison between existing methods and methods in this way on
single-site lightning location.

Method Distance (km) Error (%)

Nagano et al. (Nagano et al., 2007) 200 km 12.5%

Chen et al. (Chen et al., 2015) <130 km 15.5%–20%

Wang et al. (Wang et al., 2022) <1000 km 4.91%–15.26%

Method in this paper 200km–2000 km 8.4%–18.6%
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ground wave arrival time delay and the propagation distance is
obtained by numerical calculation method, which is used to revise
the ground wave arrival time delay caused by the propagation effect.
This is used to improve the accuracy of the distance estimation; the
site error of a single station is revised by using multi-station
lightning location data to improve the accuracy of direction
calculation. The accuracy of the revised single-site lightning
location data was evaluated using multi-station data. The main
conclusions of this paper are as follows.

(1) Through the statistical analysis of the distance estimation
deviation, it is determined that the applicable detection range
of the single-site lightning location system mentioned in this
paper is 200 km–2000 km. Moreover, when the ground wave
arrival time delay has been revised, the accuracy of the distance
estimation is much smaller than the not revised results.

(2) It is found that the azimuth deviation calculated using the peak
value of the skywave is more concentrated. The revised average
azimuth deviation decreased from 12.3° to 8.6° compared to the
non-revised results.

(3) The results compared with the multi-station results, the error
range of single-station lightning location is 8.4%–18.6%, and it
also has a good detection performance for thunderstorms that
occur at a long distance from the single-site. At the same time,
with the increase of the detection distance, the detection
accuracy can be maintained within a reasonable range.

It should be noted that if there are enough data, we can establish
a waveform bank composed of actual sferics waveforms, which can
effectively improve the accuracy of single-site lightning location. At
the same time, these waveforms can also be used to study the
relationship between the ground wave arrival time delay and the
propagation distance under the real terrain, which can improve the
accuracy of short-range lightning location, it can also further expand
the range of lightning detection and improve the accuracy of
lightning location.
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