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The ground-based artificial source electromagnetic signal transmitted to space will form a pair of intensity regions over the station and its conjugate point. In order to study the position and intensity of the strongest points in the two regions, the power-spectrum density (PSD) of the electric field on board the Zhangheng-1 satellite (CSES) was selected when it passed over the NWC artificial source transmitting station. The selected frequency is centered at 19.8 kHz with a bandwidth of 200 Hz. The strongest point is defined as the location with the maximum power spectral density of ±10° around the NWC station within 5 days, which is the revisiting period of the CSES. The results show that statistical characteristics of strongest points vary as day/night, local/conjugate point, longitude/latitude, and different components of electric field vectors. In terms of longitude deviation, it is mostly westward offset at night and on both sides in the day over the NWC but opposite at the conjugate point. In terms of latitude deviations, it is equator-ward at night and the same during the day with a smaller deviation. While over the conjugate point, it is northward offset in the day and both at night with a bigger offset. In terms of intensity, it is stable without obvious seasonal changes over the NWC and its conjugate point. The intensity of PSD is higher at night than during the day. For the PSD intensity of the three components, the descending order over the NWC is Ead, Eab, and Ecd at night and Ecd, Ead, and Eab in the day, and the opposite is true for over the conjugate point.
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INTRODUCTION
When super large magnitude and shallow earthquakes occur, the energy of VLF electromagnetic waves will become stronger, resulting in space ionospheric disturbance, which is possibly useful for short-term strong earthquake prediction (Ni et al., 2013). One method to monitor ionospheric disturbances is to observe the propagation of artificially generated VLF (very low frequency, 3000–30000 Hz) electromagnetic signals in the lower ionosphere (Ni et al., 2019). Thus, scientists have deployed a number of ground-based artificial source transmitting stations around the world to continuously transmit VLF electromagnetic waves to space according to different frequencies. These signals can penetrate the ionosphere, propagate upward, and be reflected back to the ground and are synchronously received by satellites and ground receiving stations (Zhang et al., 2020). Although the energy of VLF electromagnetic waves emitted by artificial sources will decay while passing through the ionosphere (Lehtinen and Inan, 2009; Greninger and Colman, 2021), they generally show the characteristics of low energy loss and long transmission distance and can realize long-distance propagation in the earth ionospheric waveguide system. Moreover, it has obvious particle effects (Potirakis et al., 2018; Singh and Obara, 2020). When the satellite flies over the launch station, it can receive a stable artificial source signal in a specific frequency range. Due to the change in the velocity and phase of an electromagnetic wave when it propagates in the ionosphere, refraction, reflection, scattering, and other effects will also occur. Therefore, the electromagnetic response excited by the artificial source VLF signal in the ionosphere has temporal and spatial variation background characteristics of its own. The Australian NWC launching station (location: 21.82 S, 114.17 E, transmission frequency: 19.8 kHz, and transmission power: 1000 kW) is the only artificial source still in operation in the southern hemisphere (Li et al., 2014; Zhao et al., 2015). The transmitted VLF signal can produce a strong radiation effect on the ionosphere (Xu, 2016; Ivarsen et al., 2021).
On 2 February 2018, the China Seismo-Electromagnetic Satellite (CSES) dedicated to earthquake monitoring was launched; it is named “Zhangheng-1” and referred to as ZH-1. Its purpose is to establish a space test platform for monitoring the global space electromagnetic field, electromagnetic wave, ionospheric plasma, high-energy particle sedimentation, and other physical quantities and carry out electromagnetic monitoring of earthquakes above a magnitude of 7 in the world and above magnitude 6 in China (Shen et al., 2018). The CSES adopts a near-circular Sun-synchronous orbit divided into an ascending half orbit and a descending half orbit. The ascending one is the orbit of the satellite flying from south to north, and the descending one refers to the satellite flying from the north latitude to the southern latitude. The orbit is at an altitude of about 507 km, the inclination of about 97.4°, descending node at 14:00 LT, and the designed lifetime is 5 years. The revisit period is 5 days, and there will be 76 orbits in one revisit period (Yuan et al., 2018). The orbital distance in one period is between 4.7° and 4.8°. The CSES has two working modes: survey mode and burst mode. The CSES enters the burst mode when passing over China and the 1000 km area surrounding China or the global seismic belts, and in other areas, it is in the survey mode. The eight scientific payloads carried by the CSES are as follows: search coil magnetometer (SCM), high-precision magnetometer (HPM), electric field detector (EFD), GNSS occultation receiver, plasma analyzer package, high-energy particle detector, Langmuir probe, and tri-band beacon transmitter (Wang et al., 2016; Lu et al., 2017). Among them, the EFD adopts a dual-probe mode and calculates the electric field by obtaining the electric potential difference between two points in space. On the CSES, there are four 4.5-m-long extension rods. The end has a 60 mm diameter coating ball (respectively called a, b, c, and d), forming a tetrahedral structure.
