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Abstract

:

In order to study the abnormal disturbance of the space ionosphere caused by strong earthquakes, the methods of SGF + WTA and EMD + ER are proposed and compared. The methods are applied to the 7.7 magnitude earthquake that occurred on the southern coast of Cuba on 29 January 2020 based on the electric field ultra-low frequency waveform data recorded by the ZH-1 electromagnetic satellite. Analyzing the electric field waveform data of the six orbits in and around the epicenter within five days before the earthquake and revisiting the orbit within two months, the significant information about the changes in the ionospheric electric field before the earthquake is obtained. The results demonstrate that: (1) in terms of time, large anomalies appeared before the earthquake on 16 January, and some orbital perturbations lasted until 2 February; (2) in terms of location, the disturbance changes are mainly concentrated over the central earthquake zone, and there are few conjugate zones; (3) in terms of amplitude, during the five days before the impending earthquake, most of the orbital disturbances exceeded the threshold of the background value while some of the orbital disturbances were less than the threshold; (4) in terms of morphology, the fluctuation that did not exceed the threshold appeared in the south of the earthquake area while a few appeared in the north. At the same time, the analysis method proposed in this paper is able to effectively extract the characteristics of electric field signal, clearly describe the abnormal signal change information before the earthquake, and provide a new method reference for the study of spatial electric field waveform data.
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1. Introduction


A large number of studies have shown that low-frequency electromagnetic radiation is often generated during earthquake preparation, thus there are released electromagnetic signals that can be captured. This phenomenon is manifested in the abnormal change of the intensity of the geomagnetic field at the measurement points of the ground station, and the abnormal charge of the cracks in the rock mass observed by the geoelectric field [1,2]. In satellite observations, it appears to be the fluctuations of parameters such as electricity, magnetic field, ionospheric electron density, high-energy particles fluxes, etc., the feature of which are often characterized by abnormal changes in parameter data within fifteen days before the earthquake [3,4,5,6,7,8].



Ultra-low frequency (abbreviated as ULF, frequency range: 0.1–10 Hz) electric field disturbance is a type of seismic ionospheric precursor observation method, which is considered to be one of the most promising seismic precursors [9]. Ground-based electromagnetic observation has a long history and the relationship and mechanism between electromagnetic signals and earthquake preparation have been much reported [10,11,12,13]. Additionally, the possibility of ground electromagnetic signals being propelled into atmosphere and ionosphere has been verified by satellite electromagnetic observations [14,15]. Many scholars have discovered abnormal changes in the electric and magnetic fields within the ULF range before earthquakes based on the observation data of DEMETER and other satellites [16,17,18,19,20].



On 2 February 2018, the China Seismic-Electromagnetic Satellite (CSES) named ZhangHeng-1 (ZH-1) was launched into space, with a sun-synchronous circle orbit with an inclination of 97.4°, altitude 507 km, and a revisiting period of 5 days, providing new data support for the study of natural phenomena and man-made activities [21,22]. At 03:10:22 (UTC) on 29 January 2020, a strong earthquake of Mw7.7 occurred in the Caribbean Sea. The epicenter was located in southern Cuba and northwestern Jamaica (19.46° N, 78.79° W, its magnetic conjugation point was located at 38.21° S, 80.00° W, the magnetic equator was at −9.325° S, and the focal depth was 10 km). Since the earthquake occurred at the junction of the North American plate and the Caribbean plate, it took place at an offshore area far away from land inhabited by people. There was a certain distance between the epicenter and the land, and there was no destructive impact on the land [23]. However, as a strong earthquake, this seismic event still has important research significance. Because of its high magnitude, it is more likely to cause ionospheric disturbance in space [24]. Before an earthquake, the geomagnetic index is in a quiet period and is less affected by spatial changes, so it is feasible to study the earthquake ionosphere event. During the earthquake in southern Cuba, the CSES was operating normally in orbit and fully recorded the earthquake event. In order to further study the changes of the ULF electric field signal before the earthquake, this research is based on the three-component data of ULF waveform observed by the electric field detector (EFD) of the Zhangheng-1 satellite, and intends to use a variety of methods to jointly analyze, attempt the method of weak signal extraction under strong background, and obtain information of abnormal changes in the ionosphere before the earthquake.




2. Data and Methods


2.1. Electric Field Detector


The electric field detector (EFD) adopts the dual-probe mode. The electric field value is obtained by obtaining the potential difference between two points in space. On the ZH-1 satellite, there are four 1.5 m long extension rods with a 60 mm diameter coating ball (respectively called a, b, c, d), forming a tetrahedral structure in space, by measuring the electric potentials of 4 balls, calculating the electric potential difference of the balls a and b, c and d, and a and d, space vector electric field strength can be obtained, its detection frequency band is categorized as ULF (0~16 Hz), ELF (6 Hz~2.2 kHz) and VLF (1.8 kHz~35 MHz). Among them, the sampling rate of ULF is 125 Hz, and sampling period is 2.048 s, thus each working period has 256 sampling points. The load has a duty cycle of 247.808 s, including 1 calibration cycle and 120 sampling cycles. No data are generated during the calibration cycle and the first sampling cycle. Therefore, in conventional data, there will be an interval or jump every 243.712 s [25,26,27].




2.2. Data Selection


According to the empirical Formula R = 100.43N (N is the magnitude and R is the radius of the seismogenic zone) for strong earthquakes, it can be known [28] that the seismogenic zone of an earthquake of Mw7.7 on the Richter scale is about 2046 km (longitude span is about 18°). In order to reduce the signal interference of the solar activity during the day to the satellite observation, the waveform data of the night-side ascending orbit electric field is selected as the research object. Based on the observational data of the ULF frequency band of the space electric field, the ionospheric disturbances over the seismogenic zone in the southern seas of Cuba before the earthquake were analyzed. According to the epicenter location of the Caribbean earthquake (19.46° N, 78.79° W), the ascending orbit data when the satellite is above the seismogenic zone of southern Cuba in the 5 days (1.24–1.28) before the earthquake were selected, and its satellite projection point trajectory is shown in Figure 1. The following analysis is conducted based on the six pre-earthquake orbits and their revisited orbits.




