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Abstract

:

Monitoring lightning and its location is important for understanding thunderstorm activity and revealing lightning discharge mechanisms. This is often realized based on very low-frequency/low-frequency (VLF/LF) signals, very high-frequency (VHF) signals, and optical radiation signals generated during the lightning discharge process. The development of lightning monitoring and location technology worldwide has largely evolved from a single station to multiple stations, from the return strokes (RSs) of cloud-to-ground (CG) lightning flashes to total lightning flashes, from total lightning flashes to lightning discharge channels, and from ground-based lightning observations to satellite-based lightning observations, all of which have aided our understanding of atmospheric electricity. Lightning monitoring and positioning technology in China has kept up with international advances. In terms of lightning monitoring based on VLF/LF signals, single-station positioning technology has been developed, and a nationwide CG lightning detection network has been built since the end of the twentieth century. Research on total lightning flash positioning technology began at the beginning of the 21st century, and precision total lightning flash positioning technology has improved significantly over the last 10 years. In terms of positioning technology based on VHF signals, narrowband interferometers and wideband interferometers have been developed, and long-baseline radiation source positioning technology and continuous interferometers have been developed over the last ten years, significantly improving the channel characterization ability of lightning locations. In terms of lightning monitoring based on optical signals, China has for the first time developed lightning mapping imagers loaded by geosynchronous satellites, providing an important means for large-scale and all-weather lightning monitoring.
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1. Introduction


The lightning discharge process can produce broadband electromagnetic radiation signals ranging from very low frequency/low frequency (VLF/LF) to very high frequency (VHF)/light waves. Depending on the monitoring purpose and requirements, different frequency bands can be adopted to determine the location and time of a lightning discharge based on various methods to monitor the lightning discharge activity.



Lightning discharge radiation energy is mainly concentrated in the VLF/LF band. The signal has a long transmission distance in this frequency band, which is suitable for determining the location of the lightning and monitoring a wide range of lightning activities. Since the late twentieth century, many countries and regions have built commercial cloud-to-ground (CG) lightning location networks based on VLF/LF signals, such as the National Lightning Detection Network (NLDN) in the United States [1,2] and the ADTD (Advanced TOA and Direction system; TOA denotes time of arrival) of the China Meteorological Administration [3]. With the development of electronic technology, a total lightning flash (CG lightning and intracloud (IC) lightning) location system based on VLF/LF signals was also developed [4,5,6,7,8,9]. However, the detection efficiency of discharge events in clouds was still low. Short baseline network layouts and waveform-based location methods are often used in scientific research to achieve higher accuracy and precision in total lightning cloud-to-ground (3D) positioning. For example, the LF near-field interferometric-TOA (time of arrival) 3D Lightning Mapping Array (LFI-LMA) [10] of Duke University and the fast antenna lightning mapping array (FALMA) [11] of Gifu University in Japan carry out three-dimensional positioning based on the original signal waveform of the electric field change or magnetic field change.



Although the intensity of VHF signals is lower than that of VLF/LF signals, VHF signals are generated throughout the whole lightning discharge process, resulting in the number of signals far exceeding that of VLF/LF signals. This has also led to more precise positioning technology based on VHF signals. As electronic technology and high-precision timestamp technology have advanced, VHF radiation source location technology has also advanced rapidly. Based on their location algorithms, VHF radiation source location systems can be divided into two categories. The first type is a long baseline TOA location system represented by the lightning mapping array (LMA), and the second type is an interferometric location system represented by interferometers. The LMA was developed by the New Mexico Institute of Mining Technology as a typical three-dimensional location system that uses radiation sources with long baselines. This system records the discharge characteristics of lightning radiation sources through distributed substations. When there are matching records at five or more matching stations, the three-dimensional spatial position and time of the radiation source are determined based on TOA methods [12]. According to the LMA evaluation results by Thomas et al. (2004) [13], the horizontal error in the station network of the system is in the range of 6–12 m, and the vertical error is in the range of 20–30 m. The interferometric positioning system calculates the azimuth and elevation based on the phase difference or time difference of the lightning VHF radiation signal to different antennas in the short baseline antenna array to determine the two-dimensional channel of the lightning discharge. Shao et al. (1996) [14] were the first to develop a lightning VHF broadband interferometer system with a bandwidth of 40–350 MHz. When the signal-to-noise ratio is greater than 10 dB, the location accuracy is approximately 2°. With the advancement of high-speed data acquisition technology, in recent years researchers have begun to develop continuous lightning broadband interferometers [15,16]. The synchronous waveforms of multiple antennas are continuously recorded, and the elevation and azimuth are calculated by the TOA method.



In addition to the above monitoring and location technology based on electromagnetic radiation signals, optical observation is an important means of lightning detection. Global lightning flash observations can be realized by loading optical signal detection equipment onto satellites. A typical example of this kind of detection system is the LIS (Lightning Imaging Sensor) system of the United States [17]. Due to its low observation height, the LIS system has high detection efficiency for total lightning flashes. However, because it employs polar orbiting satellites, thunderstorms can only be observed if occurring when a satellite is overhead. In 2016, lightning monitoring equipment installed on geostationary satellites that can continuously monitor thunderstorm processes was realized in the United States and China [18,19].



The development of lightning monitoring and location technology in China is largely in accordance with international advancement. In terms of commercial products, technology has developed from cloud-to-ground lightning location to total lightning flash location. In terms of scientific research, the location of total lightning flashes has become more refined. This paper will discuss the progress of lightning monitoring and location technology in China, including single station locations, low-frequency cloud-to-ground lightning locations, total lightning flash locations, VHF locations, and optical detection technology.




