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Abstract

:

The position between BeiDou geostationary Earth orbit (GEO) satellites and ground-based receiving stations can roughly be considered to be constant with negligible fluctuations; thus, the total electron content (TEC) data over a fixed ionospheric piercing point (IPP) can be continuously acquired, which is advantageous for monitoring ionospheric disturbances. Focused on the Jiuzhaigou Ms7.0 earthquake that occurred on 8 August 2017, the TEC data inverted by the BeiDou GEO satellite were analyzed to extract ionospheric disturbances potentially associated with the earthquake. It was found that significant anomalies in ionospheric TEC occurred 10–11 days, 6–7 days, and 1–9 h prior to the earthquake, which was mainly located in the southeast and southwest directions within about 2500 km distance from the epicenter. Comparing the spatial and temporal characteristics between the ionospheric disturbance and the radon gas near the surface, the atmospheric electric field, and the spectrum of TEC data, it was considered that the chemical and acoustic–gravity wave pathway may play an important role in the lithosphere–atmosphere–ionosphere coupling (LAIC) mechanism.
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1. Introduction


Earthquakes are considered to be relatively major natural disasters; each strong earthquake will cause serious damage and even heavy casualties. Achieving accurate earthquake prediction and mitigating the hazards caused by earthquakes is an urgent challenge that humanity seeks to solve [1,2,3]. In 1964, Davies and Baker [4] discovered a certain correlation between ionospheric anomalies and earthquakes during the preparation periods. Since then, many scholars have been dedicated to exploring the ionospheric disturbances that are potentially associated with earthquakes, attempting to establish a new method for earthquake study [5,6].



In the previous research on the correlation between seismic events and ionospheric disturbances, two primary points have been explored: the analysis of disturbance characteristics prior to earthquakes based on ionospheric parameters; and the research on the physical mechanism of seismoionospheric coupling. The former includes analyzing and summarizing ionospheric anomalies associated with earthquakes, discussing their changes before and after seismic events, and refining the characterization of seismoionospheric perturbations. Currently, the parameters studied in relation to seismoionospheric disturbances include total electron content (TEC), F2 layer critical frequency (foF2), sporadic E layer (Es), ionospheric plasma parameters, electromagnetic radiation parameters, and high-energy particle flux, etc. [7,8]. The latter example refers to the investigation of the coupling relationship between the lithosphere, atmosphere, and ionosphere. For example, Nayak et al. [9] discussed the potential impact of ionized gases released from the crust on the ionosphere, and Ruan et al. [10] investigated the relationship between ionospheric abnormalities and acoustic–gravity waves. Notably, the Russian scientist Pulinets has summarized a unified conceptual model which systematically verifies different types of earthquake precursors from different layers, thereby providing a theoretical foundation for earthquake prediction using ionospheric data [11,12,13].



At present, the analysis of pre-earthquake ionospheric anomalies based on satellite observation data such as GPS has received widespread attention [14,15], and numerous studies have observed abnormal changes in the ionospheric TEC before earthquakes [16,17]. For example, Tariq et al. [18] used GPS-based TEC data to statistically analyze three earthquakes above M7.0 on the Nepal and Iran–Iraq border, and they concluded that ionospheric precursors related to earthquakes may occur within 10 days. Ghimire et al. [19] analyzed a Nepal earthquake with a magnitude of 7.8 through GPS-TEC data. While observing the pre-earthquake TEC anomalies, they further verified that the anomalies and earthquakes are correlated in terms of distance and time series scales. Based on GNSS TEC monitoring data, Takahashi et al. [20] committed themselves to producing a TEC map covering the South American continent, which can better observe and analyze the spatiotemporal changes of TEC. However, the ionospheric pierce points (IPPs) between satellites such as GPS and ground-based receiving stations will vary unevenly with satellite motion. The observed data cannot directly reflect the temporal variation of ionospheric TEC at the same location and should be processed through mathematical interpolation or modeling methods, which may cause errors [21,22].