2.3. Geomagnetic Background


Geomagnetic activity index is closely related to ionospheric changes in space. In order to obtain and identify the anomalous information of ionospheric disturbances related to earthquakes, it is necessary to exclude disturbances caused by known geomagnetic activities. The ∑Kp and Dst indexes in the two months before the earthquake were collected and plotted, and the activity changes are shown in Figure 2. The Kp index refers to the index used by a single geomagnetic station to describe the intensity of the geomagnetic disturbance every 3 h a day, and the ∑Kp index represents the sum of 8 Kp indices per day. If ∑Kp > 30, it is considered that the geomagnetic activity of the day is strong; Dst is the change index describing the magnetic storm, and it is generally considered that the Dst index higher than −20 nT is a quiet period. Analysis of Figure 2 finds that the ∑Kp and Dst indexes are both within threshold values. It can be confirmed that the study period of this earthquake case is the geomagnetic quiet period [29].




2.4. Research Methods


In order to reduce the signal variability, the disturbance signal in the electric field data must be effectively extracted, and the characteristics of the seismogenic signal retained. The residual characteristics are extracted from the residual data using S–G filtering and wavelet time-frequency analysis, and empirical mode decomposition is applied to process the original signal, then sample entropy is introduced to evaluate the complexity of the decomposed original signal, so as to identify and extract the anomalous features before the earthquake.



2.4.1. Residual Feature Extraction


The ULF signal of the electric field observed by the satellite is mainly affected by the electromotive force generated by the movement of the satellite cutting the magnetic field lines [19]; sliding time window method and interquartile range method are used as the preprocessing methods for abnormal extraction, which can better remove the influence of electromotive force and extract abnormal disturbances, but the processing results will often affect the integrity of the data. This study uses the S–G method to preprocess the original signal, and the filtered fitted data completely retain the waveform trend of the original signal, then calculates the residual error between the original data and the fitted data for disturbance extraction [30], which effectively amplifies the signal changes, highlighting changes in data reflecting the location of the epicenter.



Savitzky–Golay filter (S–G filter for short) is the least squares polynomial smoothing filter denoising algorithm. It is an improvement of the moving smoothing algorithm. It was originally proposed by Savitzky and Golay in 1964. It has been widely used in data stream smoothing and noise canceling recent years. See Formula (1) [30]. It can not only filter out noise, but also ensure that the shape and width of the signal remain unchanged, retaining the trend items in the low-frequency signal, and effectively fit and smooth the signal.


    Y j    *  =     ∑  i = − m   i = m     C i   Y  j + i      N     Y j    *  =     ∑  i = − m   i = m     C i   Y  j + i      N    



(1)







In Formula (1): Yj+i is the original time series; Yj* is the fitted value of the time series data; Ci is the coefficient when the i-th time series data value is filtered; N is the number of convolutions; j is the original time series data; m is the size of the filter window, which controls the smoothing effect together with the degree of the smoothing polynomial.



Time-frequency analysis is one of the effective methods for analyzing non-stationary signals. As a time-frequency analysis method, wavelet transform can not only provide all the information of the signal as a whole, but also provide information on the severity of signal changes in a local time period. Its time-frequency positioning characteristics can realize the time-varying spectrum analysis of the signal and describe the signal in detail [31]. Taking into account the characteristics of the spatial electric field waveform signal, the continuous wavelet transform method (CWT) is used to process the data, which can accurately extract the disturbance characteristic information of the electric field data from the frequency domain [32], as shown in Formula (2):


  C W T ( b , a ) =  1   a       ∫  - ∞   + ∞    x ( t )  ψ *  (   t − b  a  ) d t     



(2)




where Ψ represents the mother wavelet, Ψ* represents the complex conjugate wave of the mother wavelet, a represents the scale factor, and b represents the translation parameter. The scale factor a can control the expansion and contraction of the wavelet. When the time-domain wavelet is compressed, the frequency domain spectrum will be stretched. Conversely, when the wavelet is compressed in the frequency domain, the time-domain spectrum will be stretched. The time-frequency diagram obtained by CWT wavelet transform can analyze the signal fluctuations of different scales and time regions. Existing of great fluctuation transformation represents sudden change or singularity in the corresponding scale and signal. Morlet wavelet can well balance the localization between time-frequency and is widely used in time-frequency analysis. Therefore, this paper chooses complex Morlet wavelet as the wavelet basis for wavelet time-frequency analysis [32].




2.4.2. Empirical Mode Decomposition Feature Extraction


Empirical mode decomposition (EMD) is an adaptive data processing method suitable for feature extraction of nonlinear and non-stationary time series. It can reconstruct the signal after decomposition and amplify the change of the signal [33]. EMD can adaptively decompose the original signal into several Intrinsic Mode Functions (IMF), and each IMF contains local characteristic signals of different time scales of the original signal. Each IMF satisfies two conditions: First, the maximum difference between the number of extreme point and the zero-crossing point in the data sequence is 1; second, the average value of the envelope defined by the local maximum and local minimum of the signal at any time is 0. After being decomposed by EMD, the original signal S can be expressed as:


  S =   ∑  j = 1  n    c j  + r    



(3)







In Formula (3), n is the number of IMFs obtained by decomposition, Cj is the j-th IMF function, and r is the residual signal, which represents the average trend of the signal.



In this study, sample entropy is introduced as an indicator to measure the complexity of each IMF signal. Sample entropy is a new time series complexity measurement method proposed by Richman JS and Randall MJ, which has better estimating effect than simple time-domain statistics. There is no need for coarse-grained extraction when processing the original data, and the anti-interference ability is strong, making it a commonly used entropy calculation method. The larger the calculated sample entropy, the higher the complexity of the time series signal, and the greater the probability of the implicit abnormal information signal carried [34,35]. In order to extract the abnormal characteristic signal after decomposition, to capture the existing abnormal information as much as possible, one must calculate the sample entropy of each intrinsic modal component, use the mean value of each IMF sample entropy as the base value, and select the IMF sequence with the sample entropy greater than the base value for reconstruction, to effectively reduce the source of error.






