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Abstract: This research examines the correlation between seismic activity and variations in iono-
spheric electron density (Ne) using the data from the Langmuir probe (LAP) onboard the China
Seismo-Electromagnetic Satellite (CSES) during nighttime. Statistical analysis of Ms ≥ 6.8 earth-
quakes that occurred globally between August 2018 and March 2023 is conducted, as well as Ms ≥ 6.0
earthquakes in China during the same period, using the quartile analysis method for fixed revis-
iting orbits. The main conclusions are that: (1) the larger the magnitude of the earthquake, the
more anomalous the phenomena that appear; (2) the anomalies on the east side of the epicenter are
significantly higher than those on the west side, and the anomalies in the Northern Hemisphere
are mostly distributed southward from the epicenter, while those in the Southern Hemisphere are
mostly distributed northward from the epicenter; (3) anomalies appear with a higher frequency on
several specific time intervals, including the day of the earthquake (likely co-seismic effect) and
2, 7, and 11 days before the earthquake (possible precursor candidates); and (4) for the 15 earth-
quakes of Ms ≥ 6.0 in China over the past five years, anomalous Ne mainly occurred southwest of
the epicenter, with the highest frequency observed 5 days before the earthquake, and there were
continuous anomalous phenomena between 9 days and 5 days before the earthquake. This study
concludes that Ne, measured by CSES, can play a fundamental role in studying earthquake-related
ionospheric disturbances.

Keywords: CSES; electron density; earthquake; seismic anomaly

1. Introduction

Earthquakes are sudden natural disasters that can cause extensive destruction and
pose a significant threat to human life and property. Earthquake is one of the most serious
natural disasters faced by humanity, causing more casualties than any other natural disaster.
Globally, over 5 million earthquakes are estimated every year, including around 100 strong
earthquakes of Ms ≥ 6.0, 18 large earthquakes of Ms ≥ 7.0, and one or two mega-earthquakes
of Ms ≥ 8.0. These events may significantly affect people’s safety and the economic develop-
ment of society, making it crucially important to conduct sufficient research on earthquakes
and attempt to build proper systems for early warning and forecasting [1].

With the development of space exploration technology, the observation of ionospheric
anomalies by satellite has become a research hotspot. A large number of observational
studies have shown that there is indeed a correlation between earthquakes and ionospheric
anomalies (e.g., [2]), and these ionospheric disturbances possibly related to “earthquake pre-
cursors” have obtained significant interest. Utilizing satellite earth observation, researchers
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can access all-weather, short-term, global coverage, and rich dynamic information that
displays enormous potential for application in earthquake mechanism research, monitoring
and forecasting, disaster prevention, and emergency relief efforts. It also provides favorable
support for short-term forecasting of earthquakes and has emerged as an increasingly
important support tool for earthquake monitoring and forecasting and scientific research.
The study of seismic ionospheric effects has also become one of the most challenging topics
in the fields of earthquake science and ionospheric science [3].

Previous research has demonstrated the ionosphere’s response to seismic activity.
Specifically, ionospheric plasma parameter changes were reported as early as 1965, when
ionospheric anomalies were observed before the 28 March 1964 Alaska earthquake, based
on ionosonde data [4]. Subsequent studies using data from the French DEMETER satellite
since its launch in 2004 have further expanded our understanding of this phenomenon,
resulting in numerous reports of variations in ionospheric parameters preceding earth-
quakes. Scholars have studied seismic ionospheric anomalies using various methods.
Zhang et al. [5] found that multiple parameters, including ion density, temperature, and
electromagnetic field, exhibited synchronous perturbation anomalies before the M7.9 earth-
quake in Chile on 14 November 2007. Further analysis of the Ms7.1 Yushu earthquake on
14 April 2010 revealed that multiple parameters showed increased anomalous change one
day before the earthquake [6]. By analyzing DEMETER data ten days before and one day
after the M8.8 earthquake in Chile on 27 February 2010, Liu et al. [3] observed significant
perturbations in various plasma parameters near the epicenter. Case studies indicate that
strong anomalous perturbations typically occur in the ionosphere before and after moderate
to strong earthquakes worldwide, and the larger the magnitude of the earthquake, the
more obvious the anomaly [7].

