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Abstract

:

Previous earthquake polarization (as the ratio of vertical and horizontal components) studies using geomagnetic data were all performed with ground data. The advantage of satellite data is that it is not limited by geography. Therefore, in this work, we tried to select 12 typical earthquakes in Northeast Asia with Ms > 5.0 and an epicenter depth ≤ 40 km within the longitude 105° E–145° E and latitude 38° N–58° N ranges from December 2018 to January 2023 for analysis by using the satellite data of the high-precision magnetometer (HPM) payload onboard the China Seismo-Electromagnetic Satellite (CSES) for the first time in a quiet magnetic environment. The geomagnetic three-component vector data were investigated, and the minimum study period was divided into 10 s intervals. Fourier transform was performed to obtain 0.01–0.2 Hz geomagnetic three-component dynamic spectra, and the time series of the polarization (as the ratio of vertical and horizontal components) data was then obtained. The average value of the polarization data over four years was used to obtain the time series of the polarization perturbation amplitude, after which joint research was conducted. The results showed that (1) earthquakes with larger magnitudes are more likely to exhibit anomaly perturbations recorded by satellites; (2) among all earthquakes with anomalies, the horizontal east–west component perturbation is the largest, the vertical component perturbation is the smallest, and the east–west component may be the dominant component in seismic anomaly observations; (3) the applicability of the polarization method to space-based earthquake-related data is limited; (4) the perturbation amplitude of polarization data can be used as a reference for extracting seismic anomalies; and (5) ion velocity Vx data from the plasma analyzer package (PAP) can be considered to approximately verify the physical mechanism of the anomaly perturbation of the horizontal component in the ionospheric magnetic field, and the two kinds of data (PAP and HPM) can be combined in seismic prediction research.
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1. Introduction


Moore et al. [1] found some correlations between electromagnetic variations and earthquakes as early as the 1960s. They covered a wide frequency range from direct current (DC) to very high frequency [2]. Ground-based observations of electromagnetic disturbances in the ultralow frequency (ULF, f < 10 Hz) range are considered one of the most promising means to monitor precursory signatures with earthquakes, since the larger skin depth is comparable to the depth of earthquakes [3]. Molchanov et al. [4] found ultralow-frequency (ULF ≤ 10 Hz) electromagnetic radiation emission during rock fracture via rock fracture experiments. Hayakawa et al. [5] studied the 1993 Ms 7.1 Guam earthquake (depth: ~60 km) using the polarization (as the ratio of vertical and horizontal components) method with geomagnetic ULF data at the Guam Observatory, which is approximately 65 km from the epicenter. The results showed that the ratio exhibited a pronounced anomaly only approximately one month prior to the earthquake, which suggested that radiation during this period most likely represented a geomagnetic precursor of the earthquake within the ~0.02 to ~0.05 Hz frequency range (with a maximum value of ~0.1 nT). Hattori et al. [6] analyzed data from 4.5 years before and after an Ms 6.1 earthquake on 3 September 1998, in Japan using a ULF magnetometer network based on the Japanese ground-based ULF monitoring system. They found that the spectral density ratio of the horizontal component to the vertical component (the polarization ratio) exhibited an anomalous change two weeks prior to the earthquake and concluded that this anomalous change may be related to the signal of the coming earthquake. Yumoto et al. [3] used ground-based magnetic field data to investigate the anomalies associated with large earthquakes. They found a notable increase in the ratio of the horizontal component power spectra of Pc3 pulsation near the epicenter to that at remote reference stations in the weeks prior to an Ms 6.4 earthquake on 12 May 1999, in Japan. Moreover, the anomalies were concentrated in the horizontal component rather than the vertical component. Feng et al. [7] showed that the polarization data of the geomagnetic vertical intensity exhibited annual variation. They observed a favorable correspondence between high polarization values at the Kashi station after annual variation correction with earthquakes around the station within 2 months, and most earthquakes occurred within ~1 month. He et al. [8] used the polarization method to extract ULF geomagnetic anomalies prior to several medium or strong earthquakes near the Chengdu station with second-sampled observation data from the FHDZ-M15 geomagnetic observation system. They found that the phenomenon of increasing polarization values within two months corresponded well to Ms > 5.0 earthquakes around the station. The polarization anomaly amplitude before thrust earthquakes was larger than that before strike-slip earthquakes. Fan et al. [9] analyzed the spatiotemporal variation characteristics of the geomagnetic polarization anomaly before the 2022 Menyuan Ms 6.9 earthquake in Qinghai based on second-sampled data from 14 geomagnetic stations in the Gan-Qingchuan area. Their results showed that a pronounced geomagnetic polarization anomaly emerged at the end of October 2021 and that the Menyuan earthquake occurred 73 days after the anomaly. The epicenter occurred near the threshold line of the pronounced polarization anomaly, and the geomagnetic polarization anomaly exhibited certain spatiotemporal variation characteristics. Han et al. [10] focused on the geomagnetic energy variation in the Z component observed at the Kakioka (KAK) station, Japan, during 2001–2010. They investigated the relationship between the energy of ULF geomagnetic signals of the frequency around 0.01 Hz enhancements and earthquake activities. Statistical results of superposed epoch analysis have indicated that ULF magnetic anomalies are more likely to appear before sizeable earthquake events rather than after them, especially 6–15 days before the events. Almost one month (18–19 April 1995) before the 13 May 1995 Grevena-Kozani Mw6.6 earthquake, Varotsos et al. [11] observed anomalous variations of the magnetic field of the Earth, which were mainly recorded in the east-west component. Sarlis et al. [12] used two modern statistical tools, i.e., ECA and ROC, to revisit the statistical significance of the anomalous changes of the Earth’s electric and magnetic field as precursors to earthquakes. They studied two independent datasets (first, electric field data from Greece since the 1980s and second, magnetic field data from Japan during 2001–2010, which is alternatively termed ULF seismo-magnetic phenomena) and found that they exhibit precursory information far beyond chance. The above studies were all performed involving the polarization method or magnetic field data in the ultralow frequency with ground data before or after earthquakes. Space science is also increasingly emerging with the rapid development of science and technology.