3. Results


This section applies the two feature extraction methods introduced in Section 2. Based on the three-component residual sequence after removing the electric field trend and the original signal sequence, the anomalous signal before the earthquake in southern Cuba was identified and analyzed.



3.1. Extraction of Abnormal Information from Residual Sequence


S–G filtering is used to denoise the six pre-earthquake orbits to obtain the residual sequence without the electric field trend. Combined with the spatial trajectory and the map of the epicenter and magnetic conjugate area, the small-scale residual disturbance waveform after the removal of electric field trend is drawn. Analyzing each residual sequence shows that: (1) From the perspective of the residual amplitude, the maximum amplitude of 109,601 and 110,211 is 0.5 mV/m, which are concentrated in 20° S~0° and 10° S~0°, followed by 109,901, which changes the amplitude to 0.1 mV/m, distributed in the range of 48° S~20° N, and the other tracks 109,751, 110,051, and 110,201 have smaller amplitudes. The perturbation of the 109,751 orbit is distributed in the range of 8° N~10° N and 10° S~0°, 110,051 is distributed in the range of 10° N~20° N and 20° S~0°, and 110,201 is distributed in the range of 8° N~10° N. (2) Judging from the position of the six tracks relative to the epicenter, the large ones are on the west and middle sides, and the distances are farther, while the small ones are above and to the east of the epicenter. (3) On each track, the overall characteristics of the three components of X, Y, and Z are similar, and the electric field value changes are different.



Here, the residual sequence of the 109,751 orbit which is the closest to the epicenter on January 25 is selected for display. As shown in Figure 3 below, the residual amplitude is about 0.1 mV/m, and the abnormal changes are concentrated in the 5~15° latitude range to the south of the epicenter and within 15 degrees south of the equator; the overall characteristics of the changes of the three components are consistent, but the electric field value of the Z component is different from the X and Y components.



The wavelet analysis method is used to further analyze the disturbance, the residual data are converted to the frequency domain for analysis, and the wavelet time-frequency diagram is drawn, as shown in Figure 4. Observing Figure 4, we get: (1) From the perspective of the signal enhancement amplitude and the changes of the three components at the same latitude, the changes after the wavelet analysis of each orbit are basically the same as the residual signal. (2) From the frequency domain signal of the epicenter, 110,051 and 110,211 showed sharper enhancement changes in the frequency domain than the residual signal, and continuous signal jumps higher than other latitudes that appeared at the position above the epicenter. The frequency domain of 3~20 Hz has a disturbance change above 0.04 Hz, which is consistent with the above processing results. Wavelet time-frequency analysis converts the time-domain signal to the frequency domain, provides the energy characteristics of the waveform signal, further amplifies the signal disturbance in the epicenter, and effectively characterizes the change of the signal in the frequency and time domains which provides supplementary information in the frequency domain for variation of the residual signal at the epicenter.




3.2. Extraction of Disturbance Signal Based on EMD


In order to further study and verify the waveform disturbance changes, one must adaptively extract the principal components of the electric field signal, and decompose the X, Y, and Z components of each track based on the EMD empirical mode decomposition algorithm, and obtain several inherent modal components (IMF). Taking the 109,751 orbit as an example, the three-component signal is decomposed by EMD to obtain several inherent modal components, and the sample entropy of each component and the average value of the sample entropy of the original signal are calculated, as shown in Table 1.



It can be seen from Table 1 that among the decomposed signals of the three components of Ex, Ey and Ez, the IMF larger than the mean value of the sample entropy is IMF1–9. Because of the large amount of information it may carry, IMF1–9 is selected for signal reconstruction to obtain more significant signal changes. The original signal and the reconstructed signal are shown in Figure 5. Compared with the original signal, the reconstructed signal removes the electric field trend and extracts the change value of the electric field more clearly. The analysis shows that the Z component in 15° N~25° N has a large abnormal jump.



In order to verify the correlation between the disturbance extracted in 4.1 and the earthquake in southern Cuba, and avoid contingency caused by studying a single track, the six pre-earthquake orbits mentioned above and their revisited orbits two months before the earthquake are selected to observe their reconstruction. The changes of the signal during the seismogenic process are shown in Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11. The reconstructed signal after decomposition amplifies the changes in detail, which can more clearly identify the evolution and disturbance process of the ULF signal in the epicenter.



The standard deviation can reflect the degree of discrete changes in the data set. In order to more clearly identify the abnormal signals that occurred before the earthquake, the threshold value is dynamically selected linearly according to the fluctuation of the standard deviation of the orbit signal itself, and then used as the judging standard of whether the electric field waveform signal has abnormal disturbances.



Due to the complexity and diversity of space environment, signals caused by other noise interference are ignored in this study, and only signals that may be related to earthquakes are marked in red. Analyzing the reconstructed signal of each orbit, it is found that multiple component data have pulsed interference in the form of a fixed period, and the distribution is relatively uniform. This is consistent with the characteristics of the calibration signal in the DEMETER satellite. Therefore, it is believed that this periodic disturbance change is due to the interference caused by the calibration signal, and is marked in green here; besides, there are more severe interference characteristics near the north and south poles, and some signal changes are also found near 10° south latitude. According to Section 2.3, there is no impact from space magnetic storm interference, so the influence of interference may therefore be caused by the signal change of the electric field sensor itself. After excluding signals at the epicenter and its conjugate vicinity, which can be confirmed to be irrelevant to the earthquake, the other interferences are uniformly marked as yellow, and only the epicenter and its conjugate area, that is, the change of the red signal, are focused.



