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Abstract: Two large earthquakes, the Maduo MS 7.4 earthquake and the Menyuan MS 6.9 earthquake,
have been successfully recorded on the Chinese mainland, since the data of the CSES satellite were
put into service for earthquake prediction work on the Chinese mainland at the end of April 2020.
Obvious variations in O+ density and electron density were found during our weekly data processing
work during 5–11 May 2021 and 28 December 2021–2 January 2022, respectively. Two warnings of
impending events around the anomalous areas within two weeks had been reported immediately
after the anomaly appearance. The Maduo MS 7.4 earthquake occurred on 22 May 2021 and the
Menyuan MS 6.9 earthquake on 8 January 2022, during these two warning periods. More details
were revealed after these two large shocks occurred. Ionospheric enhancement took place on 8 May
2021, with a magnitude of 41.6% for O+ density and 22.2% for electron density, a distance of 680 km
from the Maduo epicenter, 14 days prior to the event. Before the Menyuan earthquake, ionospheric
enhancement took place on 28 December 2021, as well as during its revisiting orbit on 2 January 2022,
with a magnitude of 47.3% for O+ density and 38.4% for electron density, an epicentral distance of
120 km, 11 and 6 days prior to this event. The Kp index was also examined to avoid the influence from
solar activities. Despite this, accurate earthquake prediction is not possible due to much uncertainty,
such as the correct location and magnitude of an impending event. Thus, long-term practice and
comprehensive investigation of the seismo-ionospheric influence are necessary in the future.

Keywords: CSES satellite; Maduo MS 7.4 earthquake; Menyuan MS 6.9 earthquake; ionospheric
anomaly

1. Introduction

Earth observation from satellites has rapidly developed due to its advantages of
fast-speed, large-scale, and high-resolution results, especially for areas with harsh natural
conditions. More and more attention has been paid to ionospheric precursors associated
with strong seismic activities since the modern satellite-borne receivers were developed,
especially after the launch of the DEMETER satellite in 2004 in France, although a record of
ionospheric irregularities prior to the 1964 Alaskan earthquake (EQ) was reported as early
as 1965 [1]. Akhoondzadeh et al. [2] investigated the seismo-ionospheric influence during
three strong EQs: 29 September 2009 in the Samoa islands, an Mw 8.1 EQ; 6 April 2009 in
L’Aquila, an Mw 6.3 EQ; and 12 May 2008 in Sichuan, an Mw 7.9 EQ. Their results showed
that positive and negative anomalies of the DEMETER ion density and electron density
appeared 1 to 5 days before the studied events during quiet geomagnetic conditions, which
indicates that these anomalous behaviors were highly regarded as seismo-ionospheric
precursors. Stangl and Boudjada [3] reported that ionospheric variations on DEMETER
VLF (very low frequency) occurred two weeks before the L’Aquila event. Li et al. [4]
summarized ionospheric fluctuations reported in 23 published papers written by 21 authors
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worldwide on the 2008 Sichuan EQ. They found the anomalous starting time varied from 2
to 30 days prior to the main event, but most of the anomalies (22 among 23 publications)
appeared two weeks before, with a magnitude from 20% to 123%.