The BeiDou navigation satellite system (BDS), which has been independently developed by China, is the only navigation system globally that incorporates geostationary Earth orbit (GEO) satellites [23,24]. Geostationary orbits are affected by the oblateness of the Earth and the gravity of the sun and the moon, but the satellite can adjust itself, and the position deviation of the associated puncture point is further reduced. In addition, the spatial scale of the ionosphere is large so the position fluctuation of the IPP can basically be ignored, and the satellite is regarded as stationary relative to the earth. Given the stationary nature of the GEO satellite in relation to Earth, the ground-based receiving stations are able to continuously acquire TEC data for the fixed IPPs in the ionosphere. This ability is equivalent to setting up multiple fixed-position, time-continuous monitoring devices on the ground, which effectively enhances the spatiotemporal resolution of ionospheric monitoring. The disturbances of ionospheric TEC have been studied extensively using BeiDou satellite data. However, the existing research mainly focuses on the effects of space weather, such as solar and geomagnetic activity [25,26]. Wu et al. [27] investigated the variation characteristics of ionospheric TEC based on specified piercing points using GEO observation data. They compared the TEC obtained through GEO-measured data with other data sources and demonstrated that it has a higher level of confidence. Tang et al. [28] undertook a statistical investigation to explore the temporal and spatial variation characteristics of ionospheric TEC during the period of the August 2018 geomagnetic storm. Ming et al. [29] observed a significant increase in ionospheric TEC before and after the occurrence of a magnetic storm, verifying the feasibility of monitoring ionospheric spatiotemporal changes using the BeiDou GEO satellite. Despite advancements in TEC research, the understanding of seismic disturbances inferred from GEO satellite TEC data is limited. Chen et al. [30] used TEC data inverted by GEO satellites at IPPs from ground-based receiving stations in mainland China to explore the pathways in which earthquakes may affect TEC and discussed the coupling relationship between the lithosphere and the ionosphere. Wang et al. [31] scrutinized the TEC disturbances during the Menyuan Ms6.9 earthquake, utilizing the data obtained from the BDS GEO. Their analysis revealed a resonance coupling effect existing within the lithosphere and ionosphere.



The Crustal Movement Observation Network of China (CMONOC), also known as the Land State Network, has made continuous advancements in the utilization of BDS data since 2015. Currently, approximately 170 stations are capable of receiving GEO satellite data in China. Several studies have demonstrated a significant correlation between seismoionospheric anomalies and the magnitude of earthquakes [10]. Consequently, investigating earthquakes of higher magnitudes can offer more favorable prospects for the examination of ionospheric anomalies and the elucidation of the mechanisms underlying seismic ionospheric disturbances. On 8 August 2017, a strong earthquake with a magnitude of Ms7.0 occurred in Jiuzhaigou County, Sichuan Province. Researchers had identified anomalous disturbance in the ionospheric parameters, specifically in terms of TEC, prior to this earthquake [32,33,34,35,36]. However, existing analyses primarily rely on GPS single-station data or global ionospheric mapping (GIM); research employing TEC data inverted by the BeiDou GEO satellite is currently lacking for this particular seismic event. In light of this, our study aims to investigate the ionospheric disturbance across spatial and temporal dimensions prior to the Jiuzhaigou Ms7.0 earthquake utilizing the TEC data of BDS GEO acquired from CMONOC. From this study, we aim to further understand the characteristics of ionospheric perturbations triggered by earthquakes and explore the mechanism underlying seismoionospheric coupling.




2. Materials and Methods


The BDS is an integral component of the GNSS, including GEO satellites, inclined geosynchronous orbit (IGSO) satellites, and medium Earth orbit (MEO) satellites [37,38,39]. Presently, there are five operational GEO satellites, each maintaining a fixed position relative to the Earth and orbiting at an approximate altitude of 35,787 km [40]. The 5 GEO satellites are located at longitudes of 58.75°E, 80°E, 110.5°E, 140°E, and 160°E along the equator, respectively [38], ensuring comprehensive coverage across mid- and low-latitude regions.



The data utilized in this study are obtained from the CMONOC, with a temporal resolution of 30 s. The slant TEC (STEC) data along the signal propagation path is acquired through an inversion calculation process employing carrier phase observations and satellite orbit parameters, both of which are furnished by dual-frequency receivers [41]. The principle of STEC inversion is that when satellite signals pass through the ionosphere, the phase will advance. The specific steps for the inversion calculation are as follows.



The ionosphere may be regarded as a dispersive medium, and the propagation of electromagnetic wave signals in the ionosphere is usually described by magnetic ion theory. Therefore, it can be studied by the Appleton–Hartree (A-H) formula, which reveals the theoretical relationship between the phase refractive index and electron density:


    μ   p   = n =   [ 1 +   −       f   0     2       f   2       ]     1   2     = 1 +   1   2     −       f   0     2       f   2       = 1 −       N   e     e   2     4   π   2     ϵ   0   m     2   f   2     ≈ 1 − 40.28     N   e       f   2     ,  



(1)




where     N   e     denotes the electron density,     f   0     is the plasma frequency, and   f   is the electromagnetic wave frequency.



