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perturbations in ELF based on the
CSES observation data before the
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To explore the correlation between earthquakes and the pre-earthquake
ionospheric shallow frequency (ELF) electric field perturbations phenomenon, the
paper investigated the pre-earthquake ionospheric perturbations phenomenon, and
then the Spatio-temporal evolution characteristics of the electromagnetic field
before and after the global Ms >6.0 strong earthquakes from 2019 to 2021 were
statistically analyzed. In this paper, the power spectrum data of the ELF (19.5-250 Hz)
band of ionospheric electric field observed by the China Seismo-Electromagnetic
Satellite (CSES) electric field detector are preclinically processed by the C-value
method. A stable background field observation model was constructed using the
data from 75 to 45 days before the earthquake observed by the CSES in the range of
15° above the epicenter. Then, the amplitude of the spatial electric field disturbance
over the epicenter relative to the background field is extracted. Finally, the
superposition analysis method statistically analyzes the spatial and temporal
evolution of the spatial electric field before and after the earthquake with
different characteristics. The statistical results show that the anomalies first
appear in the fourth period (15-19 days before the earthquake) and the third
period (10-14 days before the earthquake) and then reach the most vital and
most evident during the pro-earthquake period (4 days before the earthquake
and the day of the earthquake); In terms of the intensity of the anomalies caused,
the magnitude seven earthquakes are stronger than the magnitude
6.0-7.0 earthquakes, and marine earthquakes are stronger than land
earthquakes; in terms of the ease of observing the anomalies, the magnitude
7.0 and above are more accessible to observe than the magnitude
6.0-7.0 earthquakes, and marine earthquakes are more accessible to observe
than land earthquakes.

KEYWORDS
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1 Introduction

It has been observed that natural hazards such as earthquakes can cause the ionospheric
activity of the Earth, so it is of great significance to study the structure, morphology, generation,
and evolution of the ionospheric electric field and electric currents for the in-depth
understanding and study of natural disasters such as earthquakes. An observational study
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of the development of ionospheric electromagnetic fields reveals that
anomalous disturbances in the ionospheric electric field can occur
before a strong earthquake. Current researchers explain this
phenomenon through piezoelectric, piezomagnetic, induction
electromagnetic, kinetic electromagnetic, and thermal spike effect
mechanisms (Johnston, 1997; Huang, 2002; Ouzounov and Freund,
2004; Gao et al., 2014; Sorokin et al., 2015; Ouzounov and Yagodin,
2021); The coupled lithosphere-atmosphere-ionosphere model (Laic
model) proposed by Hayakawa et al. (1999) became the theoretical
support for studying the mechanism of earthquake-induced
ionospheric perturbations (Pulinets et al., 2015).

In recent years, with the improvement of electromagnetic
observation technology, the anomalous disturbances of the
ionospheric electric field before strong earthquakes have been
observed by various means (Ouzounov et al., 2007; Liu et al,,
2010; Pulinets et al,, 2018). The ground-based electromagnetic
observation and simulation experimental study revealed
anomalous pre-earthquake ionospheric electric field disturbances
in a wide frequency band, especially in the very-low-frequency/
ultra-low-frequency (ELF/VLF) band, which is easily observed
(Zhao et al., 2021). Gokhberg et al. (1982) first discovered
anomalous before

disturbances in electromagnetic signals

earthquakes by satellite. Because space-based observation
systems, unlike ground-based observation systems, are not
limited by geography and have a wide observation area, thus the
direction of research based on space-based observation platforms
has been emerging since then. Since the launch of the French
DEMETER satellite in 2004, studies of the electromagnetic
ionosphere in seismic space using satellite observation systems
have flourished (Berthelier et al., 2006; Parrot et al., 2006; He,
2020), and a large number of experiments and studies have been
conducted by researchers using their observed data. Parrot (2011)
performed a preliminary statistical analysis of pre-seismic
anomalous  disturbance phenomena in the earthquake
preparation zones using the DEMETER satellite and conducted
comparison experiments on random earthquakes to verify the
reliability of the extraction method. The results showed that
some anomalous perturbations occur in random earthquakes.
Still, the intensity and extent are significantly less than those in
actual earthquakes, which proves the reliability of the extraction
method. The statistical analysis was then further performed on
several earthquake-related events; Zhang et al. (2009) proposed the
concepts of revisited orbits and adjacent orbits when studying the
pre-earthquake disturbances in Yutian, Xinjiang; Huang et al.
(2011) analyzed the data observed by DEMETER satellite before
the Chilean earthquake and found that there were no significant
anomalies during the daytime before the earthquake, but anomalies
appeared during the nighttime near the time of the earthquake;
(2012)

