
Measurement 234 (2024) 114754

Available online 26 April 2024
0263-2241/© 2024 Elsevier Ltd. All rights reserved.

Optimizing lightning location accuracy: A study of propagation velocity 
and time of arrival in long-range lightning location algorithms 

Jie Li a, Lin Song b,*, Qilin Zhang a,*, Shudong Wang c, Jing Yang a, Quanbo Ge a 

a Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters (CIC-FEMD)/ Key Laboratory of Meteorological Disaster, Ministry of Education 
(KLME)/Research Institute of Intelligent-Sensing and Disaster Prevention for Extreme Weather/Jiangsu Collaborative Innovation Center on Atmospheric Environment and 
Equipment Technology (CICAEET), Nanjing University of Information Science and Technology, Nanjing 210044, China 
b Qingdao Ecological and Agricultural Meteorological Center, Qingdao 266003, China 
c China Meteorological Administration Public Meteorological Service Center, Beijing 100081, China   

A R T I C L E  I N F O   

Keywords: 
Long-range lightning location 
Time of arrival 
Propagation velocity 
Location accuracy 

A B S T R A C T   

The propagation velocity (v) and time of arrival (Ta) are the primary factors affecting long-range lightning 
location. In this paper, we have enhanced the Very Low Frequency Long-range Lightning Location Network (VLF- 
LLN) in China in terms of both pulse pairing methods and location algorithms. Then, the algorithm utilized in the 
VLF-LLN, and four other long-range lightning location algorithms were compared using lightning strike acci
dents, simulated lightning strike, and other lightning data as the reference values. Building on this foundation, 
the discussion centers on the effect of v and Ta on location accuracy, with the results showing that an appropriate 
Ta yields a more significant improvement in location accuracy compared to v. VLF-LLN uses the peak time of the 
ground wave as Ta avoids the significant lag caused by sky wave, which is present in other algorithms, and 
therefore has the best location accuracy with a median location accuracy of 1.81 km.   

1. Introduction 

The radio atmospheric signal, also known as a “sferic,” refers to a 
broadband electromagnetic pulse generated by natural lightning strike 
discharges [1,2]. The VLF component of a sferic can propagate thou
sands of kilometres in the Earth–ionospheric waveguide (EIWG) [3,4], 
providing the basis for long-range lightning location [5]. The long-range 
lightning location network can achieve widespread lightning detection 
with fewer stations and has significant advantages in detecting lightning 
in uninhabited land areas and over oceans [6–9]. Meanwhile, lightning 
location has important applications in lightning physics, short-range 
warning, and disaster assessment [10–14], making it a crucial tool for 
understanding and mitigating the impact of lightning strikes. 

The sferics detected by the long-range lightning detection network 
propagation a more extended distance in the EIWG before them arrival 
at the stations compared to those received by the three-dimensional 
lightning location network, making the sferics more significantly 
affected by ground propagation effects, such as the soil conductivity and 
propagation topography [15–17]. Moreover, the sferics received at the 
station is a mixture of ground waves and sky waves reflected by the 
ionosphere, and its characteristics are highly correlated with the 

ionospheric characteristics of the Fresnel zone [18–20]. The factors such 
as changes in the geomagnetic field, lightning strike discharges in the 
lower part of the Fresnel zone, solar activity all affect the properties of 
the Fresnel zone, and thus indirectly affect the characteristics of the 
sferic [18,19,21]. Therefore, the accuracy of long-range lightning loca
tion has been at the kilometer level [22–25]. 

Before lightning location, it is essential to achieve accurate pairing of 
sferics generated by the same lightning strike discharge received at 
multiple stations. While crucial in three-dimensional lightning location 
[26–28], this task is often overlooked or simply handled in long-range 
lightning location. In the World Wide Lightning Location Network 
(WWLLN), sferics with similar time of arrival (Ta) are simply assumed to 
be generated by the same lightning strike discharge [5]. This method 
overlooks the possibility of multiple lightning strikes occurring in 
proximity in time. Another long-range lightning locator network, ZEUS, 
searches for sferics among the stations that are likely the same-stroke 
candidates based on the degree of similarity between the waveforms 
recorded by the stations [29,30]. Due to the potential for a “combina
torial explosion” in this method, the ZEUS network was divided into two 
parts, with five stations in one part and seven stations in the other [29]. 