We select the revisited orbit of the 109,601 orbit (from the 103,521 orbit on 15 December to the 110,361 orbit after the earthquake on 29 January) and observe the seismogenic changes of the 10 orbital signals. It can be found that the three components are relatively equable in the background period of December. There was a short jump in the X and Z components at the epicenter on 25 December; significant fluctuating signals appeared at the magnetic conjugation point on 14 and 19 January, respectively, and the changes were the most significant on the 24th. After the earthquake, the signal disturbance weakened. There is a signal of small amplitude between 10° and 20° south of the epicentral area, but its amplitude is basically smaller than the magnitude of the disturbance before the earthquake.



Observing the changes in the orbit of the revisited 109,751, it can be seen that all the X and Y components of the revisited 109,751 were disturbed on 6, 11 and 26 December in the epicenter area, and the Z component between 20° and 30° north of the epicenter has slight variation before the earthquake. January was relatively calm, until the 108,231 and 10,975 orbits changed significantly at the epicenter within 15 days before the earthquake, and the disturbance continued until after the earthquake on 30 January.



Observing all the revisited orbits of 109,901 in Figure 8, it was found that the 109,901 orbit was relatively equable during the background period in December, and there was no disturbance. Only a small disturbance occurred near 10° N on January 1st, and it was over the epicenter and magnetic field on 21 January. The three components above the conjugation zone all have large fluctuations, and the three components above the epicenter and conjugation zone all have large fluctuations on 21 January with the Z component changing the most. The 110,661 orbit on 31th January after the earthquake was relatively calm, with no outliers out of bounds.



Since the post-earthquake orbit of the 110,051 orbit is missing, only the revisited orbit’s time change signal sequence from 18 December is displayed. It can be seen from Figure 9 that the epicenter area was relatively calm at the background value in December. There was a disturbance change on 2 January, after calm was restored, on 27 January before the earthquake, all three components showed obvious transboundary changes, and the Z component had a slight change on 18 December; the conjugate area manifested more prominently in the Z component, and the changed signals were mainly concentrated on 2, 12 and 17 January.



Observing 110,201 and its revisited orbits, it is found that the X component changes were relatively equable. On 13 January, the Y and Z components changed slightly. On 28, the three components were significantly disturbed over the epicenter; on 18 and 28 January, there was a small disturbance in the magnetic conjugation area; on 2 February, the 110,961 orbit after the earthquake became calm.



Figure 11 shows 110,211 and its revisited orbit. In December, the background value of its Y component was similar to that of 109,901 orbit. There was a “quiet” phenomenon. On the 28th, all three components above the epicenter area had significant fluctuations above the threshold. A large jump change too place; the changes in the magnetic conjugation area are the most obvious in the X and Z components.



The above figures show the evolution of the three components of each orbit over time. Observing its changes, most of the pre-earthquake orbits showed a certain degree of disturbance changes in the vicinity of the seismogenic zone, which is consistent with the results obtained by the above S–G filtering combined with wavelet analysis. Observing the above figure comprehensively, the temporal and spatial changes of the electric field signal can be summarized as: within one month before the earthquake, the revisited orbit had obvious enhanced disturbances at the epicenter position, and some signal disturbances shifted to the equator. The signal appeared after the earthquake and gradually returned to the form of the calm period before the earthquake. At the same time, it is found that, compared with wavelet time-frequency analysis, EMD can more clearly amplify the changes near the epicenter and provide a more detailed description of the epicenter data.



The disturbance after extraction of each orbit is plotted as a spatial change diagram, as shown in Figure 12.



A map of the temporal and spatial evolution of the two months before the earthquake is drawn. In the form of a 5-day revisit cycle, the abnormal points in the orbit exceeding the threshold are drawn in green scattered points near the earthquake area, and the yellow points are of normal values. It can be seen from Figure 12 that as time passes, the background appears to be in a calm state. As the time of the earthquake is approaching, the abnormal value gradually increases in the epicenter position. The disturbance variation is particularly severe in the 15 days before the earthquake. The spatial and temporal location manifesting characteristics of the abnormal pre-earthquake variation points of the three components are not completely consistent.





4. Discussion


The periodic characteristics of the revisited orbit provide a basis for studying the changes in the space electric field disturbance before the earthquake. The analysis of the revisited orbit signals two months before the earthquake and five days after the earthquake reveals that the six orbits within five consecutive days before the earthquake have waveform signal variations that significantly distinguish from the revisiting orbits the normal state; the epicenter revisited within a month before the earthquake also had continuous and intermittent signal changes that exceeded the abnormality; at the same time, near the magnetic conjugate area of 38° N, there were also points of abrupt variations that exceeded the threshold of standard signals. Combining previous studies and related knowledge of seismic ionospheric coupling, it can be known that seismic ionospheric coupling mainly spreads through three ways (chemical, acoustic, electromagnetic) [36,37,38,39], of which the chemical pathway is usually through the chemical process between particles in the seismogenic zone, forming charged particles in a certain spatial range, and they interact with the ionosphere in the form of an electric field. The anomaly has a certain spatial scale and temporal duration. From this research, the continuous temporal and spatial change and disturbance of above the sea surface to the south of Cuba 5 days before the earthquake is consistent with the mode of function of the chemical pathway, and the phenomenon of abnormal signals appearing above the epicenter within 5 days before the earthquake is consistent with previous studies [40,41,42,43,44]. After eliminating the interference factors of space weather, and further considering that this change may be related to earthquake preparation, it is speculated that the spatial frequency signal component caused by seismic activity is increased or weakened, thereby affecting the variation of the waveform signal. In addition, the characteristics of the three components of the electric field are different, and the electromagnetic anomalies generated before the earthquake are discontinuous. It may be because it is over the sea. The sea should be considered the fourth layer into the lithosphere–atmosphere–ionosphere coupling progress.