characteristics of the space magnetic field before and after

Zeren et al. statistically studied the perturbation
strong earthquakes of magnitude 7 or higher in the Northern
Hemisphere from 2005 to 2009 using variable magnetic field
data recorded by the DEMETER satellite, it was found that 42%
of the 26 earthquakes showed a gradual increase in the magnitude
of the pre-seismic magnetic field disturbance, which exceeded three
times the standard deviation; Qian et al. (2016) statistically
analyzed the spatial and temporal evolution characteristics of
the spatial electromagnetic field before and after the global
MS >7.0 strong earthquake from 2005 to 2009 using the
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electromagnetic field data observed by DEMETER satellite, and
the results showed that the maximum perturbation amplitude of
the electric field disturbance exceeded two times the standard
deviation, and there was a relationship between the distribution
characteristics of the epicenter location and latitude of the
electromagnetic anomaly before the earthquake. The launch of
the Demeter satellite has further enhanced the extraction of seismic
anomaly information, which has accumulated methods and
experience for subsequent studies and provided new ideas for
studying the mechanism of ionospheric disturbances caused by
earthquakes.

On 2 February 2018, China’s first seismic electromagnetic monitoring
test satellite, the CSES, was successfully launched. It has been operating for
more than 4 years now, and researchers have used its observed data to
conduct a large number of scientific experiments (Ambrosi et al., 2018;
Cao et al., 2018; Marchetti et al., 2020; Piersanti et al., 2020; Shen et al.,
2018; Ouyang et al., 2019; Huang et al., 2021; Akhoondzadeh et al., 2022).
Researchers verified that the CSES and its payload functioned properly
after launch by different scientific methods (Huang et al., 2018; Lin et al.,
2018; Scotti and Osteria, 2019; Diego et al., 2020); On 25 August 2018, the
CSES was hit by the first geomagnetic solid storm event since its launch,
Yang et al. (2020) verified the excellent performance of the CSES and its
corresponding payloads by performing a joint analysis with other
detectors such as the Swarm satellite; Li et al. (2020) compared the
ion and electron densities observed by the DEMETER and the CSES by
comparing different parameters and time resolutions, showing that the
CSES can effectively follow ionospheric perturbations; Nepeina (2021)
used data from the CESE to observe the relationship between space
weather and earthquakes occurring in seismically active regions,
compared the changes in ground-based geomagnetic or
electromagnetic sounding data, and concluded that the results of the
comparison could be used in future short-term earthquake prediction
techniques. Huang et al. (2022) conducted a statistical study based on the
artificial source signal from the CSES, and the statistical characteristics of
the most vital point varied with different components of day/night, local/
conjugate point, latitude/longitude, and electric field vector; Li et al.
(2022a); Li et al. (2022b) analyzed the electric field data observed by
the CSES during the 7.7 magnitude earthquake in the Caribbean Sea in
2020 and extracted the anomalous perturbations of the electric field before
the earthquake; Hu et al. (2020) developed an EM wave vector analysis
tool mainly using the EM waveform data recorded by the CSES and
verified the correctness of the algorithm and the excellent performance of
the CSES in EM field observation by comparing it with the DEMETER
satellite.

Since the launch of the CSES, the electric field data before and after
earthquakes have been recorded worldwide, and various methods have
been proposed to identify the pre-earthquake electric field
perturbations based on the data. Then their research methods were
validated by statistical analysis, and good results were obtained. In this
paper, we propose to use the C-value form to process the ionospheric
electric field ELF band (19.5-250 Hz), then use the background field
observation model method to extract the electric field disturbance
characteristics, and finally statistically study the anomaly performance
of earthquakes with different attributes of Ms > 6.0 in 2019-2021 to
verify the reliability of the method to extract seismic anomalies, in
addition, we can further obtain the changing pattern of the anomalous
disturbance of ionospheric electric field before the earthquake with
different characteristics to make the results of this paper more
adequate and reliable.
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2 Research area and data selection

The CESE is China’s first geophysical field detection satellite
dedicated to earthquake monitoring, which was launched into orbit
on 2 February 2018, from Jiuquan Satellite Launch Center. Its orbit
type is a sun-synchronous circular orbit, with a local time of
descending node at 2:00 p.m. and an orbital altitude of 507 km.
According to the detection requirements, the conventional working
area of the satellite and payload is within 65° North and South
latitudes. The working mode is divided into detailed investigation
mode and inspection mode, in which the two major seismic zones of
the world and the national territory of China and the extension of
1,000 km are in the detailed investigation mode, and the other areas
are in the inspection mode.

2.1 Selection of the study area

To determine the extent of the ionospheric electric field
disturbance in the earthquake preparation zones, the empirical
formula for the lithospheric seismogenic while proposed by
Dobrovolsky et al. (1979) was used:

p= 100.43M (1)

The size of the seismogenic area of the lithosphere during the
earthquake can be calculated. In Eq. 1, M represents the earthquake’s
magnitude, and p represents the radius of the earthquake preparation
zones in km. Pulinets and Boyarchuk (2004) showed that
lithospherically excited electromagnetic waves propagate from the
surface along magnetic lines of force to the ionosphere and cause
disturbances. Moreover, the seismic electromagnetic disturbance
signal propagation to the ionosphere may be shifted, and the
maximum offset may exceed 10°. In this paper, we study the
earthquake with Ms >
preparation zones is 760-2,000 km according to Eq. 1, so we

6.0, and the range of the earthquake

extend the range of the study area to +15° from the epicenter in
the statistics of this paper.

