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Abstract: Ultra-long-distance and high-precision lightning location technology is an important means
to realize low-cost and wide-area lightning detection. This paper carried out research on the high-
precision location technology of very-low-frequency (VLF) lightning electromagnetic pulse based on
the Asia-Pacific Lightning Location Network (APLLN) deployed in 2018. Two key technologies are
proposed in this paper: one is the calculation method of signal arrival time using very-low-frequency
lightning electromagnetic pulse waveform, and the other is the compression transmission technology
of lightning electromagnetic pulse waveform based on a signal principal component analysis. The
results of a comparison and evaluation of the improved APLLN with the ADTD system show that the
APLLN has a relative location efficiency of 69.1% and an average location error within the network
of 4.5 km.
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1. Introduction

Thunderstorms or lightning are common severe convective weather phenomena in
nature, with an average of tens to hundreds of lightning flashes per second worldwide,
including cloud and cloud-to-ground flashes. Accurate and efficient detection of lightning
event information can help people to obtain information about thunderstorms, avoid
lightning accidents, and reduce economic losses.

Lightning emits a significant number of electromagnetic pulse signals. The signals
cover a wide frequency range, from a few hertz (long continuing currents) to 102 Hz (hard
X-rays) [1]. Measuring electromagnetic pulses is the fastest and most effective way to
detect lightning events. Considering the propagation attenuation of electromagnetic signals
in the Earth—ionosphere waveguide, ground-based lightning location systems generally
operate in the extremely-low- to very-high-frequency band. A ground-based lightning
location network usually consists of at least four electromagnetic pulse detection sites, a
data processing center, and a network transmission link. The distance between the two
stations is called the baseline. Baseline sizes typically range from tens to thousands of
kilometers depending on the detection range. The lightning location network uses the time
difference and direction parameters of the signal to locate each event.

Very-high-frequency lightning electromagnetic pulse signals carry richer information,
and the steep peaks of electromagnetic pulses are easily detected by sensors, thus achieving
precise lightning imaging [2-6]. However, the propagation distance of high-frequency
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LEMP signals is short, and the amplitude rapidly decreases after a long distance. The effec-
tive detection range of lightning electromagnetic pulse sensors working in high-frequency
bands is usually within several dozen kilometers.

At present, the regional commercial lightning location systems are working in the
VLF and LF bands, such as the U.S. National Lightning Detection Network (NLDN),
European Cooperation for Lightning Detection (EUCLID), and China Advanced Direction-
time Lightning Detection (ADTD). These systems are usually composed of hundreds of
lightning detection sites; the baseline of the sites is generally about 100 km, which can
be better compatible with the detection efficiency of cloud-to-ground (CG) lightning and
intracloud (IC) lightning, and the location accuracy is better than 500 m. The signals in
the VLF band could propagate long distances in the Earth-ionosphere waveguide, and
long-range lightning detection can be realized by using VLF signals. Considering the
long-distance propagation of VLF signals in Earth-ionosphere waveguides [7-11], more
and more studies have begun to focus on using VLF lightning electromagnetic pulse signals
to achieve low-cost, large-area, and high-precision lightning detection.

The World Wide Lightning Location Network (WWLLN) [12-14] currently operates
more than 70 detection sites in the frequency band of 3 kHz to 30 kHz. WWLLN uses
lightning electromagnetic pulse signals detected by at least five sites for localization calcu-
lation. The lightning strokes could be located by calculating the time difference between
the signals arriving at each site based on the time of the group arrival method. Recent
research indicates that the detection efficiency of WWLLN for strokes with about 30 kA is
approximately 30% globally.

The Institute of Electrical Engineering of the Chinese Academy of Sciences has de-
ployed the Asia-Pacific Lightning Location Network (APLLN), which operates in the VLF
band. The average distance between the detection sites is about 1000 km. Wang et al. [15]
proposed a calculation method of signal arrival time based on envelope peak, and the
location accuracy in the network is around 10 km.

Wang et al. [16] adopted the time-difference location method to realize lightning
location. The network boasts a baseline distance of approximately 2000 km and operates in
the VLF band. The Gauss-Newton iteration method was utilized to find the optimal fitting
point of the arrival time difference, thereby enhancing both the efficiency and accuracy of
the location algorithm. Comparisons with lightning location results in the Jiangsu area of
the China Power Grid demonstrate a detection accuracy that can reach 12 km.