The space vector electric field strength is obtained based on the electric potential difference in three directions and the corresponding distance between two balls. The detection frequency band is divided into ULF (0–16 Hz), ELF (6 Hz–2.2 kHz), and VLF (1.85 kHz-20 kHz) 、HF (18 kHz-3.5 MHz) (Ma et al., 2018). Among them, the sampling rate of VLF is 50 kHz, and its sampling period is 40.96 ms; thus, there are 2048 sampling points in each period. Because of the storage and downlink onboard the CSES, the duty ratio is 50% (Huang et al., 2018).
This study uses the electric field power spectrum density data detected by the EFD to study the characteristics of the maximum power spectrum density (MPSD) over the NWC station and the conjugate point and compares the statistic characteristics in the longitude offset, latitude offset, intensity of regional MPSD over NWC, and its conjugate point.
Data Selection
Using the single-component PSD of the electric field VLF band recorded by the French DEMETER satellite, several earthquake researchers have conducted in-depth research on the phenomenon of ionospheric disturbance before the earthquake and obtained some understandings, such as the similarity of power-spectrum morphology in different periods, the enhancement of electric field intensity on the nightside, and so on (Zhu, 2010; Yao et al., 2011; Shufan et al., 2016; Yang et al., 2018; Meredith et al., 2019). In addition, the change in high-energy electrons in the ionosphere caused by NWC is found by PROBAV and the nightside is stronger than the dayside (Cunningham et al., 2020). Based on DEMETER’s findings, the distribution range of the strongest electric field radiation area over the NWC showed that the area with strong day–night and day-side radiation of the NWC is located on the equator side, and the conjugate area also has an enhanced electric field radiation area (Cohen et al., 2012; Cohen and Inan, 2012; Němec et al., 2020), and the effect of thermionic temperature enhancement was found over NWC and conjugated regions (Bell et al., 2011).
In summary, the areas of electric field disturbances over the NWC and its conjugate point are studied based on DEMETER’s findings, and there is a lack of research on the temporal and spatial distribution characteristics of the maximum electric field power spectrum over the NWC and conjugate point. Since the DEMETER satellite had fallen in 2010, this study uses the electric field PSD recorded by the CSES to explore the deviation of the latitude and longitude of the strongest point in each cycle and the variation of the strongest point. The PSD of the electric field VLF band comprises three components, Eab, Ecd, and Ead, which are collected by three pairs of probes ab, cd, and ad, respectively (Gao et al., 2021). While studying the electric field ULF band waveform data, it is found that the performance characteristics of the three components of the electric field are inconsistent (Li et al., 2022), which provides a reference for this study. Since the frequency of the NWC transmitting station is 19.8kHz, with a bandwidth of 200 Hz, the VLF PSD with 19.8 kHz ± 200 Hz of EFD onboard the CSES is extracted for statistical analysis.
The Spatial Distribution Characteristics of PSD
When the electromagnetic satellite passes over the NWC station and its conjugate point, the electric field PSD peaks due to signal resonance. By observing the PSD curve of the three components of the electric field, it is found that the position and intensity of the wave crest change with time, and the variation characteristics of each component are also different. Taking the Eab component as an example, the PSD of an orbit passing directly over the NWC station from south to north is shown in Figure 1. An obvious spectral line in Figure 1A is the signal of the NWC transmitting station (frequency is 19.8 KHz), Figure 1B shows the variation diagram of the PSD value corresponding to the NWC station with latitude. Figure 1C shows the orbital position passing over the NWC, the red triangle represents the position of the NWC station, and the black triangle represents the position of the conjugate point. As can be seen from Figure 1, wave peaks appear within 10° of latitude near the NWC station and its conjugate point. The peak value and the corresponding spatial position are regarded as the information of the strongest point of the electric field power spectrum. Due to different satellite orbit intervals and different distances to the NWC station in a cycle, the search for the MPSD will produce large errors. Therefore, taking the operation cycle as a single unit, the distribution characteristics of the strongest points of the PSD at the NWC station and its conjugate points are studied.
[image: Figure 1]FIGURE 1 | Electric field PSD of the Eab component of the 051001 orbit.