In order to identify common features in earthquake ionospheric phenomena, statistical
studies were conducted alongside seismic case studies. Several analyses investigated the
correlation between ionospheric anomalies and seismic events, ultimately confirming a
statistically significant relationship between them. Kon et al. [8] employed the superposed
epoch method to scrutinize earthquakes in Japan from 1998 to 2010 with a focal depth
less than 40 km and M ≥ 6.0. Significant positive TEC anomalies were found within a
range of 1000 km from the epicenter 1–5 days prior to earthquakes. Liu et al. [9] examined
plasma parameter disturbances from 82 earthquakes with Ms ≥ 7.0 occurring during
2005–2010, from 10 days before the earthquake until 2 days after it. They found that
shallow earthquakes (depth < 70 km) exhibited more perturbations before their occurrence
than deep earthquakes (depth ≥ 70 km).

Using ion density data detected by the DEMETER satellite from 2004 to 2010, Yan et al. [2]
scrutinized global earthquakes with M ≥ 4.8 within the same timeframe using the super-
posed epoch method. They discovered that anomalies mainly occurred within a range of
200 km from the epicenter and 5 days before the earthquake. Additionally, He et al. [10]
categorized seismic events based on different depth, magnitude, and location, ultimately
discovering anomalies in ionospheric electron density on a spatial scale of around 350 km
before earthquakes. De Santis et al. [11] and Marchetti et al. [12] investigated several years
of Swarm magnetic and electron density data and correlated the extracted anomalies with
shallow (depth ≤ 50 km) M ≥ 5.5 worldwide earthquakes by superposed epoch and space
approaches. In addition, in the latter study, the eventual influence of focal mechanism
and sea or land location was explored. Both papers identified that the anticipation time of
the ionospheric anomalies increases with earthquake magnitude according and extending
to in situ space data following the Rikitake [13] law. Similar preliminary results have
been obtained for the China Seismo Electromagnetic Satellite (CSES-01), identifying that
statistically, the number of anomalies preceding M5.5+ earthquakes is higher than those
following the same events [14].

Previous research findings suggest that the ionosphere undergoes significant distur-
bances prior to earthquakes, as evidenced by both seismic case studies and statistical
analyses. The ionospheric anomalies induced by the earthquake preparation process
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observed by satellite have garnered significant interest in the seismological community,
and their monitoring and investigation are considered one of the effective approaches to
studying earthquake ionospheric precursors [15].

The DEMETER satellite was the first in the world to be dedicated to detecting and
researching ionospheric anomalies related to earthquakes. Following this achievement,
China developed its own electromagnetic monitoring satellite, CSES-01, which was suc-
cessfully launched on 2 February 2018, after ten years of scientific demonstration and five
years of research and development. At present, CSES is the only satellite in flight explicitly
built and dedicated to the investigation of ionospheric phenomena induced by earthquakes.
A second CSES satellite is in its final building stage, and China plans to launch it within
a year. This satellite monitors a wide range of parameters, including plasma properties,
detection of high-energy particles, and electric and magnetic field measurements. It is the
second satellite primarily dedicated to exploring earthquake-related ionospheric distur-
bance phenomena after DEMETER, thus enriching information in this field [16]. Real-time
dynamic ionospheric monitoring and seismic precursor tracking may open new ways of
earthquake monitoring and forecasting. Several studies on ionospheric anomalies have
already been conducted based on data acquired from the CSES satellite, including elec-
tromagnetic fields [17] and plasma in situ [18]. Some multiparametric investigations of
the preparation phase of the earthquakes integrated the CSES Ne and magnetic field data
inside a variety of observations, showing the great potential of CSES to better understand
the anomalous behavior of the ionosphere before large earthquakes, such as the Mw7.5
Indonesia 2018, Mw7.2 Kermadec Islands 2019, and Mw7.6 Papua New Guinea 2019 earth-
quakes [19–21]. However, studies related to seismic ionosphere characteristics using CSES
data are still being accumulated and are not yet sufficient. Therefore, it is crucial to explore
seismic ionospheric studies by utilizing a large amount of ionospheric observation data to
investigate seismic ionospheric anomalous phenomena characteristics and their coupling
and then explore the process and mechanism of seismic nucleation and development.

This paper analyzes global earthquakes of Ms ≥ 6.8 and earthquakes of Ms ≥ 6.0
in China using electron density (Ne) data from the Langmuir probe (LAP) onboard the
CSES-01 (also known as Zhangheng-1 Electromagnetic Satellite) on a case-by-case basis,
built on previous research experience. The earthquake cases are explored thoroughly,
classified and summarized to investigate the underlying relationship between seismic
events and ionospheric phenomena in terms of the seismic parameters.