Overall, the baseline of the VLF lightning location systems is about 1000 km, and
the location accuracy is about 10 km. Compared with VLF/LF lightning location system
whose location accuracy is better than 500 m, the location accuracy of 10 km is not ideal.
To enhance the detection performance of the long-baseline lightning location system, this
paper presents an improved localization method based on the lightning electromagnetic
pulse waveform.

The rest of this article is arranged as follows: Section 2 provides a brief overview of
the APLLN and its components. Section 3 introduces the data processing and localization
methods used in the study. Section 4 describes the location results. Section 5 compares and
evaluates the results of the new method. Finally, Section 6 summarizes the article.

2. Network and Data

Since 2018, the APLLN [15] has established 16 long-baseline LEMP detection sites
in China and neighboring countries, which have been in stable operation for five years.
The detection sites are distributed between 75 and 134°E and 7 and 53°N, with a baseline
range of 800~1500 km. The deployment of the APLLN detection site and the appearance
of the electromagnetic pulse detection equipment are shown in Figure 1. In the case of at
least four sites detecting signals simultaneously, the real-time two-dimensional location of
lightning activity in China and the Asia—Pacific region can be realized based on the time
difference of arrival (TDOA).
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Figure 1. (a) The deployment of the APLLN detection site; the red dots indicate the locations of the
sites. (b) The appearance of the electromagnetic pulse detection equipment.

Each detection site of the APLLN is mainly composed of a whiplash electric field
antenna, signal amplifier, filter, analog and digital conversion circuit, signal processor, and
high-precision GPS/Beidou timing module. The detection equipment adopts the trigger
sampling method to record the LEMP signal with a duration of 2 ms. The sampling rate
of the device is 500KSPS, which fully meets the sampling requirements of signals in the
3-30 kHz frequency band according to the Nyquist sampling theorem. Figure 2 shows the
LEMP waveform data recorded by a device. One single records 1000 sampling points, and
each sampling point is stored with 4-byte floating-point data, so the memory needs at least
4K bytes of storage space to record a single sample of data.
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Figure 2. (a—d) The LEMP waveform data from different distance.
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3. Method
3.1. Real-Time Data Compression

Before describing the lightning location method, it is necessary to introduce the
compression technology of LEMP waveform data. In recent years, the research team has
upgraded the data processing system of APLLN. The detection system can work at a lower
trigger threshold. A lower trigger threshold would result in the detection system capturing
weaker LEMP signals, thus improving the lightning detection efficiency. However, this also
brings new challenges, as data transmission requires larger bandwidth resources.

When processing large amounts of LEMP waveform data, data compression is an
effective way to save transmission bandwidth and improve transmission efficiency [17].
The conventional lossless compression method has the disadvantages of slow computation
speeds and low compression rates, which cannot meet the real-time LEMP data processing.
This paper presents a method of real-time lossy compression of LEMP waveform data
based on principal component analysis (PCA) [18,19] and transmits the compressed LEMP
waveform data back to the data processing center in real-time. As far as we know, this is the
first time that PCA method has been applied in the field of LEMP waveform compression
transmission. The data processing center decompresses the data and performs subsequent
data processing and location calculation. The process diagram of data compression and
decompression using the PCA method is shown in Figure 3.

Feature extraction

Compression s Decompression

Data transmission

Original high-dimensional data Decompressed data

Figure 3. Data compression transmission flow diagram.

The main idea of the PCA method is to find the most significant components in the
data and replace the original data with the most significant components to achieve the
purpose of data dimensionality reduction [19]. To minimize the loss of data information,
we removed the correlation of the data and preprocessed the data in a lower-dimensional
space in the case of high-dimensional space.

