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In order to study the detection performance of the Advanced Direction Time Lightning Detection System (ADTD) over mainland China, the relationship between the detection efficiency (DE) and distance for ADTD sensor is analyzed using lightning location data by ADTD during 2014–2020, which fits well with the probability density function of the Gamma distribution. The DE and location accuracy of ADTD across China are hereafter evaluated according to the constructed probability density function. The results show that the DE of a single sensor first increases rapidly and then decreases slowly with the increase of the detection distance, and the model constructed based on the probability density function of Gamma distribution can explain this relationship well. In the regions with dense sensors such as central and eastern China, the DE of ADTD can reach 95%, with the majority of regions having lower location errors (less than 1,000 m). While, in the areas where sensors are sparse such as the Qinghai-Tibet Plateau and at the edge of ADTD, the DE of ADTD is less than 90% (in some areas it is even lower than 50%), and the location error greater than 1,000 m. In general, ADTD can accurately detect cloud-to-ground lightning events in most areas of China, but its accuracy is limited in some areas due to sparse sensors and instrument parameter settings.
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1 INTRODUCTION
In lightning monitoring and research work, the lightning monitoring devices include the National lightning detection network (NLDN) (Cummins and Murphy, 2009), lightning mapping array (Rison et al., 1999) in America, Advanced Direction Time Lightning Detection System (ADTD) (Zhang et al., 2018), Time-lagged three-dimensional positioning system (Qie et al., 2009; Zhang et al., 2010; Wang et al., 2016; Chen et al., 2019), Lightning interferometer system (Zhang et al., 2008; Sun et al., 2013; Sun et al., 2022), etc. in China. Among them, NLDN and ADTD, as relatively mature systems in operation, play an important role in the early warning and forecast of severe convective disastrous weather such as thunderstorm gale, tornado and hail, and provide basic data for the analysis of regional lightning characteristics and lightning protection design (Dementyeva et al., 2023; Iwasaki, 2016; Van Mai et al., 2022; Yair, 2018). In order to improve the reliability of lightning location data and better serve meteorological services such as severe convection monitoring, forecasting and warning, disaster prevention and reduction, it is critically important to evaluate and analyze the detection performance of lightning location network.
Detection efficiency (DE) and location accuracy are two important indicators to measure the detection performance of lightning location network, and they are also great concerns to lightning researchers and business personnel (Fan et al., 2018; Rodger et al., 2006; Rodger et al., 2009; Said and Murphy, 2016; Srivastava et al., 2017). At present, domestic and foreign scholars mainly evaluate the detection performance of lightning location network using artificially triggered lightning technique (Jerauld et al., 2005; Nag et al., 2011; Mallick et al., 2014; Shi et al., 2017), lightning strike monitoring of tall buildings (Hegde and Kumar, 2009; Hettiarachchi et al., 2018; Zhu et al., 2020), natural lightning observation (Biagi et al., 2007; Chen et al., 2012; Warner et al., 2012) and other test methods. For instance, based on the ground reality data set obtained by natural observation and artificially triggered lightning technique in Florida, (Zhu et al., 2022), evaluated and analyzed the detection performance of upgraded Earth Networks Total Lightning Network (ENTLN), and found that the location accuracy was significantly improved, and the median of location error was reduced from 215 m to 92 m; the number of detected strokes in all areas rose, and the DE of the strokes increased by 149%. However, due to the relatively weak current of artificially triggered lightning, the lightning outside the field of view cannot be observed, and the current channel of weak light intensity cannot be recorded. The validation experiment is only conducted during a specific period, therefore the sample size of the lightning data set is relatively small, and cannot represent all the lightning in a region. Moreover, the results of the validation experiment can only represent the detection performance of the local region, and cannot represent its performance in the whole detection region.
Multiple factors, including sensors, data acquisition methods, return waveform recognition, positioning algorithm, etc. can affect the detection performance of lightning location network (Bennett et al., 2011; Nag et al., 2015; Suzuki et al., 2016; Li et al., 2022), and it is difficult to evaluate each factor one by one. Chen et al. (Chen et al., 2013) proposed to use historical records of the lightning location data to evaluate the DE of lightning location network, and applied the method to the lightning location network in Yunnan Province. This method can ignore the influence of instrument setting, installation environment, terrain, and other factors, and get the distribution of DE closer to the real situation. However, the method must have enough historical data of lightning strokes to ensure statistical accuracy, and the DE of lightning location network cannot be calculated in the area with insufficient historical data.