2. Data and Processing Methods
2.1. Data Introduction

The China Seismic Electromagnetic Monitoring Experiment Satellite (CSES), also
known as the Zhangheng-1 satellite, was launched on 2 February 2018. It is the first
space-based platform for seismic observation and geophysical field measurements in China,
orbiting at an altitude of 507 km with a fixed local time for ascending node at 2:00 and
descending node at 14:00 respectively, and a revisiting period of five days [16]. The unique
altitude and local time provide stable and long-term observations to explore the physi-
cal characteristics of the ionosphere, as well as the ionospheric phenomena and possibly
understanding the mechanisms of earthquake-related signals. The satellite carries eight
instruments onboard, including a search coil magnetometer (SCM), electric field detector
(EFD), high-precision magnetometer (HPM), GNSS occultation receiver (GOR), plasma
analyzer package (PAP), Langmuir probe (LAP), high-energy particle package/detector
(HEPP/HEPD), and tri-band beacon (TBB), enabling continuous investigations of iono-
spheric plasma, electromagnetic fields and waves, and energetic particles [16].

This paper analyzes electron density (Ne) detected by the Langmuir probe (LAP)
onboard the CSES, which is a key parameter that characterizes the ionospheric state. The
LAP can measure Ne in the range of 5 × 102–1 × 107 e−/cm−3, with a relative measurement
accuracy of 10%. The satellite’s operating modes include survey mode and burst mode.
The survey mode is used to detect global electron density and electron temperature, with
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a time resolution of one observation data every 3 s, while the burst mode is used to
detect possible earthquake-related signals above the global main seismic belts, with a time
resolution of 1.5 s [22]. Typically, all payloads work continuously in the latitude range of
[−65◦, 65◦] [16]. After in-orbit testing and a series of cross-validation studies [18,23], it can
be confirmed that although the absolute value of Ne may differ, its relative variations are
well in agreement with other ground and space missions (e.g., Swarm) and consequently
can be used in ionospheric research, such as space weather, plasma bubbles, and earthquake
ionospheric anomalies.

2.2. Selection of Earthquakes and Satellite Data

This paper focuses on 57 global shallow earthquakes (with a focal depth less than
100 km) with Ms ≥ 6.8 that occurred from August 2018 to March 2023, and 15 earthquakes
with Ms ≥ 6.0 in China in the past five years. We retrieved the earthquake cases from web-
site of the China Seismic Earthquake Network Center: http://www.ceic.ac.cn/speedsearch
(accessed on 1 May 2023). The distribution of the epicenters is shown in Figure 1. The
selection of earthquakes is based on several considerations, as follows. (1) Earthquakes
with a focal depth of less than 100 km are selected because deep earthquakes are unlikely
to produce ionospheric effects [9]. (2) The magnitude threshold is a compromise, as only
larger earthquakes are more prone to show some pre-earthquake effects impacting the
ionosphere [7], and on the other hand, they are rarer, so the limit needs to be lower to
achieve a significant statistic. (3) Only earthquakes with epicenter latitudes within ±55◦

are selected, considering the observation latitude range of CSES LAP and the large amount
of auroral activity from polar regions in high-latitude areas. (4) The number of selected
earthquakes needs to be sufficient to ensure the research results are universal.
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Figure 1. Distribution of global Ms ≥ 6.8 and Ms ≥ 6.0 EQs in China.

To ensure the best accuracy in extracting possible earthquake-related information,
we selected only nighttime (ascending orbit) data for analysis, as solar radiation in the
ionosphere during the day may have a significant impact [24]. To eliminate data interference
caused by changes in geomagnetic activity, data with |Dst| ≥ 40 nT or Kp ≥ 3 are excluded
to remove geomagnetic environment disturbances, especially geomagnetic storms [9].
Additionally, intrinsic data problems are eliminated as much as possible, such as the data
at the terminator transition point in Yan’s study [23].

Previous research has shown that ionospheric disturbances have been observed a
few days prior to certain earthquake activities, particularly within a 25-day timeframe
before the earthquake [10]. Additionally, abnormal disturbances have been recorded on
the day of the earthquake and within 5 days after the earthquake [25]. Furthermore,
ionospheric disturbances within a 1000 km radius from the epicenter have been identified
as particularly significant [8]. Therefore, this study focuses on the period from 25 days
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before the earthquake to 5 days after the earthquake, searching for ionospheric disturbances
within a range of 1000 km from the epicenter.