Different types of earthquakes have other effects on ionospheric
anomalies. The greater the source depth, the more difficult it is for the
electromagnetic radiation generated by rock rupture to be radiated from
the deeper subsurface. The ionosphere is more complex at high latitudes,
and the anomalous disturbance of ionospheric electric field caused by
earthquakes is more disturbed by other factors (Wang et al, 2021).
Therefore, to improve the reliability of the results, earthquakes with a
source depth of less than 40 km and occurring at low and middle latitudes
(within 40° North and South latitudes) are selected, At the same time,
considering that the influence of aftershocks on the mainshock should be
avoided as much as possible, the aftershocks that are relatively close to
each other during a period when strong earthquakes occur are discarded.

2.2 Data selection

The CSES carries eight payloads, of which the Electric Field
Detector (EFD)
electromagnetic properties research developed by the Lanzhou
Institute of Physics. The electric field data collected by the EFD is
the difference between the potential values of four spherical probes,

is one of the actual payloads for space

which is the potential difference between the two probes, and then
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three electric field values are obtained by dividing the distance between
the two probes (Huang et al., 2018). The electric field power spectrum
of the X component is selected for this study.

The scientific data of the CSES will detect the electric field data in
the DC-3.5 MHz band divided into four detection bands, ULF
(DC-16 Hz), ELF (6-22kHz), VLEF (1.8-20kHz), and HF
(18-3.5 MHz) in that order, with sampling frequencies of 125, 5,
50, and 10 MHz, respectively, The waveform and ground-processed
power spectrum data are provided in the ULF and ELF bands, while
the VLF and HF band data are the channel power spectrum data
obtained from the payload onboard processing, and only the
waveform data in the VLF band are provided in the detailed
investigation area (Huang et al., 2018).

Park and Dejnakarintra (1973) developed an electric field
penetration model for thunderstorm clouds. They suggested that
large thunderstorm clouds may be essential for local electric fields
and ionospheric disturbances. By studying this phenomenon,
that the
earthquakes are similar to the process of electric field penetration

scientists  found ionospheric  disturbances before
in the ionosphere during thunderstorms. Based on the conceptual
model of electric field penetration in thunderstorm clouds, a large
number of researchers have started to observe and study the problem
of coupled seismic and electric fields (Ampferer et al., 2010; Grimalsky
et al,, 2003). Zhang et al. (2012) used the C-value method to process
the electric field VLF (19.5-250 Hz) of Demeter satellite and then
extracted the anomalous disturbance of the pre-earthquake
ionospheric electric field.

According to the frequency band classification rules of the CSES
electric field data, power spectrum data in the frequency range of
19.5-250 Hz are available in both ELF and VLF products. Still,
according to the load’s own -3 dB detection performance, VLF
meets the engineering specifications from 1.8 to 20kHz. The
frequency resolution in this band is coarse, corresponding to fewer
frequency points, so this paper. Therefore, the data from 19.5 to
250 Hz in the ELF band are selected for the seismic anomaly study
(Zeren et al., 2012; Qian et al., 2016).

To reduce the influence of solar activity and geomagnetic activity
on the analysis results, the orbital data with Kp >3 are filtered in this
paper. Since the ionosphere’s absolute magnitude and relative
variation are usually more significant on the day side than on the
night side, the nighttime data of the CSES in 2019-2021 are selected

for analysis.

3 Extraction anomaly method and
seismic example analysis

3.1 Preliminary processing of data

To accurately extract the anomalous signals in the ELF frequency
band (19.5-250 Hz) of the electric field before the earthquake, the data
observed by the CSES were processed and analyzed by the C-value
method, which is a low-frequency electric field disturbance
identification method based on the fractal characteristics of the
electromagnetic signal proposed by Zhang et al. (2009) that is, to
identify the power spectral density value anomalies in the ELF
frequency band (19.5-250 Hz) from the fractal characteristics of
the spectral characteristics of lightning. It defines an exponential
relationship between the power spectral data S and the frequency f.
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Construction process of the C-value perturbation amplitude matrix 6 within + 20° of the epicenter of the Mw7.7 earthquake off southern Cuba. (A) Matrix

of background field averages constructed from C values from 70 to 40 days before the earthquake f8; (B) Matrix of standard variance values ¢ of the
background field constructed from the C-values from 70 to 40 days before the earthquake; (C) The mean matrix a constructed from the C-values from 45 to
35 days before the earthquake; (D) The resulting matrix 6 calculated according to Eq. 4.

Se=a-f* )

According to Eq. 2, the spectral values Sg and frequency f can be
fitted to the parameters a, b, and the correlation coefficient R. To
extract the electric field power density perturbation, it is generally
necessary to consider three factors, namely the exponential parameter
b, the correlation coefficient R and the fitting parameter a with Eq. 2.
Where then the function C is constructed as follows.