Presently, ADTD is mainly used in China’s lightning monitoring in routine operations, and the detection performance of this lightning location network in the whole country is still unclear. In this paper, the DE of ADTD sensors with sufficient historical data of lightning strokes will be evaluated and analyzed by using the statistical method proposed by (Chen et al., 2013), and based on the Gamma distribution probability density function, the DE and detection distance model of the sensors will be established to obtain the DE and location accuracy of ADTD in China and provide a basis for the effective application of lightning location data in lightning monitoring and warning, risk assessment of lightning disaster and so forth.
2 DATA AND METHODS
2.1 Data
ADTD, which is the second-generation cloud-to-ground lightning location system developed by the Space Science and Application Research Center, Chinese Academy of Sciences, works in the VLF/LF frequency band and adopts the combination of magnetic direction and time difference for lightning location (Wang et al., 2020a; Zhang et al., 2022). In 2010, nearly 300 ADTD sensors have been built in China, while a national lightning monitoring network has been initially formed and put into routine operations. By the end of 2020, more than 400 ADTD sensors have been deployed nationwide, further improving the nationwide lightning detection capability. Among them, ADTD sensors are networked with a 150 km baseline in central and eastern regions and with a 200 km baseline in western regions. Their specific distribution is shown in Figure 1. In 2021, a new type of sensors were added to the lightning location network, realizing the monitoring of some cloud-to-cloud lightning, and improving the ability to identify and monitor weak signals. To ensure the consistency of research data, more than 61.13 million data of return strokes located and recorded by ADTD from 2014 to 2020 are used for statistical analysis. For all the return strokes, the first stroke and the subsequent stroke are not distinguished, and each stroke data includes the occurrence time, latitude and longitude, current intensity, and other information of return strokes. Figure 1 shows the spatial distribution of return stroke data located and recorded by ADTD. It can be seen that lightning in China mostly occurs to the south of 32°N, especially in the coastal areas to the south of the middle and lower reaches. The lightning events is obviously less in the regions outside the lightning location network, i.e., over the oceans.
[image: Figure 1]FIGURE 1 | Spatial distribution of ADTD sensors and recorded data from 2014 to 2020.
2.2 Methods
2.2.1 Statistical methods of historical data
The DE of each sensor can be affected by the hardware, working principle of the sensor, installation environment, terrain, and so on. For example, the waveform and amplitude received by the sensor can be influenced by the stimulated radiation of incident waves by ground objects, as well as the different propagation, scattering, and reflection of electromagnetic waves due to different ground conductivities. This will cause some lightning that originally met the waveform criteria and threshold requirements to become non-compliant, thereby reducing the actual DE of the sensor. In ADTD, the installation position of each sensor is different, making the terrain and environment different from each other. Therefore, the DE of each sensor is different. To reveal the DE of the whole lightning location network, the DE of each sensor is estimated first.
(Chen et al., 2013) proposed a statistical method to evaluate the DE of lightning location network on the basis of historical data. For a 3-sensor lightning location network, it is assumed that the DE of the ith sensor in a given region can be expressed as [image: image], and N is the total number of strokes actually occurring in that region, so the number of strokes reported by that sensor in this region can be expressed as [image: image]. Similarly, the number of strokes reported by different sensors is expressed in Eq. 1 as follows:
[image: image]
Where N1,2,3 is the number of strokes reported by all the three sensors in that region simultaneously; N1,2 is the number of strokes reported by the 1 and 2 sensors in that region simultaneously; N1,3 is the number of strokes reported by the 1 and 3 sensors in that region simultaneously; N2,3 is the number of strokes reported by the 2 and 3 sensors in that region simultaneously. Therefore, the DE of each sensor in this region can be expressed as follows:
[image: image]
In the actual application process, a lightning location network is usually composed of many sensors (more than 3). In this study, the lightning location network is divided into several 3-sensor sub-networks, then many small cells are obtained for a lightning location network. The DE of each sensor in each cell can be obtained by repeating the above process for all the 3-sensor sub-networks in all cells over the entire coverage area of lightning location network. Therefore, for the layout of ADTD in China, the DE of a single sensor and the whole network can be calculated according to the following steps:
(1) The study area (15° N −55° N, 70° E −140° E) is divided into 200×350 cells, and each cell has a size of 0.2° (latitude)×0.2° (longitude) with an area of about 22 km × 22 km.