2.3. Data Processing Methods

As outlined in Section 2.2, data in nighttime orbits within a ±10◦ (i.e., 1000 km) range
around the epicenter from 25 days before to 5 days after the earthquake were chosen.
Figure 2 provides an example of orbit selection, displaying the distribution map of orbit
position of the Ms7.0 earthquake in the southern waters of Sumatra, Indonesia (4.31◦S,
101.15◦E). The red dot indicate the epicenter’s location and the blue lines represent the
ground projection of the chosen orbits for studying the earthquake.
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In order to extract eventual anomalies, the quartile analysis method was implemented,
which involves several steps.

Firstly, observations within a ±10◦ radius around the epicenter were obtained for the
period ranging from 25 days before to 5 days after the earthquake.

Secondly, for each current orbit (C0) obtained in the first step, the corresponding orbits
acquired during its revisiting orbits in the past 30 days were collected. Each current orbit
(C0) corresponds to a set of 6 revisiting orbits.

The third step involves resampling each group of 6 revisited orbits with a time res-
olution of 0.3◦ (survey mode)/0.15◦ (burst mode) and calculating the median and upper
and lower quartile difference (IQR) of the 6 revisited orbits in each sampling interval. The
median is represented as Cb, while Cb ± 1.5 IQR is represented as the upper and lower
bounds Cu and C1.

In the fourth step, the current observation data orbit (C0) is also resampled by 0.3◦ (sur-
vey mode)/0.15◦ (burst mode), and then compared with the upper and lower boundaries



Remote Sens. 2023, 15, 3354 6 of 18

obtained from the 30-day background calculation for analysis. The variation in current ob-
servation data relative to the background one is then computed using the following formula:

%Dev(increase) =C0−Cu
Cu

×100%

%Dev(decrease) = C0−C1
C1

×100%
(1)

where “Dev” is the abbreviation for deviation (difference) and the “%” sign indicates the
percentage change. The “increase” and “decrease” in parentheses represent upward and
downward trends, respectively. C0 represents the current observation data, Cu represents
the upper limit value, and C1 represents the lower limit value. Based on previous research
experience with a large number of earthquake cases, this study considers Ne abnormal
changes with a magnitude of ≥50% as abnormal. A similar technique based on the in-
terquartile range and revisiting orbits has already been applied to CSES Ne data before
La Palma 2021 volcano eruption, obtaining interesting results in agreement with the other
geophysical investigated observables [26].

3. Analysis of Typical Earthquake Cases

Based on carefully selected and processed data, we conducted a comprehensive
analysis of anomalies before and after 57 worldwide earthquakes with Ms ≥ 6.8. This
chapter provides a detailed account of the anomaly extraction results and the criteria used
to determine anomalies for two typical earthquake cases, one with significant anomalies
and one without.

3.1. An Example of an Earthquake with Clear Anomalies

According to the China Earthquake Network Center, an Ms7.0 earthquake occurred in
the south of Sumatra, Indonesia (4.31◦S, 101.15◦E), with a depth of 10 km, on 19 August 2020.
The epicenter, together with the orbit distribution map, is shown in Figure 2, while Figure 3
displays the changes in Ne around the epicenter on the southern side of Sumatra from
25 days before the earthquake to 5 days after the earthquake (from 25 July to 25 August).
The panels from top to bottom show the geomagnetic indices (planetary Kp and equa-
torial disturbance storm index Dst), the Ne time-series variation, and the Ne abnormal
disturbance amplitude. Based on our experience of abnormal observations from more
than five years of CSES observations, further analysis is required when the Ne abnormal
amplitude exceeds 50%, in order to exclude or support the possible seismic source for such
abnormalities. Despite this, it is possible to note that there is a slight increase above the
threshold of Ne on 2 August 2019, in correspondence to geomagnetic activity, as under-
lined by high values of kp and drop of Dst, which underline the impact of a moderate
geomagnetic storm in the Earth’s environment. On the other hand, Figure 3 shows that on
8 August (11 days before the earthquake), the Ne abnormal amplitude was ≥100%, and it
was a continuous abnormal disturbance change. On that day, Dst was <40 nT and Kp < 3,
which can exclude the influence of space weather. Therefore, it is judged that the abnormal
increase is still likely to be related to this earthquake. Similarly, on 12 August (7 days before
the earthquake), Ne slightly increased (about 80%) again and in very quiet geomagnetic
conditions, indicating that it may have some correlation with the earthquake.