The Soviet Union and United States have launched a series of electromagnetic satellites, obtaining global high-precision and high-resolution information of the geomagnetic field and ionosphere since the middle of the twentieth century [13,14]. Magnetic measurements from space began with the satellite era and the launch of Sputnik 3 in 1958 [15]. At low Earth orbits (LEO), progress was next gradually achieved from a series of missions, for example, POGO, Magsat [16], Ørsted [17], CHAMP [18] and SAC-C [19]. Exploration of Earth’s magnetic field has always been at the forefront of science and applications. France launched the DEMETER electromagnetic satellite in 2004, focusing on seismic and volcanic electromagnetic effects [20]. The European Space Agency (ESA) launched the Swarm satellites, realizing joint multisatellite probing of geomagnetic field and plasma parameters in the low earth orbit (LEO) region with an accuracy of 0.3 nT in the total field and 1 nT in the vector field in 2013 [19,21,22]. Electromagnetic satellites have widely stimulated interest in the study of seismic ionospheric disturbances due to their specialized orbit design, global coverage characteristics, high precision and multiparameter electromagnetic measurement technology. This topic has become a new hot spot in the field of earthquake monitoring and prediction [23].



De et al. [24] detected magnetic anomaly signals in the ionosphere prior to an earthquake with three-component data of the magnetic field provided by Swarm satellites. They found that the anomaly of the horizontal Y-component was more pronounced than that of the other components. Marchetti et al. [25] determined that the three components of the magnetic field and electron density anomalies occurred ~40 days before seismic sequences in the center of Italy from 2016 to 2017 based on Swarm satellite data. Moreover, the satellite-recorded anomalous variations coincided with the variations in related parameters of the Earth’s surface and atmosphere; thus, time-series anomalies from the Earth’s surface to the ionosphere could be observed. This may support the possibility of developing models for lithosphere–atmosphere–ionosphere coupling (LAIC) purposes. They also concluded that there existed anomalies of the horizontal Y-component of the satellite data instead of the other components. In addition, Pinheiro et al. [26] argued that the geomagnetic horizontal Y-component was less affected by external perturbations and could be employed to detect anomalous sources in the Earth’s interior better than the other two components. Ouyang et al. [27] proposed a new method to analyze earthquake-related space magnetic field perturbations based on magnetic field data from Swarm satellites. In this method, they considered not only the effects of solar wind and geomagnetic activities but also the magnetic field perturbations caused by plasma depletion, field-aligned currents, etc., which may represent an objective approach to obtain space magnetic field perturbations related to earthquakes.



In February 2018, the China Seismo-Electromagnetic Satellite (CSES) was successfully launched, providing a new space platform for seismic ionospheric research and seismic electromagnetic monitoring systems [22,23]. In this study, we developed a polarization method for satellite data to analyze and study the anomalous characteristics of the ionosphere associated with Ms > 5.0 earthquakes in Northeast Asia with data retrieved from the high-precision magnetometer (HPM) payload onboard the CSES.