(2) The ADTD composed of 406 sensors is grouped into lots of 3-sensor sub-networks.
(3) According to the location information of the stroke data, more than 61.13 million data of strokes located and recorded by the ADTD during 2014–2020 are divided into different cells.
(4) For each sub-network and cell, the number of strokes reported simultaneously by all three sensors N1,2,3, by the 1 and 2 sensors N1,2, by the 1 and 3 sensors N1,3, and by the 2 and 3 sensors N2,3 are counted respectively.
(5) If N1,2,3 > 100, the DE of each sensor in the given cell in the given sub-network is calculated by Eq. 2. Otherwise, it is not calculated.
(6) Steps 4 and 5 are repeated for all sub-networks and cells.
(7) A given sensor can obtain several values of DE [image: image] from different sub-networks in a given cell, and their average [image: image] is taken as the DE of the sensor in that cell. At the same time, the standard deviation (SD) of several values of [image: image] in that cell is calculated as an indicator to measure the accuracy of DE data in that cell, to verify the self-consistency of the results.
(8) The DE profile of individual sensors can be obtained by repeating step 7 for all sensors.
(9) For a given cell, the DE [image: image] of ADTD in that cell can be obtained by using Eq. 3.
[image: image]
(10) The DE profile of the entire ADTD can be obtained by repeating step 9 for all cells.
2.2.2 Simulation method of DE
In statistics, Gamma distribution is defined as a continuous probability distribution (Wilks, 1990; Zheng et al., 2007), and its probability density function is expressed as follows:
[image: image]
Where x is a random variable, [image: image], [image: image] and [image: image] are two parameters of the probability density function. The image shape of the density function of Gamma distribution depends on the values of [image: image] and [image: image]. When they take appropriate values, the image of the function is left-biased and has a single peak. The DE of a sensor is a function of both the stroke position to the sensor and the stroke’s inherent strength. In ADTD, each sensor has a minimum and a maximum amplitude threshold, i.e., a limited dynamic range; a stroke with amplitude at the sensor beyond the sensor’s dynamic range is ignored. On the other hand, the stroke amplitude at a sensor is a function of both the distance of the stroke to the sensor and the inherent strength of the stroke. Consequently, a sensor tends to ignore more strong strokes at closer distances and more weak strokes at large distances. For a distributed ADTD with multiple sensors, a stroke with lower amplitude at a distant sensor might be a stroke with higher amplitude at a close sensor. This means that the lightning strokes missed by individual sensors are very different from each other, i.e., the probability that two or more sensors in a lightning location network miss the same strokes within their effective coverage is very low. As a result, the DE of a sensor is a function of both the stroke position to the sensor and the stroke’s inherent strength; and the DE of a sensor tends to be lower at close and remote distances and to be relatively higher at moderate distances (Naccarato and Pinto, 2009; Chen et al., 2013; Wang et al., 2018). It is this kind of properties of the DE that form the basis of the method proposed in this paper. Hence, Eq. 4 can be transformed into Eq. 5, and Eq. 5 is used to fit the relationship between the DE and distance of ADTD sensors.
[image: image]
Where x is the distance between the location of lightning occurrence and the sensor, F is DE and [image: image]; k, [image: image], [image: image] are parameters, and [image: image] > 0, [image: image] > 0. The specific fitting steps are as follows:
(1) Based on the statistical method of historical data in section 2.2.1, the DE of ADTD sensors at different distances are calculated, and a sequence (xi, yi) [image: image] is obtained, where xi is distance, and yi is DE.
(2) According to experience, the initial values of the parameters are set as follows: [image: image], [image: image].
(3) The residual sum of squares is calculated as follows: [image: image]. The least squares curve fitting method is used to adjust the values of the parameters to minimize SSE, that is, the estimated values of the parameters [image: image] are obtained, and the fitting formula of DE and distance [image: image] is obtained.
Indicators such as goodness of fit (R2) and root mean square error (RMSE) are used to evaluate the effect of the fitting formula. The specific formula is shown in Eqs. 6, 7.