The VLF band electric field three-component PSD of the NWC station from 6 January 2019 to 10 January 2019 is selected to obtain the PSD of the spatial orbit distribution diagram of electric field power spectrum intensity of 19.8 khz VLF band on the nightside and dayside in a cycle, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Spatial distribution of the NWC signal in one cycle observed by the CSES (The abscissa is the geographic longitude, the ordinate is the geographic latitude, the color code is the PSD, and the red triangle and black triangle represent the projection position of the NWC station and its conjugate point on the ground, respectively. The first row (A–C) and the second row (D–F) represent the PSD distribution of the three components of the electric field on the nightside and the dayside, respectively.
As can be seen from Figure 2, between 50°S ∼ 50°N in latitude and 110°E ∼ 130°E in longitude, there are two local strongest regions at Ecd and Ead components during the day and all three components in the night, while the Eab component on the dayside is the local strongest area. From the perspective of distribution, the local strongest area and MPSD intensity of the three components on the nightside are larger than those on the dayside. On the nightside, the PSD of the three components over the NWC station is greater than that over the conjugate area, while the Ecd component is the opposite; On the dayside, the PSD of the three components near the equator is significantly enhanced, and there is also a significant effect over its conjugate point; the strongest areas on the nightside and the dayside are concentrated within 10° above the NWC station and the conjugate point, and the strongest points of the NWC are concentrated near the equator, and the strongest points at the conjugate point are concentrated to its northwest.
In order to further analyze the variation trend of the local strongest point over time and in the three components, it is necessary to continue extracting the information of the strongest point of each cycle in 2019 for spatiotemporal analysis.
The Position and Amplitude Variation Characteristics of the Strongest Point of PSD
Using the VLF signal PSD in the 10° range near the NWC (southern hemisphere) station and its conjugate point (northern hemisphere), that is, (11.82 S–31.82 S; 104.17 E ∼ 124.17 E) and (30.647–50.647 N; 105.692 E ∼ 125.692 E), the position of the strongest point of the PSD value and the characteristics of PSD changing with time in each cycle on the nightside and dayside of the three components are studied. The calculation formulas of the longitude offset and latitude offset are as follows:
[image: image]
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Among them, lon_obs represents the longitude of the strongest point, lon_sta represents the longitude of the NWC station or its conjugate point, Δlon represents the longitude offset, lat_obs represents the latitude of the strongest point sought, lat_sta represents the latitude of the NWC station or its conjugate point, and Δlat represents the latitude offset quantity.
Longitude Variation Characteristics of the Strongest Point of PSD
The variation characteristics of the longitude of the strongest point of the electric field PSD in each cycle are calculated by formula (1), as shown in Figure 3. The longitude offset of the strongest point of the NWC station is shown in Figure 3A, in which the longitude offset of the three components on the nightside is within [−2°,2°], and most of the data are offset to the west of the NWC station by about 2°. From April to August and November, three components began to offset to the east of the NWC station, and the offset exceeded 2°. The longitude offset of most of the data on the three components on the dayside is within [−2°,2°], and the longitude offset to the east of the NWC station is more than 5° in February, July, and November. The offset of the Eab component is significantly different from that of the other two components in March and October, and its offset to the NWC station exceeds 5°.
[image: Figure 3]FIGURE 3 | Longitude shift of the strongest point of PSD of the electric field’s three components.
The longitude offset of the strongest point of the conjugate point is shown in Figure 3B, in which the longitude offset of the three components on the nightside is within [0°,10°], and most of the data of the three components are relatively evenly offset to the east and west sides of the conjugate point, with a range of [− 5°,5°]; the longitude offset of the three components on the dayside is within [−10°,10°], and most of the data are offset to about 5° to the west of the conjugate point.
It can be seen that the longitude offset of the three strongest points of the NWC station is generally distributed on the west side on the nightside and relatively evenly distributed on the east and west sides on the dayside; The longitude offset at the conjugate point is mainly concentrated in the range of 5° on east and west sides on the nightside and near 5° on the west side on the dayside.
The comparison results of the longitude offsets of the strongest point of the three-component PSD of the electric field over the NWC station and its conjugate points in 2019 on the dayside and nightside are shown in Table 1, where |min | represents the absolute value of the minimum offset, | max | represents the absolute value of the maximum offset, | mean | represents the absolute value of the average offset, std is the mean square deviation of the offset, the count represents the number of points in this range, S represents the NWC station, N represents its conjugate point, and S_Eab_night represents the nightside Eab component value of the NWC station, and other variables are analogized meanings.
TABLE 1 | Comparison of the longitude offset of the three-component strongest point over the NWC and its conjugate point.