2. Lightning Location Technology Based on VLF/LF Signals


The return stroke in ground lightning flashes is the most common discharge process that generates low-frequency electromagnetic signals. Monitoring and positioning technology based on low-frequency signals is mainly aimed at determining the location of the return stroke, which can be accomplished with single-station or multi-station positioning. Since the beginning of the century, total lightning flash location systems based on low-frequency signals have gradually expanded existing lightning location systems.



2.1. Single-Station Lightning Location Technology


The main goals of single-station location technology are to determine direction and distance. The direction is usually determined based on the response ratio of the orthogonal magnetic loop to the return stroke signal, but determining the distance is difficult with single-station positioning. Single-station location technology in China can be traced back to the 1960s. Zhou et al. (1991) [20] proposed using the relationship between the phase difference between lightning electric and magnetic signals and their transmission distance for single-station positioning. In 1986, Xiao and Tao (1986) [21] developed a lightning single-station positioning system with a detection antenna that consisted of a whip antenna and an orthogonal magnetic loop antenna. After they were processed and sampled, the signals received by the antenna were input into a microcomputer for direction finding and distance determination. The distance can be inverted based on the variation law of the phase difference of the electric field and magnetic field with distance during the propagation of the very low frequency/low frequency (VLF/LF) lightning signal in the Earth-ionosphere waveguide, which is the same distance determination method proposed by Zhou (1991) [20]. However, because the daily variation in the ionospheric height and other influencing factors were not considered, the location results of a single station are not accurate and cannot be used to verify the accuracy of the phase difference method.



Based on the above research, Tao and Zhou (1992) [22] developed a new single-station detection and location system for lightning (M-LDARS). The antenna consists of a small dipole antenna and an orthogonal magnetic loop antenna placed beneath it. The signals received by the antennas are amplified and filtered by a three-channel receiver (bandwidth: 500 Hz to 350 kHz) before being input into a T0810 transient recorder for signal acquisition and recording. The ranging method was improved further. The relationship between phase and distance can be used for lightning within 140 km, while the time difference between the arrival of the ground wave and the primary sky wave can be used for distances beyond 140 km, and the diurnal variation of the low ionospheric parameters is also considered. Compared with the three-station positioning system, this system can detect the azimuth, distance, polarity, and intensity of the ground flash within a radius of 250 km, and the location accuracy is comparable to that of the three-station positioning system.



In summary, the reliability of the positioning results of a single station depends on the appropriate selection of a propagation mode and low ionospheric parameters. Although there are various methods for calculating the equivalent reflection height of the ionosphere for lightning electromagnetic waves as well as its daily variation, their accuracy is limited, and further research is needed to reduce the uncertain influence of the equivalent reflection height parameters. With the development of multi-station positioning technology and the difficulties in improving distance accuracy in single-station positioning systems, research on single-station positioning technology has not been performed for some time. Since 2010, the Chinese Academy of Meteorological Sciences has developed a lightning electromagnetic integrated detection system for basic lightning discharge signal detection. Based on this, a lightning single-station positioning system with integrated fast/slow antennas and orthogonal magnetic antennas has been developed. The azimuth angle is determined by the change in the orthogonal magnetic field. For return strokes within 50 km, the distance is determined by the ratio of the electric field change signal to the magnetic field change signal at two specific frequency points [23]. The test results show that the system can determine distances with a high accuracy, with an elevation value of approximately 2 km for triggered lightning at a distance of 8.9 km. Recently, the group has been trying to incorporate artificial intelligence technology into single-station distance determination methods to further improve distance determination accuracy.




2.2. Multi-Station CG Lightning Location Technology


Single-station positioning has the inherent defect of poor positioning accuracy. Although the distance accuracy can be improved by various methods, the overall positioning accuracy still lags far behind that of multi-station positioning. Since the 1990s, multi-station CG (cloud-to-ground) flash positioning technology in China has gradually developed, culminating in the formation of a national ground lightning flash detection network, mainly composed of meteorological and power department positioning systems.



The Advanced TOA and Direction (ADTD) lightning location system is a set of operational lightning location systems constructed by the China Meteorological Administration and operated throughout the country, consisting of more than 400 substations with a baseline distance of 100–200 km, and a station network that spans China (as shown in Figure 1). The system mainly detects the return stroke of a ground lightning flash with an electric field change antenna with a flat-plate capacitor and an orthogonal magnetic loop antenna. The return stroke signal is identified by an analog circuit, and then a method that combines direction finding and the time difference is used to locate the signal. The detection distance of each substation is approximately 150–300 km. Although many studies use ADTD data to analyze thunderstorm discharge activity in China, an objective evaluation of ADTD performance is rarely included. Many performance evaluations are based on local networks and data, and the results of these evaluations vary. Wang et al. (2018) [3] evaluated the ADTD positioning system in Beijing and found that the ADTD substation detection range is 260 km. The detection efficiency varies greatly depending on the detection distance from the substations, reaching a maximum value of 86.9% in the range of 60–80 km. The self-evaluation detection efficiency of the whole detection network in Beijing is 85~95%, but the positioning ability for weak current return needs to be improved.



Since the first set of domestic equipment was used in the power grid of the Anhui Province in 1993, after more than 20 years of continuous construction, the lightning location system (LLS) of the power sector in China has formed a national lightning monitoring network that covers the national power grid and most of the land area in 28 provinces and autonomous regions. The structure and positioning method of the positioning network are the same as those of the ADTD. The system integrates an electric field change antenna with a flat capacitor and an orthogonal magnetic loop antenna, and uses a method that combines direction finding with the time difference for positioning. It can monitor the longitude and latitude, discharge time, current amplitude, polarity, number of location stations, and other lightning information. The detection radius of a single station is approximately 100–300 km, and the location error is less than 1 km. Chen et al. (2012) [24] evaluated the performance of a lightning location system in the Guangdong power grid based on observations of 28 artificially triggered lightning flashes (2007–2011) and 34 natural lightning flashes striking on tall buildings (2009–2011), and found that its detection efficiencies for lightning flashes and return strokes were 94% and 60%, respectively. The arithmetic mean value of the positioning error was 710 m, and the mean deviation between the current obtained by the positioning system and the current directly measured current of triggered lightning is 16.3%.