[image: image]
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Where [image: image], and the closer R2 is to 1, the smaller RMSE is, and the better the fitting effect is. On the basis of the grid strategy in Section 2.2.1, the DE of ADTD in a given cell can be obtained according to Eqs. 3–5. The DE profile of the entire ADTD can be obtained by repeating this step for all cells.
2.2.3 Simulation method of location accuracy
To evaluate the location accuracy of ADTD for lightning location, we referred to the Monte Carlo simulation evaluation methods used by other lightning location networks (Gatta et al., 2012; Gatta et al., 2014; Gatta et al., 2016; Wang et al., 2016; Wang et al., 2020b; Ma et al., 2021) and selected a small-time error to simulate location accuracy of ADTD within its effective detection area. The simulation area (15° N −55° N, 70° E −140° E) is divided into a grid of 20 km × 20 km and obtained 70,000 grids. For the simulation of each grid, we assume that only sensors within 300 km can participate in lightning localization for that grid. On one hand, this is because the effective detection range of the sensor is 300 km, and the probability of detecting lightning beyond 300 km is very low. On the other hand, from the perspective of location error, the farther the signal is from the detection network, the larger the location error is. Due to the magnetic direction and time difference combined technology used by ADTD, at least two sensors are needed to locate a lightning stroke. Therefore, we followed these steps to evaluate the location accuracy:
(1) All sensors within a range of 300 km from the occurrence location of lightning are searched.
(2) The DE of all sensors (p) in step 1 at the location of lightning occurrence is calculated according to Eq. 5.
(3) In fact, each sensor cannot detect all cloud-ground strokes within their effective coverage, this means that the sensor will miss some strokes. Therefore, a random number rand that follows a uniform distribution of (0,1) is generated for each sensor. If rand≥1-p, the sensor has reported the stroke, otherwise, the sensor will miss this stroke.
(4) If the number of sensors that can report the stroke in step 3 is greater than 1, then proceed to step 5. Otherwise, proceed to step 9.
(5) We assumed that lightning occurred in the center of each grid, and the height of the lightning is uniformly set to 0 km. For the sensor that can report the stroke in step 3, we calculated the distance from the lightning to each site and the time that the signal travels to each site at the speed of light c.
(6) The time error caused by non-uniform media, terrain, and other factors during signal propagation must be considered. Therefore, similar to the work by Wang et al. (2016), the normal distribution random error with mean 0 and standard deviation 1μs is added to the arrival time calculated in step 5.
(7) The arrival time calculated in step 6 was brought into the ADTD location algorithm to solve the location where the lightning occurred.
(8) We compared the calculated position with the actual position to obtain the calculation error.
(9) We repeated the above steps 1,000 times to obtain the average location error of ADTD in each grid.
3 RESULTS
3.1 Analysis of historical data
3.1.1 Grouping of ADTD sensors
Owing to the limitation of the ADTD sensors, they can usually detect the lightning within a range of 300 km more accurately. Therefore, when sensors are grouped, each sensor only forms a 3-sensor sub-network with its surrounding sensors within 300 km. The 406-sensors in ADTD have formed a total of 16,541 sub-networks that could be used for statistics (hereinafter referred to as “effective sub-networks”), of which 32 sensors cannot form effective sub-networks, and they are mainly located in Xinjiang Uyghur Autonomous Region, Qinghai Province, Tibet Autonomous Region, Inner Mongolia Autonomous Region, and other regions. Because of the low frequency of lightning and sparse sensors in these regions, the number of strokes simultaneously reported by three sensors is less than 100, so that an effective sub-network could not be formed. The spatial distribution of the number of effective sub-networks of each sensor involved is shown in Figure 2. It can be seen from the figure that the number of effective sub-networks formed by sensors located in areas with low lightning frequency and at the edge of ADTD is small, and 24 sensors appeared in less than 3 effective sub-networks. There are more effective sub-networks in the central and eastern regions where the sensors are dense, and each sensor appeared in more than 50 effective sub-networks, among which the sensors in Jiujiang City, Jiangxi Province have the most effective sub-networks, appeared in 142 effective sub-networks.
[image: Figure 2]FIGURE 2 | The spatial pattern of the class of each sensor and the number of effective sub-networks it involves.