At the same time, satellite observation has also been characterized by the disadvan-
tages of discontinuous measurement and a measurement depending on local time (LT)
in a fixed area. For this reason, it is possible to miss some EQs or catch an incomplete
ionospheric temporal-spatial evolution before some events. There has been much statistical
work on ionospheric variations associated with strong seismic events using satellite mea-
surements. Pulinets [5] presented obvious seismo-ionospheric disturbances that occurred
within a few days in 73% of EQs with M > 5.0 and in 100% with M > 6.0. Statistical analyses
have also been performed using DEMETER datasets. A statistically significant decrease
in the electrical field during nighttime four hours before the occurrence of EQs has been
reported by Němec et al. [6,7] and Píša et al. [8,9]. Zhang et al. [10] found that there were
increases in the number of electron bursts prior to strong EQs with a magnitude over 7.0
during the entire operation period of the DEMETER satellite. Statistical analyses were also
performed using a total ion density dataset during the DEMETER lifetime (6.5 years) in the
epicenter areas of EQs as well as in their magnetically conjugate point areas [11–17]. These
results demonstrated a significant statistical correlation between ionospheric anomalies
and large events: I. the detection rate of EQs involved increased as magnitudes increased
and hypercentral depths decreased; II. the number of perturbations was higher the day
of the EQ and gradually decreased for the days before, and the appearance probability of
ionospheric perturbations within one week in the northern hemisphere can be up to 80%;
III. on average, the amplitude of the perturbations was related to the magnitude of the
EQs, etc. As an attempt at EQ prediction, a positive result was attained by comparing the
real position of the epicenter of an impending event with one determined by ionospheric
perturbations searched automatically by software. Perrone et al. [18] conducted statistical
work on 10 crustal EQs with a magnitude 5.5 ≤ M <6.0 that occurred in Italy during
1979–2009 and reported that the ionospheric precursors spread from the epicenter towards
the periphery during the EQ preparation process. They constructed an empirical formula
for the seismo-ionospheric disturbances relating the EQ magnitude and the epicenter dis-
tance to discuss the probability of EQ prediction but with much uncertainty. So far, it is
well established that an ionospheric anomaly tends to appear about two weeks before an
EQ but with no specified magnitude and distance.

However, short-term EQ prediction is still one of the most challenging targets in earth
science today [19]. There are only a few countries where EQ prediction, especially in the
short-term, has really been put into practice. China is one of the most seismically active
countries in the world. Destructive EQs pose a major threat to lives and property in almost
all Chinese territory. There have been several large EQs on the Chinese mainland in the past
50 years, including the 1975 Haicheng MS 7.3 EQ, the 1976 Tangshan MS 7.8 EQ, the 2001
Kunlun Mountain MS 8.1 EQ, and the 2008 Wenchuan MS 8.0 EQ, which caused extensive
damage, and 69,000 people lost their lives. Organized efforts of EQ prediction started
immediately after the 1966 Xingtai MS 6.6 EQ in Hebei Province, about 300 km southwest
to Beijing. Since then, China has carried out extensive research programs on EQ prediction
and application to prevent and mitigate EQ disasters [20].

The CSES satellite has been launched for more than four years, and effective payload
data have been primarily put into EQ prediction service in China. So, in this paper, an intro-
duction to the CSES satellite and its daily application are provided in Section 2. The records
of the two examples of the 2021 Maduo MS 7.4 EQ and the 2022 Menyuan MS 6.9 EQ that
occurred in Qinghai province will be described in detail, respectively, in Sections 3 and 4.
The discussion and conclusions are provided in Sections 5 and 6, respectively.
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2. The CSES Satellite and Its Primary Application in EQ Prediction Practice
2.1. CSES Satellite

The China Seismo-Electromagnetic Satellite (CSES, also called ZH-1) was launched
successfully on 2 February 2018. It is the first satellite dedicated to geophysics and is also
the first component of the space-borne EQ stereoscopic monitoring system in China [21]. It
aims to preliminarily explore the characteristics and mechanisms of ionospheric responses
before and after seismic activities, based on real-time monitoring of changes in the state
of the space electromagnetic environment [22]. The CSES is a sun-synchronous satellite
orbiting at a height of 500 km with a descending node of 14:00 local time (LT), and its
revisiting period is 5 days. Eight scientific payloads are onboard the CSES, an electric field
detector (EFD), a search-coil magnetometer (SCM), a high precision magnetometer (HPM),
a plasma analyzer package (PAP), a Langmuir probe (LAP), an energetic particle detector
(HEPP), a GNSS occupation receiver (GNSS), and a three-band beacon (TBB). More details
on these payloads can be found in their corresponding literature [23].