2. Research Area and Data Selection


2.1. Selection of the Research Area


In this paper, we selected a region in Northeast Asia within the longitude and latitude ranges of 105° E–145° E and 38° N–58° N, respectively, located at the convergence of the Eurasian, Pacific and North American plates. This region is seismically active and covers China’s only deep seismic zone, encompassing the Northeast Deep Seismic Zone, Tanlu Seismic Zone, Shanxi Seismic Zone, Yanshan Seismic Zone and Hebei Plain Seismic Zone, where several Ms > 5.0 earthquakes have occurred in recent years, including the 1679 Sanhe-Pinggu Ms 8 earthquake, 1976 Tangshan Ms 7.8 earthquake, and 1975 Haicheng Ms 7.5 earthquake, which caused enormous economic losses and casualties [28].




2.2. Selection of Seismic Examples


In this research, we selected Ms > 5.0 earthquakes with depths ≤40 km in the research area from December 2018 to January 2023 (CSES operation time). The seismogenic area of the lithosphere was estimated according to the seismogenic model proposed by Dobrovolsky et al. [29].


ρ = 100.43M



(1)




where M is the earthquake magnitude, and ρ is the straight-line distance from the epicenter (the unit is km). The investigated phenomena are Ms > 5.0 earthquakes, so the straight-line distance from the epicenter in the seismogenic area is more than ~142 km (equal to ~1°) according to Equation (1). Seismo-ionospheric perturbation signals can spread from the Earth’s surface to the ionosphere, causing ionosphere perturbations based on the LAIC mechanism. Moreover, seismo-ionospheric perturbation signals may shift in the ionosphere during propagation, and the maximum offset can reach more than 10°. To ensure the credibility of the considered seismic anomalies, we considered that no other Ms > 5.0 earthquakes occurred within the longitude 10° × latitude 10° range around the epicenter from 3 months before to 1 month after the occurrence of the selected earthquakes. A total of 12 typical earthquakes were selected, as listed in Table 1.




2.3. Data Selection


Feng et al. [7] selected second-sampled data of the GM4 fluxgate with a suitable quality, which are 5–100 s cycle data of the 71 geomagnetic observation stations of China’s geomagnetic network. The data were utilized to conduct earthquake predictions with the polarization method, and favorable results were obtained. In this study, we analyzed data recorded by the HPM payload onboard the CSES referring to ground-based data. HPM vector and scalar data are obtained by the Fluxgate Magnetometer (FGM) and Coupled Dark State Magnetometer (CDSM) probes, respectively [30]. In this study, HPM_5 vector data recorded by the FGM probe were selected for seismic analysis. The FGM sampling rate is 1 Hz, the detection band is DC-15 Hz, and the selected data are geomagnetic three-component vector data.





3. Research Methodology


The data recorded by the CSES can be divided into up-orbit data (night side) and down-orbit data (day side), corresponding to approximately 02:00 and 14:00 local time, respectively. To minimize unnecessary perturbations, we selected nighttime data (up-orbit data) for processing and analysis due to the notable influence of solar radiation on the ionosphere during the daytime, which affects the extraction of seismic information [28]. We selected orbital data under the condition of space magnetic disturbance (Dst ≥ −30 nT and Kp < 3). More than 4000 orbits were selected from over 160,000 orbits in this study. The seismogenic area of an Ms > 5.0 earthquake is ~142 km, according to Equation (1). The speed of the CSES is 7.8 km/s, which suggests that it traverses the earthquake area within 18 s. The orbit time of the CSES ranges from 2028 to 2078 s. The perturbation anomaly of the ionosphere generates a certain offset effect, which can produce a shift up to 10°. Therefore, in this paper, the minimum study period was divided into 10 s intervals. That is, every 10 geomagnetic three-component vector data, i.e., the horizontal north–south component, horizontal east-west component, and vertical component, were performed with the Fourier transform to obtain spectral data, respectively, as the FGM sampling rate is 1 Hz. Ground-based data were selected from the second-sampled instrument of GM4 with a period of 5–100 s, i.e., data with a frequency ranging from 0.01 to 0.2 Hz, to extract seismic anomalies [8]. Therefore, in this study, filtering analysis was performed after the above Fourier transform to obtain the dynamic spectrum of the geomagnetic three-component vector data (frequency: 0.01–0.2 Hz) recorded by the HPM probe. The filtering analysis meant that the amplitudes with frequency > 0.2 Hz or <0.01 Hz were all 0. We selected the 0.01–0.2 Hz geomagnetic three-component dynamic spectra recorded by the CSES from 90 days before to 30 days after a given earthquake.