[image: Table 1]The Eab component is taken as an example from Table 1:
1) Considering the longitude shift of the strongest point of the PSD, it is biased to the west over the NWC station, and the nightside (accounting for more than 80%) is more obvious than the dayside (accounting for slightly more than 55%); over the conjugate point, it is also biased to the west, and the dayside (accounting for more than 88%) is stronger than the nightside (accounting for more than 56%), which is contrary to the diurnal characteristics over the NWC station. The other two components have similar characteristics.
2) Considering the offset range of the strongest point of the PSD, the offset range of the east and west sides over the NWC station is within [1°, −4°]; the average value of the east offset is greater than that of the west, and the offset range and average value of the dayside are greater than those of the nightside. Over the conjugate point, the offset range of the east and west sides is between [0°, 10°] and the east offset range and the average value of the dayside are much smaller than those of the nightside, while the west offset range and the average value of the dayside and nightside have minor differences; the average value of eastward migration is less than that of westward migration, which is contrary to the situation over the NWC station, with its migration range being larger. The performance characteristics of the other two components are similar to those of this component.
3) Analyzing the stability of longitude migration data, the stability of nightside data over the NWC station is greater than that of the dayside and the stability of the dayside and nightside data over the conjugate point is similar. In general, the stability of the data over the NWC station is greater than that of its conjugate point, and the stability of the other two components is similar.
Latitude Variation Characteristics of the Strongest Point of PSD
The time-varying characteristics of the latitude of the strongest point of the electric field PSD in each cycle are shown in Figure 4 in which Figures 4A,B, respectively, represent the latitude offset over the NWC station and its conjugate point. As can be seen from Figure 4A, the offset to the equator side of the three components on the nightside is between 0° and 6°, showing an increasing trend from June to August, and the offset of the Ecd component exceeds 6°. The three components on the dayside are mainly offset to the equatorial side, with an amplitude of 2°–5°. The offset of the Eab component to the equatorial side is more than 5° in March, April, and October, and the three components are offset to the south of the NWC station in July and December and all for more than 5°.
[image: Figure 4]FIGURE 4 | Latitude offset of the strongest point of the three components of the electric field.
As can be seen from Figure 4B, most of the data of the three components on the nightside are evenly shifted to the north and south sides of the conjugate point, with an amplitude of [− 5°, 5°]. From June to September, the data are mainly shifted to the south of the conjugate point. Most of the data of the three components on the dayside are offset to the north of the conjugate point, with an amplitude of [0°, 5°]. The Ecd and Ead components are offset to the south of the conjugate point by nearly 5° in January and December, respectively.
It can be seen that the latitude offset of the three components of the NWC station is mainly distributed in the north, and only very few points on the dayside are distributed in the south. The latitude offset of the three components of the conjugate point is distributed on the north and south sides on the nightside and mainly on the north side on the dayside. The latitude offset on the three components of the NWC station and conjugate point is compared and analyzed. The offset direction on the nightside is inconsistent, and the offset on the dayside is mostly on the north side.
The latitude shift results of the strongest points of the electric field PSD in 2019 are listed in Table 2, and the meaning of each parameter is shown in Table 1.
TABLE 2 | Comparison of the latitude offset of the three-component strongest point over the NWC and its conjugate point.
[image: Table 2]Still, taking the Eab component as an example to discuss
1) Considering the latitude offset of the strongest point of the PSD, when it is over the NWC station, its latitude is mainly biased to the north (more than 95%); over the conjugate point, the daytime latitude is biased to the north (more than 98%) and the nighttime latitude is mainly biased to the south (more than 60%). The offset direction of the other two components is similar to the day and night characteristics of the Eab component.
2) To analyze the latitude offset range, while over the NWC station, the offset range and average value on the north side of the dayside are greater than those of the nightside. Over the conjugate point, the offset range and average value on the north side of the nightside conjugate point are greater than those on the dayside. and the other two components are similar to this component.
3) To analyze the stability of latitude migration, the migration stability over the NWC station is better, the stability of nightside is greater than that of the dayside, and the opposite is found over the conjugate point. The stability of the other two components also has similar characteristics.
Variation Characteristics of Electric Field MPSD Amplitude
The statistics of the intensity of electric field MPSD in each operation cycle in 2019 are shown in Figure 5, in which Figures 5A,B represent the variation diagram of the intensity of MPSD at the NWC station and its conjugate point, respectively.
[image: Figure 5]FIGURE 5 | Variation characteristics of MPSD.