For an LEMP waveform data set x of length 7, the mean value of x is:

_ 1
r= 527:1 i @

Decentralization of LEMP waveform data:
di=x;—X% (2)
The covariance matrix of the LEMP waveform data sample is:
Con = =Y did” ©)
n—1&=1
Using the covariance matrix of the LEMP waveform data, we obtained the eigenvalues

and eigenvectors. Then, we sorted the eigenvalues of the LEMP waveform data samples
from large to small and selected the top K values [20]. Then, the corresponding K eigen-
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vectors are formed into the eigenvector matrix Px in the form of row vectors. With the
eigenvector set to Px, LEMP waveform data x can be projected into the eigenspace yk:

yk =P (x =) (4)

The LEMP waveform data x are compressed, transmitted back, and finally decom-
pressed. The decompressed LEMP waveform data can be expressed as:

X=X+ 2?(:1 yxPx 6)

Taking an example of the LEMP waveform data recorded by the APLLN detector as a
reference, the blue line in Figure 4a represents the waveform of the original data, and the
red line represents the waveform data obtained after PCA compression and decompression.
The dimension of the LEMP waveform data is 1000. Through experiments, it was found
that when the dimensionality of the data was reduced to 90, i.e., compressed from the
original 1000 sampling points to 90 feature points, the correlation between the transformed
data and the original data was 98.87%. If only 90 feature points need to be transmitted
through the network instead of all 1000 sampling points, it can fully meet the real-time
transmission and processing of LEMP data. Figure 4b shows the results of compressing the
original data using the PCA method. It can be seen from Figure 4 that the original data and
the extracted data are generally consistent in the time domain.
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Figure 4. (a) The blue line represents the waveform of the original data, and the red line represents the
waveform data obtained after PCA compression and decompression. (b) The feature data compressed
using PCA method, and each colored point represents a feature.

In practical applications, Px and X are fitted from a large amount of historical data and
stored in the memory of detection devices and data processing centers, respectively, for the
compression and decompression of LEMP waveform data. Considering the presence of a
large amount of electromagnetic noise during the propagation process, as well as factors
such as propagation distance and terrain that can affect the waveform, we analyzed the
LEMP data received from multiple detection sites. All LEMP signals were generated by the
same lightning event. Figure 5 below shows a set of homologous LEMP signals collected
from four different sites, with propagation distances ranging from 720 km to 3062 km.
It can be seen that the PCA conversion results can effectively restore the original LEMP
data. Using the method of signal cross-correlation to calculate the similarity of signals, the
average similarity is 98.46%. This indicates that the PCA method can effectively restore the
principal components of the original LEMP data without causing significant information
loss due to electromagnetic noise.
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Figure 5. Original data of LEMP waveform with different propagation distance and PCA conversion
data. The data are all from the same lightning event and were recorded by different detection stations.
Each subplot is labeled with the propagation distance of the LEMP signal.

This paper compares the time consumption and compression ratio of bzip2 [21,22]
lossless compression and PCA lossy compression for different amounts of data. It can be
seen from Table 1 that the compression rate of PCA lossy compression is much higher
than that of bzip2 lossless compression, which greatly reduces the bandwidth occupation
of the channel during data transmission. The time consumed by PCA lossy compression
is also much less than that consumed by bzip2 lossy compression, and using PCA lossy
compression can improve the efficiency of data transmission.
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Table 1. Comparison of bzip2 lossless compression and PCA lossy compression.

Data Number

bzip2 Lossless Compression PCA Lossy Compression

Consumption of Time (s)  Compressibility (%)  Consumption of Time (s)  Compressibility (%)

100
200
300
400
500
600
700
800

0.84 0.63 0.0882 0.09
1.83 0.63 0.1764 0.09
2.75 0.66 0.2646 0.09
3.76 0.63 0.3528 0.09
4.48 0.60 0.441 0.09
5.57 0.63 0.5292 0.09
6.49 0.64 0.6174 0.09
8.55 0.72 0.7056 0.09

3.2. Location Algorithm

Based on the efficient transmission method of LEMP data explained in Section 3.1, this
section mainly discusses the second key issue of VLF lightning detection: how to improve
the location accuracy of VLF lightning detection? In general, the mainstream lightning
location systems use the TDOA method for location [23-25]. The TDOA method locates the
radiation source according to the time difference between the LEMP signals arriving at each
detection site. The number of sites ranges from four to more, typically. The long-baseline
lightning location system has a large baseline over 1000 km, which is different from the
short- and medium-baseline location system with the baseline between 30 and 150 km.
The LEMP signals received by the long-baseline lightning location system have a large
attenuation of ground wave propagation due to the long distance between the signal source
and the detection site. Then, the signal received by the detection site could not calculate
the arrival time of the ground wave accurately, which leads to the poor location accuracy
of the long-baseline lightning detection system.