The three most common lightning electromagnetic radio-frequency- 
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locating techniques are magnetic direction finding (MDF), time of 
arrival (TOA), and interferometry [31]. The long-range lightning loca
tion algorithms are mostly based on TOA, which find the lightning lo
cations by measuring the Ta of sferics and solving the inverse problem 
with the estimated or empirical propagation velocity (v) of sferics [32]. 
Currently, there are significant differences in the approach to these 
factors among the existing long-range lightning algorithms 
[5,29,33,34]. However, there is a lack of sufficient research to demon
strate which method is superior and to report how much location bias is 
introduced by differences in the way these factors are handled. 

One approach to determine v or Ta is to use theoretical or semi- 
empirical methods to obtain relatively accurate velocities for lightning 
location. Dowden et al. proposed the time of group arrival (TOGA) 
method [5,35], which calculates the Ta by performing a least-squares 
linear fit on the phase spectrum and has been successfully applied to 
the WWLLN) An approximate v of about 0.9922 times the speed of light 
in vacuum was used for all sferics, propagation paths, and frequencies at 
all times, as recommended by Watt [36]. This value corresponds to the 
representative group velocity in the middle of the detected frequency 
range. However, this fixed v cannot fully reflect the time- and space- 
dependent properties of the EIWG. Furthermore, Xu et al. combined 
the International Reference Ionosphere (IRI) model with the Long 
Wavelength Propagation Capability (LWPC) to calculate the v of each 
sferic and found that a more accurate v leads to higher location accuracy 
[31]. Another typical long-distance lightning location network, Global 
Lightning Dataset 360 (GLD360), used a waveforms bank to estimate the 
propagation distance and exact Ta, avoiding the effects of from the EIWG 
[37]. This method requires extensive data accumulation and accurate 
propagation modelling, so GLD360 has been upgraded several times 
[38,39]. 

Another approach is to use variable v in the location process, where v 
and lightning location are determined by fitting. This method does not 
rely on complex theoretical derivations or large amounts of observa
tional data, is easy to implement, and is suitable for use in the initial 
construction of detection networks. Details can be found in the papers by 
Liu et al., Wang et al., and Li et al. [24,33,34]. The distinction between 
the location algorithms presented in these papers lies in whether each 
sferic is allocated an independent v and the approaches employed to 
determine Ta. Although there are differences in location accuracy be
tween algorithms in these papers, it is not possible to confirm what 
factors are responsible. 

During 2021, the VLF-LLN was established in the Chinese region and 
recorded the waveform of the sferics [34]. Based on this, different 
location algorithms can be compared with each other. In the VLF-LLN, a 
simulated waveform bank was utilized to extract the time of ground 
wave peak arrival of the sferics as Ta, which was then combined with the 
variable v for lightning location. This work has two main shortcomings: 
the use of an outdated pulse pairing method that requires significant 
computational resources, and the application of an identical v for each 
sferic. To address these shortcomings, this paper proposes a new pulse 
pairing method of measured data based on a simulated waveform bank, 
while also introducing an independent variable v for each sferic. Sub
sequently, several long-range lightning location algorithms were applied 
to the sferics recorded by VLF-LLN, and their location accuracies were 
compared using both real lightning strike accidents and simulation 
strikes. Finally, a discussion is presented on the potential introduction of 
location bias resulting from various methods to handling v and Ta. 

2. Data and method 

2.1. VLF-LLN 

The VLF-LLN used in this paper was established in 2021 and 
expanded to 26 stations in 2023 [34]. The stations measure vertical 
electric field within the VLF band（5 Hz ~ 30 kHz）, with baseline 
lengths between stations ranging from hundreds to thousands of 

kilometres. These stations are distributed across various regions in 
China, ensuring that the detection range of the lightning location 
network covers the entirety of China as well as parts of East Asia and 
Southeast Asia. The detection range of the lightning location network, 
ranging from 75◦E to 135◦E, and from 5◦N to 55◦N. 

2.2. Pulse pairing method 

In this paper, we propose a pulse pairing method based on the 
waveform bank to reduce the time complexity of the lightning location 
algorithm. The waveform bank utilized in this paper aligns with the 
waveform bank employed in the ground wave peak extraction of the 
location algorithm [34,40]. Put simply, we utilize same waveform bank 
for both pulse pairing and Ta identification. The construction of the 
waveform bank and the work on Ta identification have been described in 
detail in the paper by Li et al [34]. In contrast to the waveform bank 
utilized by Said et al. in GLD360 [37], the waveform bank employed in 
this paper is very simple. 