2.3. Total Lightning Location Technology Based on VLF/LF Signals


Although the national cloud-to-ground (CG) lightning location system has played an important role in the analysis of thunderstorm lightning activity in different regions of China since its inception, its monitoring and location systems are only aimed at return strokes (RSs), which provides very limited discharge information. With the development of electronic technology, lightning monitoring and location technology is transitioning from RSs to total lightning flashes in the 21st century.



Research on total lightning flash positioning technology based on VLF/LF signals in China began in scientific research departments, and the technology adopted was similar to the Los Alamos Sferic Array (LASA) system in the United States [8]. In general, no fewer than five stations of fast electric field detection arrays are used as sensors. The time-of-arrival (TOA) method is used to locate lightning in three dimensions (3D) based on the time and amplitude of the pulse peak. Compared with traditional CG lightning location systems, total lightning flash detection systems based on fast electric field arrays can locate not only RSs but also discharge processes in clouds. The positioning details of such systems differ slightly between research groups. In 2004, CAREERI (Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of Sciences) built a fast electric field change detection array with seven substations in Zhongchuan, Gansu Province [25]. In the positioning process, the original pulse waveform is converted into a power waveform for automatic peak searching, and the time difference between the substations is used to select the peak value and time that satisfies the conditions. The location of the radiation sources is determined with the TOA technique. When compared with radar echo results, the reliability of the positioning was confirmed [25]. Although the method can accurately locate discharge processes in clouds, because only the amplitude and time difference are used in peak searching and matching, there are problems with incorrect and ineffective matching when there are many pulse signals, resulting in large positioning errors. Therefore, the algorithm needs to be further improved. Subsequently, Dong et al. of the Chinese Academy of Meteorological Sciences developed a lightning detection system with nine substations based on VLF/LF signals in Chongqing in 2010 [26]. The fast electric field change signals of each substation were digitized with a data acquisition card at a sampling rate of 2 MS/s and stored in a computer. The 3D position of the discharge was calculated using the TOA technique. At the same time, three discharge types were identified based on their waveforms: intracloud (IC) lightning flashes, CG lightning flashes, and compact intracloud discharges.



The LF electric field detection array (LFEDA), a similar but redesigned system, was developed by Zhang Yang and Zheng Dong in 2014. The detailed technology and development process of the LFEDA can be found in Zhang et al. (2021) [27]. The LFEDA was composed of 10 fast antenna detection substations with high sensitivities that were installed in the Conghua District of Guangzhou. Methods similar to those discussed above were used for positioning based on the original waveform data, and a positioning accuracy of 100 m was achieved after evaluating the triggered lightning flashes. As shown in Figure 2, the LFEDA has channel positioning capabilities for some lightning flashes [28]. Based on this system, the team has continuously refined the localization algorithm and made significant progress in improving localization precision.



The Beijing Lightning Network (BLNET) was established by the Institute of Atmospheric Physics, Chinese Academy of Sciences in 2008 [29]. The number of substations increased to 10 in 2013, with each substation containing a fast antenna, a slow antenna, and a VHF antenna, the signals of which were digitized by a microprocessor with a built-in acquisition card. One-second waveforms are recorded with this system. Based on fast electric field change data, total lightning flash positioning is performed by combining Chan’s algorithm with the Levenberg–Marquardt algorithm. The positioning results are consistent with the radar echo characteristics at the corresponding time. The hardware, station network layout, and location algorithm were updated in 2015 [30], which improved the sensor sensitivity and the software computing efficiency. The upgraded BLNET realizes 3D real-time localization of radiation source pulses by using the TOA method. A lightning observation network with a hybrid baseline in the Jianghuai region was established by the University of Science and Technology of China [31]. The network uses an antenna similar to that of a single-station positioning system to receive signals, then uses a microprocessor to digitize and extract the time and amplitude information from pulse peaks in real time, and finally determines the total lightning flash position with the GPU (Graphics Processing Unit) method. Based on the observation data, an ionospheric characteristic inversion method was developed to study middle- and high-level discharge laws and ionospheric characteristics.



In terms of commercial systems, the China Meteorological Administration also upgraded the ADTD lightning location system, removing the analog circuit identification component of the original system while keeping the sensor unchanged. In addition, all signals detected by the antenna were output to a field programmable gate array (FPGA). As a result, the IC flash detection capability was expanded. Finalized products are becoming more popular and widely used all over the country [32]. The performance of this system has been evaluated by triggered lightning, and the detection efficiencies of CG lightning flashes and RSs are 100% and ~63%, respectively. The average positioning error of RSs is approximately 464 m, and the current error is 11.49%. By comparing these results to the total detection results of the LFEDA used in scientific research, the total lightning detection efficiency of the system is 50%.




2.4. Total Lightning Precision Location Technology Based on VLF/LF Signals


Since 2010, total lightning precision positioning technology based on VLF/LF signals has become popular. To further improve the precision positioning ability, different research groups have used various technical schemes to achieve their goals. In general, two factors can be used to improve the precision positioning capability: hardware and positioning methods. In terms of hardware, the sensor can be upgraded to detect richer pulses, which is beneficial for improving positioning precision. In terms of positioning methods, positioning methods based on waveforms can improve precision.