After analysis and research, it is found that the shapes of the three components of the electric field have similar characteristics in the two features extracted, but there are certain differences on some tracks, showing an inconsistent state. The probes ab, cd, and ad on the electric field detector load represent three different directions, the electric potential difference will change with the trajectory of the spaceflight, and the distance to the epicenter position is different when flying through different orbits, so different electric potential differences are produced. It may be that the structure of electric field detection is not uniform, which causes the three-component signal to be inconsistent. It is hard to judge directly the connection between the changes and events when the mechanism is unconfirmed. Now what we can do is to exclude other factors and then we could make the correlation with a high confidence level.



In terms of data processing methods, the two methods have different recognition of the amount of information in the waveform data. The method of residual with wavelet time-frequency analysis supplements the characteristics of the signal in the frequency domain, and its position in the epicenter can reflect the anomaly variation of the signal energy increase, but also contains high-frequency information from other regions, which is difficult to distinguish; the EMD method uses reconstructed signal to better remove the electric field trend of the original signal, and the reconstructed signal contains more information, portrays the variation of the signal from the perspective of the time domain, clearly reflects the change of amplitude of the signal in the epicenter area, and can find subtle changes related to the epicenter in the EMD reconstructed signal. The two methods recognize the characteristics of the signal from the time and frequency domain, respectively, which can more fully characterize the frequency change trend and signal details of the pre-earthquake signal, and have a better recognition effect for identifying the abnormal signal before the earthquake. However, the current research on further fusion of the two methods is still insufficient, and the selection of outliers is only based on the standard deviation of the data itself. The full fusion of the model and the setting of dynamic thresholds need to be discussed in depth based on subsequent research.




5. Conclusions


Using the ULF-band waveform of electric field Ex, Ey, and Ez data recorded by the ZH-1 satellite, the disturbance characteristics before the M7.7 earthquake that occurred in southern Cuba were studied, and the time-frequency analysis of the revisited orbit data in multiple periods before the earthquake was carried out. The conventional method of extracting small-scale waveforms was combined with wavelet time-frequency analysis for feature extraction. At the same time, the disturbance feature was extracted by the EMD empirical mode decomposition method. The extraction results of the two methods were analyzed, compared and verified, effectively achieving the extraction of the characteristics of the spatial electric field disturbance before the earthquake.



After the above feature extraction and analysis, the following conclusions are obtained:




	(1)

	
Before the earthquake in southern Cuba, the abnormal ULF signal can be observed near the epicenter, which is manifested as an increase or attenuation of the signal before the earthquake. This may be a waveform disturbance caused by the change of the frequency component of the space radiation signal caused by the earthquake.




	(2)

	
The spatial distribution range of the disturbance is mostly concentrated in the epicentral area (10° N~20° N), but there is also a phenomenon that the disturbance signal shifts to the equator; the disturbance of the conjugate area is most obvious on the data from the orbits on the west and east side of the seismogenic zone close to the epicenter.




	(3)

	
The signal after the three-component decomposition of the electric field waveform has good synchronization in the epicentral disturbance area, but there are certain overall shape differences.
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Figure 1. Satellite trajectory projection within 5 days before the earthquake (the blue star is the epicenter, the red is the epicenter magnetic conjugate point). 
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Figure 2. Changes of ∑Kp and Dst index in the selected study period of the sample earthquake. 
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Figure 3. The residual waveform of the 109,751 orbit before the earthquake (the blue and red marks in the figure represent the epicenter and its magnetic conjugate point, respectively). 
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Figure 4. Three-component wavelet time-frequency analysis diagram of electric field before earthquake. (a) Orbit of 109,601; (b) orbit of 109,751; (c) orbit of 109,901; (d) orbit of 110,051; (e) orbit of 110,201; (f) orbit of 110,211. 
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Figure 5. Original signal and reconstructed signal of 109,751 track. (a) Original signal; (b) reconstructed signal. 
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Figure 6. Orbit 109,601 and its revisited tracks (the red and blue five-pointed stars indicate the magnetic conjugate and epicenter positions, respectively, and the black frame indicates the seismogenic range where disturbance signals may exist, the horizontal blue dotted line is the threshold set according to the standard deviation of the electric field signal after reconstruction, respectively; the following figures same as here noted). 
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Figure 7. Orbit 109,751 and its revisited tracks. 
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Figure 8. Orbit 109,901 and its revisited tracks. 
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Figure 9. Orbit 110,051 and its revisited tracks. 
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Figure 10. Orbit 110,201 and its revisited tracks. 
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Figure 11. Orbit 110,211 and its revisited tracks. 
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Figure 12. The time-space evolution of the orbit. 
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Table 1. Sample entropy and its mean value of each IMF of 109,751.
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	Mean
	IMF1
	IMF2
	IMF3
	IMF4
	IMF5
	IMF6
	IMF7
	IMF8
	IMF9
	IMF10
	IMF11
	IMF12
	IMF13





	Ex
	2.836
	3.7024
	3.7217
	3.7765
	3.8010
	3.7085
	3.6618
	3.7032
	3.3060
	3.1453
	2.3680
	1.3483
	0.6147
	0.0118



	Ey
	2.992
	3.7843
	3.7150
	3.7909
	3.7883
	3.7265
	3.5113
	3.1046
	3.2742
	3.4046
	2.4785
	1.3304
	0.0005
	



	Ez
	3.073
	3.7178
	3.7545
	3.6868
	3.7253
	3.7754
	3.4537
	3.2264
	3.3222
	3.2603
	1.8639
	0.0122
	
	
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
2 Kp

Dst/inT

=20
12-01

12-11

12-21

12-31

01-11

1

Date

01-21

01-31

02-11

02-21





media/file18.png
1100511

109291"

107011,
1062511

105491 1

104731}

Ex/(mVim) T T T T T T T T T
127
11005121222222222IZZZZZZIIjZZZZZZZ;;.If:;tZZZZZZ:ZIZZ
122
109291:2222222113ZZZZZZIIIEZIZIZIZZZZIIjZZIIZZjﬁZZiZ
I P S (RPN /[ l.'!7.
e e et e 1 e
112

TR e
L7
L L L L L L L e T - «.L. =)
s UREEL
106251J”"LT"L ......... .l ....... R d ....I...z..].'o.z.
‘1"' ad | i b e e s 1‘\‘*1‘7‘1 & "' """"
1 PO EO I N N 128
10540 e l .............. e g £
B T SRRy e 13
T s, A fecizzooalp
1 PO R P S 1218
[ ] e e e 2 R I} s s

ke 1 | | i el 1 I

A A
S0 -4 300 00 00 00 100 20 3 4

Latitude/

5°

Ey/(mV/m) .

