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Due to the propagation effect, the arrival time of the ground wave peak is delayed when sferics propagate at long distances. In this work, we propose a new method combined with a numerical algorithm to correct the effect of the ground wave peak time delay and calculate the ionosphere height using the difference between the arrival time of the ground wave and the skywave. The results showed that, with each increase of the propagation distance by 100 km, the delay in arrival time of the ground wave peak increased by an average of 0.9 μs. For the first and second reflectance heights, the maximum heights observed at night were 86 km and 89 km, and the minimum heights during the day were 66 km and 69 km, respectively. Using the difference in arrival time between the ground wave and skywave and the ionosphere equivalent reflection height, a single site was used to estimate the distance of lightning occurring within 900 km. This method had an average relative error of 14.6%, an average absolute error of 128.8 km, and a median distance error of 52.6 km. Finally, the percentage of data with an estimated deviation within 10% increased from 52% to 65%.
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1 INTRODUCTION
The ionosphere D region is usually considered to be the atmospheric plasma layer at an altitude of 50–90 km above the ground, which is ionized by solar radiation and contains free electrons (Cummer et al., 1998). Due to the presence of electrons and ions, the ionosphere can reflect extremely-low-frequency (ELF; 3–3000 Hz) and very-low-frequency (VLF; 3–30 kHz) electromagnetic waves, which are commonly known as sferics (a shortened form of atmospherics). Sferics travel thousands of kilometers in the Earth–ionosphere waveguide (EIWG) with little attenuation (∼2–3 dB/1,000 km) (Ammar and Ghalila, 2020). Therefore, sferics have been widely used to examine ionosphere reflection characteristics (Inan et al., 2010). Since the development of detection technology in recent years, studying the ionosphere D region using sferics has also become a vital detection technology.
Smith et al. (2004) used VLF/LF electric-field-change signals recorded by the Los Alamos Sferic Array (LASA) to calculate the height of the ionosphere. On this basis, Jacobson et al. (2008) analyzed the effects of solar zenith angle, electromagnetic wave propagation distance, and propagation orientation on the ionosphere height. Lay and Shao (2011a), Lay and Shao (2011b), and Shao et al. (2013) used multi-station lightning location results to invert the temporal and spatial variations of ionosphere heights in the region near a large thunderstorm. The results showed that the height of the inverse ionosphere reflection exhibited temporal and spatial fluctuations even in the absence of thunderstorms beneath these regions. The phase propagation velocity of these fluctuations ranged from 45 to 85 m/s. It lasted for several hours, suggesting that it may be due to the perturbation of the ionosphere by the gravity waves of the thunderstorm. Tran et al. (2017) computed the vertical electric field and azimuthal magnetic field at distances of 50 to 500 km from the lightning channel using the 2-D FDTD method and estimated the apparent ionosphere reflection heights. The model predicted that within 300 km in the nighttime and 200 km in the daytime, the apparent reflection heights are within approximately 10% of the reference height h0 for both the first and the second skywaves. Azadifar et al. (2017) calculated the ionosphere reflection height using the waveform of the electric field generated by the upward lightning flash at a distance of 380 km. The difference between the arrival times of the ground wave and skywave was used to estimate ionosphere reflection height during day and night times, based on the so-called peak-to-peak and zero-to-zero methods. Zhou et al. (2021) assumed a parameter [image: image] as the ground wave time delay, with values ranging from 0 to 25 μs and a step of 0.1 μs to meet the accuracy requirement. However, the exact relationship between the time delay and the propagation distance was not precisely determined. To improve lightning location accuracy, the ground-based lightning location network (LLN) uses multiple electromagnetic pulse detection sites. However, in some exceptional cases, for example, in the absence of a highly precise timing system or when the data cannot be transferred to the server, a single site can be used to determine the location of the lightning; this method can also help save operation and maintenance (O&M) costs (Wang et al., 2022). An important issue that deserves attention is how to improve the accuracy and efficiency of the single-site lightning location. Ramachandran et al. (2007) described a method based on lightning-generated VLF sferics received in a single site, with an average error in distance estimation of 8.8%. Ogawa and Komatsu (2007) discovered that it is possible to observe a secondary waveform caused by the same lightning strikes by examining the background noise from 1 Hz to 11 kHz. The secondary (antipodal) waveform is the consequence of the sferics traveling around the world in the other direction. Using both direct and secondary waveforms, lightning location can be determined although secondary waveforms are often difficult to identify. To overcome these problems, Koochak and Fraser Smith (2020) introduced a lightning location method that worked by processing the sferics to determine the arrival times of the VLF and ELF radiation components. Using these two individual arrival times, we can approximate the distance that the sferics propagate in the EIWG. Mostajabi et al. (2019) proposed a novel source localization technique based on electromagnetic time reversal (EMTR) and machine learning (ML). With the novel method, precise 2D lightning location is possible with just one sensor; however, it is limited by the necessity of the presence of scatterers.