For the determination of the total lightning location based on a fast electric field array, although the TOA method can achieve high-precision location results under good signal conditions, the precision and accuracy of the location are greatly affected by the pulse matching ability and pulse time accuracy. During the positioning process, high-frequency noise in the low-frequency signal reduces the accuracy of the pulse peak time, and complex signal components may weaken the matching ability of the pulse signal. To address this problem, the lightning group of the Chinese Academy of Meteorological Sciences [33] used empirical mode decomposition (EMD) signal processing technology to process the early-stage multi-station waveforms of the LFEDA, achieving LF signal filtering and high-frequency noise reduction. Based on the processed waveform, waveform correlation matching was carried out by gradually reducing the waveform window, and the traditional TOA method was used to find the optimal solution. Compared with LFEDA location determination based on simple pulse feature matching [28], this method improved the location precision. Under the same output constraints, 2296 points were located for the same example in Figure 2. In addition, based on the long-time series (1.2 s) waveform data of broadband fast electric fields observed by the multiband lightning observation network of the Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of Sciences, the Pearson correlation method and the empirical mode decomposition (EMD) method were combined for lightning discharge field pulse matching, which resulted in precision channel positioning [34].



For the VLF/LF signals of lightning discharges at greater distances, the transmission paths to different detection stations and the electromagnetic environment of different detection stations are significantly different. There are clear differences in the signal-to-noise ratio, phase, amplitude and waveform features of the lightning signals, resulting in incorrect pulse matching and low peak time accuracy. To solve these problems, the lightning team of the Chinese Academy of Meteorological Sciences [27,35] developed a location algorithm that combines time reversal and TOA. The basic principle is as follows. The lightning radiation signal waveform received by each antenna is transmitted to free space at the antenna position after time reversal (called the time reversal signal). During the propagation process, the time reversal signal is superimposed at various positions in space, until the peak appears at the radiation source position. This method, which does not require complex signal processing, can produce positioning results of comparable quality to the waveform postprocessing method. Moreover, this method can obtain richer and more accurate positioning results with four station signals, even with a poor signal-to-noise ratio and a low time accuracy, which is beneficial for determining the position of actual long-distance weak signals (low signal-to-noise ratio signal) and low time accuracy signals.



The abovementioned refinement localization methods are based on the original signal waveforms and use postprocessing. The positioning speed is slow; thus, it is difficult to meet the real-time requirements of commercial systems. Therefore, the lightning group of the Chinese Academy of Meteorological Sciences introduced artificial intelligence (AI) technology into lightning location systems based on a low-frequency electric field detection array, and proposed a fast and precision positioning method based on lightning pulse features [36]. In this method, an AI-based lightning signal convolution automatic encoder is used to extract pulse signal features to improve the matching ability. The pulse signals from multiple stations are matched based on the above features, and the matched signals are positioned by TOA technology. As shown in Figure 3, this method has a high degree of positioning precision, with as many as 2719 positioning points for the example in Figure 2. Moreover, when compared with other lightning location methods used in the LFEDA, the matching efficiency is increased by more than 50%, significantly improving the positioning speed. Furthermore, this method maintains high-quality positioning even when the signal-to-noise ratio is low. Based on the evaluation of triggered lightning, the detection efficiency of the system using this method is 99.17%, and the positioning accuracy is approximately 100 m.



Furthermore, to meet the dual demands of commercial activities and scientific research, Zhang et al. (2021) [27] of the Chinese Academy of Meteorological Sciences upgraded the original LFEDA hardware. A new generation of low-power real-time detection substations based on FPGA real-time signal processing technology that are powered by solar energy with a power consumption of 10~24 W was developed, as shown in Figure 4. Each substation can be used to extract discharge signal features and has the capability of storing the original waveform. The pulse features of the substation are transmitted to the cloud center station in real time, and a TOA or GPU three-dimensional algorithm is used for real-time positioning and display. This has led to the development of a real-time total lightning positioning network based on LF signals: the real-time LF electric field detection array (RT_LFEDA), which also has some channel mapping capability (see Figure 4b) [27].



In addition, the Institute of Atmospheric Physics of the Chinese Academy of Sciences developed precision positioning technology [37] on the basis of the original BLNET, and a three-dimensional LF lightning location network with eight stations was established in Binzhou, Shandong Province. The system uses three kinds of antennas—dE/dt, fast electric field and slow electric field—and carries out synchronous acquisition through a spectrum multichannel data acquisition card. To achieve both recording efficiency and continuous storage, the ABA acquisition mode was used. As a double time-based digital acquisition mode, it combines the fast acquisition of trigger events (B time-based) with continuous slow acquisition (A time-based). Based on waveform postprocessing, the TOA localization algorithm was combined with particle swarm optimization (PSO) for positioning, which has channel positioning capability for some lightning, and the average horizontal positioning accuracy, as evaluated by triggered lightning, was approximately 105 m.





3. Lightning Location Technology Based on VHF Signals


Compared with low-frequency signals, lightning VHF signals are mainly generated by breakdown discharge, which is accompanied by the extension process of the whole lightning channel. Therefore, lightning detection and location based on very high-frequency (VHF) signals can be used to describe the lightning channel. Currently, VHF location technology is divided into two main categories: interferometer location technology and time of arrival (TOA) location technology. In VHF/TOA location technology, the three-dimensional spatial position of the discharge is calculated based on the time difference between the lightning radiation signals that reach different distributed antennas. VHF interferometer location technology mainly uses interferometry to measure the elevation and azimuth of the radiation source. Based on the detection spectrum ranges and hardware compositions, VHF interferometer location technology can use either narrowband interferometers or broadband interferometers.