Based on the positions of each orbit passing around the epicenter, as shown in Figure 2,
the red and black circles represent the position of anomalous orbit data. The abnormal
phenomenon on 8 August occurred in the closest orbit to the epicenter (orbit number 13962),
with an abnormal orientation in the northwest direction of the epicenter, about 2◦ away
from the epicenter (red ellipse in Figure 2); the abnormality on 12 August was located in
the northwest direction of the epicenter, about 7◦ away from the epicenter (black ellipse in
Figure 2). The highest longitudinal distance from the epicenter of the second anomaly may
explain the lower intensity of the anomaly and further support its link to the seismic event,
as it is expected that the anomalies are higher as the earthquake is closer and vanish after a
certain distance.
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3.2. An Example of an Earthquake without Anomalies

On 16 October 2018, an Ms6.9 earthquake occurred in the southeast of the Loyalty
Islands (21.65◦S, 169.61◦E), with a depth of 10 km. Figure 4 shows the geomagnetic index
trends and changes in Ne abnormal amplitude obtained within a range of 1000 km around
the epicenter from 25 days before the earthquake to 5 days after the earthquake (from
21 September to 22 October). From Figure 4, it can be seen that the Ne amplitude changes
were weak, i.e., always inside the negative and positive thresholds (dashed red lines),
indicating no anomaly during the investigated period.
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4. Statistical Analysis of Global Earthquakes with Ms ≥ 6.8

Considering the analysis preprocessing and the discrimination criteria in the previous
section, a statistical investigation on the selected 57 earthquakes is conducted in this
chapter, searching for significance of the possible relationships between seismic events and
ionospheric effects.

4.1. Statistics on the Number of Anomalies

The anomalies observed before and after each earthquake were derived from analyzing
exactly the same period for each case study. To explore the possible correlation between
earthquake magnitude and the number of anomalies, the earthquake cases were categorized
into three groups based on the magnitude Ms (refer to Table 1). As shown in Table 1, there
were 7 earthquakes with Ms ≥ 7.5, and anomalies were observed in 71.4% of this group,
with most cases having only one anomaly. Among the 24 earthquakes with 7 ≤ Ms < 7.5,
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two of them had more than three anomalies, six had two anomalies, and nine had one
anomaly (accounting for 37.5% of this group), while seven earthquakes had no anomalies,
accounting for 29.2%. The proportion of earthquakes with at least one anomaly is 70.8% in
this group. For the 26 earthquakes with 6.8 ≤ Ms < 7, two of them had more than three
anomalies, two had two anomalies, ten had one anomaly (accounting for 38.5% of this
group), and no anomalies were observed in 12 earthquakes (46.2% of this group). It was
calculated that earthquakes with anomalies accounted for 53.8% of this group. Overall, the
data suggest that the larger the magnitude, the higher the likelihood of observing anomalies,
supporting at least some of the anomalies being likely induced by the earthquakes.

Table 1. Number of earthquakes (EQs) with anomalies of different magnitudes.

Ms Count of EQs with
≥3 Anomalies

Count of EQs with
≥2 Anomalies

Count of EQs with
One Anomaly

Count of EQs
with Anomalies

Count of EQs with
No Anomalies

Ms ≥ 7.5 0 0 5 (71.4%) 5 (71.4%) 2 (28.6%)
7 ≤ Ms < 7.5 2 (8.3%) 6 (25%) 9 (37.5%) 17 (70.8%) 7 (29.2%)
6.8 ≤ Ms < 7 2 (7.7%) 2 (7.7%) 10 (38.5%) 14 (53.8%) 12 (46.2%)

In the following studies about the location and time of abnormal phenomena, the
statistics are based on the number of abnormal phenomena rather than the number
of earthquakes.

