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Abstract

:

The purpose of this work is to investigate the responses of multiple parameters to the Madoi earthquake preparation. A new method is employed to extract anomalies in a geomagnetic field. The results show that there were abnormal changes in the lithosphere, atmosphere, and ionosphere near the epicenter before the earthquake. Despite the differences in spatial and temporal resolutions, the increase in geomagnetic residuals in the lithosphere exhibits similar temporal characteristics to the enhancement of thermal infrared radiation in the atmosphere. Two high–value regions are present in the ground–based geomagnetic high residuals and the ionospheric disturbances. The northern one is around the epicenter of the Madoi earthquake. Near the southern one, an M6.4 Yangbi earthquake occurred four hours before the Madoi earthquake. In this study, we have observed almost all of the physical phenomena that can occur during the preparation of an earthquake, as predicted using the electrostatic channel model. It can be inferred that the electrostatic channel is a possible mechanism for coupling between the lithosphere, atmosphere, and ionosphere during the Madoi earthquake.
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1. Introduction


The discovery that local high–amplitude ULF signals were observed near the epicenters of violent M > 7.0 earthquakes at Loma Prieta [1] and Spitak [2,3] is the first milestone in the field of seismo–electromagnetics. Various ground–based or satellite observations in recent decades have proven that earthquakes can cause disturbances in the atmosphere and ionosphere [4,5,6,7,8]. The possible relationship between earthquakes and electromagnetic/ionospheric disturbances has received extensive attention in the past 20 years, especially after the 2008 Wenchuan earthquake [9,10,11]. Researchers also utilize satellite remote sensing data, which covers numerous seismic regions, to investigate thermal anomalies related to earthquakes [12,13,14,15,16,17,18,19,20]. To investigate the mechanisms by which earthquakes induce disturbances in the atmosphere and ionosphere, scientists have put forth various models that describe the coupling between the lithosphere, atmosphere, and ionosphere [21,22,23]. Hayakawa [24,25] has proposed several possible hypotheses regarding the mechanism of LAIC, including the chemical channel [26,27], acoustic channel [28,29], and electromagnetic channel [30,31]. Some scientists consider the thermal channel to be another important channel for LAI coupling [32]. An alternative hypothesis (the electrostatic channel) has also been suggested by Freund [33], who summarized his results based on laboratory experiments. The launch of the French satellite DEMETER in 2004, dedicated to seismo–electromagnetic studies, became another milestone. This mission has produced numerous scientific findings on the lithosphere–atmosphere–ionosphere coupling (LAIC) [34,35,36].



However, due to the complexity of the coupling mechanism, the study of seismic electromagnetic signals is still limited to the phenomenological level. There are no precise mathematical or physical models that can accurately describe all the coupling mechanisms between the three layers. Therefore, it is always important to gather more observational facts in order to explore and understand the mechanism of LAIC.



In recent years, the ground-based geomagnetic observation networks covering the entire Chinese mainland (Figure 1a, lower panel) and the launch of the China Seismo–Electromagnetic Satellite (CSES) in 2018 have provided us with the opportunity to further test these hypotheses. Most geomagnetic sites have favorable observation conditions and provide reliable data. CSES is the first space-based platform in China for earthquake observations and geophysical field measurements [37]. So far, CSES has successfully observed the response of in situ PAP O+ density and in situ LAP electron density to some seismic events [38].



On 22 May 2021, the Madoi 7.4 earthquake struck Qinghai Province in northwest China, with a longitude of 98.34° E, a latitude of 34.59° N, and a focal depth of 17 km. The epicenter was located at the Kunlun Pass–Jiancuo Fault, one of a series of nearly parallel active faults in the western Bayan Har block [39]. This fault is characterized by left–lateral slip. The Madoi earthquake was a strike–slip earthquake. And, it was also the first earthquake with a magnitude greater than 7.0 to hit the Chinese mainland since the launch of the CSES.