TEC is defined as the integrated count of electrons within a unit propagation cross-section [42]. Hence, the total electron content along the signal path between the satellite and receiver can be mathematically represented by Equation (2).


  S T E C =  ∫    N   e     s   d s    



(2)







The phase velocity in the carrier phase measurements     v   p     and the phase refraction index     μ   p     relationship exists as in Equation (3), and the signal feature propagates at the phase velocity. Therefore, the distance between the receiver and the transmitter   S   can be quantified by integrating the phase velocity. Considering the linear relationship between the time and the ratio of phase and frequency, the relationship between electron density, electron density, and phase can be expressed as follows:


    v   p   =   c     μ   p     = c ( 1 + 40.28     N   e       f   2     ) ,  



(3)






  S =   ∫  ∆ t      v   p   d t = c ∆ t +   40.28     f   2       ∫  ∆ t      N   e   d t   =   c   Φ   f   +   40.28     f   2       ∫  s      N   e   d s   .  



(4)







If the hardware delays of the satellite and receiver are ignored, the dual-frequency carrier phase observation equation, taking into account the integer ambiguity, can be expressed as


    Φ   1   =     λ   1     − 1     S + c   δ   t   u   − δ   t   s     −   I   1   + T   −   N   1   +   ε   φ   ,  



(5)






    Φ   2   =     λ   2     − 1     S + c   δ   t   u   − δ   t   s     −   I   2   + T   −   N   2   +   ε   φ   ,  



(6)




where   Φ   denotes the carrier phase observation;   λ   denotes the carrier wavelength;   S   denotes the real distance from the satellite to the receiver;   c   δ   t   u   − δ   t   s       denotes the receiver clock difference as well as the satellite clock difference;   I   is the ionospheric delay;   T   is the tropospheric delay;   N   is the integer ambiguity; and     ε   φ     is the measured random noise term; where   I   represents the phase advance corresponding to the frequency caused by the ionosphere.



By taking the difference of Equations (5) and (6) and combining with Equations (1), (2) and (4), the slant TEC can be calculated as shown in Equation (7):


  S T E C =       f   1     2       f   2     2     40.28 (     f   1     2   −     f   2     2   )   · (   λ   1     Φ   1   −   λ   2     Φ   2   +     λ   1   N   1   −   λ   2     N   2   ) ,  



(7)




where     Φ   1     and     Φ   2     are the carrier phase observables,     λ   1     and     λ   2     are the carrier wavelengths, and       λ   1   N   1     and     λ   2     N   2     are the integer ambiguity of the carrier waves.



Owing to the presence of unknown integer ambiguity, only the relative variations in TEC with a high degree of precision can be ascertained, taking into account that earlier CODE’s GIM maps are produced with the time gap 2 h, which is a relatively small-time window [43]. This time scale is enough to capture some short-term changes in TEC, but it will not lose important long-term trends more; thus, the two-hour sliding average approach was employed in this study. The smoothed TEC value is calculated by averaging TEC measurements within a two-hour window (one hour before and after the specific time instant). This technique could effectively eliminate the typical trend of TEC fluctuations and irrelevant noise, facilitating the emphasis of relative TEC changes, which is applied for the subsequent research of seismic disturbances.




3. Analysis Results


3.1. The Impacts of Ionospheric Background Environment


Based on the findings of statistical research on ionospheric plasma parameters associated with seismic disturbances [44,45,46,47], it has been found that anomalies predominantly arise within a two-week timeframe prior to earthquakes, with the highest frequency of anomalies occurring within the final week before the seismic event. As a consequence, our primary focus was directed towards the investigation of ionospheric disturbances 15 days before the Jiuzhaigou earthquake. Initially, several indices are employed to establish a comprehensive understanding of the pre-earthquake ionospheric spatial environment before engaging in data analysis, aiming to discern it from the effects of space weather activity on the ionosphere. Figure 1 presents the relevant indices describing the spatial weather activity from 24 July to 8 August 2017, including the solar flux at 10.7 cm (F10.7), Dst, and Kp indices. It can be seen that the solar activity was relatively calm during the study period. According to some Kp indices greater than 3 and Dst indices close to −30 nT on 24–26 July, it was indicated that there was a weak magnetic storm event. On 3–6 August, the Kp indices increased significantly, and the Dst indices showed that there was a clear onset phase of magnetic storms on 4 August with a minimum of −37 nT, and then the magnetic storm entered the recovery phase. Overall, the ionospheric spatial environment was relatively calm from 27 July to 2 August and on the days immediately before the earthquake on 7 and 8 August.