The time difference between the ground wave and the skywaves can be used to calculate the reflection height of the ionosphere D region and estimate the distance of lightning. However, due to the curvature of the Earth and the finite conductivity of the ground, when the electromagnetic waves generated by lightning propagate along the ground, the ground wave will be attenuated. As propagation distance increases, the arrival time of the ground wave significantly lags the arrival time of the speed of light; thus, the actual time difference between the ground wave and the skywaves should be larger than that in the waveform data. Therefore, this work proposes a new method combined with a numerical algorithm to correct the ground wave time delay due to long-distance propagation to calculate a more reliable reflection height of the ionosphere D region. Moreover, the ionosphere reflection height combined with the arrival time difference between the ground wave and the skywaves can estimate the distance of the lightning source from a single site.
2 DATA ANALYSIS METHOD
2.1 Description of the experimental instrument and data
Based on a long-range lightning location network with a very-low-frequency band that we have established in China (Li et al., 2022), the original magnetic field waveform data are recorded and sent to the server as long as it exceeds the minimum threshold with a sampling rate of 1 MS/s. The modified empirical wavelet transform (MEWT) method based on the empirical wavelet transform (EWT) is used for the azimuthal magnetic fields field signal de-noising. A GPS receiver at the station provided a one-pulse-per-second (1 PPS) output as a reference source for tagging data sample times, with an accuracy of ±50 ns. Our previous work compared our lightning location results with the advanced direction-time lightning detection (ADTD) system. Compared with ADTD, the average location error was 4.32 km, with a standard deviation of 2.46 km (Zhang et al., 2022).
Since various time zones affect the sunlit point, the electron concentration in the ionosphere will vary depending on the location, which could result in variations in the ionosphere's equivalent reflection height. To obtain the complete curve of the ionosphere reflection height with time, we chose data within a region, as shown in Figure 1A, in which 6612 lightning strikes were recorded 430 km–1,240 km from the Nanjing station. The characteristics of the first and second skywaves in the sferics can be more clearly distinguished within this range, and we distinguished the time stamps of lightning by colors. Additionally, as shown in Figures 1B–D, we chose data from three distinct times and contrasted them with cloud top temperature (CTT) data obtained by the Advanced Geosynchronous Radiation Imager (AGRI) carried by Feng Yun IV. The black cross in the figure represents our multi-station lightning location results, while the red cross represents ADTD’s lightning location results. The dark blue area in the figure indicates a lower CTT value of the area and NJ is the single site we built. The lightning events were all observed in the cloud regions with CTT at about 210–220 K, suggesting a reasonable location accuracy. The good overlay of data from different periods with CTT and ADTD lightning location results further illustrates the reliability of the data.
[image: Figure 1]FIGURE 1 | istribution of lightning events in selected regions on 3 October 2021(local time: UT+8) (A) from 00:00 to 23:59; (B) from 02:00 to 02:15; (C) from 09:00 to 09:15; and (D) from 20:00 to 20:15.
2.2 Ground wave peak delay versus distance
The arrival time and waveform of the electromagnetic waves are different from those under ideal ground conditions when the low-frequency (LF)/VLF electromagnetic waves radiated by the lightning discharge travel along the Earth’s surface because the electromagnetic waves propagated over long distances are affected by the irregular ground conductivity distribution on the propagation path, complex terrain, and other factors. Numerous observations and simulations support this phenomenon (Shao and Jacobson, 2009; Hou et al., 2020). The error in calculating the ionosphere reflection height and estimating the lightning distance by a single site using the time differential between the ground wave and the skywave will rise as the propagation distance increases. The ground wave arrival time delay caused by an increase in propagation distance is referred to in this study as [image: image].