3.1.2 Grouping of ADTD sensors
Based on the statistical method of historical data in Section 2.2.1, the DE of 374 sensors forming effective sub-networks is evaluated. The analysis area of each sensor is 31 × 31 cells centered on the sensor, with an area of 680 km×680 km. Because a sensor belongs to many effective sub-networks, several DE values may be calculated in a given cell, and the average of these DE values is the DE of the sensor in the given cell. The SD of these DE values is used to show the consistency of these DE values. In the calculation process of DE, because of the limited lightning data, the sensors may not be able to calculate DE in some cells, or there is only one DE value without SD. In order to reduce the impact of errors, as the DE of a sensor in a given cell is calculated, it is required that the number of effective sub-networks formed by the sensor is 3 at least, otherwise, it will not be calculated.
Figure 3 shows the spatial distribution of DE and its SD for sensors No.0, No.94, and No.142. Sensor No.0 is located in Fuzhou City, Fujian Province, and there are eight sensors installed to the northwest of the sensor, while there is no sensor to the southeast of the sensor (the sea). The sensor is at the edge of ADTD and forms a total of 25 effective sub-networks. It can be clearly seen from the profile of DE in Figure 3A that the distribution of DE values is obviously different on the two sides of the coastline. On the northwest side formed by many sensors, DE has a semi-circular profile, and DE rises first and then reduces with the increase of the distance. On the southeast side, DE is distributed in patches, increasing first and then remaining unchanged with the increase of the distance. By comparing the two sides, it can be found that on the side composed of many sensors, namely, inside the lightning location network, the location of lightning is more accurate, while the location of lightning has a larger error outside the lightning location network. As can be seen from the distribution of SD in Figure 3B, the SD of DE values in most areas of the sensor is less than 20%, indicating that the DE calculated by this method has good consistency. Sensor No.94 is located in Jiujiang City, Jiangxi Province, and 21 sensors are evenly distributed around it, forming 142 effective detection sub-networks. DE has a circular profile centered on the sensor (Figure 3C). It rises firstly and then declines to 0 with the increase of the distance. The SD of DE values is all less than 20% (Figure 3D), showing that DE values have good consistency. Figure 3E also shows the DE values of sensor No.142 located in the ADTD. This sensor is located in Jiulong City, Sichuan Province, and there are only 10 sensors around it, forming a total of 36 effective sub-networks. Owing to the low frequency of lightning in this region, the number of lightning strokes detected in most cells is smaller than 100. Consequently, DE values can be calculated in only a part of the cells, and the overall DE profile of the sensor cannot be obtained. However, for the cells where DE can be calculated, SD is all less than 20% (Figure 3F), indicating that the calculation method of DE has a good consistency.
[image: Figure 3]FIGURE 3 | (A) The spatial distribution of DE for sensors No.0 (B) The spatial distribution of the SD of DE for sensors No.0; (C) The spatial distribution of DE for sensors No.94 (D) The spatial distribution of the SD of DE for sensors No.94; (E) The spatial distribution of DE for sensors No.142; (F) The spatial distribution of the SD of DE for sensors No.142.
From the analysis of the DE profiles of 374 sensors, it is found that the spatial distribution of sensors located in the interior of lightning location network and areas with high lightning frequency is similar to that of sensor No.94, namely, having a circular profile centered on the sensors with DE values first increasing and then decreasing with the increase of the distance. The number of such sensors is 169, and they are recorded as class A sensors. The sensors along the coast or at the border of lightning location network have a similar spatial distribution to sensor No.0. The profile of DE calculated by this type of sensor on the side where other lightning sensors are installed is close to the actual situation, while it is quite different from the actual situation on the other side. There are 68 such sensors, which are recorded as class B sensors. The spatial distribution of sensors located in the interior of lightning location network and areas with low lightning frequency is similar to that of sensor No.142. Because of the limited historical data of strokes, the cells with DE values are not enough to describe the distribution of DE of this type of sensor. There are 99 sensors, which are classified as class C sensors. In addition, 38 sensors are unable to calculate DE because the number of effective sub-networks formed in any 1 cell is smaller than 3. The spatial distribution of all types of sensors and the relationship with the number of effective sub-networks is shown in Figures 2, 4. As can be seen from Figure 4, the number of sub-networks formed by the three types of sensors is also different. The number of effective sub-networks formed by class A sensors is large, and more than 75% of the sensors form at least 50 effective sub-networks. Class B sensors form 10–50 effective sub-networks, and the number of effective sub-networks formed by nearly 50% of the sensors is smaller than 30. Due to the lack of stroke data, the number of effective sub-networks formed by class C sensors is the smallest, and more than 78% of the sensors form less than 30 effective sub-networks.