Over the past two years, scientists have conducted extensive research on the Madoi earthquake. Jing et al. [40] found anomalies in microwave brightness temperature and outgoing longwave radiation prior to the Madoi earthquake. Yang et al. [41] found thermal infrared brightness temperature anomalies before this event. Du and Zhang [42] investigated the anomalies of several parameters of the CSES satellite before the earthquake, including electron density, electron temperature, and ion compositions. Huang et al. [43] not only studied the data from multiple payloads of the CSES satellite but also analyzed the changes in total electron content (TEC) observed using GPS receivers before the Madoi earthquake. Li et al. [44] reported the earthquake risk near the epicenter based on the CSES data before the event.



Some of the current research focuses on analyzing satellite data, while others focus on analyzing ground-based data. However, the combination of these two is often limited to the joint analysis of satellite data and observations from a few individual ground-based sites. Data from the ground observation network is not being effectively utilized. We will utilize a novel approach to extract anomalies from geomagnetic network data and will investigate the abnormal changes from the ground to the ionosphere before the Madoi earthquake.



We will investigate the response of electromagnetic signals to the Madoi earthquake by combining ground-based geomagnetic data, outgoing long-wave radiation (OLR) detected by NOAA satellites, and ionospheric data from the CSES satellite. Figure 1a shows the stereoscopic data used in this work. This paper is organized as follows: In Section 2, we introduce the observational datasets, processing methods, and results. In Section 3, the results from various datasets will be analyzed synthetically, and the possible coupling mechanism of LAIC will be discussed. And, some brief conclusions will be given in Section 4.




2. Datasets and Processing


Previous studies [45,46] have reported that areas of stress accumulation in the Earth’s crust are often significantly larger than the fault rupture zones of earthquakes. According to Dobrovolsky’s research, there is a relationship between the radius of the earthquake preparation zone (R) and the magnitude of the earthquake (M), as follows:   R =   10   0.43 M    . When the magnitude of an earthquake exceeds 7.0, the radius of the earthquake preparation zone extends beyond 1000 km [47,48]. This work focuses on the abnormal changes that occurred within a 1000 km radius of the epicenter of the Madoi earthquake.



2.1. Ground–Based Geomagnetic Datasets


Strong earthquakes, severe magnetic storms, or solar activity can cause ionospheric perturbations, which could further affect the geomagnetic field [49]. Therefore, we made an effort to avoid these periods when selecting our data. As can be seen from Figure 2a, Solar Cycle 24 entered the solar minimum in 2018 and reached its lowest value in 2020. As can be seen from Figure 2b,c, the sunspot number remained below 40, and the F10.7 radio flux was less than 100 SFU (solar flux units), except for a few days from November 25 to 1 December 2020. This indicates that the solar activity had minimal impact on the ionosphere. No earthquakes with a magnitude greater than 7.0 occurred in Mainland China in 2020. To minimize the impact of magnetic storms and earthquakes, we selected data from 2020 as the reference.



It is well known that the observed fluctuations in the Z component of the geomagnetic field are usually smaller than those in other components during magnetic storm activity. Therefore, we utilized the Z component to study the response of the geomagnetic field to earthquakes.



The regular diurnal variation in the geomagnetic field is a worldwide phenomenon [50]. Since the majority of the Chinese mainland is located in the mid-latitude of the northern hemisphere, the observed diurnal variation in the Z component closely resembles a cosine curve. In other words, the maximum occurs in the morning and evening, while the minimum occurs around noon (Figure 3a). The timing of the minimum occurrence is a key feature of the diurnal phase of the Z component. We will use it to describe the phase characteristics of the Z component. For simplicity, we will refer to it as the Low-Point-Time below. We will use the residuals of Low-Point-Time to demonstrate the disturbance of the geomagnetic field.



For a single station, the phase of the diurnal variation of geomagnetism does not change significantly from day to day. The Low-Point-Time of the geomagnetic Z component follows a normal distribution. Approximately 95% of the phasic deviations are less than two times the standard deviation. However, the diurnal phases of sites at different spatial locations vary greatly [51].



We calculate the average value and the standard deviation of the geomagnetic Z component Low-Point-Time observed at each station in 2020 using Formulas (1) and (2).