C=ay+bx|R| (3)

3.2 Background field construction

A background field observation model is constructed over the
earthquake preparation zones to reduce the influence of some
factors on the earthquake’s electric field perturbation and
extract the electric field perturbation phenomenon more
accurately. Then, the magnitude of the background perturbation
is analyzed before and after the earthquake to obtain the time series

Frontiers in Earth Science

variation of the electric field perturbation. Here, the magnitude
7.7 earthquake on the south coast of Cuba on 28 January 2021
(UTCQ) is presented.

The background field observation model over the seismic zone is
constructed as follows: the epicenter (19.46°N, 78.79°W) is used as the
origin, and the latitude and longitude +20° (calculated according to the
range of the earthquake preparation zones proposed in Section 2.1) is
used to divide the earthquake preparation zones. The background field
area of 20° x 20° was constructed by using 6° longitude and 2° latitude
as the basic units of the grid. The C values calculated from the power
spectral density values of the ELF band (19.5-250 Hz) observed by the
CSES from 70 days before the earthquake to 40 days before the
earthquake were selected, and then the mean and standard
variance of all C values were calculated for each grid to obtain the
background mean matrix  (as in Figure 1A) and the background
standard variance matrix o (as in Figure 1B); Next, the C-value
representing matrix « (as in Figure 1C) is calculated for each
earthquake preparation period (five days) of satellite observation;
finally, the formula is extracted according to the amplitude of the
perturbation (the calculation process is matrix point division):
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g-2—F @)

The perturbation amplitude 6 concerning the background field is
calculated (Figure 1D). Eq. 4 represents the multiple of the deviation of
the C value calculated by Eq. 3 from its standard variance concerning
the background field, ie., the perturbation amplitude for the
background field.

From the construction of the background field observation model
and the extraction process of the disturbance amplitude in Figure 1, we
can see that: the background field intensity is relatively calm except for
the lower right corner, which is far from the epicenter, where the
highest value exceeds 2.0, and the variation range is between 0.6 and
1.0; the standard variance matrix of the background field is between
0.5 and 1.4, except for the highest value near the equator, which
reaches 1.8; the matrix « of the inception zone is relatively calm
between —0.5 and 2.0 the period from 40 to 35 days before the
earthquake, and the overall disturbance amplitude ¢ ranges from
0.5 to 1.0, which is relatively calm and reliable.

3.3 Statistical overlay method

The maximum perturbation amplitude [{6(y} max for each
satellite cycle of a single earthquake case is calculated using the
above method, where n represents the different vibration cases
(n=1,2 3 ... , n), t represents different periods in the same
earthquake case (t = =7, =6, =5, ....., 1), Then, the [{0(.1)} max of
each case is summed up and divided by the number of cases # to obtain
the final result 6,

1&
efin = ;;He(n,t)}l max (5)

3.4 Results of earthquake analysis in Cuban
waters

According to the above method, in this study, the C values were
obtained by processing the spatial electric field before and after the
earthquake in the southern sea of Cuba. Then their spatial and
temporal characteristics were analyzed. Forty days before and
5 days after the earthquake (21 December 2019-3 February 2020)
were selected as the study period. The period was divided into nine
time periods with a five-day cycle. The observed model  and o of the C
value background field #20° above the epicenter and the
corresponding « matrix were calculated for each time period. The
corresponding 6 matrix was obtained using Eq. 4, and the results are
shown in Figure 2.

Figure 2 gives the spatial and temporal evolution characteristics of
the C values over the earthquake in the southern sea of Cuba from
21 December 2019, to 3 February 2020, relative to the background field
observation model. In Figures 2A, B, we can see that the C value
perturbations are relatively stable from 40 to 30 days before the
earthquake, and the 6 values are stable from —1.0 to 1.5 without
large perturbations; in Figure 2C, we can see that the 0 perturbations
have increased and are positively correlated; in Figures 2D, E, the
perturbations are large and exceed 2.00; in Figures 2F, G show that the
theta value in the center of the earthquake preparation zones is the
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most significant relative to this period from 15 to 5 days before the
earthquake, and the magnitude of the disturbance is gradually
increasing; Figure 2H represents the pro-seismic cycle (4 days
before the earthquake and the day of the earthquake), and the
theta value at the epicenter is negatively correlated for other areas.
The strong disturbance in the southeastern part of the epicenter
reaches 2.10, and the magnitude reaches the maximum within
45 days; in Figure 2H, we can see a negative correlation with the
magnitude of the disturbance in the epicenter. The same negative
disorder is also observed in Figures 2D, E, but the phenomenon is not
as pronounced as in Figure 2H, which may be caused by the magnitude
6 and 6. Five earthquakes on 7 January and 11 January 2020. Figure 21
shows that the maximum 6 value reaches 1.60 only 5 days after the
earthquake.