3.1. Narrowband Interferometer Location Technology


As shown in Figure 5a, the simplest narrowband interferometer is composed of two narrowband antennas separated by a distance d (generally several meters to tens of meters). The long-distance radiation signal is regarded as a plane wave, and the phase difference between the signals received by the two antennas can be calculated by   ϕ = 2 π  (    d c o s θ  λ   )   , where  λ  is the wavelength of incident wave, θ can be determined based on the measured  ϕ  value. The periodic change in the angle is typically handled by multibaseline cooperation (defuzzification), and  ϕ  can be obtained based on the difference in the spectral response between the two antennas. Based on the above principle, Zhang et al. (2008) [38] developed a narrowband interferometer location system with five antennas arranged in an orthogonal array with both long and short baselines (as shown in Figure 5b). The signal received by the antenna has a center frequency of 280 MHz and a 3 dB bandwidth of 6 MHz. The signal from antenna 5 is used as a reference, and the signals from the other four antenna interfere with the reference signal to determine the position. The length of the long baseline is four times the wavelength of the received signal, leading to an accurate location result, but with fringe ambiguity. The length of the short baseline is half the wavelength, resulting in a large location error, but with no fringe blur. To improve the processing speed, the system uses a hardware circuit to realize phase detection of a multichannel signal and transforms high-frequency signals into low-frequency phase signals, which reduces the sampling rate and data storage capacity requirements of the recording equipment. The system can continuously calculate the elevation and azimuth of lightning radiation sources with a time resolution of 1 µs, and the average location error of the indoor calibration is less than 1 degree. When the high-speed acquisition and recording capacity is insufficient to support the acquisition of more than 1 s of multichannel data, the system continuously determines the location of the lightning discharge radiation sources.



Although the narrowband interferometer based on the above principle can easily obtain the phase difference, the narrowband interferometer cannot determine the location well when multiple radiation sources occur at the same time. To further improve the performance of narrowband interferometers, Zhang et al. (2003) [39] developed a narrowband interferometer system using the TOA method (also known as the short baseline TOA location system). The system includes four dipole antennas, a high-speed data acquisition system, transient waveform recording equipment, a fast and slow antenna, a lightning recording trigger instrument, a General Purpose Interface Bus (GPIB) data interface, and a microcomputer. The time difference between the signal and the different antennas, as well as a simple geometric method, were used to locate the discharge radiation source, and the elevation location error was less than 3 degrees. Although field observations verified the ability of the system to locate lightning leader processes and radiation sources generated by cloud lightning, the location elevation error was relatively large due to a lack of in-depth research on the time difference calculation method, and the effective detection distance was small.




3.2. Broadband Interferometer Location Technology


Broadband interferometers generally use VHF broadband antennas. The elevation and azimuth of the radiation sources can be calculated by determining the phase difference between the spectral components of the radiation signals that reach the broadband antennas. The principle is illustrated in Figure 5a. The simplest broadband interferometer system consists of two broadband antennas separated by a certain distance. The phase difference between antenna 1 and antenna 2 is   Δ ϕ = ω τ = 2 π f d c o s θ / c  , where  f  is the frequency,  θ  is the incident angle,  c  is the speed of light, and d is the distance between the antennas. After fast Fourier transform processing the time-domain signals received by the two antennas, the phase difference spectrum of the signals can be obtained, and the incident angle of the radiation signals to the antenna can be determined with the above formula. The broadband interferometer system is usually composed of three antennas, with two baselines remaining vertical (orthogonal baseline). The azimuth and elevation of the corresponding radiation sources can be obtained with a simple spherical calculation. In essence, this system is equivalent to a narrowband interferometer system with multiple baselines of different lengths. It can provide the position of radiation sources in the form of an azimuth and elevation, and has the ability to locate multiple radiation sources at the same time.



Dong et al. (2001) [40] developed a broadband interferometer system based on the above principles. The system consists of three VHF receiving antennas, fast and slow antennas, a data acquisition card, a four-channel oscilloscope, and a microcomputer. The antennas are arranged in an isosceles right triangle with a side length of 10 m. The antenna output signals are filtered and input into the oscilloscope, and the multisegment mode is used to digitize and record the radiation signal. The radiation source location calculation method is similar to that of Shao et al. (1995) [41], but the frequency band in which the phase difference varies linearly with the frequency across the whole frequency range was selected to calculate the approximate incident direction of the radiation signal, and a higher frequency component was used to obtain a more accurate incident direction. Based on the observation results of the system under multi-return strokes (RS) lightning, the system can better determine the structure of the lightning channel, as shown in Figure 6. However, due to the limited memory of the oscilloscope, only a limited number of lightning discharge signal segments can be triggered and recorded. Therefore, omission-free positioning of the whole lightning discharge process cannot be realized.