    T  ¯  =     t   1   +   t   1   + … +   t   N     N   =     ∑  i = 1   N      t   i       N    



(1)






  σ =      ∑  i = 1   N      (   t   i   −   T  ¯  )   2       N     



(2)




where     t   i     is the Low-Point-Time of the   i t h   day and N is the number of days.     T  ¯    is the average value of Low-Point-Time of each station. σ is the standard deviation of the Low-Point-Time. The average value of the Low-Point-Time shows significant longitude dependence (Figure 3b). That is to say, the Low-Point-Time is becoming later from east to west, except for a few stations (such as Huangyang and Subei), which are slightly lagging behind the surrounding area.



The standard deviation of the Low-Point-Time at most stations in the mid–latitude (i.e., from 30° N to 40° N) is less than 60 min. In addition, some stations have a slightly larger standard deviation. For example, the standard deviation of Gucheng is 89 min, which is significantly higher than that of the surrounding regions. The standard deviations of Huangyan Station, Yulin Station, Jiayuguan Station, Jiangyou Station, and Lanzhou Station are 72 min, 69 min, 69 min, 68 min, and 66 min, respectively, which are slightly higher than those of the surrounding areas. At high latitudes, the standard deviation is much larger. For example, the standard deviation of Tonghe Station is as high as 116 min, and the standard deviations of Dedu, Manzhouli, and Harbin are 86 min, 82 min, and 82 min. In general, geomagnetic disturbances are higher at high latitudes than in the mid–latitudes (Figure 3c), and the geomagnetic data are reliable.



We extract the portion where the standard deviation exceeds the threshold. Firstly, we use Formula (3) to calculate the difference between the observed value and the average value of the Low-Point-Time. Those with a difference of less than two standard deviations are considered within normal fluctuations. Then, Formula (4) is used to calculate the residuals that exceed two times the standard deviation observed at each station.


  Δ t =   t   i   −   T  ¯   



(3)






  Δ Δ t =      Δ t − 2 σ   ( Δ t > 2 σ , o r   Δ t < − 2 σ )     0   ( − 2 σ ≤ Δ t ≤ 2 σ )       



(4)




where   Δ t   is the part where the Low-Point-Time exceeds the standard deviation.   Δ Δ t   is a variable used to compare the residuals with two times the standard deviation.



We take two times the standard deviation as the threshold. To highlight the portion that exceeds the threshold value, we set the residuals to zero within the range of (−2σ, 2σ).



As shown in Figure 4, few residuals of Low-Point-Time near the epicenter exceed two times the standard deviation on 16 May 2021 (Figure 4a). On 17 May, the residuals southeast of the epicenter exceeded the threshold slightly. On 18 May, the residuals to the northwest and north of the epicenter exceeded the threshold. The range of high residuals was much greater than that on 17 May. On 20 May, the residual was surprisingly small. On 19 May, the residuals in the southeast of the epicenter exceeded the threshold. The region of high residual is divided into two parts. One is around (97.6° E, 34.2° N), and the other is near (101.6° E, 23.7° N). On 21 May, the residual in the north and northeast of the epicenter was more than 120 min. On 22 May, the day the Ms7.4 Madoi earthquake occurred, the area with residuals exceeding the threshold covered the entire epicenter (see Figure 4g). Later, on 23 May and 24, the residuals near the epicenter gradually decreased below the threshold. In summary, the residuals that exceeded the threshold were small in the first few days and then increased gradually day by day. Eventually, they disappeared after the earthquake.




2.2. Earth Radiation Observation


To investigate the presence of thermal anomalies around the epicenter of the Madoi earthquake, we analyzed the infrared emissions obtained from the OLR data collected by NOAA satellites.



We took the data from 15 May, which is the closest day to the study period, as a reference. Then, we subtracted the data on 15 May from each day of the study period. The differences indicate the variation in thermal infrared in different regions during those days.



As shown in Figure 5, there was no significant increase in thermal infrared radiation in the study area on 16 May and 17 May compared with that on 15 May (see Figure 5a,b). On 18 May, the OLR radiation increased to the northwest of the epicenter, reaching a maximum amplitude of 74 W/m2 (Figure 5c). There were also significant thermal anomalies in the same region on 19, 22, and 23 May (Figure 5d,g,h). On 19 May, the maximum increase in thermal warming reached 90 W/m2. On 24 May, the warming phenomenon near the epicenter disappeared. During our study period, infrared anomalies appeared before the earthquake and disappeared on the third day after the earthquake. However, there were few anomalies on 20 and 21 May.