4 Statistical research

The process of earthquake incubation is a highly complex
The
earthquakes occur and propagate is different, so the anomalous

physicochemical evolution process. medium in which
perturbations in the space ionosphere caused by earthquakes are
also complicated and diverse, and the anomalous phenomena
extracted from only a single earthquake cannot be rigorously
verified to obtain the objective law of electric field perturbations in
the ionosphere caused by earthquakes. Therefore, in this paper, we will
use the ionospheric electric field data observed by the CSES during
2019-2021 and process the data recorded by the United States
Geological Survey (USGS.gov | Science for a changing world)
during this period using the above method, a comparative analysis
of all the seismic cases studied in this paper was first carried out with
and without the influence of magnetic storms; Then, the correlation
between different characteristics of earthquakes and the anomalous
disturbance of electric field is analyzed from the perspective of the
spatial and temporal distribution of the ionospheric electric field
disturbance, to obtain the common performance of different
characteristics of earthquakes in spatial and temporal distribution.

In this study, Figure 3 contains 15 shock cases with Mg > 7.0 and
170 cases with 6.0 < Mg < 7.0.

4.1 Different earthquake magnitude

According to previous studies, the energy released by an
earthquake varies with its magnitude. The larger the magnitude,
the greater the energy released, resulting in a broader range of
anomalous spatial electric field disturbances and more pronounced
anomalies. Therefore, the target earthquake cases are divided into two
categories: one is of magnitude 6-7, and the other is of magnitude
seven or higher. Then, we divided the study area into northern and
southern hemispheres and performed spatial and temporal analyses
for the two types of earthquakes (Xiong et al., 1999; Zhou et al., 2017).
The comparison results are shown in Figures 4, 5.

The examples of earthquakes of different magnitudes in the
northern hemisphere are shown in Figure 4 (81 earthquakes,
including ten earthquakes of magnitude seven or higher and
71 earthquakes of magnitude 6.0-7.0), which are spatially and
temporally analyzed. Observe the left graph to get, For earthquakes
with magnitudes ranging from 6.0 to 7.0 in the Northern Hemisphere,
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FIGURE 2
Spatial and temporal evolution characteristics of theta values before and after the 2020 earthquake in the southern waters of Cuba. (Num: =7 to Num: -1
represents the seventh cycle to the first cycle before the earthquake, Num: 0 is the period of earthquake, Num: O is the first period after the earthquake. Num:
—7 to Num: 2 corresponds to (A-1).

the numerical fluctuate between 0.50 and 0.8 in the entire earthquake
preparation zones, and are quiet for 40 to 25days before the
earthquake; from the 34th day before the earthquake, the values
started to rise within 880 km South of the epicenter; the anomalies
in the entire earthquake preparation zones began to rise during the
24-20 days before the earthquake, and weakened significantly during
the 19-15 days before the earthquake, but were still more potent than
the 40-25days before the earthquake; from 14 days before the
earthquake, the values in the area within 880 km southeast of the
epicenter increased and were close to the maximum value of 8.0 for the
whole earthquake preparation period, and the values in the entire
earthquake preparation zones increased until the pro-seismic cycle,
and the values in most of the earthquake preparation zones reached
0.65 or more during the pre-seismic process; the values started to
decrease in some areas after the earthquake, but some areas showed an
increase. Observe the graph on the right, to get. For earthquakes of
magnitude 7.0 or higher in the Northern Hemisphere, the numerical
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range of the entire earthquake preparation zone fluctuates between
0.50 and 0.85. The pre-earthquake period of 19 to 15 days and the pre-
earthquake period are significantly different from other periods; in
these two time periods, the higher values in the southwest of the
epicenter disappeared, and anomalous areas appeared in the southeast
of the pre-seismic cycle at the edge of the earthquake preparation
zones. Comparing earthquakes of magnitude seven or higher with
those of magnitude 6.0-7.0, we can see that the maximum values of the
range of magnitude seven or higher are higher, and the disturbances
are more prominent.

The examples of earthquakes of different magnitudes in the
Southern hemisphere are shown in Figure 5 (104 earthquakes,
including five earthquakes of magnitude seven or higher and
99 earthquakes of magnitude 6.0-7.0), which are spatially and
temporally analyzed. Observe the left graph to get, for earthquakes
with magnitudes ranging from 6.0 to 7.0 in the Southern Hemisphere,
the numerical fluctuate between 0.50 and 0.8 in the entire earthquake
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Global distribution of partial earthquake cases in 2019-2021. The x-axis is the geographic longitude, and the y-axis is the geographic longitude.
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Spatial and temporal distribution of spatial electric field ELF band disturbances for earthquakes of magnitude 6.0-7.0 and magnitude 7+ in the Northern
Hemisphere. (Num: =7 to Num: -1 represents the seventh cycle to the first cycle before the earthquake, Num: 0 is the period of earthquake, Num: O is the first

period after the earthquake).