The background noise that interferes with the sferics during propagation comes from a variety of sources, including the power supply, the thermal noise of the device, the interference noise between the lines, the external noise brought by the signal transmitter around the station, the high-voltage power supply line, and equipment that does not consider electromagnetic compatibility, which makes it more difficult to identify the peak of the ground wave and the skywaves. A two-dimensional finite difference time domain (FDTD) model was used to simulate the propagation of sferics in EIWG to precisely determine the peak sites of the ground wave and the skywaves of the actual sferics waves. This simulation was conducted under typical daytime and nighttime ionosphere conditions at propagation paths of 100 km–3,000 km. The size of the FDTD simulation domain was 3,200 km × 100 km, the space step was set to ∆r = ∆z = 500 m, the time step ∆t was 1 µs to ensure the same time resolution as the observed data, and the length of the lightning channel was 10 km. The reference height of the ionosphere was set to 70 km for the daytime condition and 85 km for the nighttime condition. The density of positive ions was set to the same value as the electrons but with a minimum value of 200 cm−3 for the daytime condition and 100 cm−3 for the nighttime condition. The parameter settings of the simulations matched those of Li et al. (2022), Hou et al. (2018), and Hou et al. (2020). We used this model to simulate the propagation of VLF lightning electromagnetic waves in EIWG and establish a waveform bank containing simulated lightning waveforms with different propagation distances (from 100 km to 3,000 km, with a distance interval of 100 km).
It is simple to identify the peak points of the ground wave and skywaves on the simulated waveforms because they were created under perfect conditions. Following that, using the method suggested by Carvalho et al. (2017), the peak points of the ground wave and skywaves in the simulated waveform bank were determined by identifying the fast and slow breakpoints in the waveform. The waveform in the simulated waveform bank with the highest correlation coefficient to the real sferics waveform was found using the cross-correlation technique. The peak points of the simulated waveform were determined to accurately identify the peak points of the ground wave and skywaves of the actual waveform; we set the length of the sliding time window to 10 µs, centering on the peak points of the simulated waveform and searched for the peak points of the actual sferics waveform within the time window. This method was also used by Li et al. (2022), in which the peak point of the ground wave was obtained by matching. The matching approach can still precisely identify the peak spots of the ground wave and skywaves even though the sferics is impacted by noise, and there are some differences between the actual and matched waveforms in the waveform bank. The peak points of some actual waveforms, however, might appear not within the time window due to noise interference; this part of the data was not used in the following work in the present study.
2.3 Time delay revision
We used a model simulation based on the theories of ground wave propagation along the spherical Earth surface with finite conductivity proposed by Hill and Wait to account for the propagation (Hill and Wait, 1980).
When both finite ground conductivity and the curved surface of the Earth are considered, the attenuation factor in the frequency domain is calculated as (Wait, 1974)
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In Eqs 1–5: [image: image] is the normalized ground surface impedance, [image: image] is the wave number of electromagnetic waves in the soil, [image: image] is the wave number of electromagnetic waves in the vacuum, [image: image] is propagation distance, [image: image] is the radius of the Earth, [image: image] is the angular frequency, [image: image] and [image: image] are the dielectric constant and magnetic permeability in the air, respectively, [image: image] and [image: image] are the relative dielectric constant and conductivity of the ground, respectively, and [image: image] is the roots of the complex equation. The complex equation is
[image: image]
[image: image] is expressed as
[image: image]
where [image: image] and [image: image] are the Airy functions.
This study considered three current waveforms, corresponding to typical first return stroke (RS), subsequent RS, and dipole source waveforms. We calculated the spatial-temporal distribution of the lightning current along the channel by using the modified transmission line model with exponential current decay with height (MTLE) mode (Nucci et al., 1988). The current source waveforms for the first and subsequent RS were in the form of a double Heidler function (Heidler et al., 1999), assuming that the amplitude decreased exponentially with increasing height as the lightning current travels up the lightning channel, while the return stroke current waveform of dipole source was assumed to be uniform along the lightning discharge channel (Hu and Cummer, 2006). The lightning channel length [image: image] was set to 7.5 km and the ground conductivity [image: image] was assigned a typical value of 0.01 S/m.
Table 1 shows the typical lightning-based current waveforms of the first and subsequent RS commonly used in engineering calculations (Rachidi et al., 2001).
TABLE 1 | Typical lightning current waveform parameters of the first and subsequent RS.
[image: Table 1][image: image] and [image: image] are the peak currents of the breakdown current and corona current, respectively, [image: image] and [image: image] are the rising and falling edge times of the breakdown current, respectively, and [image: image] and [image: image] are the rising and falling edge times of the corona current, respectively.