2.3. Ionospheric Data from the CSES


In this paper, we investigate the ionospheric response to the Madoi earthquake using LAP electron density and O+ density data from the night orbits. The ionosphere is the ionized part of the atmosphere that extends from about 50 to 1000 km above the Earth’s surface. Obara et al. [52] demonstrated an increase in electron flux at satellite altitude as a result of a geomagnetic storm, using an NOAA satellite.



Generally, the interplanetary three–hour magnetic index, known as the Kp index, is used to describe global magnetic storms. Generally, geomagnetic activity is quiet when Kp is less than 3. However, the amplitude of the disturbance varies at different latitudes. The Dst index mainly reflects the influence of the ring current on the magnetic field, making it a better indicator and measurement of disturbances in low–latitude regions. To exclude the possible effect of external forces, data were selected only during periods of geomagnetic quiet time (|Dst| ≤ 30 nT and Kp ≤ 3). One can see from Figure 6 that there are parts of Kp indices larger than 3 and Dst < −30 on 18 and 20 May. Especially on 20 May, the Kp index reached a high of 5.33. It can also be observed from Figure 6c that the geomagnetic F component was affected by magnetic storm activity on 18 and 20 May.



The revisiting period of the CSES satellite was five days. We selected data from two revisiting periods before and after the Madoi earthquake. We excluded the data from 18 May and 20 May due to magnetic storms. Finally, we displayed all the data observed from different orbits during one revisiting period in the same image (Figure 7).



During the first revisiting period (from 16 May to 19 May), when the CSES satellite flew over the epicenter, orbit 18,233 recorded the ionospheric plasma disturbances detected by the PAP and LAP payloads, respectively (see Figure 7a,c). We can observe a significant increase in the density of O+ and electrons from the same orbit. The regions of plasma disturbance extended southeast from approximately 35° N to around 20° N. During the second revisiting period (from 21 May to 25 May), the electron density and O+ density detected from orbit 18,309 were still significantly higher over the epicenter compared with that of the other regions. Although the spatial range of high electron and O+ density was smaller than that observed in the previous revisiting period (see Figure 7b,d). The area of plasma density enhancement recorded during both revisiting periods had two focal points, particularly in the first revisiting period.





3. Result Analysis


This work presents a multi–parametric approach to investigate the pre–seismic anomaly during and before the Madoi earthquake that took place in China on 22 May, 2021. The ground-based data from the China Geomagnetic Networks, the OLR data from the NOAA satellite, and the plasma data from the CSES satellite were used in this work.



We proposed a method to extract geomagnetic anomalies using the Low-Point-Time residuals of the Z component of the geomagnetic field. The results show that the diurnal phasic variation in the Z component of the geomagnetic field near the epicenter changes significantly from 16 to 24 May, particularly on 19, 21, and 22 May. During this period, there was also an increase in atmospheric OLR radiation within the seismogenic zone. Although the high–radiation area is relatively farther from the epicenter, it still falls within Dobrovolsky’s radius. The anomalies in both the lithosphere and atmosphere reached a high magnitude on 18 May, 19 May, and 22 May. Previous studies have found that a similar phenomenon occurred before the Wenchuan earthquake on 12 May 2008. On 9 May 2008, synchronized anomalies were observed in multiple spheres, which may indicate an imminent earthquake.



In addition, during these two revisiting periods, orbit 18,233 and orbit 18,309 of the CSES satellite flew over the epicenter and recorded increases in electron density and O+ density. There are two regions with an increased plasma concentration (see Figure 7). The focal point of the northern region is located at (97.6° E, 34.2° N), near the epicenter of the Madoi earthquake. The southern focus is around (97.6° E, 34.2° N). An M = 6.4 Yangbi earthquake hit the southern area 4 h before the Madoi earthquake, which occurred at 21:48 on 21 May, Beijing Time. It is worth mentioning that the spatial distribution of geomagnetic phase residuals, extracted using our method, is remarkably consistent with plasma disturbances detected using the CSES satellite. On 19 May, there were also two similar focal points on the distribution plot of the residuals of Z component Low-Point-Time (Figure 4d). It is easy to imagine that the high–value region in the south is connected to the Yangbi earthquake. Since the subject of this study is the Madoi earthquake, we will not delve into the details of the southern focus. Although the data from each geosphere differs in temporal and spatial resolution, abnormal changes of varying degrees were observed in the lithosphere, atmosphere, and ionosphere before the Madoi earthquake.