preparation zones; there are three numerical anomalies in the
earthquake preparation zones during the whole earthquake
preparation period, with the epicenter northwest, northeast, and
southwestward offset by 5% from 40 to 30days before the
earthquake, the anomalies were relatively low and negligible
compared to other periods, and there were few anomalies within
440 km of the epicenter; from the 29th day before the earthquake, the

range of anomalous areas increased, and the abnormal values in some

Frontiers in Earth Science

areas increased; the anomalous values in the southern part of the
region reached the highest value of 8.0 the 9-5days before the
earthquake; during the pre-seismic cycle, the values are high in
most areas of the earthquake preparation zones; after the
earthquake, the values start to decrease in some areas. Observe the
graph on the right to get for earthquakes of magnitude 7.0 or higher in
the Southern Hemisphere, the numerical range of the entire
earthquake preparation zones fluctuates between 0.50 and 1.10 and
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Spatial and temporal distribution of spatial electric field ELF band perturbations of magnitude 6.0-7.0 and magnitude 7+ earthquakes in the Southern
Hemisphere. (Num: =7 to Num: -1 represents the seventh cycle to the first cycle before the earthquake, Num: 0 is the period of earthquake, Num: O is the first

period after the earthquake).

is generally quiet from 40 to 30 days before the earthquake; the
abnormal area in the epicenter gradually expanded and
strengthened from the 29th day before the earthquake until the day
of the earthquake; at the time of pre-seismic cycle, The maximum
anomaly value of 1.1 is reached at the pre-seismic period, and the
anomaly range is the largest; after the earthquake, the anomalies began
to decrease, and the range was reduced. As in the northern
hemisphere, the maximum value of the magnitude seven and above
range is higher, and the disturbance is more prominent.

4.2 Different regional types of earthquakes

Previous studies have shown that the medium and magnetic
field affect the propagation of electromagnetic signals during the
upward propagation from the earthquake source during the
earthquake preparation period and that the influence of the
Earth’s rotation produces different deviations of electromagnetic
signals in the northern and southern hemispheres. Therefore, in
this paper, we first divided the seismic events into two regions by
latitude in the North and southern hemispheres and then counted
the sea and land earthquakes separately. The statistical results are
shown in Figures 6, 7.

The spatial and temporal analysis of the earthquake cases of
higher in the
(81 earthquakes, including 52 marine earthquakes and 29 land

magnitude 6.0 or northern hemisphere
earthquakes) in Figure 6, the left panel shows that the values
fluctuate between 0.50 and 0.80 during the earthquake preparation
period in the northern hemisphere region; the space weather was
stable 40-30 days before the earthquake, the anomalous values in the
southeast area within 440 km from the epicenter were higher from

29 to 25 days before the earthquake and reached the highest value in
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the whole earthquake preparation zones; the maximum value of the
time period decreases between 24 and 20 days before the earthquake,
but the value increases in the entire range of the earthquake
preparation zones during this time period, and most of the values
in the southeast area are above 0.65; The range of anomalies in
earthquake preparation zones narrowed during the period from
19 to 15 days before the earthquake, but the maximum value in the
southeastern region started to increase compared with that in the
period from 24 to 20 days before the earthquake; The maximum value
in the southeast region began to rise from 14 to 10 days before the
earthquake, and the influence area started to spread to the southeast.
The maximum value of the epicentral range reached 0.75 at the time of
the pre-seismic cycle (the fourth day before the earthquake to the day
of the earthquake). Still, most of the values in the southeastern region
were above 0.7 relative to the time range of 29 to 25 days before the
earthquake, and the anomalous range was much more extensive than
that of 29 to 25 days before the earthquake; the values of the pre-
seismic period are generally high in the whole inception area, and most
of them are above 0.60; the anomalous range decreases after the
earthquake. In the right panel, we can see that the fluctuation range of
the values in the northern hemisphere land earthquakes is between
0.50 and 0.90. In the earthquake preparation zones, except for the
19-15 days before the earthquake and earthquake preparation zones,
there are high values in the southwest, southeast, and northwest
directions of the earthquake preparation zones, and the other areas
are generally calm. In the 19-15days before the earthquake and
during the pre-seismic cycle, the range of values in the entire
earthquake preparation zones is high, which is significantly
different from other periods.