1(—EQ
S R B ' Ao -_-_-,-1.@7.
- |t e
1.2
| FEUS FOSUUURRRRRRRR IR e M
108531 [Piosiussnsl el i 1.4 et
| EETTITRRS POPPPP S 1 J”%
1777 e flaalis 22!
____________________________________ oo, T
.......................................... =l
L .u.m..l A.-lL. ....... ]n..o}.
LR R LR = |F""|'"ﬂ'"" -------- L]
........................................... 1228
o ‘
--------------------------------------- rel
SUUTOTTY URRRRRRTRRRRION IPRRTN S 1223
RPRPRY Jgupiy Vgl i ey e pdpuy | QRPN Ak Epupupugu i 1'-
_____________________________ b 1208
17114 EEES A b st st s 1 A s
™ | | | | T v | ]
A A
SO P W W S
Latitude/

Ez/(mV /) —————————————————
+«“F
la 1.27 ¢
110051 TN Il il ey PRI
B al 1 kb EEEECEEEEEEREEEEE | e e
1.2
100201 lononoodoomceeaecneancaadeozaaaaadiac.a.... 4
117
103531““'L ------------------------------ P
| L A R T
1.12
0TI E e =g m e - - - ..al|4H,.L..4.,|| _____
0 B/ Lt EEECEECER LRt a1

107011 F 1

106251

105491 1~

104731¢

103971

-50°

-40°

-30° -0°

-10°

00
Latitude/®

10°

0°

I° 4

5°





media/file21.jpg





media/file3.jpg
DstT

M

o \LN\/\W‘ = \

o \ M

‘ ‘

N / |/

o LIl W G ED ual Ml @i
oy






media/file22.png
Ex/(mV/m)

110971
10211
109451
108691

107931

107171

|
|
|
|
|
|
1064IIL

|

105651

r
r
g
g
4
4
4
-
E
g

1

4l

104891[ T e

Jolihiy -, d
il .
_]‘r

1 1.2

S ER I
gl uecrman L1
R T 113
T"N“ﬁ"\"" -'!-"l""‘l-l'-
esdeeees s ..l.. l.l.lll‘:gs-
a2l iy g ). s
I T L03

igf Lo -1 .........

I s b
C -
rake | L e |
A .}
-50° -40° -30° -20° -10° 0 10° 20 300 40°
Latitude/®

50°

i

-------

-------

.........

Ey/(me}
"0971Lﬁiﬁiiiiiiﬁ
Hﬂzll[ﬁﬁﬁﬁﬁﬁﬁfﬁﬁ
10451 M Vi :
[
108691 bl foc ol
107931 il A Pl M i
dsercnmn o o ]mu &
1071715 '
T DA 1 |
- il
106411[, ......... p ]f “ "
wsssl[ﬁ'ﬁﬁﬁﬁﬁﬁﬁﬁﬁ___ e
104891 oiiwevetnppmson -
|i.r ...............
104131 loimepwon i v o
T —
" | e 1 |
A
500 400 <300 200 -10°

[]O
Latitude/®

10°

Ez/(me}I.

110971[* .

1oy y=---

109451 1

108691 [J

107931

105651

104131[

P
4

101171[: !

i
106411, |
[ 1

104391['_

-50°

-40°

-30° -20°

-10°

00
Latitude/

10°

20°

30°





media/file19.jpg
H

|lli§ll§_§_§






media/file7.jpg





media/file10.png
) —_—
g

et -
s

Bﬁ

-1

—— |

-2

=

&
¥

~4{°

= m =
) 3
i 4

—5{F

Lt ] ceecy no_.;

(ayAw/xg (g Ay A (w/awyzyg

,
o = o s = w

i
" 50
AF s°

""--
G 4
3¢

/

0° 20
200

e

109751

=3
T
e

-3
—
e

)
(

s =4 4 jomg L Lt - £ L
L o ey o G ]
o J.h L&l Wy far | Ju

(EHD/XE (ZHA)/AH EHZE

_40&
40°

~&(
500
/

A

o

S S 1
Latitude®
(b)

~4{

-5

Latitude/®
(a)





media/file14.png
Eﬂ(mwm) T T T T T T T T T E\’/(mV/m)l- T T T T T T T T T EZ{(II‘IV/II‘I) T T T T T T T T T
130 10511 :“‘"“‘L'"'"""“"""‘“““““"‘*;""*J”' """ j‘:::::::.l, U311 VR . e 130

""" *'L.r'fr"p""'i“"""'W]"EQ l s |1121(-EQ
R - - i ______ 12§ 109751 acasiassgasseeamennsalis R S T TTTrY lgsons )

nosn..--alL_-j.--,u-

# :
t:::‘:::#;:’::::::-Eﬁ '“823'l3?333§331FIZZZI::‘::::::::::._ﬁm___;;;;;;;;;jdm& msmiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiijiiiiiiiiiiilﬁ
mm:::I:::::::t:::t&::i::::t::f!]ll]“ﬁ} "’747'[3iiiiiiiiii222I:::::::::::::::1:::::::|:::;;“h,1!? o e N 1
L T e e .

t .,

108231k 422755250 (EETEEE

_______________

Ld l ______ 0 10671 plasbinl saaanis s R R R 066 106711

16T b seaesdisass sbsssstband

S RNONN NN A i ) 105951L ............................