Although broadband interferometers can locate multiple radiation sources at the same time, their wide frequency bands make them vulnerable to interference from natural noise during the measurement process, which affects the measurement accuracy. Due to the influence of noise on the direction-finding accuracy of broadband interferometers, some researchers have improved the data processing method and location algorithm of broadband interferometers. Qiu et al. (2009) [42] used time-domain cross-correlation technology to determine the radiation source location with broadband interferometers and proposed the cross-correlation angle measurement algorithm. The observation of the leader and subsequent return stroke process in triggered lightning showed the accuracy and anti-interference capability of the method. Since 2010, this kind of method has been widely used for interferometers. Cao et al. (2012) [43] used hardware similar to Dong et al. (2001) [40], and broadband radiation signals with bandwidths of 125–200 MHz, but they used a correlation time delay algorithm to determine the location, which improved the location accuracy and had an elevation error of less than 1 degree. Based on observations, they analyzed some typical discharge processes of cloud flashes and ground flashes in the Daxinganling region of Northeast China. To further improve the location results of broadband interferometers, based on the research of Cao et al. (2012) [43], Sun et al. (2013) [44] proposed a generalized correlation time delay calculation method based on direct correlations and wavelet transforms. To reduce noise and improve the accuracy of the time delay estimation, a parabolic interpolation algorithm was used. The location results of this method are in good agreement with high-speed camera images and can effectively locate lightning radiation sources in two dimensions. In addition, Zhou et al. (2013) [45] improved the traditional generalized cross-correlation time delay estimation algorithm with quadratic correlations. Simulation experiments showed that the performance of the new algorithm was significantly better than that of the generalized cross-correlation algorithm.




3.3. Continuous Interferometer Location Technology


Although broadband interferometers have the advantage of multisource locations, they require high-speed acquisition and storage at sampling rates of hundreds of MS/s or even 1 GS/s. Due to onboard memory limitations, it is often impossible to record a lightning process completely and continuously, and a multisegment recording mode can only be used to record limited signals. Furthermore, the multisegment recording mode cannot record weak signals below the trigger level, resulting in the loss of some weak discharge information.



To solve the above problems, some domestic scientific research institutions have developed a continuous interferometer system based on a broadband interferometer that has greater continuous recording capability, as well as the corresponding location algorithm. Zhang et al. (2017, 2018, 2020) [16,46,47] of the Chinese Academy of Meteorological Sciences developed a continuous interferometer system in which three VHF broadband disk cone antennas are arranged in an equilateral triangle with a side length of 20 m. After filtering, the signals of these antennas are transmitted to an acquisition and recording device through a low-loss coaxial line for synchronous continuous acquisition. The sampling rate of the system varied from 200 MS/s to 400 MS/s during different years, and the sampling length was 2 s in the first year and was increased to 4 s in 2017. The elevation and azimuth are calculated based on the obtained synchronization signal with the correlation time delay method. The location time resolution varies with the window size, realizing high-precision positioning with a maximum resolution of 0.16 microseconds and continuous location determination throughout the whole lightning discharge process. Based on the observation and location results of triggered lightning, some new insights into the physical processes of lightning initiation, leader development, return stroke and the M component have been obtained. Figure 7 shows the continuous observation and precision location results of the system for the whole initiation process of artificially triggered lightning. The system not only has the ability to continuously describe the lightning channel structure, but also has good resolution ability for small-scale discharge processes.



Based on a broadband interferometer with an intermittent recording mode, Sun et al. (2014) [48] realized the long-term continuous acquisition and recording of multichannel radiation signals by upgrading the acquisition system. The longest recording length is 1 s, which can essentially realize continuous location determination throughout the whole flash discharge process. Based on system observations, triggered lightning discharges with multi-return strokes were studied in detail, and the leader and initiation characteristics of the multi-return stroke were revealed. Wang et al. (2017, 2020) [49,50] also investigated the location method of continuous interferometers. Similar to the method of Stock et al. (2014) [51] that used multiple baselines to improve the performance of interferometers, as shown in Figure 8, 7 antennas were used to build an interferometer in an “L” shape (also called a continuous VHF imaging array). Based on this system, some new location algorithms, such as EMTR (electromagnetic time reversal) [49] and MUSIC (multiple signal classification) [50], were discussed, which improved the location precision of traditional continuous interferometers, especially for weak radiation signals.




3.4. VHF Lightning Location Technology with Long Baselines


The VHF/TOA location technique calculates the spatial location of the radiation source based on the time difference between the arrival of the radiation signal at different stations in the detection network. Based on the length of the baseline, the locating technique can be divided into two types: long baseline TOA location and short baseline TOA location. The short baseline VHF/TOA location technique is often used in interferometer systems; it was discussed in the interferometer section and will not be described in detail here.



The long baseline VHF/TOA location technique is commonly used for monitoring thunderstorm activity over large areas. With the development of high-precision GPS/BD technology, the absolute arrival time of radiation pulses at measurement stations can be accurately determined; thus, pulse discharge events can be precisely located. The specific long baseline TOA location method is as follows: the time ti when the lightning radiation pulse that occurred at time t reaches Station i is    t i  = t +        (  x −  x i   )   2  +    (  y −  y i   )   2  +    (  z −  z i   )   2     c   , where (x, y, z) is the spatial position of the radiation source, (xi, yi, zi) is the spatial position of the ith station and c is the speed of light. When n stations are used for measurements, n equations for ti can be obtained, forming a nonlinear equation group, and the position of the radiation source can be determined by the nonlinear least square method.



Zhang et al. (2010) [52] developed a long baseline 3D lightning location system (LLR) for scientific research, similar to the system in Rison et al. (1999), but with a higher frequency narrowband signal. The system consists of seven substations that have a central frequency of 270 MHz and a bandwidth of 6 MHz. The received signal is fed into an acquisition card in a microprocessor, the maximum peak signal is acquired at 25 μs intervals by triggering, and the intensity and time of the signal are recorded at the same time. Based on the absolute arrival time of the signals from different substations, the TOA method can be used to locate the lightning radiation source in three dimensions. The system can monitor the whole thunderstorm discharge activity process [53] and has the ability to locate the discharge channel, but the convergence of the channel is not high. To improve the location capability, Wang et al. (2012) [54] analyzed the possible sources of location error for this location system and found that the GPS timing error, the substation position error, and the accumulation of board crystal oscillator frequencies were the main hardware errors. After the error correction, the LLR provided better location results, with lightning channel positioning with greater height convergence and an improved detection efficiency (Figure 9). Zhang et al. (2015) [55] evaluated the accuracy of this location system in Qinghai by using a homemade sounding ball-borne lightning simulation source, yielding an average error of 21 m (RMS) for horizontal positioning and 49 m (RMS) for vertical positioning within the positioning network.