The RS current waveform of the dipole source was assumed to be uniform along the lightning discharge channel as follows:
[image: image]
where [image: image] = 20 kA, [image: image] = 8 × [image: image] m/s, [image: image] = 3 × [image: image], [image: image] = 2 × [image: image], [image: image] = 2 × [image: image], and [image: image] is the lightning discharge channel length (Dennis and Pierce, 1964; Hu and Cummer, 2006).
Figure 2A shows the current waveforms of the typical first and subsequent RS. Compared with the first RS, the rising edge of the subsequent RS is steeper and contains more high-frequency components. Figure 2B shows the current waveforms of the dipole source.
[image: Figure 2]FIGURE 2 | ightning current waveforms and time delay versus distance curves. (A) Current waveforms of the typical first RS and subsequent RS. (B) The current waveform of the dipole source. (C) Simulated waveforms of different current sources at 500 km. (D) Simulated waveforms of different current sources at 1500 km. (E) Delay in ground wave peak arrival time compared to [image: image].
Figures 2C–E show simulated waveforms at different distances and the time difference between the peak time of the ground wave and [image: image] ([image: image] is the propagation distance and [image: image] is the speed of light) for the different lightning current sources, which is the difference between the ideal and actual ground wave arrival times. This time difference is also known as [image: image], as defined previously. The simulated waveforms at 500 km and 1,500 km, respectively, are shown in Figures 2C, D. A black triangle indicates the ground wave peak point for each current source, while the vertical red dashed line represents the ground wave arrival time in the ideal case ([image: image]). The time difference between the peak point and [image: image] grows as the distance increases, and the ground wave arrival time of the subsequent RS is always earlier than the other two current sources. Figure 2E shows that the delay time grows almost linearly with distance and that there is no significant difference between the three current sources. The subsequent RS contains more high-frequency components compared to the other two current sources, the rising edge of the current source waveform of the subsequent RS is more jittery, and the peak point arrives earlier than the other two current sources. Because the frequency bands of the three current sources differ, the high-frequency components will arrive earlier than the low-frequency components during propagation. Further statistical results showed that the peak arrival time was delayed by an average of 0.9 μs for every 100 km increase in propagation distance of the lightning electromagnetic waves. The ground wave arrival time delay cannot be ignored when determining the ionosphere reflection height using long-distance lightning.
2.4 Inverse ionosphere reflection height
The geometric model of sferics propagation in the EIWG is given in Figure 3. The sferics propagate in the EIWG through multiple specular reflections from the Earth’s surface and the ionosphere D layer. The sferics propagating along the ground is the ground wave, while the sferics reflected by the ionosphere is the skywave. The model assumes that the ground is a good conductor and that electromagnetic waves propagate at the speed of light. The ionosphere equivalent reflection height can be determined (Wait, 1974) by considering the geometric relationship between the ground wave and skywave and the difference in their arrival times.
[image: Figure 3]FIGURE 3 | Schematic diagram of the first and second skywave reflections in EIWG.
The reflection height of the first skywave ([image: image]) can be derived as follows (Somu et al., 2015):
[image: image]
Similarly, the expression of the second skywave reflection height ([image: image]) can be derived as follows:
[image: image]
In Eqs 9, 10, [image: image] is the radius of the Earth, [image: image] is the spherical distance between the lightning and the station, [image: image] is the speed of light in free space, [image: image] is the arrival time difference between the ground wave and the first skywave, and [image: image] is the arrival time difference between the ground wave and the second skywave.
However, when the lightning propagates long distances, using the aforementioned equation, a certain error is present due to the ground wave peak time delay. Previous research demonstrated that propagation over the land for a distance of about 130 km with a conductivity of 3 mS/m resulted in an average peak of RS pulse delay of 1.8 µs (Honma et al., 1998). According to the simulation results of Shao and Jacobson (2009), the leading edge and the peak were delayed by 5 μs and 13 µs, respectively, at a distance of 1,000 km. In general, electromagnetic wave propagation over terrain with lower ground conductivity results in a larger arrival time delay. The present study considered a ground wave arrival time delay caused by the propagation effect, with the theoretical time difference between the arrival time of the skywave and the ground wave assumed to be [image: image]. The time difference between the skywave and the theoretical ground wave should be expressed as (Eqs 11, 12)
[image: image]
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where [image: image] is the ground wave peak time delay in a certain distance obtained from Figure 2E; and [image: image] and [image: image] are the time differences between the actual ground wave and the first and second skywaves, respectively, which is the time difference between the skywaves and the ground wave in the received waveform. The equation for determining the ionosphere equivalent reflection height after the ground wave arrival time delay has been revised and can be calculated by substituting Eqs 11, 12 into Eqs 9, 10:
[image: image]
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We substituted the distance ([image: image]) and the revised time difference between the skywave and ground wave ([image: image], [image: image]) of the lightning event occurring into Eqs 13, 14 to calculate the continuous 24-h variation of the ionosphere equivalent reflection height and estimated the distance between the lightning strike point and a single site.