3.2. TEC Time Series Analysis of Stations near the Epicenter of the Earthquake


There exists a network of 170 monitoring stations equipped to receive GEO satellite data. Each of these stations is specifically associated with five GEO satellites, enabling the acquisition of TEC data pertaining to five IPPs. Utilizing these TEC measurements, it becomes feasible to conduct a distance-related analysis of the ionospheric TEC anomalies by calculating the distance from the epicenter to each IPP.



The interquartile range (IQR) is a parameter used to represent the dispersion of data and can be used to check for abnormalities in the data [48]. The sliding interquartile range method is often used to detect anomalies in ionospheric TEC before earthquakes [49,50]. This method can obtain a more accurate background value by calculating the median value over a period of time and determining the upper and lower limits of the ionospheric TEC based on the IQR, thereby extracting anomalies that exceed the threshold. In this study, six IPPs with more-complete data and nearest to the epicenter location are screened out. They include two IPPs of gspl, two IPPs of qhmq, and one IPP each of dlha and qhgc. In order to extract the perturbation related to the background, the sliding interquartile range method is employed to analyze the time series of TEC at each IPP, and the detailed processes are as follows.



	
The median (M) and IQR of 15 days before each observation were calculated based on the preceding background. Statistically, the expected value of the interquartile range is 1.34 times the standard deviation [50,51], so disturbances were extracted using the threshold of M ± 1.5IQR.



	
The calculation of abnormal values (Ab) was carried out using Equation (8), which can highlight the anomalies. Values exceeding M + 1.5IQR were considered as positive anomalies, while values below M − 1.5IQR were negative anomalies. For values exceeding the threshold, we calculated the relative change (Ab%) between the observed data (Obs) and the threshold. We assigned the value of 0 to those that do not exceed the threshold value.


  A b % =         O b s −   M + 1.5 I Q R       M + 1.5 I Q R     × 100     O b s > M + 1.5 I Q R       0     M − 1.5 I Q R ≤ O b s ≤ M + 1.5 I Q R         O b s − ( M − 1.5 I Q R )   ( M − 1.5 I Q R )   × 100     O b s < M − 1.5 I Q R        



(8)







	
To eliminate the interference of abrupt jumps and ensure that anomalies have a certain duration, disturbances with a non-zero Ab% value persisting for over 30 min were highlighted.






In addition, the relative change amount is used in Equation (8) because there is daily variation in the TEC data. The TEC value is larger at noon so the disturbance may be easier to observe, while the changes at night are relatively small. Therefore, using relative changes avoids exaggerating perturbations in strong backgrounds and does not ignore small perturbations in weak backgrounds. This allows for more accurate analysis and detection of abnormal changes before earthquakes.



Figure 2 depicts the temporal variation of TEC in the 15 days leading up to the earthquake at the six IPPs which are closest to the epicenter and have relatively complete data. Each subgraph features the actual observed values, represented by the blue line; the upper and lower thresholds (M ± 1.5IQR), indicated by the gray lines; and anomalies with non-zero Ab% values persisting for over 30 min, shown by the red line. Based on the spatial weather background, it can be inferred that the anomalies observed from 3 August to 6 August are more likely attributed to geomagnetic storm activity. Notably, significant anomalies in terms of relative TEC temporal variations were also detected on 28 July in the relatively calm spatial weather conditions. Furthermore, exceeding threshold values were observed on 29 July, 1 August, 2 August, 7 August, and the day of the earthquake (8 August). Although these disturbances did not persist for over 30 min, they exhibited frequent fluctuations and increased diurnal amplitude, suggesting the presence of ionospheric disturbances during these periods. Colonna et al. [52] cited machine learning methods in conducting long-term observations of Italian ionospheric TEC data, and their criterion for anomaly determination is that anomalies must reoccur in a period of time. During the time period we studied, there were many recurring anomalies that lasted less than 30 min. Hence, 28 July and the periods of duration not exceeding 30 min and with a calm background environment will be the focus of the subsequent research.