The simulated waveform bank is constructed using a two- 
dimensional Finite-Difference Time-Domain (FDTD) method and con
tains typical daytime and nighttime sferic waveforms at 100 km in
tervals from 100 km to 3000 km [34]. The size of the FDTD simulation 
domain is 3200 km × 100 km, the space step is set to Δr = Δz = 500 m, 
and the time step is set to Δt = 1 µs to ensure the same time resolution as 
the observed data. The lightning channel is a vertical dipole model with 
a height of 10 km. Since the VLF electromagnetic wave has a long 
wavelength and is much larger than the height of the lightning channel, 
the lightning channel can be considered as a dipole and the currents are 
equal throughout the channel. The current source is the dipole model 
proposed by Cummer [41]. The soil conductivity was set to 0.001 s/m 
and the geomagnetic field strength was set to 5 × 10− 5 T. A two- 
parameter exponential function expresses the electron density distri
bution in the D-layer of the ionosphere (~60–90 km). The electron 
density distributions in the E and F layers are calculated using the In
ternational Reference Ionosphere − IRI 2016 model. In addition, the 
model considers the effect of the Earth’s curvature on the simulation 
results by correcting for the atmospheric refractive index [42]. The 
simulation results are passed through a Butterworth filter with fre
quencies from 5 Hz to 30 kHz. Finally, for the accuracy of the results of 
the FDTD simulation, one can refer to the work of Hou et al [40,43]. 

The pulse-pairing method is based on the concept that the charac
teristics of the sferic waveform are more closely correlated with the 
propagation distance rather than the lightning strikes [44], especially 
within the VLF band. To enhance the credibility of this concept, Fig. 1 
illustrates simulated and measured waveforms at varying distances, 
along with the distribution of correlation coefficients between the 
measured and simulated waveforms at each distance. In this paper, the 
correlation coefficient is used to express the degree of similarity between 
two waveforms, and it is the absolute value of the Pearson correlation 
coefficient [45], regardless of the direction of the relationship, ranging 
from 0 (no linear relationship) to 1 (perfect linear relationship). Fig. 1 
(a), 1(c), and 1(e) display the simulated and measured sferic waveforms 
for daytime and nighttime at distances of 500 km, 1500 km, and 2500 
km from the lightning strike point, respectively. The correlation co
efficients between the 500 km and 2500 km waveforms with the 1500 
km waveform during both daytime and nighttime are 0.56 and 0.57, and 
0.52 and 0.64, respectively. Fig. 1(b), (d), and (f) illustrate the distri
bution of correlation coefficients between the measured and simulated 
waveforms. The measured waveform datasets comprise sferic wave
forms located within a 10 km radius of the difference between the dis
tance received at each station and the distance of the simulated 
waveform on the left. The dataset spans a one-month period, during 
which we have collected over 20,000 waveforms for each distance to 
ensure the representativeness of the results. A correlation coefficient 
threshold of 0.65 was utilized to distinguish sferic from noise. Obvi
ously, the correlation coefficient between the measured and simulated 
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waveforms at the same distance is significantly higher than that between 
simulated waveforms at different distances, regardless of time, polarity, 
propagation distance, and path. Therefore, by matching with the 
simulated waveforms bank, an approximate propagation distance, 
referred to as Dm, can be determined for each sferic. 

Then the relationship in Eq. (1) should be satisfied for the sferic 
produced by the same lightning discharge process received at two 
different stations. 

|ΔDm − (ΔTa*v) | ≤ Th (1)  

where ΔDm is the difference between the approximate propagation 
distances of two sferic, ΔTa is the difference between the time of arrival 
of two sferic, and v is set to c. Th represents the error threshold, which is 
associated with the accuracy of the waveform bank. As the parameter 
settings for the waveform bank are fixing and ideal, it is not possible for 
the simulation waveforms to be consistent with all measured waveforms 
under different conditions. Inevitably, there will be deviation between 
the Dm determined by the simulated waveform bank and the actual 
propagation distance. A suitable error threshold can therefore ensure 
that more homologous sferics are included in a group without including 
non-homologous sferics. For the waveform bank in this paper, Th is set 
to 500 km based on empirical data analysis from August 7th, 2022, 
demonstrating its effectiveness in sustained operations. Determining 
whether a sferic belongs to a certain sferic group is simply a matter of 
determining whether it satisfies Eq. (1) with other sferics within the 
sferic group. 

2.3. Independent variable v for each sferic 

In lightning location algorithms, the initial solution is generally 
computed by the TOA method and then optimized using the Levenberg- 
Marquardt algorithm [46,47]. In the early location algorithm, the 

optimal solution is obtained by adopting a variable v in the lightning 
location, minimizing the location error caused by various factors in the 
VLF-LLN [34]. The parameters to be optimised include the latitude, 
longitude and altitude of the lightning strike point and the v for sferic. 
However, an identical v was used for all sferics, and the objective 
function is shown in Eq. (2) [33]. 