The LAP and the PAP are the space plasma in situ detection payloads. The operational
modes of the LAP include survey mode and burst mode. The survey mode is used mainly
to detect global electron density (Ne) and electron temperature with a sweeping period
of 3 s (second), while the burst mode primarily allows detection of key areas over China
and within the global main seismic belts with sweeping period of 1.5 s. The PAP measures
ion density (Ni), composition, temperature, and flow velocity. PAP has also the same
operational modes as that of LAP but with a higher resolution of 1 s for survey mode and
0.5 s for burst [23,24].

Since the CSES satellite was launched, an increasing amount of literature has been
published on the achievement of data availability [25–27], EQ case studies [23,28], seismo-
ionospheric statistics [24,26,29], a global geomagnetic field model [30], ionospheric events,
such as magnetic storms [31,32] and so on. It has been reported that the ion density
measures reduced absolute values due to the contaminated sensors on PAP payload one
month after the CSES launch [33]. However, the relative variations of the O+ data have
been investigated, and positive results have been obtained [24,26,30].

2.2. Application of CSES Data

The CSES ion (O+) density and electron density data were put into service as candidates
for EQ precursory searching work in China at the end of April 2020, after a series of running
tests and data calibrations. Data utilized here are available online: https://www.leos.ac.cn/
accessed on 1 March 2022 with the time resolution of 1 s for O+ density and 3 s for electron
density. We know there are some disadvantageous factors during seismo-ionospheric
response discrimination, such as the ionospheric anomaly surrounding the equator and the
South Atlantic Magnetic Anomaly (SAMA). Fortunately, the Chinese mainland is located
within the low-mid latitude in the northern hemisphere, an advantageous area to detect
EQs, and the appearance probability of ionospheric perturbations within one week could
up to be 80%, although with a lower detection rate [14,15].

We also examined the seasonal background variations in ionospheric parameters, such
as O+ density. Figure 1 shows the averaged seasonal ionic changes at night on the Chinese
mainland with a 2◦ × 4◦ grid in latitude and longitude, and the daily Kp index available
online: http://isgi.unistra.fr/data_download.php accessed on 1 March 2022 remained
below three during 2020. It is well known that China is located at the middle latitudes of
the northern hemisphere, where with a low ionospheric background, the total fluctuation
of the ionosphere is relatively stable. The strengthening of the sun in the summer can
induce corresponding ionospheric perturbations compared with the spring, which leads
to a higher background value in the summer as shown in Figure 1a,b. In addition, there
is a relatively high ionospheric area in northern China corresponding to a geomagnetic
anomaly [34].

https://www.leos.ac.cn/
http://isgi.unistra.fr/data_download.php
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Figure 1. Averaged seasonal variations of O+ density for the periods of (a) January–March,
(b) April–June, (c) July–September, and (d) October–December 2020.

However, the Kp index is an important parameter we have to consider, aiming to
avoid the global effect on the ionosphere from solar activities. A strong magnetic storm
occurred on 26 August 2018, an example that illustrates this issue. The CSES recorded
this event comprehensively. Figure 2 exhibits the fluctuations in the Kp index from 20 to
31 August 2018. One can see clearly from Figure 2 that a strong magnetic storm occurred
on 26 August 2018, and its Kp index was up to seven. This enhanced event had a strong
influence on the ionospheric densities. Figure 3 comparatively displays the variations in
the ion density recorded on 26 and on 24 August 2018. Figure 3 shows that the ionosphere
can register more effect from solar activities during the daytime than the nighttime (see
Figure 3a,b). Compared with the magnetic quiet period, ionospheric irregularities can gain
strength when a strong magnetic storm occurs (See Figure 3). Thus, only nighttime data
were utilized during our daily use in order to avoid the influence from solar activities. If
the daily averaged Kp index was equal to or more than 3 and the 3-hourly averaged Kp
index was more than 4, the corresponding data were usually eliminated. However, we
usually accepted all data if the number of days with Kp ≥ 3 was more than 2 in order to
keep the completeness of the data (considering the 5-day revisiting period of the CSES
satellite). Of course, an ionospheric anomaly appearing during this time is less reliable.