To determine the continuous 24-h variation of the ionosphere equivalent reflection height and calculate the distance between the lightning strike point and single site, we substituted the distance ([image: image]) and the revised time difference between the skywave and ground wave ([image: image], [image: image]) of the lightning event occurring in Eqs 13, 14.
We applied the results discussed previously to the lightning events that occurred between 00:00 and 23:59 on 13 October 2021, to invert the day-by-day variation of the ionosphere equivalent reflection height. The distances of the lightning data used in this paper from Nanjing station ranged from 430 km to 1240 km. The altitudes of the source and receiving stations were neglected in the computation. The precision of the computation results was unaffected by treating the height as 0 km.
Figures 4, 5 show the ionosphere equivalent reflection height ([image: image], [image: image]) using the time difference between the first skywave, the second skywave, and the revised ground wave, respectively. Figures 4A–C are scatter plots of [image: image] inversion after revising the ground wave arrival time using the time delay curves obtained from different current sources. Figure 4D shows the average fitting results for the three current sources. Figure 4E is a line graph fitted from the aforementioned scatter plots, in which the results of the first RS and the dipole source (blue and red curves) are close, except for the relatively low subsequent RS (green curve). The average fitted curve (black curve) is in the middle of the other three curves.
[image: Figure 4]FIGURE 4 | Scatter plot and a line graph of [image: image] plotted by revising the ground wave arrival time using the time delay curves obtained from different current sources (local time: UT+8). (A) First RS. (B) Subsequent RS. (C) Dipole source. (D) Average fitting curve. (E) Line graph of [image: image] plotted by four revised curves.
[image: Figure 5]FIGURE 5 | Scatter plot and a line graph of [image: image] plotted by revising the ground wave arrival time using the time delay curves obtained from different current sources (local time: UT+8). (A) First RS. (B) Subsequent RS. (C) Dipole source. (D) Average fitting curve. (E) Line graph of [image: image] plotted by four revised curves.
Figures 5A–C are scatter plots of [image: image] obtained by fitting the time delay curves using different current sources, respectively. Figure 5D shows the average fitting results for the three current sources. Figure 5E is a line graph fitted from the aforementioned scatter plots. After using the time delay curves to revise the ground wave arrival time, the [image: image] obtained using the time difference between the second skywave and ground wave is very close and almost overlaps in Figure 5E.
Figure 2 shows that the [image: image] obtained by the subsequent RS is smaller than other current sources; therefore, the ionosphere equivalent reflection height calculated using the time difference between ground waves and skywaves is also lower, as reflected in Figures 4, 5. At the same time, the height gap of the [image: image] curve calculated after the revision of [image: image] obtained by different current sources was much smaller than that of [image: image] because in the range of 430 km–1240 km, the time difference between the second skywave and the ground wave ([image: image]) was much larger than the time difference between the first skywave and the ground wave ([image: image]), and [image: image] had less influence on [image: image]. Since the effect of revision in [image: image] was not very apparent, we chose the time difference between the first skywave and the ground wave when estimating the lightning distance for a single site.
In both the time delay versus distance curves (Figure 2) and the ionosphere equivalent reflection heights (Figures 4, 5), the average fitted curves can be considered close to the results for the three different current sources. Thus, we used the average fitting curve to revise the ground wave arrival time delay and applied the revised ground wave arrival time in the following work.