In addition, the Chinese Academy of Meteorological Sciences developed a dual-band location system based on the TOA technique [56,57] and conducted scientific observation experiments in Chongqing. The system operates in the VLF/LF and VHF frequency bands. The signals received by the VLF/LF and VHF antennas were output to an acquisition system after being conditioned by their respective receivers. The acquisition system used a microprocessor to control the acquisition card for segmental trigger acquisition to further extract the pulse characteristics. The system can perform 3D positioning based on the TOA method, identify lightning discharge types, and provide polarity and intensity information. In the past two years, the system has been redeployed to the Jiangsu Province, and is now operated by the lightning team of PLA Army Engineering University. Based on the current precision positioning method for low-frequency total lightning, Liu et al. (2020) [58] significantly improved the precision positioning ability by postprocessing the original waveform. However, this postprocessing positioning method cannot meet the needs of real-time precision positioning. Improving the real-time precision positioning ability of VHF positioning systems is an urgent problem that must be addressed.



A lightning mapping array (LMA) was developed by Yang Zhang and Yijun Zhang of the Chinese Academy of Meteorological Sciences from 2018 to 2020. The array (called GD_LMA) was deployed in the Guangdong Province; the longest baseline was 60 km, and the shortest baseline was 3 km. The array covered a 100 km area around the Conghua district and operated at a center frequency of 193 MHz and a bandwidth of 6 MHz. The layout of the station network takes into account the observation needs of large-scale thunderstorms and weak triggered lightning to a certain extent. The preliminary observation results confirmed the detection capability of the network. As shown in Figure 10, for a lightning flash occurring near the station network, the number of locating points is limited, but the array can clearly depict the lightning channel.





4. Satellite-Based Lightning Optical Monitoring Technology


Lightning discharge produces strong optical radiation, with the strongest near-infrared absorption spectrum at 777.4 nm, which can be observed from space by cameras. The United States has been at the forefront of satellite-based optical imaging lightning observations. Following the LIS (lightning imaging sensor) lightning observations carried by polar orbiting satellites, the United States launched the Geostationary Lightning Mapper (GLM), carried by geostationary satellites, in 2016. At approximately the same time, China launched a new generation geostationary satellite, Fengyun-4 (FY-4A), on 11 December 2016 [18]. This satellite was equipped with the independently developed Lightning Mapping Imager (LMI), which is similar to the GLM in terms of design performance, filling a gap in the field of space-based lightning detection in China.



The LMI observes lightning discharge luminous channels with a charge-coupled device (CCD) with a size of 400 × 600, a detection center wavelength of 777.4 nm, a bandwidth of ±1 nm and a shooting speed of 2 ms/frame [59]. The spatial resolution of the subsatellite point is 7.8 km, and the high frame rate ensures that the LMI can capture a complete lightning discharge process. When the irradiance of the lightning light radiation detected by a single pixel of the CCD array of the LMI exceeds the background threshold, it is defined as a lightning “event”. Lightning events detected by multiple adjacent pixels on the same CCD image form a “group”, and multiple groups that meet certain threshold conditions are defined as a true “lightning” process. Cao et al. (2021) [60] investigated the optical characteristics and distribution of events, groups, and flashes observed by the LMI across the entire observation domain in China. The duration and brightness of lightning flashes are usually less than 50 ms and 200 Jm−2ster−1µm−1, respectively. The coverage area of lightning flashes ranges from 200 to 600 km2. The number of groups for each flash was typically less than five, and the detection efficiency of the LMI was higher at night than during the day. Compared with the lightning imaging sensor on the International Space Station (ISS-LIS), the number of flashes detected by the LMI and the duration of each flash are smaller. Compared with the CG lightning location network (LLNC) in China (shown in Figure 11), the number of groups detected by the LMI was similar to the number of CG lightning events, and the high-value area of the lightning density was roughly the same.



At present, some articles have reported comparison results between the LMI and other location systems [61,62,63], but the comparisons are mostly based on the results of large-scale, long-term overall lightning activity distributions, giving the consistency of its distribution relative to radar echoes and other CG flash location systems. However, true evaluations of the detection efficiency of CC flashes and cloud flashes detected by the LMI are still in progress.




5. Conclusions and Discussion


Lightning monitoring and location technology in China has closely followed international standards and has gone through several developmental stages, from low-frequency monitoring to very high-frequency (VHF) signal monitoring, single-station locations to multi-station networking positioning, and ground-based remote sensing to satellite-based optical observations. The positioning accuracy and precision are both increasing. The location capability has also evolved, from initially determining the two-dimensional return stroke location to the current determinations of the three-dimensional total-flash location, and new technologies for very low-frequency/low-frequency (VLF/LF) and VHF locations are being developed to efficiently determine total-flash locations and improve the channel location capability.



In terms of single-station positioning, although synchronous detection technology based on electromagnetic signals has developed a segmental ranging method based on the phase difference-distance relationship of electromagnetic wave propagation within 140 km and the time difference of sky waves and ground waves over a long distance, it is difficult to further improve the location accuracy. Furthermore, single-station positioning mainly uses the return stroke of the cloud-to-ground (CG) flash. However, as total-flash locations have gradually become more popular, the disadvantages of single-station positioning have become more obvious, and it is mainly suitable for places with low requirements for positioning accuracy and difficulty obtaining networking positioning.