Figure 2. Variations in the Kp index from the middle to the end of August 2018.
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Figure 3. Variations in Ni (O+) on (a) 26 August 2018 daytime, (b) 26 August 2018 nighttime,
(c) 24 August 2018 daytime, and (d) 24 August 2018 nighttime.

We process the data week by week in order to keep the rhythm of a weekly consul-
tation of the EQ prediction work. Four pictures (one month’s data) are usually exhibited
once a week; however, an ionospheric anomaly is valid only within the next two weeks
once an anomaly is presented, referring to the seismo-ionospheric results obtained by pre-
vious work [6–9,11–15,24]. The relative variations in ionospheric parameters are generally
checked. It is usually considered to be an anomaly if the observed value is higher than
3.0 × 1010 m–3 for ion density and 2.0 × 1010 m–3 for electron density, with a little varia-
tion sometimes.

At the same time, if the two parameters of ion density and electron density record
abnormities simultaneously, we consider these varieties are more available. However,
variations in southern China usually gain less attention due to their locations near the
equator, where ionospheric parameters vary strongly, and where there are magnetically
conjugated areas of the Sumatra, where strong seismic activities occur frequently. At the
same time, transformations in the magnetically conjugated areas of the Chinese mainland
are usually also paid less attention due to the different seasonal ionospheric various
backgrounds of the two opposite hemispheres.

Complying with these rules, two strong events occurred during the CSES data appli-
cation in searching for EQ precursors, as presented in the following parts.

3. The 22 May 2021 Maduo MS 7.4 EQ

In order to illustrate clearly, Figures 4 and 5 display, respectively, the weekly ionic and
electronic variations at nighttime on the Chinese mainland thoroughly covering the period
of the Maduo event on 22 May 2021. The related data of 12 May 0:00–6:00 AM, 18 May, and
20 May were eliminated during data processing due to a Kp index equal to or more than 3
in these periods, referring to Figure 6a.
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Figure 4. Variations in O+ density during the periods of (a) April 28–May 4, (b) 5–11 May,
(c) 12–18 May, and (d) 19–25 May 2021. The Maduo MS 7.4 EQ is labeled with a red dot.

Figure 5. Variations in electron density during the periods of (a) April 28–May 4, (b) 5–11 May,
(c) 12–18 May, and (d) 19–25 May 2021. The Maduo MS 7.4 EQ is labeled with a red dot.
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Figure 6. Variations in the Kp index (a) from 27 April to 26 May 2021 and (b) from 10 December 2021
to 10 January 2022. The red star stands for the earthquake occurring time.

Figures 4a and 5a present the changes in these two parameters of all orbits covering
the Chinese mainland from 28 April to 4 May 2021, three weeks before the Maduo EQ. It is
clear that there was an enhancement either on the ion density or on the electron density
near the epicenter of the impending event (see Figures 4a and 5a). However, we did not pay
attention to these variations at that time, because similar variations also occurred in other
broad areas with similar latitudes (see Figures 4a and 5a). We usually treat these kinds of
changes as less important in our daily data processing work. The fluctuations we noted
were the ones that appeared 5–11 May 2021, and they are presented in Figures 4b and 5b
for ion density and electron density, respectively. These two obvious anomalies were of
typical character. They were collective and obvious in our focus area. In addition, the
ionic abnormity and the electronic abnormity occurred simultaneously in the same area
in a solar quiet period, but there were none in other areas (see Figures 4b and 5b), which
gained more probability as EQ precursors. So, we suggested that there would be strong
seismic activities in the surrounding area of the anomaly within two weeks, but we could
not specify a magnitude and a location for the impending event. However, we could not
find continuous abnormities appearing in this area over the next two weeks, although there
were also simultaneous variations in these two parameters on the Chinese mainland due to
the same reason shown in Figures 4a and 5a (see also Figures 4c,d and 5c,d). One difference
is that the obvious wide anomalies in the north of China shown in Figures 4c,d and 5d were
possibly associated with the high background ionospheric variations described in Figure 1.