Polarization values N of the observations from 90 days before to 30 days after an earthquake were obtained, along with average polarization values M (with M as the background value) and the mean square S of the polarization values over the 4-year period, according to Equations (2) and (3), respectively. The time series of the perturbation magnitude F of the observations relative to the background values was obtained for analysis according to Equation (4).


  H =    H   x   2   +   H   y   2     



(2)






    Y   z h   =     Z   H      



(3)




where     H   x      is the north–south spectrum of the geomagnetic horizontal component,     H   y      is the east-west spectrum of the geomagnetic horizontal component, H is the spectrum of the geomagnetic horizontal component, Z is the spectrum of the geomagnetic vertical component, and     Y   z h     is the polarization value (the ratio between vertical component Z and horizontal component H) [7,8,9].


F = (N − M)/S



(4)




where N is the polarization value from 90 days to 30 days after a given earthquake, M is the background value, i.e., the average of the polarization values over the 4-year period, and S is the mean square of the polarization values over the 4-year period.




4. Statistical Analysis of Earthquakes


A total of 12 Ms > 5.0 earthquakes were selected within the research area, of which satellite data before and after the Ms 5.4 earthquake off the east coast of Honshu, Japan, on 29 November 2019 were unavailable, so this earthquake was not investigated. The remaining earthquakes were investigated in detail. The 11 earthquakes mentioned above cannot be fully displayed due to the large number of figures. Without loss of representativeness, we describe only the Ms 6.5 earthquake off the west coast of Honshu, Japan, on 18 June 2019, in detail.



An Ms 6.5 earthquake occurred on 18 June 2019, off the west coast of Honshu, Japan, at 38.56° N latitude and 139.52° E longitude at a depth of 20 km. While screening all the up-orbit data for the area around the epicenter, we found two groups of up-orbit trajectories passing near the epicenter, as shown in Figure 1. The pentagram in Figure 1 indicates the epicenter. We found that the western orbital group is closer to the epicenter, while the eastern orbital group is farther away from the epicenter, but both orbital groups occur within 10° of the epicenter. Therefore, these two orbital groups are systematically studied in the following. Notably, the sudden disturbance changes in the results in the region above 50° N and near the region above 50° S were due to the disturbances caused by switching the measurement mode in CSES operation, and these disturbances are retained in this paper.



4.1. Study of the Western Orbital Group Associated with the 18 June 2019, Ms 6.5 Earthquake off the West Coast of Honshu, Japan


Orbit data of the up-orbit group were selected from 90 days before to 30 days after the earthquake under the condition of space magnetic disturbance (Dst ≥ −30 nT and Kp < 3) according to the research method. Then, the spectral time-series data of the three geomagnetic components, i.e., the horizontal north–south component, horizontal east-west component, and vertical component, were filtered, as shown in Figure 2a, Figure 3a and Figure 4a, respectively. The curves with the different colors in the figure represent different periods, i.e., different orbital data, which were limited from −60° S to 60° N from 90 days before to 30 days after the earthquake. The unit is nT/Hz, and the values varied at different latitudes. The spectral time-series data of the three geomagnetic components also have different values at the same latitude at different times in Figure 2a, Figure 3a and Figure 4a, respectively. The Figure 2a and Figure 3a reveal that some perturbation data occurred near the epicenter (the vertical dashed line in the figure indicates the latitude of the earthquake, the red rectangular box indicates the location of the perturbation, and the other subfigures refer to Figure 2a). The north–south and east-west component spectra of the horizontal component within the 10° latitude range from the epicenter from 90 days before to 15 days after the earthquake were subjected to time-series analysis, as shown in Figure 2b and Figure 3b, respectively. In terms of subfigure b, every curve in subfigure b was the amplification from subfigure a within the 10° latitude range from the epicenter from 90 days before to 15 days after the earthquake. The curves with the different colors in subfigure b represent different periods, i.e., different orbital data, which were limited from 28.5° N to 48.5° N. The horizontal dashed line indicates the latitude of the epicenter, the diagonal vertical dashed line indicates the approximate time of the earthquake and the red pentagram indicates the epicenter (refer to Figure 2b for a description of the dashed lines in subfigure b). Notably, the curves had no perturbation prior to 21 May and they were very smooth; however, some anomaly perturbations occurred near 43.5° N after 21 May, as shown in Figure 2b and Figure 3b. The anomaly perturbations gradually moved closer to the epicenter region as the time of the earthquake occurrence approached. Figure 4a shows that there was essentially no seismic disturbance of the vertical component spectral data near the epicenter. Subsequently, we analyzed the time series of the vertical component spectra within the 10° latitude range from the epicenter from 90 days before to 15 days after the earthquake and observed anomaly perturbations near 42° N since 31 May. Moreover, they gradually approached the epicenter as the time of the earthquake occurrence approached, but the intensity was not as high as that of the horizontal component, especially not as high as that of the horizontal east-west component, which agrees with previous studies [24,25,26].