In the past few years, APLLN has used a localization method that calculates the
envelope of LEMP using the Hilbert transform and then calculates the arrival time of the
signal based on the peaks of the envelope [15]. At the same time, the location result of
lightning was calculated by the TDOA method, and an improved Levenberg—-Marquardt
nonlinear least squares iterative algorithm was used to optimize the lightning location
results. This location algorithm is collectively referred to as the envelope peak method in
the following content.

However, the arrival time of the LEMP calculated by the envelope peak method is
biased with respect to the true value. As shown in Figure 6, the first pulse peak S of the
gray waveform can be regarded as the arrival time of the LEMP signal. The envelope peak
S3 of the red waveform is the signal arrival time determined by the envelope peak method.
51 is the theoretical arrival time of the LEMP signal, which is the actual time it takes for
the signal to travel from lightning to the detection station. From Figure 6, it can be seen
that the arrival time of the real signal is earlier than the time of the envelope peak. When
the distance between the detection site and the lightning is nearer, such as less than 100
km, Sy is approximately S,. As the signal propagation distance increases, S, gradually lags
behind S;.

Moreover, the anti-noise ability of the envelope peak method is weak. Figure 7 lists
several typical electromagnetic pulse signals that may affect the accuracy of VLF lightning
location. The duration of an LEMP signal ranges from tens of microseconds to hundreds of
microseconds. Therefore, we generally assumed that there is only one LEMP signal within
a sampling window. As shown in Figure 2, the collected signals only have one LEMP signal,
which is the case handled by most calculation processes. However, in practical applications,
signals such as those in Figure 7a,b may also be encountered, where Figure 7a is a dense
lightning electromagnetic pulse signal emitted by cloud flash radiation. Figure 7b shows the
presence of multiple LEMP signals within a sampling window. Although both cases collect
LEMP signals, the use of signal’s envelope or peak methods cannot accurately determine
lightning homology, resulting in incorrect location results. Figure 7c,d show two common
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electromagnetic pulse interference signals, which are usually similar to LEMP and cannot
be accurately removed. At the same time, due to the large amount of interference signals
generated in a short period of time, it seriously affects the location calculation. When using
signal’s envelope or peak methods, it can also produce incorrect location results.

S3 — Original signal
Envelope signal
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Figure 6. Gray line represents the original signal waveform, and red line represents the envelope
waveform after the Hilbert transformation.
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Figure 7. Typical waveform of LEMP and interference signals. (a) Electromagnetic pulse signals from
cloud flash. (b) Two LEMPs within the same sampling window. (c) Pulse interference signal from
switching power supply. (d) Radio interference signal.

In order to improve the location capability of the APLLN, the arrival time of LEMP
was calculated using the cross-correlation method [26-29] of waveforms in this paper. The
waveform is used to find homologous events, remove noise interference, and reduce the
influence of noise signals on location. Previously, very-low-frequency lightning positioning
systems were limited by data transmission rates and typically calculated the arrival time at
the detection equipment end. Due to the arrival time ambiguity caused by the long-distance
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propagation of signals in the Earth-ionosphere waveguide, this method cannot accurately
calculate the arrival time of signals. Therefore, after using the PCA method to solve the
real-time compression and transmission of signals, the signal cross-correlation method was
applied in the field of very-low-frequency lightning detection. This location algorithm is
collectively referred to as the cross-correlation method in the following content.

The APLLN obtains the real-time high-precision time through the GPS/Beidou satellite
timing system and marks the trigger time of the original waveform data. The detected
data less than the set threshold are defined as homologous data. The detailed steps of the
improved signal arrival time algorithm are as follows:

For a set of homologous data sequences {x1,x2, x3,...x,}, the earliest time LEMP
waveform data x; were selected as the reference data. The time t,; of the pulse peak of
LEMP waveform data x; was taken as the reference time.

The dimension of the LEMP waveform data is 1000, which is expressed as I. We
extended the dimension of x; according to Formula (6).

xy = {m,x;,m} (6)

The dimension of m is 500, and the values are zeros. We calculated the value of the
correlation between xj[a:1+a] and x;. Then, we obtained the correlation coefficient
sequence C = {Cy,Cy,C3....C .}, where a is the first point of the data x{, a € [1,2]].

