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Preseismic VLF electromagnetic pulses occasionally increase a few days before large earthquakes, especially inland earthquakes. More than two decades ago, the Tokai University group developed a digital recording system for collecting the preseismic electromagnetic pulse data and showed remarkable results. However, due to the limitations of personal computers’ data storage and CPU power during that time, they discontinued the observation. We relaunched this research using current technology. This paper shows the development of the new observation system and presents preliminary results. In addition, we introduce an electromagnetic-wave arrival discrimination algorithm that combines the autoregressive model and the Akaike information criterion, which are commonly used for automatic waveform reading in seismology, to obtain accurate data on the time of arrival (TOA) of electromagnetic waves. Then, source positioning was performed using TOA of electromagnetic waves. Seven electromagnetic pulses near the epicenter were observed 2 days before the largest inland earthquake (M = 5.6) that occurred near the observation network during the observation period (2016–2020). These VLF pulses may be a seismic precursory phenomenon because they were not electromagnetic pulses originating from lightning. These results encourage future observations.
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INTRODUCTION
Many Japanese seismologists, having experienced the Tohoku Earthquake in 2011 and the Kobe Earthquake in 1995, are extremely pessimistic about realizing the earthquake prediction. The authors highlight the problem that research on short-term prediction, such as that involving one day or one week, which is the most useful, is rarely conducted at the national level.
Various electromagnetic-precursory phenomena of earthquakes have been reported (e.g., Gokhberg et al., 1982; Warwick et al., 1982; Fraser-Smith et al., 1990; Nagao et al., 2019); in Japan, an increase in electromagnetic noise is claimed to occur just before an earthquake. When the Mikawa Earthquake occurred in 1945 (M = 6.8), the radio was always broadcast to allow people to listen to air-raid warnings during World War II. A rumor has circulated that one can recognize an impending earthquake by listening to radio noise that occurs before an aftershock. A pioneering study was conducted by Professor Kazuo Oike of Kyoto University (Oike and Ogawa, 1986; Oike and Yamada, 1994).
Oike and his group reported the results of inland earthquakes with a magnitude of six or greater. An LF band noise was observed for a few days (in particular, two days) before the earthquakes. Although most LF band noises have been interpreted to originate from lightning, Oike mentioned that the peak of noises before an earthquake may include earthquake-precursory electromagnetic signals. Intense LF-VLF pulses were observed just before the 1995 Kobe Earthquake (Yamada and Oike, 1996; Nagao et al., 2002; Izutsu and Oike, 2003; Izutsu, 2007).
More than two decades ago, the Tokai University group developed a digital waveform recording system and showed remarkable results (Asada et al., 2001). However, given the limitations of personal computers’ data storage and CPU power during the time, they discontinued the observation. We relaunched the research using current technology. This paper is a follow-up of the research led by Asada et al. (2001), which had been suspended for 2 decades. The observation was conducted as a part of the national earthquake prediction research project by using the most advanced digital technology in the 21st century.
OBSERVATION AND ANALYSIS
We faithfully reproduced the coil sensor used by Asada et al. (2001) because promising results were obtained. The research should be relaunched using coil sensors with the same frequency characteristics, given that the electromagnetic waves preceding an earthquake is unknown. The sensor wounds a 0.6 ΦPEW wire (polyester enameled wire) around the ferrite core 600 times. The inductance of the coil is 25 mH. An antenna having almost the same frequency characteristics as the antenna produced by Asada et al. (2001) was reproduced. A detailed technical description is presented by Nagao et al. (2016). The A/D converter used by Asada et al. (2001) was 12 bits and two channels at 1 MHz sampling. In this observation, we used a 12-bit, six-channel, 100 MHz sampling A/D converter. This A/D converter was originally developed for the measurement of gamma rays, X-rays, muons, etc.
Asada and his group analyzed only the linearly polarized magnetic components of electromagnetic waves to conduct direction findings via the Goniometer method. However, in our system, the source can be determined based on the time of arrival (TOA) of electromagnetic waves. The theoretical spatial resolution (1 least significant bit [LSB] = 10−8 Hz) at a 100 MHz sampling is 3 m. Therefore, a time synchronization system using GPS was adopted to maintain the accuracy of the clock, and a time accuracy of 10 ns at the maximum and 2–3 ns in most cases could be obtained (Nagao et al., 2016).
In this project, two prototypes were developed in 2014. The routine observation started in November 2015 at three stations. The five-station operation (Figure 1) has been conducted since May 2017. The stations are located at Tokyo Gakugei University in Koganei city (kgn: 35.7052°N, 139.4906°E), Tokai University in Shimizu city (smz: 34.9900°N, 138.5140°E), Kanazawa University in Kanazawa city (knz: 36.5440°N, 136.7042°E), Shinshu University in Ueda city (ued: 36.3913°N, 138.2635°E), and Gunma University in Kiryu city (kry: 36.4241°N, 139.3490°E).
[image: Figure 1]FIGURE 1 | Locations of the five observation stations (gray square) and the epicenter of the earthquake (red star) on June 25, 2017 (M5.6, focal depth = 7 km). The blue solid circles are the source locations of possible precursory electromagnetic waves. The purple rhombus denotes the VLF transmitter at Ebino.
In this observation, the acquisition of triggering data was designed at 1 and 9 ms before and after the trigger time, respectively. Given the test observation results (Figure 2), we confirmed that the radio wave of 22.2 kHz transmitted from the Ebino (Figure 1) for the Self-Defense Forces communication for submarines was also accurately observed.