The spatial and temporal analyses of the earthquake cases of
southern

magnitude 6.0 and above in the

(104 earthquakes

hemisphere

of different origins, including 94 marine
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Spatial and temporal distribution of pre-seismic disturbances in the ELF frequency band (19.5-250 Hz) of the space electric field obtained from sea and
land earthquakes of magnitude 6.0 or higher in the Northern Hemisphere. (Num: =7 to Num: -1 represents the seventh cycle to the first cycle before the
earthquake, Num: O is the period of earthquake, Num: O is the first period after the earthquake)
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FIGURE 7

Spatial and temporal distribution of spatial electric field ELF band (19.5-250 Hz) perturbations in sea and land earthquakes above magnitude 6.0 in the
Southern Hemisphere. (Num: =7 to Num: —1 represents the seventh cycle to the first cycle before the earthquake, Num: O is the period of earthquake, Num:
0 is the first period after the earthquake).

earthquakes and 10 land earthquakes) are shown in Figure 7. Observe  earthquake is relatively calm; From 29 days before the earthquake,
the values in the earthquake preparation zones started to increase as a
whole, and during the period from 24 to 20days before the

earthquake, the values within 440 km of the epicenter began to

the left graph to get, the numerical range of the earthquake preparation
zones fluctuates from 0.50 to 0.8 during the earthquake preparation
period in the northern hemisphere region, 40-30 days before the
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Spatial and temporal distribution of pre-seismic disturbances in the ELF frequency band (19.5-250 Hz) of the spatial electric field after excluding the
effects of magnetic storms for global magnitude 6.0 or higher earthquakes and without excluding the effects of magnetic storms. (Num: =7 to Num:
-1 represents the seventh cycle to the first cycle before the earthquake, Num: O is the period of earthquake, Num: O is the first period after the earthquake).

grow, and most of the areas south of the epicenter had values greater
than 0.65, spreading from the epicenter to the northeast to the edge of
the geostrophic zone; from 9 days before to 5days after the
earthquake, a region of high values appeared to the southwest of
the epicenter, and a significant increase in values was observed within
440 km of the epicenter during the pre-seismic cycle; during the whole
earthquake preparation period, although there is an area North of the
epicenter with values ranging from 0.65 to 0.80, the overall values are
high, but the anomalous high values in the earthquake preparation
zones spread to the South.

In the southern hemisphere land earthquakes, the anomalies in
the earthquake preparation zones are high from 40 to 30 days before
the earthquake, but the values are low within 440 km of the epicenter.
The overall values within 400 km of the epicenter increased in the
time range of 29 to 25 days before the earthquake; The phenomenon
from 40 to 35 days before the earthquake was similar to that from
29 to 25 days before the earthquake, and although a high anomaly
area was observed in the earthquake preparation zones, it was quiet
within 440 km of the epicenter; From 9 days before the earthquake to
the day of the earthquake, most of the values in the area south of the
epicenter reached 0.9 or higher. The values in the earthquake
preparation zones were higher than those in other periods. The
overall importance of the post-earthquake earthquake preparation
zones started to decrease.

4.3 Comparative analysis of earthquake cases
affected by magnetic storms and those not
affected by magnetic storms

To explore the influence of magnetic storms on the analysis
results, this paper first disregards that the ZH-1 satellite will be
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affected by magnetic storms during the observation, adopts the
method in Chapter 3 to process its data, and then performs
statistical analysis on the processing results, and compares the
statistical results of the seismic case study when the data affected
by magnetic storms are removed, as shown in Figure 8.

The Spatio-temporal analysis of the global earthquake cases of
magnitude 6.0 or higher (185 cases) in Figure 8, the left panel shows
the results of the statistical analysis without excluding the orbital
data with Kp > 3, and the right panel shows the results of the
investigation without excluding the orbital data with Kp > 3. The
comparison indicates that the anomalies in both the left and right
panels are more evident in the pre-seismic cycle. Still, the
anomalies in the left panel are much more than those in the
right. The decreasing trend of numerical intensity within
880 km of the epicenter in the first post-earthquake cycle needs
to be clarified. In the right panel, the anomalies spread to the outer
part of the earthquake preparation zones, and the intensity of the
anomalies decreases significantly within 880 km of the epicenter in
the first post-earthquake period. The results indicate that magnetic
storms can affect the observation results of the CSES satellite and
interfere with the extraction of ionospheric electric field anomalies
before the earthquake by the CSES.

4.4 Comparison analysis of random and real
earthquakes

To investigate the correlation between earthquakes and ELF
band perturbations, we compare the spatial and temporal evolution
of the ELF band (19.5-250 Hz) observed by the CSES during
random earthquakes in calm weather conditions and without
strong earthquakes using the same data processing method. The
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FIGURE 9

Spatial electric field ELF frequency band (19.5-250 Hz) pre-seismic disturbance spatial and temporal distribution of real and random earthquakes. (Num:

random earthquakes were selected as follows: random earthquakes
occurred between January 2019 and December 2021, and there
were no earthquakes of magnitude 7.0 or higher in the first
2 months to the last 10 days of the time point. Then, each
the
earthquake’s place, and finally, the unexpected earthquake is

random earthquake’s location corresponds to actual
processed using the above method. The statistical results of the
random earthquakes are shown in Figure 9.