The index value corresponding to Cy,4x with the largest correlation coefficient can be
used to calculate the arrival time ¢, of the electromagnetic pulse waveform data x;. By
traversing the homologous data sequence {x,x2,x3,...x,}, the time of each waveform
arriving at the detection site can be found.

Figure 8a shows the electromagnetic pulse waveform data received by the detection
sites S1 and S2. According to the above method, the LEMP waveform data received by the
detection sites S1 and S2 were cross-correlated, and the results were obtained as shown in
Figure 8b. It can be seen from Figure 8b that at time 0, the maximum correlation coefficient
is obtained when the two waveforms are not translated [28].

1.0 — (a) s ’§ 1.0 (b) maximum
] s 8:2 7 correlation
0.5 - . 0.5 7] peaked at 0 ps
QN) (&}
o.o—-éedlu PA = 8§ 0.0
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1 Z, g 0.5 |
-1.04 T T T T T T § —1.0 T T T T T T T
(&)
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Time/ps Time/us

Figure 8. (a) The LEMP signals from different detection sites. (b) Cross-correlation results between
the LEMP signals from two different detection sites.

3.3. Simulated Analysis

The simulation analysis is mainly used to evaluate the performance of the location
algorithm and lightning location network. This paper used Monte Carlo simulation
method [30-32]. The geographical range of the simulation is 10°5~70°S, 40°E~165°E.
The simulation area was divided into grids with the size of 0.1° x 0.1°. We supposed
there are 1000 lightning events in each grid. We calculated the arrival time ¢,; of the elec-
tromagnetic pulse signal radiated by the lightning source to each detection site. For the
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convenience of calculation, we calculated the arrival time of the ground wave signal as t;,
which is 1
tsi = to + EDsi @)

tp is the assumed time of lightning occurrence; D;; is the great circle distance from the
lightning to the ith detection site, and c is the speed of light. Considering the calculation
error caused by signal propagation factor in real environment, random error was added to
the arrival time ¢,; in the simulation process, which was defined as Ag;; in this paper. For
1000 simulation calculations within each grid, we set the mean of the random error to 0
and the variance to 1. Regarding the range of error Agg;, ref. [33] used a smaller error range
of —0.4~0.4 us.

Due to the fact that the TDOA calculation method ultimately assumes signal prop-
agation along the Earth, when using envelope peak or signal peak methods to calculate
signal arrival time, the position represented by the peak is generally sky waves rather than
ground waves. Therefore, there is an error in the calculation of the signal arrival time. If
the signal propagation distance is over a thousand kilometers, Ae,; can reach several tens
of microseconds. On the other hand, the propagation of very-low-frequency LEMP signals
in the Earth—-ionosphere waveguide is affected by the height changes in the D region of the
ionosphere, and the arrival time of sky waves will also have varying degrees of lag or lead,
which mainly affects the propagation of signals at longer distances. Based on these factors,
the time error introduced by APLLN is larger, and simulation requires a larger error range,
which is completely different from lightning location systems with a baseline of around
100 km. Similar to [34], this article set the simulation error range to [—5, 5] us, making the
simulation results closer to the real situation.

The distance between each location result and the simulated lightning location was
calculated, and the location error of lightning in each grid was obtained. Figure 9 shows
the results of location error using the Monte Carlo simulation method. The results show
that the location error is less than 5 km for lightning events in APLLN network by using
the location method proposed in this paper. With the increase in the signal propagation
distance, the location error would be larger, and the location error is about 5 thousandths
of R, where R is the average distance from the lightning source to the detection site. At the
same time, it can also be seen that due to the uneven deployment of detection sites, large
location errors may occur in the Indian Ocean, the Pacific Ocean, and other regions.

o

Location Error(km)

Figure 9. Simulation results of lightning location error. The red circles represent the geolocation of
the detection sites.
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4. Results
4.1. The Location Result of Cross-Correlation Method

This article selected a thunderstorm process in southern China for data comparison
and analysis. The thunderstorm process lasted for 9 h. The thunderstorm took place
from 19:00 on 22 March 2023 to 4:00 on 23 March 2023, Beijing time. By analyzing the
data detected by APLLN, we could visually observe the development process of thunder-
storms. The process of this thunderstorm was analyzed in the range of 113.5~117.3°E and
26.4~28.3°N. The location results of the APLLN (cross-correlation method) showed that a
total of 10,604 lightning strokes were detected.