A large EQ with a magnitude MS 7.4 occurred on 22 May 2021 in the Maduo area,
Qinghai province, with an epicenter located at 34.59◦ N and 98.34◦ E and a depth of 17 km,
within two weeks after the obvious ionic and electronic variations recorded by the CSES
satellite occurred during 5–11 May 2021. After the event, we retroactively investigated and
revealed more details about this EQ and related ionospheric information to confirm their
relationship. On the one hand, the right orbit where the anomaly occurred was specified as
18111_1 (orbit_suborbit), and it was formed on 8 May 2021, 14 days prior to the Maduo
event. Figure 7 displays the corresponding variations of (a) the He+ and O+ densities
and (b) the electron density automatically recorded by the system software. An automatic
search method utilized by Li and Parrot [13] was also performed on these perturbations,
and the corresponding peak occurred at 37.5◦ N and 104.8◦ E with an enhancement of
41.6% for O+ density and 22.2% for electron density, and a persistent distance of 322 km
and 525 km, respectively. The changed percentage of an ionospheric parameter can be
calculated by using the value corresponding to the peak time, subtracting the background
value, and then dividing the background value. This peak was 680 km away from the
epicenter of the Maduo event. We also examined its revisiting orbits 18187_1 and 18263_1
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near the Maduo EQ and found no obvious disturbances of related ionospheric parameters
as shown in Figures 4c and 5c.

Figure 7. Fluctuations of (a) He+ and O+ densities and (b) electron density registered by the CSES
satellite on 8 May 2021, 14 days before the Maduo MS 7.4 EQ. Obvious variations associated with this
Maduo event are labeled with black arrows.

4. The 8 January 2022 Menyuan MS 6.9 EQ

Figures 8 and 9 display, respectively, the weekly ionic and electronic variations at
nighttime on the Chinese mainland during the Menyuan MS 6.9 EQ on 8 January 2022.
Parts of the data on 20–21, 27 December 2021, 1, 3 and 9 January 2022 were eliminated
when the data were processed weekly at that time, due to a daily Kp index above 3 or an
hourly Kp index 4, as noted in Figure 6b. In northern China, variations in ion density on
14–20 December 2021, shown in Figure 8a, and variations in ion density and electron density,
shown in Figures 8b and 9b, during the next week were obvious. However, there were no
corresponding changes for electron density during 14–20 December, and these fluctuations
were located in the northeast of China, where there are relatively high background values
for these two parameters, as mentioned above. Thus, these irregularities were thought to
be less reliable when the data were processed at that time. Additionally, there were no
obvious variations in the range of the Chinese mainland during 4–10 January 2002, when
the Menyuan MS 6.9 EQ took place.

The ionospheric variations, which attracted our attention, were those that occurred
during 28 December 2021–3 January 2022, when the related data were processed on
5 January 2022 (the real data have a two-day delay). Figures 8b and 9b show this anomalous
condition occurred in ion density and electron density, respectively.
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Figure 8. Variations in O+ density during the periods of (a) 14–20 December 2021 (b) 21–27 December
2021, (c) 28 December 2021–3 January 2022, and (d) 4–10 January 2022. The Menyuan MS 6.9 EQ is
labeled with a red dot (and with a black circle in the third panel).

Figure 9. Variations in electron density during the periods of (a) 14–20 December 2021
(b) 21–27 December 2021, (c) 28 December 2021–3 January 2022, and (d) 4–10 January 2022. The
Menyuan MS 6.9 EQ is labeled with a red dot (and with a black circle in the third panel).