Subsequently, we processed the western orbit data to obtain the time series of the polarization observations (Figure 5) and the time series of the perturbation amplitude (Figure 6) according to Equations (2)–(4), as shown in Figure 5 and Figure 6, respectively. Time-series analysis of the polarization observations revealed anomaly perturbations near the epicenter, before and after the earthquake, which are not as pronounced as those determined via single-component time-series analysis. In addition, time-series analysis of the perturbation amplitude revealed that there were slight perturbations relative to single-component analysis, anomaly perturbations were observed near 42° N from 21 May, and the anomaly perturbation area gradually approached the epicenter as the time of the earthquake occurrence neared.




4.2. Study of the Eastern Orbital Group Associated with the 18 June 2019, Ms 6.5 Earthquake off the West Coast of Honshu, Japan


As shown in Figure 7, Figure 8 and Figure 9, the perturbations along the horizontal north–south and east-west directions in the eastern orbital group data occurred near the epicenter before and after the earthquake. The perturbations along the east-west direction were larger. In contrast, the perturbations were small along the vertical direction, but small perturbations also occurred near the epicenter before and after the earthquake. Anomaly perturbations occurred near 44° N from 22 May, and the anomaly perturbations gradually moved closer to the epicenter as the time of the earthquake occurrence approached, as shown in Figure 7b, Figure 8b and Figure 9b.



As shown in Figure 10 and Figure 11, time-series analysis of the polarization observations revealed that the anomaly perturbations are not as pronounced as the single-component analysis-based perturbations near the epicenter before and after the earthquake. Moreover, anomaly perturbations were observed at approximately 44° N from 22 May. As the time of the earthquake occurrence approached, the anomaly perturbation area moved closer to the epicenter of the earthquake.




4.3. Analysis of Other Earthquakes


Five Ms ≥ 6.0 earthquakes and seven 6.0 > Ms > 5.0 earthquakes were selected in this study, as listed in Table 2 (the negative values represent pre-earthquake date, positive values represent post-earthquake date, the symbol/means no anomaly was observed). Among them, the 29 November 2019, Ms 5.4 earthquake off the east coast of Honshu, Japan, was not investigated due to data quality issues. The anomaly perturbation time of different data for the earthquakes can be summarized as follows (negative values represent pre-earthquake time, positive values represent post-earthquake time):



	(1)

	
In this study, there was no anomaly perturbation when all the data were judged as /. As can be seen from the Table 2, it was recognized that there were no seismic anomaly perturbations before or after the 8 June 2022, Ms5.2 earthquake, the 23 September 2021, Ms5.5 earthquake, both near the Lake Baikal, Russia, or the 12 July 2020, Ms5.1 earthquake in the Guye District, Tangshan, Hebei, China. Therefore, all five Ms ≥ 6.0 earthquakes exhibited anomalies; three of the six 6.0 > Ms > 5.0 earthquakes exhibited anomalies before or after the time of the earthquake occurrence.




	(2)

	
As can be seen in Table 2, the data of horizontal east-west component exhibited anomalies more frequently and the data of the vertical component exhibited anomalies only once in the geomagnetic three-component vector data. Meanwhile, the anomaly perturbation time of the horizontal east-west component was also slightly longer than the others.




	(3)

	
The anomaly perturbations of polarization observations were judged as/more frequently. The anomaly perturbation of polarization perturbation amplitude exhibited anomalies more frequently in Table 2. Among all of the seismic examples with perturbation anomalies, the polarization time-series data exhibited anomalies less frequently, while the polarization perturbation amplitude time series was perturbed more frequently than the polarization time-series data.