As can be seen from Figure 10, the thunderstorm began at 19:00 on 22 March 2023. In
the next several hours, the range of thunderstorms gradually expanded and the intensity
gradually increased. The pattern displayed a westward trend, reaching its strongest within
23:00-24:00 (00:00) on 22 March 2023. Then, the thunderstorm began to weaken. The
weather radar reflectivity is superimposed in Figure 10. It can be seen that the lightning
location results are strongly consistent with the areas with high radar reflectivity, which
verifies the accuracy of the detection results. Figure 11 shows the number of lightning
events detected by the APLLN (cross-correlation method) over different periods. As can
be seen from Figure 11, the maximum number of lightning strokes was 2565 at around
23:00-24:00 on 22 March 2023. The whole thunderstorm process developed rapidly and
lasted a long time.

19:00-20:00 20:00-21:00 21:00-22:00
(a) (b) (©)
.
28°N 28°N 28N ¢ +
27°N 27°N -
fe{+
26ON- T T T T 26°N- T T T T T T T 70
114°E 115°E 116°E 117°E 114°E 115°E 116°E 117°E 114°E 115°E 116°E 117°E <
s
() 22:00-23:00 () 23:00-00:00 ) 00:00-01:00 - 60
5
+ + 1.++ i +.¢" ik 55 Q
28°N- e, ¥ 28°N- i - ~ E
— R
45 .,
Y =
st 40 5
o S SRR 35 3
=
30 ©
B
26N : : — 26N : : : : B 20 g
114°E 115°E 116°E 117°E 114°E 115°E 116°E 117°E 114°E 115°E 116°E 117°E ~
(0.) 01:00-02:00 (h) 02:00-03:00 03:00-04:00 -I-D
h st B It
4 1+ L + J
28°N 28°N . 28°N a **-v-
RS + it 4

27°N

26°N-

3

o
+ + #
S e o +*i" :
+ + pt + ++ * ¥
%} & + iy ‘% +
27°N W by gy 27°N 1 ; 'ﬂﬁ
. +rght T
+
26°N 26°N-

T
115°E

T
114°E

T
116°E

1TE 114°F 115°E 116°E 17°E 114°E 115°E 116°E 1TE

Figure 10. The location result of the APLLN by using the method proposed in this paper. Subplots
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Figure 11. The number of lightning events detected by APLLN at different times using PCA and
cross-correlation methods.

4.2. The Location Result of Envelope Peak Method

Within the same time, latitude, and longitude as described in Section 4.1 above, the
location results of the APLLN (envelope peak) showed that a total of 9470 lightning strokes
were detected. Figure 12 shows the lightning scatter distribution by hour. It can be seen that
the development trend of thunderstorm activity monitored by the above cross-correlation
method is consistent. However, from 00:00 to 01:00, it can be seen that the anti-noise ability
of the envelope peak method is poor, and the monitored data are doped with a lot of
noise signals.

Figure 13 shows the number of lightning events detected by the APLLN (envelope
peak method) over different periods. As can be seen from Figure 13, the maximum number
of lightning strokes was 3286 from 00:00 to 01:00 on 23 March 2023. The whole thunderstorm
process developed rapidly and lasted a long time. Comparing Figure 10 to Figure 13, it can
be observed that using the envelope peak localization method resulted in a large amount
of discrete data. Among them, the most obvious period is from 00:00 to 1:00, with scattered
data covering almost all the analysis areas. These scattered points did not coincide with the
radar echo reflection area, which fully indicates that this is an incorrect lightning location
result. In order to analyze the reasons for the incorrect results, we analyzed the incorrect
lightning location data and the original LEMP data. Figure 14 shows a set of raw LEMP
data participating in localization calculations. Figure 14a shows typical types of LEMP
data. During thunderstorms, two or even more LEMP data points may appear within
a sampling time window. If the envelope method is used for calculation, the detection
site will only select the signal with the strongest amplitude for calculation. This method
cannot guarantee that the data involved in localization are homologous. An incorrect
location result arises when there is at least one non-homologous LEMP data point present.
When using the signal cross-correlation method for localization calculation, the algorithm
first selects homologous LEMP signals from the received LEMP data. Taking Figure 14
as an example, conducting a cross-correlation analysis between Figure 14a—d can exclude
Figure 14a from the candidate queue. Several other typical electromagnetic interference
signals are also listed in Figure 7. It should be emphasized that Figure 7c,d, which are
electromagnetic interference signals, usually generate continuously. If cross-correlation
calculations are not performed, the phenomenon shown in Figure 12f is inevitable.
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Figure 14. A set of LEMP waveform data for anomaly localization results. Subplots (a-d) represent
the LEMP data received by each site. In subplot (a), two LEMPs are labeled with V1 and V2.