The Spatio-temporal analysis of the real earthquake cases
(185 cases) and the random earthquake cases (185 cases) in
Figure 9, the left panel shows the spatio-temporal distribution
of the real earthquake and the right panel shows the spatio-
temporal distribution of the random earthquake. For
comparison, the overall values are between 0.50 and 0.70 for
and 050 and 0.60 for

earthquakes; The disturbances of real earthquakes appear,

pregnant earthquakes random
spread, and then disappear in the pregnant seismic zone in a
relatively regular manner, although the high-intensity anomalies
do not occur within the epicenter region, their anomalous areas are
all spread out from the epicenter; Only a small anomalous region
appears in the first period before the earthquake, and the anomaly
is obviously independent of the epicenter; then there is no obvious
correlation between the random earthquake and the ELF band
(19.5-250 Hz) perturbation of the space electric field.

Although spatial anomalies such as strong earthquakes and
magnetic storms are avoided in the time and space of the selected
random earthquakes, these influences cannot be avoided entirely, thus
causing weak perturbations the ionosphere. Still, these
perturbations occur in the periphery of the earthquake preparation

in

zones, and no significant changes in the pre-earthquake anomalies are
observed in the spatial and temporal range. The comparison results
significantly correlate the ELF frequency band (19.5-250 Hz)
disturbances and natural earthquakes.
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Num: —1 represents the seventh cycle to the first cycle before the earthquake, Num: O is the period of earthquake, Num: O is the first period after the earthquake).

5 Discussion and conclusion
5.1 Discussion

The statistical results of this paper show that the overall values of the
pre-seismic period (4 days before the earthquake and the day of the
earthquake) are higher than those of the other periods in the comparative
study of different earthquake magnitudes in the range of magnitude
6.0-7.0, however, the anomalies in other periods are mainly concentrated
within 880 km, but the anomalous disturbances are less noticeable. For
earthquakes of magnitude 7 or higher, the main abnormalities were also
found to occur during the pre-seismic cycle, and the anomalies are relative
to the results of the 6.0-7.0 magnitude earthquake analysis, and the
maximum values of the anomalies were higher than those for earthquakes
of magnitude 6.0 to 7.0.

Comparing sea and land earthquakes, sea seismic anomalies are
more easily observed in the northern hemisphere. In the Southern
Hemisphere, land seismic anomalies are more evident than sea seismic
anomalies. It is possible that there are only ten earthquake cases in the
Southern Hemisphere during the study period, while there are 94 sea
earthquakes in the Southern Hemisphere, and the sample gap is too
large to form a stable conclusion.

In the analysis of earthquake cases, different degrees of anomalous
disturbances were also observed in the post-earthquake period. The most
noticeable results were found in the case of marine earthquakes and
6.0-7.0 magnitude earthquakes. This may be because the tectonic plates are
still colliding with each other after the mainshock, or secondary hazards
such as tsunamis and volcanic eruptions may also cause ionospheric
disturbances after the earthquake. Earthquakes are generated by the
collision and compression of tectonic plates, and the recovery of the
crust may cause ionospheric disturbances after the earthquake due to the
displacement and faulting caused by the earthquake. The energy released
from 6.0 to 7.0 magnitude earthquakes is small and not as much as that
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from 7.0 magnitude earthquakes, so the resistance to disturbance is lower
than that of 7.0 magnitude earthquakes and above. This is not analyzed in
depth in this paper, and further research is needed.

According to previous studies, electromagnetic radiation is shifted
southward in the northern hemisphere and northward in the southern
hemisphere due to the equatorial influence. Still, in this study, the opposite
situation occurs. Some anomalies appear North of the northern
hemisphere case study and South of the epicenter in the southern
hemisphere case study. However, this phenomenon always disappears
when the anomalies are most pronounced during the earthquake
preparation period, and the overall results are consistent with previous
studies. Therefore, this paper does not investigate this phenomenon in
depth, and further research is needed to determine whether this
phenomenon is related to earthquakes.

5.2 Conclusion

In this paper, we analyze the ELF (19.5-250 Hz) data in the space
electric field band observed by the CSES from 2019 to 2021 and study
the spatial and temporal distribution characteristics of 185 cases of
earthquakes of magnitude 6.0 or higher, according to the location and
extent of the earthquakes, and obtain the following four conclusions.

By dividing the northern and southern hemispheres, we found
that the significant anomalous disturbances in the northern
hemisphere are shifted to the South, and the southern
hemisphere is shifted to the North during earthquakes.

o From the spatial and temporal statistics, the first pre-seismic
disturbance occurs 29 to 25 days before the earthquake in the sea
area. Then the volume release diffusion occurs 29 to 20 days before
the earthquake, reaching the most obvious seismic disturbance in the
pre-seismic cycle. The first anomaly in the northern hemisphere land
earthquakes occurs 19-15 days before the earthquake and is most
pronounced during the pre-seismic cycle.

Pre-earthquake anomalies are more easily observed in marine

earthquakes than inland earthquakes.

o With the increase in earthquake magnitude, the intensity of
ionospheric anomalies caused by earthquakes of magnitude

significantly higher than that of

earthquakes of magnitude 6-7, and the

disturbance is higher than that of earthquakes of magnitude

seven or higher is
resistance to

6-7, making the anomalies most easily observed.
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