[image: Figure 2]FIGURE 2 | Output image of the observed electromagnetic waveforms and power spectrums (Top) Observed waveforms. CH1 (red line) shows the north-south (NS) component of the observed magnetic field, and CH2 (green line) shows the east-west (EW) component. Waveforms were recorded 1 ms before and 9 ms after triggering during this test period (Lower left) A Lissajous figure (X–Y plot) of the observed electromagnetic wave (Lower right) Power spectrums of CH1 and CH2. A peak at 22.2 kHz was caused by the electromagnetic waves transmitted from Ebino, as shown in Figure 1.
As mentioned above, the sampling rate of 100 MHz indicates that the spatial resolution of the theoretical 1 LSB is 3 m. The TOA method allows the determination of the position of an electromagnetic wave source by using the trigger time as the TOA. However, the expected TOA was earlier than the recorded trigger time when the signal intensity was close to the background noise. Note that the trigger time was recorded when the signal intensity exceeded a certain threshold.
RESULTS AND DISCUSSION
Asada et al. (2001) only selected the linearly polarized horizontal magnetic component of electromagnetic waves for analysis when the correlation coefficient between two horizontal magnetic components was more than 0.9 (H. Baba, personal communication) and then estimated the source position by using a goniometer method. However, given that this observation was a test observation, we decided to conduct the observation on the rooftop of the university where our research collaborators were located. We found that the electromagnetic wave of elliptical polarization was observed much more than the electromagnetic wave of linear polarization. The electromagnetic field was possibly distorted because other antennas and outdoor units of air conditioners were installed on the roof. We do not know the exact reason so far.
For electromagnetic waves with a large intensity, such as lightning activity, the source location can be accurately determined via the simple TOA method, even when the trigger time is used as the TOA of the electromagnetic wave. However, when the intensity of the electromagnetic wave was small, we observed cases where the source could not be determined well when the trigger time was used as the TOA of the electromagnetic wave.
To solve this problem, we developed a system that uses the autoregressive model and Akaike’s information criterion (AIC), which are commonly used in seismology (Akaike, 1974), to automatically determine the TOAs of electromagnetic waves (Takanami and Kitagawa, 1988; Takanami and Kitagawa, 1991). AIC is described as follows:
[image: image]
Where MLL (M) is the maximum log-likelihood for the data M, and k is a term of the number of parameters, which corresponds to a penalty when the model is complicated. It is considered the most probable model for data when the value of AIC takes a minimum value. In this study, we calculated the AIC by generating 1 MHz data for the combined output of two horizontal components of the magnetic field (Figure 3).
[image: Figure 3]FIGURE 3 | Example of source location identification via the time of arrival (TOA) method. The trigger time is assumed to be equal to the TOA of an electromagnetic wave (upper left panel). In this case, three hyperbolas intersect at one point, but other hyperbolas do not contribute to the intersection. The electromagnetic wave TOA is the time at which the AIC is minimized. All six hyperbolas intersect at one point (lower left panel). It is an equivalent method to estimate the hypocenter based on the initial motion of the seismic wave in seismology. The right panels show the waveform data of kry, ued, knz (no data), kgn, and smz from the top. These waveforms were triggered at the point of 1 ms. The calculated AIC is displayed as a red line. The time when AIC becomes minimum is defined as the TOA of an electromagnetic wave.
An M5.6 earthquake occurred at 07:02 JST on June 25, 2017, with a focal depth of 7 km. This is the largest earthquake that occurred in the vicinity of the observation network during the observation period. We applied AIC analyses for the data from 0 to 5 days before the earthquake, which empirically demonstrated the most probable period by Asada et al. (2001), Oike and Ogawa (1986), and Oike and Yamada (1994). We identified seven pulses within 30 km of the epicenter only two days before the earthquake on June 23 (Figure 1). These results agreed with those of Oike and Ogawa (1986), Oike and Yamada (1994), and Asada et al. (2001). No pulse was identified within 30 km of the epicenter on any other day.
Clearly, the largest source of electromagnetic waves observed in the VLF-band was lightning. The purple dots in Figure 4 indicate the cloud-to-ground (CG) lightning from 3:00 JST to 21:00 JST on June 23, 2017, measured at the World Wide Lightning Location Network (Dowden et al., 2002; Holzworth et al., 2019). The composite radar echo corresponding to the rainfall at 2 km altitude was provided by the Japan Meteorological Agency to confirm the thunderstorm, as shown in Figure 4. Therefore, we concluded that no lightning activity occurred near the epicenter.
[image: Figure 4]FIGURE 4 | Composite radar echo and lightning map from 03:00 to 21:00 June 23, 2017 (JST). This time period includes the occurrence time of seven pulses. The composite radar echo provided by JMA corresponds to the total rainfall at the 2 km altitude during the period. Note that the radar echo away from the inland of Japan was not provided. The CG lightning was provided by the WWLLN. A star denotes the epicenter of the earthquake on June 25, 2017. The magnified figure near the epicenter is shown in the upper left panel. No lightning was detected around the epicenter.
We also confirmed that the observed record as linear polarization was little. A vertical electric field observation for the derivation of the Poynting vector for determining the electromagnetic wave arrival direction was also carried out at some observation stations. The analysis of elliptically polarized electromagnetic waves will also be carried out in the future. The trigger level could not be lowered further in the environment of the current university rooftop, and the measurement system will be transferred to an observation station with less noise in the future. Furthermore, the very small pulse numbers were due to the tightened intersections of hyperbolas.
CONCLUSION
In this paper, the performance of our observation system was investigated using data on lightning location, radar, and artificial radio waves. On June 23, 2017, two days before the occurrence of an M5.6 earthquake, electromagnetic pulses originating from the vicinity of the epicenter were observed, although the pulse number was at most seven. Given that the pulses did not originate from lightning, we concluded that the seven pulses were highly possibly earthquake precursors.
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