F =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

n=1

(

Δtn −
Δdn

v

)2
√
√
√
√ (2)  

where, N is the number of stations, Δtn denotes the difference in the time 
of arrival between the Nth station and the reference station, Δdn rep
resents the difference in distance from the lightning strike point to the 
Nth station and the reference station, and v is from 0.950 c to 1.005 c. 

The optimal solution obtained through this method can be signifi
cantly affected by individual stations, potentially resulting in negative 
optimization outcomes [48]. Furthermore, assuming that the v for all 
sferics is identical does not reflect realistic conditions. Hence, in the 
upgraded algorithm, the objective function is updated to Eq. (3). 

F =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

n=1

(

(Δtn −
Δdn

vn
)⋅vn

)2

+ h2

√
√
√
√ (3)  

where each sferic is assigned an independent v. The variable h represents 
the altitude of lightning. It is assumed that the long-range lightning 
location network only detects strong cloud-to-ground lightning. This 
setup enables a fast search for the optimal solution using the method of 
least squares within an appropriate range. The surface height of each 
region is ignored, and the two-dimensional resulting error in location is 
negligible for long-range lightning location networks. To standardize the 
unit of each term, the time difference in the formula is multiplied by the 
scalar v. At the end of the location algorithm, a quality control module is 

Fig. 1. Simulated and measured waveforms at varying distances and the distribution of correlation coefficients between the measured and simulated waveforms at 
each distance. 
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added to remove possible outliers. When the magnitude of v reaches the 
boundary value, this location result will be discarded. 

2.4. VLF-LLN location results 

Fig. 2 illustrates the unfiltered sferic waveforms received by the 
VLF_LLN within a 10,000 µs time window. Assuming that sferic propa
gates at the speed of light, the propagation distance of 10,000 µs is 
approximately 3,000 km, which closely aligns with the effective detec
tion range of the station. In other words, all the sferic in this time 
window could have been generated by the same lightning strike 
discharge. This is obviously not possible as the same station receives two 
sferics. And these sferics arrive at various stations at different intervals, 
indicating that they are not from the same source. For this situation, the 
pulse pairing method described in this paper successfully separated the 
sferics generated by these two lightning strikes from a bunch of complex 
signals. The sferics generated by Lightning 1 and Lightning 2 are shown 
in red and blue respectively, and the sferics that were discarded are 
shown in grey. 

The information about these two lightning strikes is presented in 
Table 1, while their respective locations are depicted in Fig. 3. The 
background of Fig. 3 shows cloud-top temperature (CTT) data from the 
Feng Yun Satellite Date Centre (https://satellite.nsmc.org.cn), which 
can reflect the strength of convective activity to some extent. From 
Table 1, it can be observed that these two lightning strikes occurred in 
different regions, with only a 653 µs difference in their occurrence times. 
The sferics they generate arrive at each station at similar times, but due 
to the different locations at which they occur, each station receives the 
sferics generated by the two lightning in a different order and at 
different time intervals. Although Lightning 1 occurred earlier, because 
it was located outside the VLF-LLN, the sferics it generated reached 
stations other than the PE stations later than the sferics generated by 
Lightning 2. 

Fig. 3 also illustrates distribution of lightning strikes on 20 July 2023 
between 09:00 and 09:15 UTC. Although the stations of VLF-LLN are in 
mainland China, it still has a good location effect on lightning occurring 
in southeast Asia and the Pacific Ocean. The location results are all 
distributed in the region of low CTT probed by Fengyun4A, which is 
consistent with existing studies [49,50]. Combined with parallel 
computing, real-time location of lightning in the detection area can be 
achieved on a single Intel 12700 CPU. 

3. Result 

Thanks to the VLF-LLN recording of sferic raw waveforms received at 
the station, several commonly used long-range lightning location algo
rithms are compared and evaluated in this section. Since the primary 
focus of the paper was to identify the optimal location algorithms that do 
not rely on a substantial accumulation of data but can be directly 
applied, the location algorithm of GLD360 was not replicated [37]. 
Table 2 briefly describes the location algorithms compared in this paper. 
All algorithms are abbreviated in the form of the author’s initials fol
lowed by the year, for example, the location algorithm of WWLLN is 
referred to as D08 [5]. In the subsequent discussion, each location al
gorithm will be applied to sferics that have been identified as originating 
from the same lightning strike using the pulse matching method 
employed in this paper. The location accuracy of each algorithm in 
locating lightning strikes will be assessed using both real accidents and 
simulated lightning. 