4.2. Typical Regional Distribution of Anomalies

To investigate the spatial distribution of abnormal phenomena in different directions,
we searched for a predominant direction for such phenomena. In analogy with the analysis
of the location of earthquake anomalies in Section 3, we gathered statistics of anomalies,
dividing them in eight directions: north, northeast, east, southeast, south, southwest, west,
and northwest. Figure 5 displays the distribution of abnormal phenomena relative to the
epicenter. From Figure 5, it can be observed that the northeast and southeast directions
from the epicenter have the highest relative number of anomalies, both accounting for
19%. Abnormal phenomena in the northwest and southwest directions with respect to
the epicenter accounted for 17% each, while abnormal phenomena in the east direction
accounted for 16%. Abnormal phenomena in the west direction accounted for 7%, while
the least abnormal phenomena were found in the north and south directions, accounting
for only 4% and 1%, respectively. When looking at this pie chart with left and right sides,
respectively, representing the west and east sides of the epicenter, it can be seen that
abnormal phenomena on the east side of the epicenter were significantly higher than those
on the west side.
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4.3. The Time when the Anomalies Mostly Occur

Anomalies observed on the day of the earthquake were labeled as “0 days,” while
those observed before the earthquake are indicated with negative number (e.g., an anomaly
one day before the event was labeled as “−1 day”) and those observed after the earthquake
present positive numbers (e.g., an anomaly one day after the earthquake was labeled as
“1 day”). A summary of results is presented in Figure 6. Among the 57 cases analyzed,
anomalies were observed on every day except for −20, −18, −9, −8, and −5 days with
respect to the earthquake. However, there were more anomalies observed on −11, −7,
and −2 days with respect to the earthquake, as well as on the day of the earthquake. The
concentration of anomalies was higher 11 days before the earthquake and near the day of
the earthquake, with two smaller peaks. Finally, it seems that from about 2 weeks before
the earthquake up to its occurrence, the number of recorded anomalies increased. This
suggests that the incoming earthquakes induced some ionospheric disturbances, which
in agreement with previous statistical preliminary investigations made on CSES Ne that
reported more anomalies before the seismic events than after [27].
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4.4. Possible Influence of Land or Marine Earthquake Location on Ionospheric Anomalies

The 57 selected earthquakes were categorized into two groups based on their epicenter
location: land or marine earthquakes. Statistical analyses were conducted on both groups,
and Table 2 displays the total number of earthquakes, the number of earthquakes with
anomalies, and the ratio of earthquakes with anomalies to the total amount of earthquake
for each type of location. The table shows that there were 18 land earthquakes and 39 ocean
earthquakes, so most earthquakes occurred in the ocean. Despite the fact that the total
number of land earthquakes was lower than that of ocean earthquakes, the probability
of occurrences of anomalies before land earthquakes was higher than that one in ocean
earthquakes. The role of the ocean in ionospheric seismo-induced electromagnetic distur-
bances is debated, as well as the LAIC modeling. In fact, even though some models would
theoretically fail in the sea context, the empirical results (including those of this paper)
show that marine earthquakes seem to be at least as productive as land ones in terms of
generation of ionospheric electromagnetic anomalies [28]. In addition, Marchetti et al. [12]
found that the frequency of magnetic signals before M5.5+ earthquakes seems higher for
marine epicenters compared with those above sea level.
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Table 2. Statistical study on land and marine earthquakes.

Counts

Earthquake Types
Land Earthquakes Marine Earthquakes

Total number of EQs 18 39
Number of EQs with anomalies 13 23

Probability of anomalies 72.2% 59%

After classifying earthquakes into land and marine categories, the number of examples
for both categories decreased. Therefore, only four directions—northwest, southwest,
southeast, and northeast—are used to analyze the direction in which anomalies tend to
appear. Figure 7 compares the proportion of anomalies in four directions for land and
ocean earthquakes. For land earthquakes, the proportion in the northwest direction was
highest and the one in the southwest direction lowest. Conversely, the proportion for
marine earthquakes was highest in the northeast direction and lowest in the southeast
direction. The abnormal distribution of land earthquakes in the northwest direction was
significantly higher than that of marine earthquakes, while it was significantly lower in the
southwest direction than that of marine earthquakes.
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Figure 7. Bar chart comparing the orientation of land and marine EQ anomalies.

In Figure 8, some variations can be observed, such as an increase in anomalies 13,
11 days before and 3 days after the earthquake for land events and 7 and 2 days before the
earthquake for marine events, an extremely low number of anomalies and not statistically
significant. Despite this, it is possible to note a trend of more anomalies from 12 days
before the earthquake up to 1 day after the earthquake for marine events. This is the same
result depicted in Figure 6, but here it is possible to note that it seems to be related to
marine earthquakes.
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4.5. Characteristics of Earthquakes in the Northern and Southern Hemispheres

The ionospheric disturbances caused by earthquakes are shifted along the direction
of magnetic field lines of force due to electromagnetism, i.e., basically Maxwell equa-
tions. The 57 earthquake cases are divided into Southern and Northern Hemisphere
groups, and the locations of their anomalies appearing in the Northern and Southern
Hemisphere earthquakes are analyzed separately, as well as the comparative analysis of
their temporal distribution.