-------------------

103951 t:::;::::::::;,’I.Ji:::::::ﬁ"-;;JJM;i ------- b 103951 {7

| !
anpelfeeas: i _______ fmﬂddl"' ______ 1416 105191{:::::&::::::::;::,::::::::::3:,::::;%‘:::&::'::::::: 105191[. ................................ - -

1051911222247
______ ,1 R KT 104431 pob oo i 104431[1221

T e St EEe s o fed iy [ I b e B | et e
| AT FIVTS [ | L DR al R e Ere
:..L:Jl;l::::::1.::.Tlt..wl.:¢| ...... Ll 102911 W3 Thaabaiadanyaaasan *w“'l‘.f,zt | e I el sos! 1211

102151 [ ......... syl Ll 1o

-t
L
)
L
e
s
[
T
1

to9n {5 LB L0 s : [
L) e naend TR N TR 1] 12.06 102151 fofas it
102151 35205 q. I :
| o

------ ¥ [ T o com e | o o e e o,
Lode 1 ] | ] ] b ] i Ioke i ] | | ] i i | Iade 1 ] | ] ] i ] |
A [} A A

-50° -40° -30° -20° -10° 00 10° 200 300 400 N0° -50° -40° -30° -20° -10°  0° 10° 20° 30° 40° A0° -50° -40° -30° -20° -10° 0 10° 200 30° 400 50°
Latitude Latitude/ Latitude/






media/file11.jpg
R R RN

558 5530887 EF
ﬂ

e

sexwwewwwew  AAXTHIwFXEN






media/file6.png
itude

Lat

Orbit

: 109751

ik
wer

A Bl s o g
T

Jryer
ey u

PO T TET
. o Al

o
ey

-Nmm»-m...._._w - :4

100° W i | 50° W

Longtitude

o |

5 0.0 0. 4

(Ex) geo(mV/m)

-,

i 0.0 0.

(Ev) geolmV/m)

Ak

4] 0.0 0.

(Ez) geo(mV/m)

5





media/file15.jpg
B 5 EEEZEyiif






nav.xhtml


  atmosphere-13-00179


  
    		
      atmosphere-13-00179
    


  




  





media/file16.png
Ex/(mV/m)—r——————————————— Ey(mVim)——————— Ez/(mY m)——————————
131 - L3y
“0661 ] = I‘ """ :I """ :1 """" ! """" F-co ”066] “.“% ““““““ l-l ““““““““““““““““““““““ ' ”066] B VTRl oty ot e o e 1 ------------------
SEELEREEEE B ememan jesmssegeessnanianenans i’""F T & 1 & T e Jessssssssesnsnsnsnsnnannsunnniannnannnannnsn EQ
6T o | [ basd. 1’24"_
I [ N i S do..... 1 el qe==abzazds - - et BT TR A R iy g G P S ) g [ [ (A ) P gy £ i
109901[:"_ ::_m __‘j': _____ j""r'J _______ ‘ll:_ _____ 5:____ 109501 -----v--r---*r--uv"-'q"";"l-'n ------- 109901 R s BEELED __1____i__] ___________________ o
121
121 [ ........ | ——— _ g g [ . . . e
109141:;:;“‘":::;:::::;:j::::::j::_l""“”l::f*,*i:“:::: LU et e i Ao 1914l "mfu"’ W pebemss el bbbl
i) i f"'“*"l '['" r 1-'1”’""---' ------ fssgusssnsn "h"'_‘]rr—-ﬂm‘rw—--l—ié
L l.]6 decccbcccdeccccnacacacaaaadas LEEREEE s A e o o i R o e d s omdenms soponi .__
Ll e e e e S e G e s O i it i
LIl
1 deeerdocadicnnn..... IEEEEEE EPPPPErS - el TR i
wml_::::::::::::::::::::I:::::;fr::::::t::::"‘1,‘,‘:,':&’;J e I --------------- e 762 i W
| [ W S — - S Lol -
wsssl:::?‘::i::::::15:::::;’“;,:::::::::::i‘;‘::::::i,:::gl o [ he 106861 - ool ,*v,'. ..... i)
| | l | 1 Bl T
e [\ B | — I— I e T o o P | ——— hoocoinodeyezooag o
O e o e e t ..... il L0 e s 106101 S i
e T T TTIT my lgpen 10 o PP S S B T
LN e o p g [ A e 1y i peo 105341 T 105341 |AERESERE EEREREEEEEEERREEE SAECEEEEL m ........
[ L 12.22 1 ------------------------------ [ ol
S i s e ol o N P O o7 A H Rt | s s oty gLy e e Sl s R g SRS 1 B p i, 4y g 11 e o Sty [ ittt whadey oty Mt iinlin wialiodetolmirdiede | | ) [efi 8 pb Gpbety
R e B e e e e 104581[ T 14581 MY i il
[ nn P, r——— L7 | T e 217
103821rlZZZIZIZIZZZZZZIZIZJZZZZZZZZZZZZIZtZ.ZZZ:,ZZZZ 103821[' """"""""""""""""""""" 103321T.....i .................................. .
'* L . ' : . * . ' I* | | | | i * | ] [T S | | i i * i I
_500 "400 _300 _200 "100 .00 0100 200 300 400 500 _500 _400 _300 _200 _100 00 100 200 300 400 500 _500 _400 _300 _200 _100 00 100 200 300 400 500
Latitude/ Latituder Latituder





media/file2.png
Orbits Within 5 Days Before The Earthquake

4%ééféﬁi%?!-!;i.!!l|lliigrr
S TR s
60 - AT I
L) . \\\ )"‘
\t\\ '
'\

30 - ., “r‘

=3

W
0— \
.\‘
—30 - \ :
\.\
—60 - \
- =%
— o =
—90 T f T f
—-150 -120 90 —60 =30
109601 . 109901 . 110201 Y Epicenter
109751 . 110051 . 110211 Y Magnetic Conjugation





media/file20.png
£Q

Ex/(mV/m)
Fesesees IR e T

110961 — f ______
| I »

11020 \ j 4
[ .....................