A brief account of the above location algorithm is provided below. 
The M07 and D08 algorithms filter sferics with frequencies between 6 
kHz and 22 kHz, using a group velocity of 0.9922 c [5,29] as v. The L16, 
W20, and L23 algorithms use a variable v during the location process, 
with the distinction that the L16 algorithm utilizes an identical v for all 
sferics [33,34]. The L23 algorithm is the one used in this paper. 

In the approach to handling Ta, the M07 algorithm uses cross- 
correlations to ascertain the time difference in Ta among different 
sferics, as opposed to exact values of Ta. Although the cross-correlation 
method does not precisely identify homologous sferics, pulse pairing is 
conducted prior to this in the paper. Therefore, it has also been included 
in the comparative study. The TOGA, which is used in the D08 algo
rithm, is calculated by adding sliding time windows to the signal and 
determining the slope of the phase with respect to frequency within each 
time window [35]. The Ta in the L16 algorithm is determined by the first 
peak, which is the nearest local maximum that precedes the absolute 
maximum in the complex trace in the sferic [33]. The W20 algorithm 
calculates the Hilbert envelope of the sferic and determines its peak time 
as Ta [24]. 

3.1. Assessment of lightning strike accidents 

Lightning strike accidents can accurately indicate the location of a 
lightning strike and provide sufficient evidence to evaluate the effec
tiveness of a lightning location algorithm, despite posing a significant 
threat to human life. This section seeks information on four lightning 
strike accidents (see Table 3) to evaluate the effectiveness of the location 
algorithms. Accident 1 was a fatal lightning strike that was widely re
ported in the news and had the highest level of confidence in its location, 
while the remaining accidents were lightning strikes reported by busi
nesses and received by the local weather service. 

Lightning strikes within a 50 km radius of the strike point during the 
minute when the lightning strike accident occurred were re-located by 
the five algorithms mentioned above, and the results are shown in Fig. 4. 
From a macro perspective, all lightning strikes from the L23 algorithm 
are situated in the region above 35 dBZ. In contrast, the results from the 
other algorithms are partially located in the low reflectivity region. 
Referring to the superposition figure of lightning location results from 
local lightning location networks with radar reflectivity, it can be said 
that the location accuracy of VLF-LLN is comparable to those networks 
from a macroscopic perspective [51]. 

Fig. 2. The unfiltered sferic waveforms received by all stations within a 10000 
µs time window. Red, blue, and grey represent sferics generated by Lightning 1, 
Lightning 2 and discarded sferics, respectively. The y-axis label is the name of 
the station. 

Table 1 
The information of two lightning strikes.  

Lightning Time Longitude Latitude Polarities Number of 
stations 

1  29.427681  92.9282  28.8371 negative 10 
2  29.428334  105.2601  33.4637 positive 10  
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Since the reported times of the lightning strike accidents were only 
accurate to the minute, it was impossible to determine which lightning 
strikes had caused them. Therefore, the location results within a 10 km 
radius around the lightning strike accident point are considered as 

potential strikes that may have caused the lightning strike accident, and 
the statistical description of these strikes is shown in Table 3. Except for 
accident 4, the L23 algorithm outperforms the other algorithms in terms 
of the number of potential lightning strikes and the nearest distance. For 
accident 2, only the lightning located by the L23 algorithm was within 
10 km of the lightning strike accident. Similarly, in accident 4, the L23 
algorithm also outperforms the W20 algorithm in terms of the number of 
potential lightning strikes, and the superior overall location accuracy of 
L23 can be seen in Fig. 4(d). The median distance between all potential 
strikes and the lightning accident point is within the range of 1 to 5 km, 
with the nearest distance being within 1 km. 

Fig. 3. The distribution of lightning strikes on 20 July 2023 between 09:00 and 09:15 UTC. The black diamonds depict stations presented in Fig. 2, while the small 
red circles indicate lightning strikes detected by at least five stations. The background signifies the Cloud Top Temperature during the relevant timeframe. 

Table 2 
The information of the different location algorithms.  

Acronyms Ta v 

M07 cross-correlation 0.9922 c 
D08 TOGA 0.9922 c 
L16 the first peak identical 
W20 the peak of the envelope independent 
L23 the ground wave peak independent  

Table 3 
The potential strikes located by different location algorithms during lightning strike accidents.  