As the number of earthquake cases significantly decreases after the division of the
Northern and Southern Hemispheres, the anomalous orientation is divided into only four
orientations—northeast, southeast, southwest, and northwest—and the characteristics of
the distribution of anomalous orientations in the Northern and Southern Hemispheres are
analyzed separately. Figure 9 displays the pie charts of the percentage distribution of earth-
quake anomaly orientation in the Northern Hemisphere (a) and Southern Hemisphere (b),
respectively, while Figure 10 shows the radar charts of the percentage distribution of earth-
quake anomaly orientation in the Northern and Southern Hemispheres. By classifying
northwest and northeast as directions north of the epicenter and southwest and southeast
as directions south of the epicenter, it is evident that the Northern Hemisphere anomalies
are predominantly distributed in the direction south of the epicenter, while the southern
hemisphere anomalies are mostly distributed in the direction north of the epicenter. This
may indicate that the anomalies point toward the equator, in agreement with Parrot’s
theory that the preparation phase of an earthquake not only increases the level of electron
density but also shift (EIA crests) [28]. Although this study is based on nighttime data,
and as such without the classic EIA, we still think that this result is related to the same
phenomena. In particular, we can consider that previous investigations were based on
the DEMETER satellite and this one on the new mission CSES, and the comparison is not
only crucial but seems to support the reliability of the results from both missions. Further
studies are necessary to strengthen these pieces of evidence and compare them with other
satellite missions and ground data.
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Similar to the investigation presented in Figure 8 about land/marine time distribution,
here we divided the anomalies in the Northern and Southern Hemispheres, as depicted
in Figure 11. Although the number of anomalies is not so high, some observations can be
made. In fact, some days present more anomalies in a particular group of earthquakes.
For example, the number of anomalies occurring 12 days prior to and on the day of the
earthquake was significantly higher in the Northern Hemisphere. In addition, the number
of anomalies occurring 11 days prior to, 2 days prior to, and 3 days following the earthquake
was found to be significantly lower in the Northern Hemisphere. On the other hand, the
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number of anomalies 11, 7 and 2 days before the earthquakes in the Southern Hemisphere
is significantly higher. Finally, the number of anomalies occurring at 25, 19, and 10 days
prior to the earthquake, as well as 3 days prior to and 5 days following the earthquake,
were found to be comparable for both Northern and Southern Hemisphere earthquakes.
The different time patterns in the two hemispheres are hard to explain, but they may be
related to the different orientation of the magnetic field and/or the presence of the South
Atlantic magnetic anomaly, which can induce a delay in the LAIC mechanism, and further
theoretical studies are necessary to understand better such mechanisms.
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Figure 11. Comparison of abnormal occurrence time for earthquakes in the Northern and South-
ern Hemispheres.

4.6. Analysis of Earthquakes of Ms ≥ 6.0 in China

Based on the analysis of earthquakes with Ms ≥ 6.8 worldwide, this paper also
conducted statistical analysis on 15 earthquakes with Ms ≥ 6.0 in China during the same
time range, using the method described in Section 2.3. In this paper, we only focus on
the land earthquakes in China, and the ocean earthquakes and island earthquakes are
not considered. For each earthquake event, the abnormal parameters, its occurrence
time, amplitude, and direction were then statistically analyzed, in analogy with global
investigations. The specific results are shown in Table 3. Among the 15 earthquakes with
Ms ≥ 6.0, pre-earthquake anomalies were observed before 10 earthquakes, with a total of
19 abnormal phenomena, including 2 post-earthquake anomalies and 1 anomaly on the
day of the earthquake (i.e., likely a co-seismic effect).
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Table 3. Results of the analysis of EQs with Ms ≥ 6.0 in China.