It is undeniable that using the cross-correlation method can improve the accuracy
of the signal arrival time calculation and increase the success rate of localization. The
statistical results from Figures 11 and 13 demonstrate this point well. But we also found that
from 00:00 to 1:00, using the envelope peak method, the number of lightning localization
was significantly higher than that using the signal cross-correlation method, which was
significantly opposite to other times. One obvious factor is that there were 953 incorrect
location results, accounting for 29% of the total. On the other hand, according to statistics,
the envelope peak method may result in multiple localization results for the same lightning
event due to its inability to accurately confirm the homology of events. These types of
data account for approximately 3% of all data. Excluding the abnormal or erroneous data
caused by these reasons, 2234 data points were located using the envelope peak method,
which is less than the location results using the cross-correlation method. This also explains
the abnormal situation from 00:00 to 1:00 very well.

5. Discussion
5.1. Relative Detection Efficiency

In order to compare and evaluate the data, this paper also used the three-dimensional
lightning location network (advanced direction-time lightning detection system, ADTD)
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data of the Institute of Electrical Engineering, Chinese Academy of Sciences [35]. The
ADTD is a short-baseline lightning detection network, with an average distance between
stations of about 100 km. The detection range covers most of China and some countries in
Southeast Asia. It has been running stably for more than ten years; the lightning location
accuracy in the network is better than 500 m, and the cloud-to-ground flash detection
efficiency is better than 99%.

Within the same time, latitude, and longitude as described in Section 4.1 above, the
ADTD has detected a total of 12,602 lightning strokes, including 8737 CG strokes and 3865
IC strokes. CG strokes accounted for 69.3% of all detected lightning strokes. IC strokes
accounted for 30.7% of all lightning. As can be seen from Figure 15, the development
trend of LEMP waveform data detected by the ADTD is consistent with that detected by
the APLLN.
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Figure 15. Distribution of LEMP waveform data detected by ADTD from 19:00 on 22 March 2023 to
4:00 on 23 March 2023. Purple means all types of lightning; orange means CG, and green means IC.

From the above discussion, it is evident that within the same latitude and longitude
region at the same time, the ADTD detected a total of 12,602 lightning strokes. The APLLN
(cross-correlation method) detected a total of 10,604 lightning strokes (the APLLN cross-
correlation method detection rate is 84.1% of the ADTD). The APLLN (envelope peak
method) detected a total of 9470 lightning strokes (the APLLN envelope peak method
detection rate is 75.1% of the ADTD). In order to determine the relative detection efficiency
of two detection nets, we needed to calculate the homologous events between the two
detection nets. For different detection networks, there are different definitions of homolo-
gous events. Based on the characteristics of the APLLN detection network, Wang et al. [15]
defined the detection distance of events less than 50 km and the time difference less than
0.5 ms as homologous events. In this paper, the same determination method was used to
calculate homologous events. The method for calculating the relative detection efficiency
(RDE) of APLLN is:

Shared events located by APLLN and ADTD

RDE =
Events located by ADTD

(®)
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The APLLN (cross-correlation method) detected a total of 8700 homologous lightning
events with the ADTD. It accounted for 69% of the total ADTD detected. The APLLN
(envelope peak method) detected a total of 5345 homologous lightning events with the
ADTD. It accounted for 42.4% of the total the ADTD detected. The detection results of the
APLLN (cross-correlation method) and the APLLN (envelope peak method) relative to the
ADTD in different periods are shown in Figure 16.
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Figure 16. Distribution of lightning quantity and detection efficiency in different periods. Orange
indicates the number of lightning strokes detected by ADTD. Green indicates the number of homol-
ogous data detections of APLLN (cross-correlation method) relative to ADTD. Purple represents
the number of homologous data detections of APLLN (envelope peak method) relative to ADTD.
The black square represents the detection efficiency of APLLN (cross-correlation method) relative to
ADTD. The red square represents the detection efficiency of APLLN (envelope peak method) relative
to ADTD. The blue dashed line represents the average peak current intensity of lightning detected by
ADTD within each hour.