In order to confirm the reliability of these anomalies, we firstly examined the re-
lated orbits passing through the anomalous area and then specified the right orbit where
the anomaly appeared. Figures 10 and 11 show, respectively, the variations in the iono-
spheric parameters of (a) He+ and O+ and (b) Ne in the specified orbit of 21668_1 on
28 December 2021 and its revisiting orbit 21744_1 on 2 January 2022. The ionospheric
anomaly took place at about 19:00 in these two days. Secondly, we also reexamined the
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corresponding Kp index on 28 December and found that the hourly Kp values at 18:00 and
21:00 were 1 and 0, and the Kp values of the same time period on 2 January 2022 were 2
and 3. In view of this, the variations recorded this time, within the Chinese mainland were
of high reliability as EQ precursors. So, we reported this anomaly and gave a warning of
an impending EQ around the ionospheric anomalous area within two weeks, when a usual
weekly meeting was held on 7 January 2022. The second day after the warning was given,
a large EQ with a magnitude MS 6.9 occurred on 8 January 2022 in Menyuan area, Qinghai
province, with an epicenter located at 37.77◦ N and 101.26◦ E and a depth of 10 km. This
event occurred 11 days and 6 days after the appearance of the corresponding abnormities,
and it was located almost at the area where the obvious ionospheric disturbances occurred
(see Figures 8b and 9b).

Figure 10. Fluctuations in (a) He+ and O+ densities and (b) electron density registered by the CSES
satellite on 28 December 2021, 11 days before the Menyuan MS 6.9 EQ. Obvious perturbations related
to this Menyuan event are labeled with black arrows.

After the Menyuan event, the variations in both ionospheric parameters that occurred
during 28 December 2021–3 January 2022 were also been detected automatically by the
software developed by Li and Parrot [13], and some parameters of the large ionospheric
perturbations on 28 December were specified: the peaks occurred at 38.0◦ N and 99.9◦ E
with an increase of 47.3% and a persistence distance of 560 km for O+ density and 38.4%
and 693 km for electron density, respectively. This peak was only 120 km away from the
Menyuan epicenter. The same software also detected that a small electronic perturbation
occurred on 2 January but none for the ionic parameter.
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Figure 11. Fluctuations in (a) He+ and O+ densities and (b) electron density registered by the CSES
satellite on 2 January 2022, 6 days before the Menyuan MS 6.9 EQ. Obvious variations related to this
Menyuan event are labeled with black arrows.

5. Discussion

Two large EQs, the Maduo MS 7.4 EQ on 22 May 2021 and the Menyuan MS 6.9 EQ on
8 January 2022, were successfully recorded since the data of the CSES satellite were put into
service for EQ prediction work on the Chinese mainland at the end of April 2020. Some
useful information was found when we looked back at these processes. Obvious ionic
variations, as well as electronic anomalies were found two weeks and one week prior to both
events, which is highly coincident with the conclusion attained by previous investigations.
In addition, the distance between the epicenter of the EQ and the ionospheric anomaly was
about 600 km for the Maduo event and 120 km for the Menyuan event, which was well
within the distance estimated using the Dobrovolsky formula R = 100.43M, where R is the
radius of the EQ preparation zone, and M is the EQ magnitude [35].

The fact that electromagnetic (EM) emissions accompany every stage of some large
earthquake preparations seems undebatable, although short-term earthquake prediction is
still one of the most challenging targets in earth science today [19]. As the development
of satellite Earth observation (EO) continues, there is an increasing amount of evidence
that during some of the last stages in the long-term process of preparation, there could be
a transfer of energy between lithosphere, atmosphere, and ionosphere, so as to introduce
the concept of a lithosphere–atmosphere–ionosphere coupling (LAIC) among the three
involved layers of the Earth [36–40]. However, the producing and propagating mechanism
of seismo-electromagnetic signals, also as an energy origin of LAIC, has always been a
controversial issue since seismic-related electromagnetic emissions have been reported. It
basically includes a chemical channel [41–43], acoustic channel [44–46], electromagnetic
channel [4,38], etc. Li et al. [4] qualitatively specified an LAIC model before the Wenchuan
event by analyzing parameters from ground-based observations to space-born observations:
electromagnetic energy propagated from the epicentral area, via the atmosphere and
ionosphere, to the equatorial plane, and through this plane, finally, to its magnetically
conjugated area in the opposite hemisphere.