[image: Figure 4]FIGURE 4 | The number of accumulated stations in terms of effective sub-networks for Class A, Class B and Class C.
3.2 Analysis of historical data
3.2.1 DE of ADTD sensors
According to the DE values of class A sensors, the average DE of each cell in 31 × 31 cells centered on the sensors is calculated. To eliminate the influence of abnormal values on each cell and ensure that the DE value of each cell is closer to the actual value, it is required that DE can be calculated by at least 20 class A sensors in each cell when the average DE of each cell is calculated, otherwise, the average DE in the cell is not calculated. Figure 5A shows the average DE of class A sensors in each cell and its distribution with the distance. It can be seen that DE is relatively low at the cell (0,0), only about 20%. As the distance from the cell to the sensors increases, DE rises rapidly, and the maximum exceeds 70%. Afterwards, it begins to decline slowly. Taking the sensors as the starting point and 20 km as the step, the average DE at different distances within the detection range of the sensors is calculated. As shown in Figure 5B, DE is only 50.0% at a distance of 20 km from the sensors. With the increase of the detection distance, DE reaches a maximum of 73.8% at a distance of about 80 km. It gradually decreases at a distance of more than 80 km and is less than 30.0% at a distance of about 200 km. In fact, each sensor has a minimum and a maximum amplitude threshold, a stroke with amplitude at the sensor beyond the sensor’s dynamic range is ignored. On the other hand, the stroke amplitude at a sensor is a function of both the distance of the stroke to the sensor and the inherent strength of the stroke. Consequently, a sensor tends to ignore more strong strokes at closer distances and more weak strokes at large distances, so the DE of the sensors is low both near and far from them but high at a relatively appropriate distance. In general, the DE of the ADTD sensor has a circular profile centered on the sensors, increasing first and then decreasing with the increase of the distance.
[image: Figure 5]FIGURE 5 | (A) Average DE profile of class A sensors; (B) Average DE versus distance for class A sensors.
In order to better investigate the relationship between DE and detection distance, the probability density function of Gamma distribution is used for the nonlinear curve fitting of the relationship between DE and distance, and the fitting formula is obtained as follows:
[image: image]
Where x is the distance between the location of lightning occurrence and the sensor. Through evaluation, it is found that the R2 of the fitting formula is 0.9672, and the goodness of fit is close to 1. RMSE is 0.0453, and the RMSE is also small. It shows that the fitting effect of Eq. 8 is very good, and it can well explain the relationship between DE and detection distance. Equation 8 can be used to calculate the DE of ADTD sensors at different detection distances.
3.2.2 DE of ADTD based on statistical results
The ADTD in China consists of 406 sensors and records over 61.13 million strokes from 2014 to 2020. During this study period, the spatial distribution of DE for 374 sensors is analyzed in statistics. However, due to insufficient historical data accumulation, there are still 32 sensors that cannot calculate the spatial distribution of DE. Based on the evaluation results of DE for 374 sensors, the total DE of ADTD in the whole country is calculated by using Eq. 3. Figure 6 shows the spatial distribution of DE of ADTD. The blank cells in the figure indicate that there is no DE value calculated by two or more sensors in the cells. The frequency of lightning is low, or sensors are sparse in these regions, and the number of lightning strokes detected does not reach the set statistical threshold, therefore in the present work, it is impossible to calculate the DE of sensors in these regions. As can be seen from the figure, the Qinghai-Tibet Plateau and Northwest China are basically blank regions, where the DE of ADTD cannot be calculated. The DE of ADTD in the southern and northern regions is mostly above 90%. It is over 95% in the areas with dense ADTD sensors and is slightly lower in the areas with sparse sensors. In addition, the DE of ADTD is relatively low for the edge areas and the areas near each sensor. Certainly, if the ADTD continues to steadily run for a long time and accumulates a large number of lightning location data, the DE estimated will be more accurate.