Date (UTC) Latitude Longitude Algorithm Number of Potential Strikes Nearest Distance (km) Median Distance (km) 

2022/08/26 11:25 30.9190 118.3406 M07 9  3.787  6.697 
D08 8  3.313  8.186 
L16 8  1.636  3.001 
W20 1  4.145  4.145 
L23 16  0.577  1.206  

2023/05/22 21:10 22.7308 113.4364 L23 1  3.030  3.030  

2023/05/31 21:48 22.5317 113.5331 M07 5  2.824  7.052 
D08 4  5.891  7.580 
L16 3  5.695  6.216 
W20 2  6.956  7.846 
L23 7  1.285  4.328  

2023/05/31 22:39 22.3339 113.4639 M07 2  5.082  6.705 
D08 1  9.013  9.013 
L16 5  1.675  5.334 
W20 5  1.136  1.445 
L23 7  2.183  3.957  
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3.2. Assessment of simulated lightning strikes 

In this section, the sferic arriving at each station from the above 
lightning strike accident points are modelled using FDTD and located 
using the five algorithms. Due to the proximity of the locations of the last 
three lightning strikes, the modelling was restricted to the first and third 
strikes. The simulated stations consist of a total of 21 stations, including 
those used to locate the lightning strikes described above (10 for the first 
strike and 11 for the third strike). The spatial step size of the simulation 
domain is 500 m, which means it is not possible to perfectly reproduce 
the exact lightning strike point. However, the location results still hold 
significant reference value. Since the Earth is treated as an Ortho sphere 
in the FDTD model, the simulated location is solved using the Ortho 
sphere model, while the actual work is done with the WGS84 model. 

Fig. 5 shows the location results and deviations of the five algorithms 
for the simulated lightning strikes mentioned above. The L23 location 
algorithm used in this paper produces location results closest to the true 

location, which is consistent with the assessment based on the actual 
lightning strike accidents mentioned earlier. Applying independent 
variable v to the sferic received at each station will lead to better loca
tion results, as expected [34]. Despite utilizing the independent variable 
v, the W20 algorithm does not exhibit a significant advantage in terms of 
location accuracy over other algorithms. This could possibly be attrib
uted to the method used by the W20 algorithm to handle Ta. 

Fig. 6 illustrates the Ta determined by each of the algorithms 
(excluding M07) for the sferics of the segments at near, middle, and far 
distances. The M07 algorithm uses cross-correlation and therefore 
cannot give an accurate Ta. To maintain consistency in the timeline of 
the data, the 300th point of the plot data is taken as the time node at 
which the sferic propagates to the station at the speed of light. On the left 
side, the simulated waveform is displayed, while the measured wave
form is shown on the right side, visually illustrating the consistency 
between the simulated and measured data. The variation of Ta with the 
propagation distance is minimized by the L23 algorithm employed in 

Fig. 4. The relocated result of the lightning within a 50 km radius of the strike point was determined by the above five algorithms during the minute of the 
lightning accident. 
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Fig. 5. The location results and deviations of the above five algorithms for simulated lightning strikes. The black star is the simulated lightning strike point.  

Fig. 6. The Ta determined by different location algorithms are illustrated in the figure. Purple, yellow, green, and red colours correspond to D08, L16, W20, and L23, 
respectively. Simulated waveforms are shown on the left, while measured waveforms are displayed on the right. 
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VLF-LLN. The Ta identified by the L16 algorithm at the middle distance 
aligns with the result obtained from the L23 algorithm and is therefore 
disregarded. At the other two distances, Ta is determined as the trough of 
the low-frequency oscillations caused by filtering and as the peak of the 
first-hop sky wave, respectively. With increasing propagation distance, 
the proportion of skywave components in the sferic increases, causing 
the Ta identified by the D08 and W20 algorithms to be pushed later, with 
the variation being maximum for the W20 algorithm. This may explain 
the lack of significant improvement in location accuracy despite the use 
of the independent variable v in the W20 algorithm. 

To demonstrate that reducing variation in Ta improves positioning 
accuracy, we controlled the distance of the simulated data involved in 
location. Case 1 includes data from five sferics at distances ranging from 
688.5 km to 1237.5 km, while Case 2 includes data from six sferics at 
distances ranging from 834.5 km to 1336.5 km. Although it will reduce 
the number of stations involved in location, the variation in Ta shrinks. 
This step makes the Ta determined by the L16 and L23 algorithms the 
same, so that the difference in the location result between the two is then 
caused by use of the identical v and the use of independent v. 