3 RESULTS AND ANALYSIS
3.1 Temporal variations of continuous 24 h
Figures 6A, B show the scatter and line graphs of the ionosphere equivalent reflection height with time delay. From 00:00 to 05:30 LT (local time: UT + 8), [image: image] fluctuated in the range of 81 km–85 km, while [image: image] had a wider fluctuation range between 77 and 88 km. At 5:30 LT, the height was rapidly dropping, and the drop lasted for approximately 1 hour. Between 06:30 and 17:30 LT, the height was relatively stable. This fluctuation may be due to the low amount of data in part of the time period, which led to anomalous values that affected the fitting results. [image: image] fluctuated in the range of 67.7 km–72.2 km, while [image: image] fluctuated in the range of 72.1 km–77 km. The height in the daytime showed a significant increase compared to the results in Figures 6C, D, especially for [image: image]. At 17:30 LT, the height showed an upward trend and remained relatively stable between 20:00 and 23:59 LT. [image: image] fluctuated in the range of 80 km–86 km, while [image: image] fluctuated in the range of 82 km–89 km.
[image: Figure 6]FIGURE 6 | The scatter and line graphs of the ionosphere reflection heights in the ionosphere D region (Local Time: UT+8). (A) Scatter graph and without considering time delay; (B) Line graph and without considering time delay. (C) Scatter graph and considering time delay; (D) Line graph and considering time delay.
Figures 6C, D show the scatter and line graphs of the ionosphere equivalent reflection height without considering the time delay. The trend of the height changes over time in the figure is close to the result in Figures 6A, B; however, the calculated height is slightly lower than that obtained by considering the time delay. From 00:00 to 05:30 LT, [image: image] fluctuated in the range of 73 km–79 km, and [image: image] fluctuated from 76 km to 86 km. During the daytime, [image: image] and [image: image] fluctuated from 61 km to 66.7 km and 70.8 km–75.4 km, respectively. After a rapid upward change, between 20:00 and 23:59 LT, [image: image] fluctuated between 76 km and 82 km, and [image: image] fluctuated between 81 km and 88 km.
Figure 6 demonstrates that when a time delay is considered, the height difference between [image: image] and [image: image] is significantly smaller, which is closer to the model assumptions indicated previously and verifies the method.
To further illustrate the reliability of the revised method in this study, the curve of the ionosphere equivalent reflection height variation with time was plotted using the method proposed by Zhou et al. (Azadifar et al., 2017). It should be noted that the “revised” and “not revised” in this study refer to the revision of the ground wave arrival time. It is significant to note that the approach described by Zhou presupposed that [image: image] = [image: image]; hence, only one curve may be provided. As shown in Figure 7, the two methods have fairly similar results regarding the trend of fluctuations in the ionosphere equivalent reflection height.
[image: Figure 7]FIGURE 7 | [image: image] and [image: image] plotted by different methods (local time: UT+8). (A) Scatter graph of [image: image]. (B) Line graph of [image: image]. (C) Line graph of [image: image]. (D) Line graph of [image: image].
The Consultative Committee on International Radio (CCIR) recommends an ionosphere equivalent reflection height at night and noon of about 87 km and 70 km, respectively (Azadifar et al., 2017), which is consistent with the results obtained in this study. These comparisons show that when lightning occurs over a long distance, the calculated height will be slightly lower due to the effect of delayed ground wave time. The method proposed in this study can better revise this error and increase the reliability of the height measurement value, which also supports the subsequent distance estimation using the ionosphere reflection height.
The [image: image] obtained using the methodology presented in this study was roughly between 67 km and 72 km during the daytime and between 80 km and 86 km at night. [image: image] was generally estimated at between 80 and 90 km at night and 70 km at noon. Han and Cummer (2010) reported an average ionosphere height of 84.9 km in the D region, ranging from 82.0 km to 87.2 km at night. The result obtained by Thomson et al. (2007), 85.1 ± 0.4 km, was consistent with the results in the present study. Figure 8 shows that the trend in ionosphere equivalent reflection over time was consistent with the curves measured by Smith et al. (2004) and Zhang et al. (2016). The difference in the figure was mainly due to differences in measurement methods and also proves that the method used in the present study is reliable at longer distances.
[image: Figure 8]FIGURE 8 | Diurnal variation in the reflection height of the ionosphere D region compared with those reported by Zhang et al. (Thomson et al., 2007) and Smith et al. (2004) (local time: UT+8).
3.2 Distance estimation using the revised time delay
The distance between the lightning source and the single site can be obtained by using the time difference between the arrival times of the ground wave and skywaves. The arrival time difference ([image: image]) between the ground wave and the first skywave was selected to minimize the impact of electromagnetic waves during long-distance propagation. [image: image] and [image: image] were substituted into Eq. 13 through iteration to solve the distance between the lightning and the station. As shown in Figure 9A, a daytime process in the region of 762 km–982 km from Nanjing station on 13 October 2021, was selected. The location results are shown in Figure 9B, with a total of 261 sets of data. The red crosses represent the location results for multiple stations, while the blue crosses are the results for a single site. In this study, we only compared the difference in distance. The azimuth of lightning refers to the results obtained from multiple stations. Most of the single-site results were relatively concentrated.