3.3. Spatial and Temporal Distribution of TEC Anomalies


Analyzing the spatiotemporal distribution of anomalies can provide a deeper understanding of the correlation between anomaly changes and the epicenter. It allows for a more comprehensive comprehension of the spatial characteristics of ionospheric disturbances associated with earthquakes. The geostationary nature of geostationary satellites ensures that each IPP maintains a fixed position, enabling the analysis of the spatiotemporal distribution of abnormal TEC changes. Building upon the previously discussed ionospheric background environment and temporal analysis findings, we proceeded to conduct spatial and temporal analysis of TEC data during periods characterized by relatively tranquil space weather conditions. To facilitate visualization, spatial distribution maps with a temporal resolution of 2 h were generated on a daily basis. The disturbance was extracted according to the sliding interquartile range method mentioned above. For the observation data that exceeded the threshold, the difference between the observation value and the threshold is displayed at the corresponding IPP. Figure 3 shows the spatial and temporal distribution of TEC disturbances on days with significant anomalies, especially 28 July, 29 July, 1 August, 2 August, and the day of the earthquake (8 August). Compared with the temporal analysis, Figure 3 additionally shows the spatial distribution of TEC anomalies relative to the epicenter. On 28 July, negative anomalies, which were mainly concentrated on the south side of the epicenter, occurred in UT04. Positive anomalies were observed in the vicinity of the epicenter at UT08, while regions farther away continued to exhibit negative anomalies. By UT10, the positive anomaly area expanded, and subsequently, the southern side of the epicenter displayed predominantly negative anomalies. On 29 July, notable disturbances were witnessed on the southern side of the epicenter at UT02, characterized by a mixture of positive and negative anomalies. On 1 August at UT16, a significant surge in anomalies took place on the southwest side of the epicenter, primarily indicating positive anomalies. On 2 August at UT12, another noteworthy increase in anomalies occurred on the southern side of the epicenter, with the highest magnitude point located at a certain distance from the epicenter. On the day of the earthquake, 8 August, significant disturbances were observed at UT04, UT06, and UT12, along with an increased number of anomaly points. TEC decreased in the vicinity of the epicenter while it increased in the farther areas.



Attempting to study the spatial characteristics of TEC pre-earthquake disturbances, we further analyzed the time variation of disturbances in terms of their distance from the epicenter. The distance between each IPP and the epicenter was calculated using TEC observations taken every 30 s, which were graphed with the time and distance at a resolution of 150 km. The distribution of IPPs is uneven, which may result in the absence of data within certain distance ranges and affect the analysis results. The analysis revealed that the TEC data existed at each distance, as shown in Figure 4. By setting upper and lower thresholds as M ± 1.5IQR, the anomalous TEC data were highlighted over time and distance (Figure 5). The pictures in the abnormal days mentioned in the former illustration were enlarged and are displayed in Figure 5 for better visualization.



Corresponding to the spatiotemporal distribution results, the disturbances appeared to affect an area of nearly 2500 km on 28 July, as shown in Figure 5b. Obvious disturbance anomalies appeared within about 3000 km kilometers from the epicenter within 2–3 UT on 29 July, which were located in areas farther to the north from the spatiotemporal distribution map in Figure 3b and should have little relationship with the Jiuzhaigou earthquake. Additionally, a section of obvious TEC-lowering anomalies existed within 500 km from the epicenter at 12 UT, which gradually became farther away with time to the epicenter. Further analysis revealed that on August 1, there were obvious disturbances in different time periods from UT12 to UT18 within 2500 km from the epicenter (Figure 5c). On 2 August, the anomalies were concentrated around UT12, and the anomalies were more apparent in the area around 500 km from the epicenter. Strong positive and negative perturbations on August 7 mainly appeared around UT22, as shown in Figure 5d. The anomalies were evident from 1 to 9 h before the earthquake on 8 August, and at about 5–9 h before the quake, the anomalies gradually moved closer to the epicenter with the passage of time. In the process of studying the spatial distribution of ionospheric TEC anomalies, Sharma et al. [53] found that the distribution of TEC anomalies on the daily scale tended to move closer to the epicenter 8–9 days before the earthquake, which may be related to the stress accumulation around the fault making anomalous phenomena cluster near the epicenter. This may be the advantage of GEO’s high spatial and temporal resolution, which allows us to observe abnormal changes on an hourly scale. However, in the following 1–5 h before the quake, the anomalies showed a tendency to become farther away with time. It may be that the perturbed electric field caused by the earthquake increases the equatorial fountaining effect [54,55], which intensifies the equatorial ionization anomaly (EIA). It can be seen in the sub-panel at UT12 in Figure 3e that the northern crest of EIA is enhanced . Previous studies using GPS TEC data have detected the changes in TEC near the epicenter before the earthquake on 8 August, while they did not find this pattern of anomaly variation over time and distance around the epicenter [32,33,34,35]. Therefore, the utilization of high-resolution TEC data from BDS GEO observations is uniquely advantageous in revealing ionospheric perturbations.