Before starting the analysis, it should be noted that the D08 algo
rithm will no longer be involved in the discussion. After reducing the 
number of stations involved in location, the location error substantially 
increases for the D08 algorithm. This raises the question of whether the 
Ta determined by the D08 algorithm is accurate. Analysis of the data 
indicates that because the TOGA method operates in the frequency 
domain [35], it is significantly affected by filtering. Simply increasing 
the order of the Butterworth filter from 1st to 2nd order results in a 
positioning error of more than ten kilometres. When fewer stations are 
involved in location, the phase change due to filtering can substantially 
impact the D08 algorithm’s accuracy. However, the analyses presented 
thus far are not invalidated. However, the analyses already presented 
are not useless, and this tells us that to reproduce the D08 algorithm, it is 
necessary to be consistent in the antenna parameters, without being able 
to pass the filtering of the data processing part at a later stage. 

Fig. 7 demonstrates that several location algorithms exhibit signifi
cant improvements in accuracy when using only sferics within above 
distance range. A comparison between the L16 and W20 algorithms 
reveals that utilizing Ta, which from sferics with similar distances, re
sults in a greater enhancement in accuracy than using an independent v 
for each sferic. It is important to note that while better location results 

can be achieved by using only sferics with similar distances, in practice, 
the goal is to utilize as many successfully paired sferics as possible. This 
approach helps to mitigate location errors stemming from noise inter
ference, GPS errors, and other unexpected factors [52]. 

4. Discussion 

4.1. Ta error from sky wave 

This section explains why using similar distance sferics for location 
reduces Ta error. Ideally, if the signal is not affected by propagation 
effects, TOA can locate the source very accurately. Since the 300th point 
in the simulated waveform bank in this paper is set to represent the time 
at which the sferic propagates to the site at the speed of light, the dif
ference between the Ta identified by the different methods and this point 
can be interpreted as an error introduced by the characteristics of the 
sferic itself, the propagation effect, and the method of identifying Ta. 
However, if this difference is constant at all distances, it does not affect 
the accuracy of the Ta difference used for location, i.e. the spatial 
location of the source remains accurate, only the time of occurrence is in 
error. 

Fig. 8 illustrates the differences between the Ta of the simulated 
waveform at each distance and the Ta of the 100 km simulated waveform 
as determined using the M07, L16, W20, and L23 algorithms, respec
tively. As analysed in the previous paragraph, the flatter the curve on the 
Fig. 8, the smaller the location error generated when the Ta determined 
by the algorithm is used for location. Before analysing, a correction is 
made to the problem that the L16 algorithm above would judge the low- 
frequency oscillation point to be Ta for close sferic. If the L16 algorithm 
considers the low-frequency oscillation point to be, then is corrected to 
the time of the ground wave peak. These curves corresponding to M07, 
L16, and W20 algorithms all have distinct jump points, reflecting the 
influence of skywave on Ta. In daytime, the lower equivalent reflection 
height for the sferic of the lower ionosphere causes the skywave 
component arrive at the station earlier [21,34,53]. As a result, the M07 
and L16 algorithms, which rely more on the overall waveform charac
teristics of the signal to identify Ta, have earlier jump points compared to 
night. 

On the other hand, the jump points of the curve corresponding to the 
W20 algorithm may be attributed to the fact that, after 500 km of 

Fig. 7. The location results and deviations of the five algorithms mentioned above for locating sferics at similar distances. The black star is the simulated lightning 
strike point. 
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propagation, the energy of the ground wave has decayed to a level lower 
than that of the sky wave. Due to the sky wave component being more 
backward at night (see Fig. 1), the Ta difference after the jump is also 
larger in comparison to daytime. Analysing the propagation process of 
sferics is a highly complex task, but it is evident that the L23 algorithm 
corresponds to the minimum Ta difference. 

4.2. Location bias due to v and Ta 

In the paper, simulation studies revealed that employing Ta (which 
minimally affected by sky wave) and using an independent v for each 
sferic both contribute to improved location accuracy. However, in 
practical applications, the exact extent of the improvement in location 
accuracy resulting from these methods is not yet known. Therefore, the 

location results obtained from the L23 algorithm are considered as 
reference points, and two control algorithms are established to investi
gate the impact of v and Ta on location bias. Control Algorithm 1 (CA1) 
utilizes the time of the ground wave peak as Ta and applies a uniform v 
for all sferics. It is used to examine the impact of v on location bias. 
Control Algorithm 2 (CA2) employs the peak time of the envelope as Ta 
and assigns an independent v for each sferic. Please note that the CA2 
algorithm mentioned here is the same algorithm as the W20 algorithm 
mentioned above, and it is used to explore the effect of Ta on location 
bias. The relocated data covers all lightning occurrences in Summer 
2023, totalling 4,364,341, which is highly representative. To mitigate 
the impact of station layout on the results, the study area was confined to 
latitudes 20◦N to 40◦N and longitudes 95◦E to 120◦E. 