[image: Figure 6]FIGURE 6 | Distribution of DE of ADTD based on lightning location data statistics from 2014 to 2020.
3.2.3 DE of ADTD based on the fitting formula
The DE of a single sensor and ADTD can be obtained by the statistical method, but this method requires sufficient historical data of strokes to ensure statistical accuracy. The DE in the areas with low lightning frequency or a few historical records of strokes cannot be calculated. To obtain the nationwide DE of ADTD, based on the formula of DE and distance fitted by the probability density function of Gamma distribution, the DE of each sensor at different distances is calculated, and then the nationwide DE of ADTD is calculated by Eq. 3. Figure 7 shows the distribution of DE in China based on the fitting formula. It can be seen from the figure that the DE of ADTD in various regions is related to the density of sensors. The denser the sensors are, the higher the DE is. The DE in most regions of China is above 90%. In the center and east of China, the center of Heilongjiang Province, the east of Qinghai Province, and the center and east of Yunnan Province, DE can reach 95% due to dense sensors. The Qinghai-Tibet Plateau and Gansu Province are sparsely deployed with sensors, so DE is low, and lightning cannot be effectively detected in some areas. At the edge of lightning location network, DE decreases significantly with the increase of the distance. Besides, it should also be noted that DE is also low near the sensors. In summary, this distribution is reasonable and understandable. From the comparison between Figures 6, 7, it is found that the DE calculated by the fitting formula is close to the historical data in the area with statistical results, and the distribution of the two is consistent, indicating that the DE calculated by the fitting formula can better reflect the DE of ADTD in China.
[image: Figure 7]FIGURE 7 | Distribution of DE of ADTD based on the fitting formula.
3.3 Analysis of simulation results of location accuracy
ADTD adopts the combined magnetic direction and time difference method for lightning location. The simulation method in Section 2.2.3 is used to evaluate the lightning location accuracy of ADTD in the whole country. The spatial distribution of location errors of ADTD in China can be seen in Figure 8. The location errors of ADTD are related to the density of sensors. In the central and eastern regions networking with a 150 km baseline, there are significantly more cells with lightning location errors less than 1,000 m, and the location errors of some cells are even less than 500 m. The minimum location error is only 31 m. In the western region networking with a 200 km baseline, there are more cells with lightning location errors greater than 1,000 m, especially in Gansu province and Ningxia province. On the whole, the cells with lightning location errors less than 2000 m account for 66.3% of the whole region. Besides, it is also found that the location error near a sensor is obviously large. The DE of lightning near the sensor is low, and the sensor often cannot locate lightning because it cannot report the occurrence of nearby lightning. As a result, the lightning location network formed by other sensors participating in the location of nearby lightning events has a large location error. In general, ADTD can accurately locate cloud-to-ground lightning events in most areas of China, while the location errors are large in some areas because of sparse sensors and instrument parameter settings.
[image: Figure 8]FIGURE 8 | Distribution of the average location errors of ADTD.
4 DISCUSSION
In this paper, the statistical method of DE of ADTD, which was proposed by (Chen et al., 2013), is used to evaluate and analyze the cloud-ground lightning data recorded by ADTD nationwide from 2014 to 2020, and the DE profiles of 374 sensors are obtained, while the DE of 32 sensors cannot be calculated due to sparse surrounding sensors and insufficient historical data of strokes. Among the 374 sensors with DE profiles, the DE of 169 sensors has a circular profile centered on the sensors, and DE values increase firstly and then decrease from inside to outside. All these sensors are located in the center of the detection network, and there are more 3-sensor sub-networks. Moreover, a large amount of historical stroke data has been accumulated, so the evaluation of their lightning DE is closer to the actual situation. Hence, when the DE of a single sensor is evaluated, a small detection network should be formed with this sensor as the center. Moreover, many sensors should be evenly distributed around it, and no less than 50 effective detection sub-networks should be formed (that is, at least eight sensors should be evenly distributed around it). Furthermore, a large number of stroke data is needed. Generally speaking, the method proposed by (Chen et al., 2013) can be used to well estimate the DE of a single sensor in different cells, but this method requires sufficient historical data of strokes to ensure statistical accuracy. In regions with low lightning occurrence frequency or few historical stroke records, DE cannot be calculated.