5. Discussion


If there is a perturbation source stemming from an earthquake, the vertical component of the geomagnetic field should be drastically perturbed regularly, while most of the horizontal components of the geomagnetic field should be slightly perturbed [6,7,10,31]. In contrast, if there is a perturbation source stemming from the space environment, there should be obvious changes in both the horizontal and vertical components (Figure 12). The geomagnetic pulsations during nighttime are Pi2 and Pc4 and others, which are known to be usually horizontal component [32]. But, if the source of emissions is situated under the ground, we can expect the polarization ratio (the ratio between vertical component Z and horizontal component H) >1, which is found by Kopytenko et al. [33] using the experimental measurements and also by Molchanov and Hayakawa [4] based on theoretical considerations [5]. Therefore, the phenomenon of perturbation changes in the geomagnetic three-component data recorded by the HPM onboard the CSES and ESA Swarm satellites before and after earthquakes, with drastic perturbations of the horizontal component and slight perturbations of the east-west component, must be further described and investigated.



The ionosphere produces an ionospheric equatorial anomaly during the daytime, where the daytime eastward electric field in the E layer (produced by thermal wind drive) can be mapped along magnetic lines to the F layer due to the high parallel conductivity along these magnetic lines. The eastward electric field along the magnetic equator causes plasma to drift upward through E × B. As the plasma rises, it is subjected to gravity and pressure gradient forces that cause it to spread out along the force magnetic lines toward either side of the magnetic equator. The plasma exhibits fountain-like movements under the action of electric field drift and diffusion, referred to as the fountain effect, causing the plasma along the magnetic equator to move toward the geomagnetic latitude of ~±15°, forming a double-peak structure (equatorial ionization anomaly (EIA) crests). The EIA phenomenon disappears at night [34].



LAIC models are roughly categorized into three propagation pathways, including additional DC electric field models and acoustic gravity wave and electromagnetic wave propagation models, each of which induces ionospheric plasma changes in the ionosphere [23]. The CSES flies at an altitude of ~500 km and detects physical parameters related to the F layer of the ionosphere. If the plasma in the D and E layers of the ionosphere near the epicenter, affected by an earthquake, rises to the F layer, it is subjected to gravity and pressure gradient forces, causing the plasma to spread out toward the poles along the force magnetic lines, thereby generating currents along this direction. Then, a change in the horizontal component of the magnetic field is produced, and this physical process could explain the obtained conclusions, i.e., Ampere’s law. The parameters detected by the PAP payload are considerably perturbed before earthquakes [35,36]. To verify the physical mechanism, we studied ion velocity Vx data recorded by the PAP payload onboard the CSES associated with the western orbital group near the epicenter from May to July 2019 (the Vx velocity direction matches the direction of the satellite flight velocity). We selected the up-orbit data, so the satellite flight direction was toward the geographic North Pole. Therefore, the Vx velocity perturbations direction was toward the poles. It was found that the Vx data recorded during the 21 May orbit approximately a month before the earthquake began to exhibit perturbations near the epicenter, which occurred in the same region as the horizontal perturbations of the magnetic field recorded by the HPM, both occurring near 43° N at the same time (Figure 13). The data recorded on June 15 revealed anomalies associated with the Vx data not only within the ±10° range near the epicenter but also in the magnetic conjugate region. In our opinion, that meant the plasma in the D and E layers of the ionosphere near the epicenter rose to the F layer at that moment. Then, a change in the horizontal component of the magnetic field was produced, and the synchronized observation phenomena could explain our conclusions. Moreover, we determined that the Vx data gradually decreased after the earthquake after June 25. In summary, earthquake prediction research can be conducted by combining ion velocity data from the PAP and three-component data of the magnetic field from the HPM in the future. In this research, we also observed that all the Vx perturbations generally occurred as synchronized perturbation phenomena in the magnetic conjugate region, and the underlying physical mechanism should be studied further.




6. Conclusions


We selected 12 typical earthquakes with Ms > 5.0 and epicenter depth ≤ 40 km within the longitude 105° E–145° E and latitude 38° N–58° N range from December 2018 to January 2023 for analysis by using HPM data recorded by the CSES in a quiet magnetic environment. Geomagnetic three-component vector data were selected, and the minimum study period was divided into 10 s intervals. Fourier transform was performed to obtain 0.01–0.2 Hz geomagnetic three-component dynamic spectra, and the time series of the polarization data was then acquired. The average value of the polarization data over four years was used to obtain the time series of the polarization perturbation amplitude, after which we conducted a joint study. The results are as follows:




	(1)

	
All five Ms ≥ 6.0 earthquakes exhibited anomalies, and three of the six 6.0 > Ms > 5.0 earthquakes indicated anomalies before and after the time of earthquake occurrence, indicating that the larger the magnitude, the higher the likelihood that the anomaly perturbation is recorded by the satellite.