Freund et al. [53] conducted laboratory experiments to compress rocks and to simulate tectonic plate shifts. The results showed that mobile positive holes (p–holes) can be activated in the crust due to microfractures during the dilatancy of earthquake preparation. The diffusion and outflow of these holes can further generate currents, radiations, electric fields, and magnetic fields on the Earth’s surface. Infrared emissions are expected to occur when p–hole recombine with electrons at the free surfaces [54,55]. Takeuchi et al. [56] proposed a detailed electrostatic channel model based on Freud’s p–holes theory and experimental results.



The P-holes are activated in a stressed fault zone and spread into the surrounding ground. Some of them reach the ground surface and form a positive surface potential over a large area around the epicenter. This potential creates an upward vertical electric field that penetrates the ionosphere through the atmosphere. The electrons “e−” in the ionosphere are forced downward and recombine with neutral particles “n” or positive ions “e+” in the atmosphere, which affects the density of electrons (or other plasma) in the ionosphere. Such an electric field can induce an abnormal magnetic field. The energy released by p-hole recombination is in the form of infrared emissions, which can potentially contribute to infrared warming. A detailed description can be found in reference [56].



In this work, almost all types of anomalies predicted using the electrostatic channel model were observed before or during the earthquake. So, there might be a coupling between the lithosphere, atmosphere, and ionosphere through electrostatic channels during the preparation and occurrence of the Madoi earthquake.



So far, no model can perfectly explain all the mechanisms of LAIC, and determining these mechanisms remains challenging. The study of seismic anomalies is still at the phenomenological level. Collecting more observations is important for further exploration of the lithosphere–atmosphere–ionosphere coupling mechanism associated with earthquakes.



However, there are still significant drawbacks in this study. The Earth’s ionosphere is a part of the atmosphere that extends from an altitude of about 50 km to over 1000 km. Because the altitude of the CSES satellite is about 500 km, it cannot record disturbances over the entire ionospheric height like GNSS–TEC can. Yue et al. [57] reported that significant TEC anomalies were observed three days before the earthquake. We have identified anomalies recorded on the two orbits that passed over the epicenter on 16 and 21 May. However, we cannot confirm if there are anomalies on the other days since the CSES satellite revisits every five days. Dong et al. [58] detected ionospheric perturbations in the conjugate regions using GPS TEC. We do not pay much attention to the magnetic conjugated regions of the Chinese mainland because of the distinct ionospheric backgrounds of the two opposite hemispheres.



In addition, the phenomena observed in this work are still somewhat different from what was expected. There are still many problems that cannot be explained in this work. For example, the distribution of plasma disturbances, thermal infrared warming, and high geomagnetic residuals does not strictly correspond in space. It might be related to spatial resolution, temporal resolution, and the laws governing the changing characteristics of the observed objects. It may not be possible to achieve complete consistency among the phenomena of different geospheres. In addition, there were almost no geomagnetic residuals that exceeded the threshold on 20 May during the study period. Furthermore, the increments in OLR on 20 and 21 May were very small. It is difficult to explain the factors that cause them to decrease during this period.



The Madoi earthquake in 2021 is the largest earthquake in mainland China since the launch of the CSES satellite. This work exemplifies the integrated use of the geomagnetic network and the CSES data, providing additional evidence for future LAIC research.




4. Conclusions


In this paper, we investigated the anomalies within Dobrovolksy’s radius before and during the Madoi earthquake. We are utilizing a novel approach to identify anomalies in the geomagnetic field. The following phenomena that we summarize are helpful for further research on earthquake–related LAIC. However, there are still some unexplained problems.



	
Dobrovolksy’s radius has revealed abnormal changes in the lithosphere, atmosphere, and ionosphere.