[image: Figure 9]FIGURE 9 | Estimated lightning distance by a single site. (A) Distributions of lightning events in selected regions on 3 October 2021, from 09:00 to 15:00 (local time: UT+8). (B) Single-site distance estimation results versus multi-station.
Figures 10, 11 show the relative and absolute deviations of the single-site distance estimation, respectively, using the multiple-station lightning location results as a reference. Figure 10A compares the difference between revising and not revising the ground wave time delay only for the distance estimation. Since the ground wave time delay was considered in calculating the ionosphere equivalent reflection height, not considering the delay in distance estimation will result in deviation from the true value. Figure 10B compares the results of the revised method proposed in this study with the method that does not consider the ground wave time delay. The distance estimation accuracy was also significantly improved. The percentage of data with errors within 10% increased from 52% to 65% and the percentage of data with errors >100% decreased from 18% to 8%.
[image: Figure 10]FIGURE 10 | Relative deviation in single-station distance estimation. (A) Considering a ground wave peak time delay in distance estimation. (B) Comparing the revised method with the non-revised method.
[image: Figure 11]FIGURE 11 | Histogram of single-station distance estimation error. Distance estimation using ionosphere heights obtained by unrevised (A) and (B) revised ground wave arrival time delays.
The absolute deviation of the single-site distance estimate is given in Figure 11. The treatment in the figure refers to whether the ground wave arrival time was revised in the distance estimation, N total indicates the number of data in each data group, and the bar chart represents the average absolute deviation. For the overall results of the distance estimates for the 261 lightning events in Figure 9, when the ground wave time delay was revised in calculating the ionosphere equivalent height and estimating the lightning occurrence distance, the absolute average error was 128.22 km; however, when the ground wave time delay was revised only in estimating the lightning occurrence distance and the ionosphere equivalent reflection height was calculated without considering the ground wave time delay, the absolute average error was 246.04 km. Thus, the ground wave time delay considerably impacted the precision of the distance estimate for the single-site lightning location. The average deviation of the entire data set in Figure 11A shows that revising the ground wave time delay could effectively reduce the inaccuracy of distance estimation.
To understand whether the proposed method will have the problem of decreasing accuracy with increasing distance, the statistical results of five distance bands are given in Figure 11. The average error increased with increasing distance. However, the deviation in the distance estimation in the range of 806 km–850 km was only 48.07 km, significantly better than the results for closer distances. Therefore, the method proposed in this study still applies to lightning that occurs at long distances. Moreover, for each distance band in the optimal group, the distance deviation of our proposed revised method was generally smaller than that of the original method, except for the 938 km–982 km distance interval. However, only seven data samples occurred in this interval.
The results of the distance estimates showed some data with errors >100%. Comparison of the revised and non-revised methods revealed a certain set of data with large deviations using both methods, ruling out the possibility that the method influenced these results. Considering that these reflected data with a longer time scale, this situation may occur due to variation in the ionosphere equivalent reflection height at different times. To verify this conjecture, Figure 12 represents a scatter plot of the error distribution with time, showing that the data with errors >100% are distributed over various periods and unrelated to the ionosphere equivalent reflection height variation. Figure 12 shows more intuitively that the method proposed in this paper significantly improved the estimation accuracy.
[image: Figure 12]FIGURE 12 | Scatter plot of error at different times (local time: UT+8).
Since the variables used to solve the distance in Eq. 13 were the arrival time difference between the skywave and the ground wave, further inspection of the data revealed that for these data with errors >100%, the arrival time difference was much smaller than the other data. This may occur due to noise interference during the propagation process, resulting in a shift in the peak points of the ground wave or the first skywave, which, in turn, affects the accuracy of the estimation results.
4 DISCUSSION
Based on the phenomenon that the ground wave arrival time will lag during long-distance propagation, we analyzed the effect of the curvature of the Earth and ground finite conductivity on the sferics waveform using the numerical method and statistically analyzed the delay in the arrival time of the far-field waveform. The delay time was also used to calculate the ionosphere equivalent reflection height and estimate the lightning distance using a single site.