The median location bias for the v and Ta are 0.076 km and 6.843 km, 

Fig. 8. The differences between the Ta of the waveform at each distance and the Ta of the 100 km waveform as determined using the M07, L16, W20, and L23 
algorithms, respectively. 

Fig. 9. The distribution of median location bias between the control algorithm and the L23 algorithm, with CA1 on the left and CA2 on the right.  
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respectively. The study area was divided into grids with a step size of 
0.1◦. Median location bias was calculated for grids with more than 50 
lightning strikes within a grid point, and the results are presented in 
Fig. 9. At the macroscopic level, there is a gradual widening trend in the 
deviations between the control and L23 algorithms from the center of 
the network outwards. In detail, however, the location bias is not evenly 
distributed, which may be due to the layout of the stations [52]. From 
the results so far, it appears that the location bias due to differences in v 
and Ta are inconsistently affected by the station layout, as the deviation 
distribution is not uniform across different parts of Fig. 9. 

4.3. VLF-LLN location accuracy 

In this section, we will evaluate the location accuracy of the VLF-LLN 
using the advanced direction-time lightning detection system (ADTD), 
which has been in widespread use in China for decades. The location 
accuracy of the ADTD, which is 500 m [24], is significantly larger than 
the potential location bias caused by v. It may not be appropriate to 
utilize the ADTD to assess the superiority of the L23 and CA1 algorithms. 
Therefore, in this section, only the ADTD data is used to evaluate the 
location accuracy of L23 and CA2 algorithm. 

The data for ADTD are for the whole day of 30 July 2023 BJT, the 
study area is the same as in Section 4.2, and there are 63,767 lightning 
flashes after clustering and matching. Clustering involves grouping 
strikes that meet both temporal and distance thresholds within the same 
lightning location network into a single flash. Matching involves 
considering flashes in different lightning location networks that meet 
both the temporal and distance thresholds as the same flash. Because the 
supplied ADTD data was only accurate to the second, the time threshold 
was set to the same second instead of the commonly used 0.5 s [51]. 
However, the distance thresholds for clustering and matching are 
consistent with commonly used values, which are 10 km and 30 km, 
respectively. 

Fig. 10 shows the distribution of positioning accuracy for the L23 and 
CA2 algorithms. Despite the different station layout in VLF-LLN 
compared to APLLN, the location of the replicated CA2 algorithm in 
VLF-LLN aligns with the 5 km to 10 km location accuracy reported by 
Wang et al. for APLLN, with a median value of 5.998 km [24] This also 
demonstrates the successful algorithm reproduction in this paper. The 
median location accuracy of VLF-LLN using the L23 algorithm is 1.814 
km, which aligns with the previous study, demonstrating that using a Ta 
that minimally affected by sky wave significantly improves the location 
accuracy. 

5. Conclusions 

This paper presents a pulse-pairing method in a long-range lightning 
location algorithm that is based on the waveform bank. Five different 
location algorithms are compared by using lightning strike accidents 
and simulation strikes. Additionally, two control algorithms are con
structed, and the effects of the parameters v and Ta on the location re
sults are discussed. The main conclusions of this paper are as follows: 

The characteristics of the sferic depend more on the propagation 
distance than on the lightning source. The Pearson correlation coeffi
cient between the measured and simulated waveforms at the same dis
tance is significantly higher than that between simulated waveforms at 
different distances, regardless of time, polarity, propagation distance, 
and path. Consequently, the approximate propagation distance of the 
sferic can be determined using a simulated waveform bank. Subse
quently, the pulse pairing method based on this propagation distance 
and the ground wave peak time can successfully group the sferics 
generated by two lightning strikes occurring almost simultaneously at 
different locations. 

By implementing the control algorithm, it was observed that using 
different values for v and Ta resulted in a location bias of 0.076 km and 
6.843 km, respectively. Comparative results with ADTD demonstrate 

that using a Ta which minimally affected by sky wav significantly im
proves location accuracy. In terms of median, the location accuracy of 
VLF-LLN is 1.814 km. 

The pulse-pairing method presented in this paper has the potential to 
further improve pairing efficiency through methods such as machine 
learning, especially as a large amount of observational data is accumu
lated. Additionally, the calibration of the VLF-LLN is ongoing due to the 
increasing number of new stations, with the future expectation of 
providing the electrical parameters of each lightning strike. Further
more, our next research focus will be on the application of VLF-LLN data 
in the field of thunderstorm forecasting [54]. 
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