4. Discussion


The generation of earthquakes is an extremely complex process that usually involves the combined effects of multiple factors. Consequently, the effects of earthquakes on the ionosphere are often multi-faceted. A model proposed by Hayakawa, namely, the LAIC model, suggests that seismic disturbance can spread from the lithosphere to the atmosphere and ionosphere via electromagnetic, acoustic, and geochemical pathways [56]. The physical processes, crustal movements, and rock ruptures that result from earthquakes may all have varying degrees of impact across different atmospheric parameters, thereby influencing the ionosphere. Additionally, a certain coupling relationship exists in different propagation paths, resulting in a multi-path coupling mechanism that further complicates the impact of earthquakes on the ionosphere. Pulinets et al. [11,12] pointed out that the release of radon gas and the propagation of acoustic waves through the chemical pathway can couple to form abnormal electric fields, which, in turn, couples with the ionosphere to produce abnormal disturbances.



In the chemical pathway, the main factors influencing the lithosphere and near-surface atmosphere are radon gas and changes in the atmospheric electric field. Previous studies have suggested that there is a potential correlation involving heightened radon gas emissions, anomalies in atmospheric electric fields, and the incidence of earthquakes [57,58]. Therefore, the data of radon gas and the atmospheric electric field were also collected, and we sought to explore the linkage between them and the extracted ionospheric TEC disturbance. The atmospheric electric field data of Pixian station (103.9°E, 30.9°N) near the epicenter were collected from the Data Center for Meridian Space Weather Monitoring Project (https://data.meridianproject.ac.cn/, accessed on 15 September 2023), and the radon gas data of Songpan station (103.6°E, 32.7°N) were obtained from the China Earthquake Networks Center. The time series curve of the two parameters before the Jiuzhaigou earthquake are shown in Figure 6.



In order to observe the changes in radon gas, the study time range was extended sufficiently forward to observe the normal state before the accidental increase in radon gas. From 19 July to 25 July, the radon gas concentration rose, exhibited a fluctuating increase, and subsequently displayed a significant decline in the form of fluctuation, reaching its peak on 21 July. The radon gas concentration was relatively stable throughout other instances; only a slight increase was observed on 28 July. Many studies have observed that radon gas, mainly in the three weeks before an earthquake, will rise remarkably [59,60,61,62,63]. Zhou et al. [58] and Fu et al. [64] considered that the release of radon gas has a short- to medium-term impact on the ionosphere. Therefore, it is plausible to conclude that the abnormal increase in radon in Figure 6 may be related to the Jiuzhaigou earthquake.



Significant fluctuations in the atmospheric electric field were observed during three periods: 16 July, from 20–28 July, and from 4–7 August. Referring to the Kp index, it can be seen that the fluctuation changes in the atmospheric electric field are more concentrated in the range of a Kp index greater than 3. Kleimenova et al. [65] researched the changing characteristics of the atmospheric electric field during 14 magnetic storms based on observation data from mid-latitude stations. They observed that there were disturbance anomalies in the atmospheric electric field near mid-latitudes during the magnetic storms, and the disturbance range was approximately −100–150 V/m. However, disturbances also occurred on days without magnetic storms (20 July, 27 July, and 28 July). The reason for this situation may be that the atmospheric electric field is also affected by weather conditions such as thunderstorms [66], rainfall [67], and cloud cover [68]. Previous research conducted by Chen et al. [69] analyzed atmospheric electric field data obtained from a station near the epicenter prior to the Luanzhou earthquake on 16 April 2021. The authors found that the electric field observations from multiple stations showed continuous negative abnormal signals before the earthquake, and they proposed that it may be associated with impending earthquakes. Choudhury et al. [70] observed that prior to the earthquake, a bay-like variation in the magnitude of kilovolts existed in the vertical electric field. More studies have observed that the persistent negative anomalies in the magnitude of kilovolts in the atmospheric electric field occurred before earthquakes, and the authors of these studies claimed that they may be potential precursor signals of earthquakes [71,72]. Based on existing research into atmospheric electric field anomalies, we try to explain the generation mechanism of this negative abnormal signal. It has been supposed that under normal space weather conditions, a positive electric field gradient is observed due to the Earth’s surface carrying negative charges and the ionosphere carrying positive charges [71]. During the pre-seismic period, a substantial release of energy from the lithosphere to the atmosphere induces ionization, leading to the accumulation of positive ions at the Earth’s surface and subsequently resulting in negative anomalies in the electric field. Consequently, to extract an abnormality with a certain duration, the time range where the values remain below −1 kv/m for 2 h was highlighted, as shown in Figure 6. It can be seen that the continuous and negative phase disturbance in the atmospheric electric field only occurred on 7 August, one day prior to the Jiuzhaigou earthquake, which suggests a possible correlation between them.