	(2)

	
Among all the perturbation anomalies of the investigated earthquakes, the horizontal east-west component indicated the highest perturbation, while the vertical component exhibited the lowest perturbation, which is consistent with the results of previous studies. This suggests that the horizontal east-west component is likely the dominant component of seismic anomaly observations.




	(3)

	
In all the seismic perturbation anomalies, the time series of the polarization data exhibited slight perturbations, suggesting that the polarization method can be better applied to ground-based data but can be applied to space-based data to a lesser degree.




	(4)

	
The polarization perturbation amplitude time series was also slightly perturbed but with a smaller perturbation amplitude than that of the horizontal east-west component. The polarization perturbation amplitude method could be used as a reference method for extracting seismic anomalies.




	(5)

	
Ion velocity Vx data from the plasma analyzer package (PAP) can be considered to approximately verify the physical mechanism of the anomaly perturbation of the horizontal component in the ionospheric magnetic field according to the Ampere’s law, and the two kinds of data (PAP and HPM) can be combined in seismic prediction research.
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Figure 1. Two groups of CSES up-orbit trajectories near the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. 
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Figure 2. Horizontal north-south component spectral time series of the western orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Horizontal north–south component spectral time series from 90 days before to 30 days after the earthquake. (b) Horizontal north–south component spectral time series from 90 days before to 15 days after the earthquake within the 10° latitude range from the epicenter. 
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Figure 3. Horizontal east-west component spectral time series of the western orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Horizontal east-west component spectral time series from 90 days before to 30 days after the earthquake. (b) Horizontal east-west component spectral time series from 90 days before to 15 days after the earthquake within the 10° latitude interval from the epicenter. 
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Figure 4. Vertical component spectral time series of the western orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Vertical component spectral time series from 90 days before to 30 days after the earthquake. (b) Vertical component spectral time series from 90 days before to 15 days after the earthquake within the 10° latitude range from the epicenter. 
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Figure 5. Polarization spectral time series of the western orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Polarization spectral time series from 90 days before to 30 days after the earthquake. (b) Polarization spectral time series from 90 days before to 15 days after the earthquake within the 10° latitude range from the epicenter. 
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Figure 6. Spectral time series of the polarization perturbation amplitude of the western orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Scheme 90. days before to 30 days after the earthquake. (b) Scheme 90. days before to 15 days after the earthquake within the 10° latitude range from the epicenter. 
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Figure 7. Horizontal north–south component spectral time series of the eastern orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Horizontal north–south component spectral time series from 90 days before to 30 days after the earthquake. (b) Horizontal north–south component spectral time series from 90 days before to 15 days after the earthquake within the 10° latitude range from the epicenter. 
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Figure 8. Horizontal east-west component spectral time series of the eastern orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Horizontal east-west component spectral time series from 90 days before to 30 days after the earthquake. (b) Horizontal east-west component spectral time series from 90 days before to 15 days after the earthquake within the 10° latitude range from the epicenter. 
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Figure 9. Vertical component spectral time series of the eastern orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Vertical component spectral time series from 90 days before to 30 days after the earthquake. (b) Vertical component spectral time series from 90 days before to 15 days after the earthquake within the 10° latitude range from the epicenter. 
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Figure 10. Polarization spectral time series of the eastern orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Polarization spectral time series from 90 days before to 30 days after the earthquake. (b) Polarization spectral time series from 90 days before to 15 days after the earthquake within the 10° latitude range from the epicenter. 
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Figure 11. Spectral time series of the polarization perturbation amplitude of the eastern orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Scheme 90. days before to 30 days after the earthquake. (b) Scheme 90. days before to 15 days after the earthquake within the 10° latitude range from the epicenter. 






Figure 11. Spectral time series of the polarization perturbation amplitude of the eastern orbital group associated with the 18 June 2019, Ms 6.5 earthquake off the west coast of Honshu, Japan. (a) Scheme 90. days before to 30 days after the earthquake. (b) Scheme 90. days before to 15 days after the earthquake within the 10° latitude range from the epicenter.



[image: Atmosphere 14 01555 g011]







[image: Atmosphere 14 01555 g012] 





Figure 12. Geomagnetic polarization mechanism model. 
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Figure 13. Time series variation in the ion velocity along the CSES flight direction with western orbiting data from 21 May to 30 July 2019. 
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Table 1. Catalog of the selected Ms > 5.0 earthquakes in Northeast Asia, December 2018–January 2023.