The results of the estimated distances for a single site in Section 3 show an average error of 128.8 km. The comparison between the method used in this study and other methods is shown in Table 2. The data selected in the compared methods were mainly lightning data at close distances (∼200 km), while lightning data used in this study occurred between 700 km and 900 km. Some places, such as islands, forests, military bases, and ocean-going vessels, lack good network transmission capability or have many limitations in transmitting to external networks. Because the transmission with external networks is limited, it is impossible to establish a multi-station lightning location system and obtain the lightning location results given by other lightning location networks or the acquisition cost is relatively higher. The single-site lightning location system does not need to rely on high-precision time modules and the Internet to provide real-time lightning location results, and the operating cost is low. Due to the propagation effect, the arrival time difference between the first skywave and the ground wave in the actual waveform is much smaller than the ideal condition as the propagation distance of LEMP increases, which leads to an increasing deviation of the distance estimation results as the propagation distance increases. Therefore, the method proposed in this work may be an excellent solution to this problem. In this study, the relationship between the ground wave arrival time delay and the propagation distance obtained by the numerical algorithm could well correct the ground wave arrival time delay. The average error in Figure 11 shows that the average absolute deviation of distance estimation was reduced by 117.85 km when the ground wave arrival time delay was revised, thus demonstrating that the reliability of long-range lightning detected by the single site can be improved using the method proposed in this study. Moreover, the single-site lightning detection system proposed in this study can reach a detection range of 900 km. More reliable location results for long-range lightning can allow lightning risk warnings, prediction of lightning activity trends, and other functions, which have engineering applications.
TABLE 2 | Comparison between existing methods and the current method on the single-site lightning location.
[image: Table 2]Analysis of the waveform data showed that the data with large deviation values were mainly because of effects on the sferics by noise during propagation, resulting in different degrees of distortion in the received waveform. Thus, when matching with the waveform bank, the actual waveform is matched to the simulation waveform at a longer distance, resulting in deviations in the actual sferics peak points obtained according to the matching. The time difference between the skywave and ground wave peak points decreases, while the deviation of the estimated distance result increases.
The error in the distance estimation in this study mainly came from two aspects:
(1) The waveform bank used for waveform matching was simulated by two-dimensional FDTD without fully considering the influence of the geomagnetic field, which differs from the actual lightning waveform, especially in the skywave.
(2) In the calculation of the ground wave time delay, we assumed that the ground conductivity was 0.01 S/m and the ground was smooth. However, in the actual propagation process, we also need to consider the influence of the terrain on the lightning waveform.
5 CONCLUSION
In this study, the time delay versus distance curve was obtained by a numerical algorithm, which considered the ground wave time delay in the long-distance propagation process caused by the curvature of the Earth and the finite conductivity of the ground. This error was corrected by calculating the ionosphere equivalent reflection height to improve the reliability of the results. The accuracy of single-site estimation was evaluated using multi-station data. The main conclusions of this paper are as follows:
(1) In this work, we fit the time arrival delay versus the distance curve for the ground wave peak using a numerical algorithm. The ground wave time arrival delay versus distance showed a roughly linear relationship, with an average arrival time delay of 0.9 μs (compared with the arrival time at the speed of light) for every 100 km increase in propagation distance.
(2) The time difference between the actual sferics ground wave and the skywave peaks was identified by waveform bank matching and peak identification. The time delay was revised to calculate the ionosphere equivalent reflection height. For [image: image] and [image: image], the height ranges were 80 km–86 km and 77 km–89 km at night and 66 km–72 km and 69 km–77 km at daytime, respectively. Compared with the results without the time delay, the overall curves were higher by an average of 6 km–9 km.
(3) For a total of 261 lightning events occurring at the distance of 700 km–900 km from the single site, the distance estimation results obtained by the single-site system were compared with those of the multi-station lightning location and showed an average error of 128.8 km (14.6%) and a median distance error of 52.6 km. The average error of the results without considering the time delay was 246.04 km (45.9%). The percentage of distance estimation results with relative errors within 10% increased from 52% to 65%.
It should be noted that the proposed method is also applicable to lightning events at longer distances if sufficient data are available. In future research, we will combine the magnetic direction finder (MDF) to implement lightning location estimation and verify the accuracy of the method for estimating lightning at longer distances. We will also collect more data to build a bank of real waveforms by machine learning to improve the accuracy of waveform peak matching and further investigate the effects of different propagation directions and different terrain on the ionosphere equivalent reflection height.
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