However, this evidence remains far from a correct prediction for an impending EQ.
Firstly, we cannot specify the right location where a forthcoming event will happen in light
of the anomalous area. The Maduo EQ this time, for example, was 600 km away from
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the ionospheric anomaly. It has been reported that the GPS TEC (total electron content)
abnormity lay in the southeast 15–20◦ away from the epicenter of the Wenchuan MS 8.0 EQ
on 12 May 2008 [47]. At the same time, a large EQ can induce ionospheric influence around
its epicentral area, as well as in its magnetically conjugated point area, which also leads to
much difficulty in confirming the correct location of a forthcoming event.

Concerning the spatial distribution of ionospheric variations, various amplitudes of
the ionospheric parameters are usually considered. Previous studies have shown that the
maximum affected area in the ionosphere does not well coincide with the vertical projection
of the epicenter of an impending EQ [5] and is shifted towards the equator in high and
middle latitudes [48]. This feature can be thought as enhancements of the EIA (Equatorial
Ionization Anomaly) strength as reported by Ryu et al. [49]. These results seem in agreement
with the observations performed by Ruzhin et al. [50] before the Wenchuan MS 8.0 EQ with
TEC data. They showed that the TEC anomalies in the two hemispheres were on different
sides of the magnetic meridian that passes through the earthquake epicenter (to the east on
the north and to the west on the south). They proposed that the extra electric field due to
charged aerosols was transferred to the magnetically conjugate hemisphere and induced a
plasma drift, which led to the observed plasma redistribution in both hemispheres.

Secondly, it is also difficult to determine the magnitude of the impending event just
according to an appeared anomaly. So far, there has not been a well-established relationship
between an ionospheric variation and a magnitude of an EQ, although statistically an
ionospheric anomaly increases as the magnitude of the EQ involved increases [14]. The
increased magnitudes of O+ density and electron density were of 41.6% and 22.2% for
the Maduo shock and 47.3% and 38.4% for the Menyuan one. This information displays
a contrary relationship between the varied amplitudes of ionospheric parameters and
the magnitudes of EQs, if the Maduo and Menyuan events considered. Additionally, we
also found that there was some useless or uncertain information occurring far from the
impending EQ, for instance, variations in orbit 18111_1. From Figures 7 and 5b, it is clear
that there were three peaks that occurred in the same orbit from left to right in Figure 7 and
from bottom to top in Figure 5b. We have confirmed the one near the Maduo MS 7.4 EQ
was the precursory anomaly of the Maduo event. In addition, it was also easy to decide that
one near the equator belonged to the anomalous belt around the equator. The middle one
was about 1000 km from the Maduo epicenter, well within its effective anomalous range
attained by the Dobrovolsky formula [35]; however, we cannot determine this intuitively
due to its long distance from the epicenter.

So far, only two ionospheric parameters of O+ density and electron density have
been used to support daily EQ prediction work on the Chinese mainland. We also found
synchronous variations in other parameters, such as the He+ density in Figures 7, 10 and 11,
which means matched variations of more related parameters can achieve more reliability
of effective anomalies than one, especially ones from other observation styles, such as
ground-based observations. This can also help us to deal with the difficulty of confirming
the correct location of the impending event. It is also necessary to develop more data
processing methods to distinguish EQ precursors comprehensively.

6. Conclusions

In summary, two large EQs, the Maduo MS 7.4 EQ on 21 May 2021 and the Menyuan
MS 6.9 EQ on 8 January 2022, were successfully recorded on the Chinese mainland, after
the data of the CSES satellite were put into service for EQ prediction work on the Chinese
mainland. Effective ionospheric perturbations were reported immediately after they were
found, respectively, two weeks and one week prior to these two events, which reconfirms
that ionospheric information can be utilized for short-term EQ prediction. However, this
work limited due to some uncertainty, including the correct location and the magnitude of
the impending event. So, more EQ prediction practice and deeper investigations will be
needed in the future.
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