The DE of ADTD in the whole country is calculated by using the DE and detection distance formula fitted based on the probability density function of the Gamma distribution (Figure 7). The method has no consideration of the effects of terrain, installation environment, and instrument parameters on the detection performance of sensors, and avoids separate modeling for each effect. Meanwhile, it makes up for the shortcoming of the statistical method proposed by (Chen et al., 2013) (that is, it could not calculate the DE of China’s ADTD in the Qinghai-Tibet and Northwest China due to the lack of historical data of strokes). It is worth noting that the distribution of DE in Figure 7 only represents the DE of ADTD against the current intensity that it can detect, because ADTD works in the VLF/LF band and has a poor ability to detect weak current (Wang et al., 2020a). Figure 9 shows the distribution of the peak current intensity of cloud-ground lightning strokes recorded by ADTD from 2014 to 2020. The peak current intensity is mostly concentrated in the range of 15–45 kA, and has the highest frequency near 25 kA, while there are significantly fewer cloud-ground lightning strokes with the peak current intensity below 10 kA. Srivastava et al. (2017) found that the relative detection efficiency of ADTD and BLNET in Beijing City was 49.4%, indicating that ADTD missed some cloud-ground lightning with weak current. In the later stage, the proportion of missing strokes by ADTD in the total cloud-ground lightning can be determined through observation tests and other methods, and a correction coefficient is obtained to correct the DE presented in Figure 7. For example, the rocket-triggered lightning experiment conducted over China can provide us with valuable and accurate information on lightning intensities and locations (Qie et al., 2007; Qie et al., 2011; Jiang et al., 2013; Zhang et al., 2014; Jiang et al., 2020). With more experimental data collected during these experiments, a solid calibration for ADTD can be conducted in the near future to make the DE of ADTD closer to the real DE, as well as correct cloud-to-ground lightning density. Furthermore, we know that the DE of a sensor is a function of both the stroke position to the sensor and the stroke’s inherent strength, if the ADTD continues to steadily run for a long time and accumulates a large number of lightning location data, a deeper analysis considering the strength of lightning and distances will be conducted in the future.
[image: Figure 9]FIGURE 9 | Distribution of peak current of cloud-ground lightning strokes recorded by ADTD during 2014–2020.
In this paper, the Monte Carlo error simulation method is used to quantitatively analyze the location accuracy of ADTD across the country, and the obtained distribution of location errors is only a conservative estimation result of location accuracy. The reason is that the effects of terrain and propagation speed on the location accuracy are not considered in the simulation experiment (Zhang et al., 2022), and the actual location error of ADTD should be slightly higher than the experimental result. In order to further improve the location accuracy of ADTD, especially in areas with high lightning incidence, the location accuracy can be improved by adding sensors, optimizing the location algorithm, and correcting the propagation effect.
5 CONCLUSION
The statistical analysis of recording data of ADTD from 2014 to 2020 is conducted firstly, and then the DE and detection distance model of a single sensor is constructed based on the probability density function of Gamma distribution. Finally, the DE and location accuracy of ADTD in the whole country are evaluated and analyzed. Some of the major conclusions are drawn as follows:
(1) The DE of ADTD sensors has a circular profile centered on the sensors, and DE values increase firstly and then decline with the increase of the distance. DE is only 50.0% at a distance of 20 km and increases to a maximum of 73.8% at a distance of about 80 km. And then it decreases gradually at a distance of more than 80 km, reaching only 20.0% near 200 km.
(2) After the fitting formula of DE and distance is evaluated, it is found that the goodness of fit is 0.9889, and the root-mean-square error is 0.0453, indicating that the model obtained based on the probability density function of Gamma distribution can explain the relationship between DE and distance well.
(3) The DE of ADTD in most regions of China is above 90%, reaching 95% in central and eastern China, central Heilongjiang Province, eastern Qinghai Province, and central and eastern Yunnan Province, while it is low in the Qinghai-Tibet Plateau and Gansu Province because of sparse sensors.
(4) The location error of ADTD shows dependence on the density of the sensors. In central and eastern China, the location error is small, less than 500 m in some areas, with a minimum of 31 m. In western China, the location error is larger due to sparse sensors. In general, the ADTD can accurately locate cloud-to-ground lightning events in most areas of China, but the location error is large in some areas due to sparse sensors, instrument parameter setting, and other problems.
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