In terms of VLF/LF multi-station locations, China has gradually established a national CG flash location network since the beginning of the 21st century, which has played an important role in understanding thunderstorm lightning activity. Currently, with the advancement of technology, international commercial lightning detectors have entered the total-flash stage. China has a relatively mature scheme for determining total-flash locations based on VLF/LF signals in both the scientific and commercial fields. However, while the total-flash location network, which is currently being upgraded nationwide, has a high flash detection efficiency, it has a low location efficiency for the discharge events in each flash, especially for long-baseline layouts. The three-dimensional height location error is still large and needs to be addressed by developing new technologies, such as more sensitive sensors, more refined location methods, and shorter baseline station networks. In the field of scientific research, although some research groups have conducted research on precision location technology based on VLF/LF signals, the precision method is still based on post waveform processing, which has a slow positioning speed and a low real-time degree. Furthermore, most studies only have channel location capability for some flash cases. Therefore, developing methods and technologies that can accurately locate most lightning discharges in real time is an important direction of total lightning detection research based on VLF/LF signals in China.



In terms of VHF location, due to the small detection range and large number of substations required, a commercial product using VHF-location technology has yet to be deployed in China, and research on this method is still mainly in the scientific field. From narrowband interferometers and broadband interferometers to continuous broadband interferometers, researchers in China have developed more sophisticated location algorithms and continuously upgraded location systems. The observational data analysis of such systems has improved the understanding of discharge mechanisms such as lightning initiation and transmission. Nevertheless, current advances in precision location determination of interferometer-based systems are mostly due to raw waveform-based processing techniques. In addition, the high speed of signal acquisition and recording greatly reduces the recording efficiency, resulting in the acquisition of only a limited number of individual lightning discharge cases, and it is very difficult to obtain a refined location for lightning discharge activity during thunderstorms. In terms of long-baseline VHF location technology, although domestic systems similar to the lightning mapping array (LMA) have been developed, their real-time location performance is still not comparable to that of the LMA. Improving real-time location precision and environmental applicability, as well as commercialization, are important research goals for the future.



In terms of satellite-based lightning observations, China is one of only a few countries that has satellite-borne lightning observation methods. The official release of the lightening mapping imager (LMI) data in 2018 revealed that, based on most research results, its detection efficiency is low. The performance evaluation of the LMI is mostly based on macro- and large-scale comparative data, and the specific values of its detection efficiency and accuracy are unknown. It is necessary to further develop objective evaluation methods and determine its detection performance based on one-to-one real lightning discharges. Although the LMI can cover the entirety of China, it cannot achieve continuous real-time lightning detection in China and the surrounding areas when the satellite rotates. Therefore, the development focus of the LMI should be full-disc lightning detection. In addition, since the LMI is loaded on a geosynchronous satellite, its ultrahigh orbit (36,000 km) causes a low total flash detection efficiency. It is necessary to adjust the observation algorithm and improve the charge-coupled device (CCD) hardware to ensure a sufficiently high total lightning detection capability while making full use of its all-day working capability.
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Figure 1. The distribution of ADTD lightning location system. 
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Figure 2. Three-dimensional locations of an IC flash on 15 August 2015. (a) Height-time plots. (b) North-south vertical projection. (c) Height distribution of radiation events. (d) Plan view. (e) East-west vertical projection of lightning radiation sources. Reproduced with permission from the author of Dong Zheng, Sci. China Earth Sci. [28]. 
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Figure 3. Positioning result based on encoding features for the example in Figure 2. (a) Height-time plots. (b) North-south vertical projection. (c) Height distribution of radiation events. (d) Plan view. (e) East-west vertical projection of lightning radiation sources. Reproduced with permission from the author of Jingxuan Wang, Remote Sens. [36]. 
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Figure 4. RT_LFEDA low power consumption substation (a) and real-time positioning results of a lightning flash (b). Reproduced with permission from the author of Yang Zhang, J. Trop. Meteorol. [27]. 
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Figure 5. Schematic diagram of the narrowband interferometer (a) and the layout of the five antenna narrowband interferometer (b). Reproduced with permission from the author of Guangshu Zhang, Chin. Sci. Ser. D. [38]. 
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Figure 6. Electric field change waveform and radiation source location of multi-RS lightning: (a) fast electric field change waveform, (b) slow electric field change waveform, and (c) radiation source location results of a broadband interferometer. Reproduced with permission from the author of Yijun Zhang, Prog. Nat. Sci. Commun. State Key Lab. [40]. 






Figure 6. Electric field change waveform and radiation source location of multi-RS lightning: (a) fast electric field change waveform, (b) slow electric field change waveform, and (c) radiation source location results of a broadband interferometer. Reproduced with permission from the author of Yijun Zhang, Prog. Nat. Sci. Commun. State Key Lab. [40].
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Figure 7. Positioning results of a continuous interferometer in the initial stage of one triggered lightning event. Reproduced with permission from the author of Yang Zhang, Geophys. Res. Lett. [16]. 
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Figure 8. Layout of a continuous interferometer with multiple antennas. 
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Figure 9. Comparison of the location results of the LLR before (a) and after (b) correction for a cloud-to-cloud (CC) flash. Reproduced with permission from the author of Xianhui Wang, Plateau Meteorol. [54]. 
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Figure 10. Results of radiation source location for a cloud-to-cloud (CC) flash. 
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Figure 11. Spatial distribution of lightning density observed by the FY-4A LMI and LLNC in July 2019: (a) LMI Flash, (b) LMI Group, (c) LMI Event, and (d) LLNC CG Event. Reproduced with permission from the author of Dongjie Cao, Remote Sens. [60]. 
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