The ionospheric disturbance resulting from the earthquake may also be linked to the acoustic–gravity waves triggered by surface motion [30,73,74,75,76]. The coupled modeling theory proposed by Pulinets implies that the pressure and density changes induced by acoustic–gravity waves could cause local ionization, resulting in anomalies in the electric field and coupling with the ionosphere [11,12]. Additionally, there exists resonance coupling among the lithosphere, atmosphere, and ionosphere, indicating that acoustic–gravity waves can influence charged particles through fluctuations, leading to changes in ionospheric TEC [30]. Huang et al. [77] investigated the interaction between the ionosphere and acoustic–gravity waves and observed that acoustic–gravity waves have the potential to cause ion accumulation in localized areas, creating plasma density gradients and ionospheric disturbances. Chen et al. [30] spectrally analyzed TEC data and noted that TEC enhancement prior to earthquakes predominantly occurs within the frequency band of 0.004–0.006 Hz. They also identified that the anomalous frequency band of acoustic–gravity waves during propagation closely aligns with the anomalous frequency band of TEC in the ionosphere, with frequencies within the range of 0.004–0.005 Hz.



A spectral analysis of TEC data is conducted in this study to investigate the potential influence of the acoustic–gravity wave coupling pathway on ionospheric TEC changes. Initially, the data were filtered based on disturbance and epicentral distance, leading to the selection of six IPPs with complete data, anomalies, and the closest proximity to the epicenter, as depicted in Figure 7. Significantly, areas exhibiting anomalies near the epicenter were predominantly situated in the southeast and southwest directions. Subsequently, Fourier transform was performed on the time domain data of the selected IPPs, mainly examining the time changes of frequency amplitude in the frequency range of 0.004–0.006 Hz, as shown in Figure 8. During two geomagnetic storm periods, TEC exhibited overall enhancement across the frequency band, which was particularly evident in the IPP2 and IPP4 sub-figures. In relatively calm spatial periods, significant increases in TEC within the ranges of 0.004–0.0045 Hz were experienced at IPP2, IPP3, IPP5, and IPP6 on 7 August, particularly at IPP3. Observations and numerical simulations indicate that ground vibrations and ionospheric TEC share a frequency of approximately 0.004 Hz [73,74,75]. Chen et al. [41] proposed that the 0.004 Hz fluctuation in pre-earthquake TEC is likely associated with atmospheric acoustic–gravity waves generated by earthquakes. Li et al. [78] highlighted the correlation between the excitation of acoustic–gravity waves in the study area and terrain uplift, with the preferred propagation direction of acoustic–gravity waves varying based on factors such as terrain, season, and altitude. On 7 August, the locations of IPPs exhibiting amplified TEC amplitudes within the frequency range of 0.004 to 0.0045 Hz were situated in various directions from the epicenter, indicating a tendency for acoustic wave propagation outward from the epicenter. On 1 August, however, only the IPP point in the southwest direction from the epicenter demonstrated amplitude enhancement within the range of 0.004–0.0045 Hz, potentially suggesting that acoustic–gravity waves resulting from the earthquake did not propagate to other directions.



From the above discussion, we preliminarily inferred that before the Ms7.0 Jiuzhaigou earthquake occurred, the radon release near the epicenter showed an increasing trend, which may potentially be the reason for the significant disturbance in the total TEC of the ionosphere on 28 and 29 July. Subsequently, acoustic–gravity waves near the epicenter propagated southwestward on 1 August, resulting in significant TEC disturbances in this direction on 1 and 2 August. Anomalies in the atmospheric electric field appeared near the epicenter on 7 August; meanwhile, the disturbances of ionospheric TEC at 0.004 to 0.0045 Hz were also detected. Under the combined influence of the anomalous electric field and the acoustic–gravity waves, the ionospheric TEC exhibited substantial superimposed anomalies from 7–8 August, as shown in Figure 5d. In the hours preceding the earthquake on 8 August, disturbances displayed a tendency to aggregate and spread to distant areas near the epicenter. This propagation trend is supposed to be associated with the stress accumulation of the fault and the amplification of EIA effected by the abnormal electric field around the epicenter. The phenomena uncovered in this investigation offer valuable insights for advancing our comprehension of the earthquake precursor phenomena, as well as the LAIC mechanism.