	
Despite the differences in spatial and temporal resolutions, some temporal similarities have been found between geomagnetic diurnal phase anomalies in the lithosphere and enhancements in atmospheric OLR.



	
There are two regions of high value for both the ground–based geomagnetic high residual and the ionospheric disturbances observed with CSES. The northern one is near the epicenter of the Madoi earthquake, and the southern one is near the epicenter of the Yangbi earthquake, which occurred 4 h before the Madoi earthquake.



	
In this study, we observed almost all of the physical phenomena that may occur during earthquake preparation, as predicted using the electrostatic channel model. The electrostatic channel model can explain the changes observed in the Madoi earthquake very well. So, we inferred that the electrostatic channel might be the possible mechanism for coupling between the lithosphere, atmosphere, and ionosphere during the Madoi earthquake.
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Figure 1. Schematic presentation of the epicenter, active faults, and stereo monitoring of the Madoi earthquake: (upper panel of (a)) the orbits of the CSES; (middle panel of sub-figure (a)) OLR detected by NOAA satellite; (lower panel of (a)) black dots represent ground geomagnetic observations; (b) active faults in the western Bayan Har block; DRF: Dari fault; ELSF: Elashan fault; GDNF: Gandenan fault; KF: Kunlun fault; KJF: Kunlun Pass-Jiancuo fault; MDF: Madoi fault; TTHF: Tongtianhe fault; WQF:Wudaoliang-Qumalai fault; WYF: Wulan-Yushu fault;XCF: Xizangdagou-Changmahe fault (fault data comes from reference [39]), and the red star represent the epicenter of the Madoi earthquake. 
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Figure 2. (a) Monthly and 13–month smoothed sunspot numbers over the last 6 cycles; (b) daily and monthly sunspot numbers in 2020. (Source: WDC–SILSO, Royal Observatory of Belgium, Brussels.) (c) The F10.7 radio flux during 2020. 
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Figure 3. (a) Diurnal variation curves of the Z component of several Chinese geomagnetic stations; (b) the average value and the standard deviation of the geomagnetic Z component Low-Point-Time over mainland China in 2020, which shows very significant longitude dependence; (c) the standard deviation of the geomagnetic Z component Low-Point-Time over mainland China in 2020. The standard deviation in the north is higher than that in the south. 
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Figure 4. Spatio—temporal evolution of Low-Point-Time residuals of geomagnetic Z component diurnal variation in the days before and after the Madoi Ms7.4 earthquake in Qinghai on 22 May, 2021. Sub–figures (a–i) represent the residuals from 16 May to 24 May, respectively. The circle presents Dobrovolsky’s radius, and the black dot in sub-figure (d) represents the epicenter of the Yangbi earthquake. 
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Figure 5. The OLR was observed by NOAA satellites near the epicenter of the Madoi earthquake. Sub-figures (a–i) show the increase in OLR emissions from 16 May to 24 May compared with that on 15 May. Therein, the amplitude of OLR reached 74 W/m2 on 18 May (c) and 90W/m2 on 23 May (h). 
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Figure 6. Dst and Kp indices from 6 May to 24 May. (a) One of the Kp indices was >3 on 18 May. On 20 May, there were three Kp indices >3, one of which was 5.33. (b) The Dst of the corresponding period is close to −30 nT. (c) The geomagnetic F component of three observatories (i.e., Dawu, Dulan, and Maqu) were slightly disturbed by magnetic storm activity on 18 and 20 May. 
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Figure 7. The spatial variation in LAP electron density and O+ density was observed via the CSES satellite during two revisit periods before and after the Madoi earthquake. One of the revisiting periods ran from 16 May to 20 May, and the other ran from 21 May to 25 May. Black arcs represent the orbits of the CSES satellite. The yellow star represents the epicenter of the Madoi earthquake, while the black dot represents the epicenter of the Yangbi earthquake, which occurred four hours prior to the Madoi earthquake. (a) LAP electron density from 16 May to 20 May 2021; (b) LAP electron density from 21 May to 25 May 2021; (c) PAP O+ density from 16 May to 20 May; (d) PAP O+ density from 21 May to 25 May. Thereinto, the data on 18 and 20 May were not used due to the geomagnetic storms. 
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