The detection efficiency is related to the peak current intensity and propagation
distance of lightning. As the peak current intensity becomes stronger, the signal propagation
distance becomes farther in the Earth-ionosphere waveguide and could be detected by
more detection sites. From Figure 16, it can be seen that from 19:00 to 20:00, the relative
detection efficiency of the APLLN is significantly lower. During this period, the average
peak current intensity of lightning detected by the ADTD is 15.7 kA, which is significantly
lower than other time periods. This also indicates that the improved the APLLN geolocation
algorithm has a lightning detection efficiency of over 60% for lightning above 20 kA.

5.2. Relative Location Accuracy

The results of the ADTD were used as a reference in this paper. The location results
of the APLLN (cross-correlation method) and the APLLN (envelope peak method) were
compared with those of the ADTD. Within the same latitude and longitude region at the
same time selected above, all the data located by each detection network were used for the
calculation. The calculation method for relative location accuracy (RLA) can be represented
by the following equation:

RLA = %ZﬁCulculated value — Reference Value| )
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where the reference value and calculated value were selected from the localization results
of the same lightning events in ADTD and APLLN, respectively. Considering the existence
of errors, the likelihood of identical results between the two systems is relatively low.
Therefore, it was necessary to determine an appropriate time tolerance. Similar to the
calculation method for relative detection efficiency in Section 5.1, a time tolerance of 0.5 ms
was set here. As long as the time error of the location results of the ADTD and APLLN
was within 0.5 ms, it was considered as the location result of a lightning event. Finally, we
calculated the mean of all errors to eliminate the influence of a small amount of data with
larger errors.

To assess the location performance of the cross-correlation method and evaluate the
improvement of location accuracy and detection efficiency of the cross-correlation method
compared with the envelope peak method, we compared the results of the cross-correlation
method and envelope peak method with those of the ADTD. The results are shown in
Table 2. The APLLN (cross-correlation method) has a location accuracy of 4.5 km. This is
consistent with the Monte Carlo simulation result in Figure 9. The APLLN (envelope peak
method) has a location accuracy of 9.9 km. Figure 17 shows the distribution of location
errors obtained using the envelope peak and the cross-correlation methods. It is obvious
that the location error of the cross-correlation method is concentrated in 0~3 km, accounting
for 75.6% of the total quantity. However, using the envelope method, only 27.8% of the
data have a location error of less than 3 km. Table 2 summarizes the relative detection
efficiency and location error of the APLLN, and it can be seen that the detection efficiency
and detection accuracy of the APLLN (cross-correlation method) are greatly improved
compared with the APLLN (envelope peak method).

Table 2. Performance evaluation of lightning location accuracy using different algorithms.

Cross-Correlation Envelope Peak
Method Method
Stroke number 10,604 9470
Homologous events with ADTD 8700 5345
Detection efficiency relative to ADTD 69% 42.4%
Location accuracy relative to ADTD 4.5 km 9.9 km
4500
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Figure 17. Distribution diagram of relative location error between envelope peak and cross-correlation
method.
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6. Conclusions

In this paper, we present an improved algorithm for the long-baseline lightning loca-
tion network, which aims to achieve better LEMP detection efficiency and location accuracy:

(1) An LEMP waveform compression method based on PCA is proposed and applied for
the first time, which realizes real-time compression and the efficient transmission of
LEMP waveform data. The compression time for each data point is less than 1 ms.

(2) The cross-correlation technique of the long-baseline LEMP waveform is proposed. On
the one hand, the influence of noise on location accuracy is minimized, and on the
other hand, the accuracy of calculating the signal arrival time difference is improved.

(8) The relative detection efficiency and relative location accuracy of the waveform cross-
correlation method and envelope peak method were evaluated with ADTD data. The
detection performance of the long-baseline lightning location network can be further
improved by using waveform cross-correlation technology. The lightning location
accuracy can be better than 4.5 km, and the relative detection efficiency can reach 69%.
It should be emphasized that the location accuracy of the proposed method is twice
higher than that of the envelope peak method.
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