5. Conclusions


The analysis in this study was performed by utilizing TEC data obtained from the BeiDou GEO satellite based on CMONOC. We investigated the ionospheric disturbances preceding the Jiuzhaigou Ms7.0 earthquake in 2017 and explored the potential LAIC mechanism. Here, we summarize our main conclusions as follows:




	
In the context of relatively stable solar and geomagnetic activity, ionospheric disturbances were observed near the epicenter of the Jiuzhaigou earthquake—specifically, 10 to 11 days, 6 to 7 days, and 1 to 9 h before the earthquake.



	
On the spatial distribution, the anomalous TEC data prior to the earthquake were predominantly located in the southeast and southwest directions from the epicenter, with the disturbances primarily concentrated within a range of 2500 km.



	
Comparing the perturbation information of radon gas, atmospheric electric field, and TEC time–frequency with the TEC perturbation in terms of time and characteristics, it was concluded that both the chemical and acoustic pathways may play important roles in the gestation process of the Jiuzhaigou Ms7.0 earthquake.








Understanding how earthquakes and ionospheric disturbances are interrelated is a complex research topic that requires a comprehensive investigation methodology, incorporating various factors and an interdisciplinary approach. In order to gain a more comprehensive understanding of the intricate relationship between earthquakes and the ionosphere, future research should concentrate on delving into the interactions between various contributing factors and determining their correlation with seismic activities. This will facilitate a more comprehensive understanding of the intricate relationship between earthquakes and the ionosphere, leading to the development of a more accurate and reliable information platform for earthquake prediction and monitoring.



The positions of IPPs detected by GPS satellites undergo changes due to the movement of these satellites. Therefore, the GPS data alone cannot directly represent the temporal variations of the TEC at specific locations in the ionosphere. To mitigate this issue, the data need to undergo mathematical interpolation or modeling techniques, coupled with high-frequency sampling, in order to minimize errors. However, BeiDou GEO satellites possess unique stationary characteristics enabling them to continuously monitor the electron content along fixed paths. As a result, BeiDou GEO satellite data can more accurately reflect the continuous variations of the ionosphere at specific locations [79]. Leveraging high-spatiotemporal-resolution data from BeiDou GEO satellites, this study unveiled the disturbance characteristics of TEC in the hours preceding an earthquake. For future research, it is anticipated that the advantages of BeiDou GEO satellite data can be fully demonstrated by analyzing more earthquake cases, contributing to a further comprehensive understanding of ionospheric disturbances triggered by earthquakes.
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Figure 1. Time series of F10.7, Dst, and Kp indices from 24 July to 8 August 2017. (In panel of Dst, the red line represents Dst absolute values exceeding 30 nT; in the panel of Kp, the red bar denotes indices greater than 3). 
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Figure 2. The time sequence change of TEC 15 days before the Jiuzhaigou Ms7.0 earthquake. (Relative TEC change curves are shown in blue lines, and upper and lower thresholds calculated by sliding interquartile range are shown in gray lines. The red curve in the bottom of each panel indicates relative change lasting more than 30 min). 
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Figure 3. TEC spatiotemporal distribution map. The dates of panels (a–e) are 28 July (11 days before the earthquake), 29 July (10 days before the earthquake), 1 August (7 days before the earthquake), 2 August (6 days before the earthquake), and 8 August (the day of the earthquake). (The red star represents the position of the epicentre.) 






Figure 3. TEC spatiotemporal distribution map. The dates of panels (a–e) are 28 July (11 days before the earthquake), 29 July (10 days before the earthquake), 1 August (7 days before the earthquake), 2 August (6 days before the earthquake), and 8 August (the day of the earthquake). (The red star represents the position of the epicentre.)



[image: Remotesensing 16 00660 g003a][image: Remotesensing 16 00660 g003b][image: Remotesensing 16 00660 g003c]







[image: Remotesensing 16 00660 g004] 





Figure 4. Variation of TEC direct observations with the date (X axis) and distance from the epicenter (Y axis). 
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Figure 5. TEC variation with the date (X axis) and distance from the epicenter (Y axis). The red dashed line represents the time of the earthquake. The dates of panels (a–d) are 24 July to 8 August, 28 July to 29 July, 2 August to 2 August, and 7 August to 8 August. 
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Figure 6. The variation of radon gas, atmospheric electric field, and Kp from 16 July to 8 August 2017. (When the datum is below −1 kV/m and lasts for more than 2 h, it is displayed as a red curve in the temporal variation graph of the atmospheric electric field; in the panel of Kp, the red bar denotes indices greater than 3). 
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Figure 7. Spatial distribution of the six IPPs with the closest and anomalous data. (The red star represents the position of the epicentre.) 
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Figure 8. Time–frequency plots of TEC at the six IPPs in Figure 7. 
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