]09441 FEE LR L L L L T T -]
e e e B
IR I brecsdunncscadennym i

108681 |
1 V"]'”' """ r'| """ | i rodionter otk 2
i ———_— I

107921 | P
1 P o Noiowa i o

'07161"::::::3:::::l::::t:::

T e e Lo |

105641:::‘:::::::j::::::::

L e e b ceeprs e ek 47
A o

104121 M\ | o], _

Y=~

[ Inde | I L ! 1
A

m e U

Latitude/

Ey/(mV/m) . , 1 ‘ . . .

11096]\“ """" " """""""""""" h

[' """"" . i

o l. .................. 4. gl
lll]20][_____r___r __________________ v
109441[1ZIZZfZZZfZZZZZZZZZIZIZZZZZZZZZZZ‘IZZ
108681 B nd ol it ]

[ ’ ri - hl el
107921 fopaionipaontiavinibapmsnaiol s

""'T"" """""""""" If"“]"l """
]07161 I------.---'-l-'-* -------------------------

._---.l_--'t. ..........................

I Lo e '
106401['"""'"F ___________________ I
105041 (e mminsreimmnny B L EEEE SRR

| R, F—— —
104881 |

[-----r---q ----------------------- ;2
104121 IZZZZZZZZ'[IZIZIZZZIZZZZZIZZZ:ZIZIZZ

[ f

Lade ] | i ] ]
[}
-50° -40° -30° -20° -10° 0° 10°
Latitude/®

Eﬁ(me} T T T T T T T T T
[ 1.
110961[- -------- J= e S e e ;i s R q(—-EQ
Rl M |. .................. | -v-luu ....... 1.'%8.
020 S R,
109441[:::::t:::;::::::::::::::::::::::::t:
U S R p e s o
[ l ri= - bl b
107921 it i
"_-_-T-—-' ----------------- i "'1" ------
| | TR N N
Bl e e e e e
| ———— -
106401[._.__,___r ___________________ WA
105641 g -
PO | A — "
104881 |
[""'T"" """""""""""" e
104121 :::::::::l::::::::::::::::::::::
f
iake | | | I ]
L]
-50° -40° -30° -20° -10° 00 10°
Latitude/





media/file23.jpg





media/file5.jpg
Orbit : 109751
¥






media/file24.png
12.23-12.27

oW 45w
01.08 - 01.12

0

oW HwW
01.23 - 01.28

0

oW Hw

12.29 - 01.02

PW HEW 0
01.13-01.17

W HEW 0
01.29 - 02.02

AW HW 0
Ex component

4 8

01.03 - 01.07

.

12.28-12.21

oW HwW
01.18-01.22

0

W HW

0

02.03 - 02.07

W HW

0

W HW
01.08 - 01.12

0

W HEW 0
01.23-01.28
W HW 0

12.29 - 01.02

W HW 0
01.13 - 01.17

oW HW 0
01.29 - 02.02

W HW 0
Ey component

01.03-01.07

oW HswW

0

01.18 - 01.22

oW HswW
02.03 - 02.07

0

W HW

0

12.28-12.27

MW HwW

0

01.08 - 01.12

oW HW
01.23-01.28

0

W Hw

0

12.29 - 01.02

0W HsW 0
01.13-01.17

oW HEwW 0
01.29 - 02.02
T

W HEW 0
Ez component

5N

458

01.03 - 01.07

N

0OW 4w
01.18-01.22

0

W HwW

02.03 - 02.07

0

MW Hw

0





media/file1.jpg
Orbits Within 5 Days Before The Earthquake

60

30

-30

90 =
~150 -120 -90 -60
< 109601 - 109901 . 110201
< 00751 . n00si - noznl onjugation





media/file12.png
Eme\Um)L

110361 1

w%m[;

10884114+
AL e

108081": ;

1073215

106561 ]

=

105801}

105041 |

1042811 |

. ’I. s
\"T|T - !‘I'r
J

103521{3

- «te-E()

al= J]I»IML
LA |
12.

-50° 40° -

° 400

Ey(mV/m)

110361] |
|

109601

108081

107321

106561

105801 - -

|
|
108841[4
I
[
i

|

104281 17~

L
105041[
|

103521 |

-50°

-40°

-30°

b EE R P

-0°

-10°

£Q

00
Latitude/

10°

20’

3

4

5°

Ez/(mV/m)
110361{..

109601}

108841 |

[H
1080811,
107321} -
106561} -
105801{-
105041 1

104281}

o

103521+

= o = =

___________

.ln...l TP TR

Wbl il Ll R

G.J.J..l-ﬂl....-
,.|...r.nu.--.-

___________

.............

---------------

%10

-50°

S

=200 100 00 10 200 300 400 50°
Latitude/





media/file9.jpg





media/file0.png





media/file8.png
)

0.04

wn

0.02

Ex/(f/Hz)

0.04

0.02

Ey/(f/Hz)

0.04

0.02

Ez/(f/Hz)

10° 20° 30° 40° 50°

0.04

0.02

0.04

0.02

0.04

0.02

)
50°  -40° -30° -20° ~-10°  0° 10 20° 30°  40°  50°
Latitude

0.04

0.02

50 40° 30 20¢ 10 0 10 20¢ 30°¢ 40° 50¢

0.04

0.02

0.04

0.02

Latitude

(e)

Ey/(f/Hz) Ex/(f/Hz)

Ez/(f/Hz)

Ex/(f/Hz)

Ey/(f/Hz)

Ez/(f/Hz)

Ex/(f/Hz)

Ey/(f/Hz)

Ez/(f/Hz)

20°

10°

0° 10°

0 10°

10°

()

20°

30°

30°

40°

50°

0.04

0.02

0.04

0.02





media/file17.jpg
i

sexrwrErven