As can be seen from Figure 5A, over the NWC station, the MPSD of the three components on the nightside is between 0.04 and 0.12 mv/m/Hz ^0.5 and meets the relation Ead > Eab > Ecd; the MPSD of the three components on the dayside is between 0 and 0.007 mv/m/Hz ^0.5, showing an increasing trend from May to July and meets the relation: Ecd > Ead > Eab.
As can be seen from Figure 5B, the MPSD of the three components on the nightside is mainly distributed between 0.02 and 0.05 mv/m/Hz ^0.5 above the conjugate point and meets the relation: Ecd > Ead > Eab. The MPSD of the three components on the dayside is mainly distributed between 0 and 0.025 mv/m/Hz^ 0.5 and meets the relation: Eab > Ead > Ecd.
The changes in the MPSD of the three components with time in each cycle are similar such that they increase or decrease at the same time. The change range of the nightside is small and that of the dayside is large.
The comparison of annual average values of three component MPSD of the NWC station and its conjugate points is shown in Table 3.
TABLE 3 | Comparison of the annual average power spectrum values of the three-component strongest point over the NWC and its conjugate point.
[image: Table 3]It can be seen from Table 3 that the mean value of the MPSD of the NWC station and its conjugate point on the three components on the nightside is greater than that on the dayside and that of the NWC station is much greater than that of its conjugate point. On the diurnal side, that of the conjugate point is larger than that of the NWC station, and only the Ecd component has the opposite effect. To analyze the data stability, the stability over the conjugate point on the nightside is greater than that of the NWC station, while on the dayside, it is the opposite.
CONCLUSION AND DISCUSSION
Based on the VLF band PSD of the electric field recorded by the CSES from January to December 2019, taking the NWC artificial source transmitting station and the 10° range near its conjugate point as the research area, this study includes a statistical analysis of the temporal and spatial variation of the strongest point in each cycle and obtains some understanding of the variation law of spatial electric field intensity with time.
DISCUSSION
The MPSD of the three components in each cycle over the NWC station and its conjugate points is different, which may be related to the direction of the satellite or the type of orbit. There is an abnormal sudden change value in the nightside MPSD in October 2019, as shown in Figure 6. However, Dst ≤ -100 and Kp > 5 occurred on August 26 and 27, 2018. It is estimated that a large magnetic storm occurred during this period (Liao et al., 2018; Zhu et al., 2021), as shown in Figure 7, and the MPSD in these 2 days has reached 0.05 mv/m/Hz ^0.5, which is far less than the abnormal abrupt mutation value. It is speculated that the abnormal value abrupt value change in October 2019 has no obvious relationship with the magnetic storm. It is necessary to analyze whether the MPSD value variation is related to the earthquake in subsequent work.
[image: Figure 6]FIGURE 6 | Abnormal change characteristics of the PSD of the strongest points on the night and daysides of the magnetic conjugate point.
[image: Figure 7]FIGURE 7 | Variation of geomagnetic indexes Kp and Dst.
CONCLUSION
There Are Four Main Conclusions
1) In terms of longitude, most of the three components of the nightside of the NWC station are mainly offset to the west, and those on the dayside is offset on its east and west sides; on the nightside of the conjugate point, the strongest points of the three-component PSD are offset to the east and west and those on the dayside is mainly offset to the west, and the offset of the conjugate point is greater than that of the NWC station.
2) In terms of latitude, the strongest points of the PSD of the three components in the NWC station are all biased to the north, the offset amplitude of the nightside increases with time, and the offset amplitude of the dayside tends to be stable, but the Eab component has an abnormal offset in March and October, and the amplitude reaches 10°. The strongest points of the nightside at the conjugate point are offset on the south and north sides, the diurnal side is offset to the north, and the offset amplitude of the nightside is larger than that of the dayside.
3) On the nightside of the NWC station, the variation range of the MPSD of the three components is stable, and there are no obvious seasonal characteristics. and it meets the order: Ead > Eab > Ecd; The variation of MPSD on the dayside has an obvious increase from May to July, and it meets the order: Ecd > Ead > Eab; The variation range of MPSD on the nightside of the conjugate point is stable, there are no obvious seasonal characteristics, and it meets the order: Ecd > Ead > Eab; The MPSD variation amplitude of the Eab component on the dayside is greater than that of the other two components, and it meets the order: Eab > Ead > Ecd; The MPSD of different components on the nightside and the dayside is obviously different, and the nightside is all greater than that on the dayside.
4) Over the NWC station and its conjugate point, the longitude offset, latitude offset, and MPSD value of the strongest point in PSD in each cycle have similar variation shapes with time, and these three parameters change more obviously every month at the NWC station than at its conjugate point.
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