Table 1. Catalog of the selected Ms > 5.0 earthquakes in Northeast Asia, December 2018–January 2023.














	
	Magnitude (Ms)
	UTC+8
	Longitude (°)
	Latitude (°)
	Depth (km)
	Location





	1
	5.1
	14 October 2022

08:53:53
	105.75
	52.05
	10
	Lake Baikal region, Russia



	2
	5.2
	8 June 2022

20:24:18
	105.75
	52.10
	10
	Lake Baikal region, Russia



	3
	5.3
	23 May 2022

10:01:03
	143.15
	41.10
	10
	Off the east coast of Honshu, Japan



	4
	5.5
	23 September 2021

01:01:26
	117.80
	56.35
	10
	East of Lake Baikal, Russia



	5
	6.6
	1 May 2021

09:27:26
	141.90
	38.25
	30
	Off the east coast of Honshu, Japan



	6
	6.3
	21 December 2020

01:23:19
	142.75
	40.75
	10
	Off the east coast of Honshu, Japan



	7
	5.1
	12 July 2020

06:38:25
	118.44
	39.78
	10
	Guye District, Tangshan, Hebei, China



	8
	6.2
	20 April 2020

04:39:05
	142.10
	38.91
	30
	Off the east coast of Honshu, Japan



	9
	5.4
	29 November 2019

12:01:36
	143.11
	39.19
	10
	Far from the east coast of Honshu, Japan



	10
	6.5
	18 June 2019

21:22:21
	139.52
	38.56
	20
	Off the west coast of Honshu, Japan



	11
	5.1
	18 May 2019

06:24:48
	124.75
	45.30
	10
	Ningjiang District, Songyuan city, Jilin



	12
	6.0
	11 April 2019

16:18:23
	143.40
	40.35
	10
	Far from the east coast of Honshu, Japan










 





Table 2. Polarization method-based research on magnetic field data associated with other 12 earthquakes in Northeast Asia.
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	UTC+8
	Location
	Magnitude (Ms)
	The Anomaly Perturbation Time of Horizontal North–South Component

(Hx)
	The anomaly Perturbation Time of Horizontal East–West Component

(Hy)
	The Anomaly Perturbation Time of the Vertical Component

(Z)
	The Anomaly Perturbation Time of Polarization Observation

(N)
	The Anomaly Perturbation Time of Polarization Perturbation Amplitude

(F)





	1
	14 October 2022

08:53:53
	Lake Baikal region, Russia
	5.1
	/
	−8 days
	/
	/
	/



	2
	8 June 2022

20:24:18
	Lake Baikal region, Russia
	5.2
	/
	/
	/
	/
	/



	3
	23 May 2022

10:01:03
	Off the east coast of Honshu, Japan
	5.3
	/
	−17 days to 23 days
	/
	−2 days to 17 days
	−17 days to 23 days



	4
	23 September 2021

01:01:26
	East of Lake Baikal, Russia
	5.5
	/
	/
	/
	/
	/



	5
	1 May 2021

09:27:26
	Off the east coast of Honshu, Japan
	6.6
	15 days to 30 days
	15 days to 30 days
	/
	/
	20 days to 30 days



	6
	21 December 2020

01:23:19
	Off the east coast of Honshu, Japan
	6.3
	/
	1 days to 20 days
	/
	/
	1 days



	7
	12 July 2020

06:38:25
	Guye District, Tangshan, Hebei, China
	5.1
	/
	/
	/
	/
	/



	8
	20 April 2020

04:39:05
	Off the east coast of Honshu, Japan
	6.2
	6 days to 26 days
	6 days to 26 days
	/
	/
	/



	9
	29 November 2019

12:01:36
	Far from the east coast of Honshu, Japan
	5.4
	/
	/
	/
	/
	/



	10
	18 June 2019

21:22:21
	Off the west coast of Honshu, Japan
	6.5
	−28 days to 12 days
	−28 days to 12 days
	−21 days to 12 days
	−28 days to 12 days
	−28 days to 12 days



	11
	18 May 2019

06:24:48
	Ningjiang District, Songyuan city, Jilin
	5.1
	−14 days to 30 days
	−19 days to 30 days
	/
	/
	/



	12
	11 April 2019

16:18:23
	Far from the east coast of Honshu, Japan
	6.0
	/
	−29 days
	/
	−29 days
	/
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