No. Position of Epicenter CST Ms Parameters Time of Anomalies
Occurrence Location of Anomalies

1 Motuo, Tibet 2019-04-24
04:15:48 6.3 None

2 Changning, Sichuan 2019-06-17
22:55:43 6.0 Ne 6.1 (−16 days) Southwest of epicenter

3 Jiashi, Xinjiang 2020-01-19
21:27:55 6.4 Ne

1.14 (−5 days) Southeast–northeast of epicenter

12.26 (−24 days) Northeast of epicenter

4 Yutian, Xinjiang 2020-06-26
05:05:20 6.4 Ne 6.2 (−24 days) Southwest of epicenter

5 Nima, Tibet 2020-07-23
04:07:20 6.6 Ne

7.14 (−9 days) Southeast–northeast of epicenter

7.6 (−17 days) Southwest of epicenter

6 Biru, Tibet 2021-03-19
14:11:26 6.1 None

7 Yangbi, Yunnan 2021-05-21
21:48:34 6.4 Ne

5.16 (−5 days) Southwest–northwest of epicenter

5.15 (−6 days) Southwest of epicenter

5.14 (−7 days) Southwest of epicenter

8 Maduo, Qinghai 2021-05-22
02:04:11 7.4 Ne

5.21 (−1 days) Southwest of epicenter

5.16 (−6 days) Southwest of epicenter

9 Luxian, Sichuan 2021-9-16
04:33:31 6.0 None

10 Menyuan, Qinghai 2022-01-08
01:45:27 6.9 None

11 Delingha, Qinghai 2022-03-26
00:21:02 6.0 Ne

3.26 (0 day) Northwest-southwest of epicenter

3.29 (3 days) Southeast of epicenter

3.30 (4 days) Southwest of epicenter

12 Lushan, Sichuan 2022-06-01
17:00:08 6.1 Ne

5.19 (−13 days) Northeast of epicenter

5.25 (−7 days) Northwest of epicenter

13 Barkam, Sichuan 2022-06-10
01:28:34 6.0 Ne

5.19 (−22 days) Northeast of epicenter

5.25 (−16 days) Southwest of epicenter

14 Luding, Sichuan 2022-09-05
12:52:18 6.8 None

15 Shayar, Xinjiang 2023-01-30
07:49:39 6.1 None

Upon analysis of the anomalous concentration area of 15 earthquake cases, as shown
in Figure 12, this is mainly located in the southwest direction of the epicenter (account-
ing for 50%), while it appears less frequently in the southeast direction of the epicenter
(only accounting for 13%). This result further confirms our previous global investigation,
considering China is located in the Northern Hemisphere.

The statistical analysis of the anomalous occurrence time is shown in Figure 13, using
the marking method in Section 4.3. Anomalies appeared continuously for 5 days from
9 days to 5 days before the earthquake, with the highest frequency of anomalies occur-
ring 5 days before the earthquake. This result further confirms the DEMETER statistical
investigations carried out by Li and Parrot [29], with a very similar anticipation time. It is
noteworthy that due to the revisiting time of the satellite, there cannot be high precision
in the determination of the timing of anomalous, with an uncertainty of a few days at
present. Future constellation of CSES satellites will help to reduce the revisiting time, and
consequently, the uncertainty in the time of occurrence of the anomalies.
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5. Discussions and Conclusions

In this paper, the Ne data from the LAP onboard CSES were used to analyze earth-
quakes with Ms ≥ 6.8 worldwide and Ms ≥ 6.0 in China. The analysis of single earthquake
cases suggests the existence of earthquake ionospheric anomalies. On the other hand,
through statistical analysis of earthquake cases, it was possible to prove statistically previ-
ous research, and they were generally consistent.

In terms of occurrence time of anomalies, Zhu et al. [30] used the stacking epoch method,
and found that the abnormal changes in ionospheric Ne during nighttime mainly occurred
within two time periods: 1–7 days and 13–15 days before the earthquake. He et al. [31] found
that the statistical samples of anomalies from 10 days before the earthquake to around
3 days after the earthquake were relatively rich, and the range of abnormal occurrence
time for earthquakes with a magnitude of 6+ was between 0 and 6.5 days before the
earthquake. Li and Parrot [29] found that the number of disturbances on the day of the
earthquake was higher and then steadily decreased in the days leading up to the earthquake.
Li et al. [32] found that the abnormal ionospheric disturbances related to earthquakes were
most significant one week before the earthquake, and the frequency of occurrence increased
as the earthquake approached. These studies are generally consistent with the statistical
results in Figure 6 in this paper.

Regarding research on anomalous occurrence direction, He et al. [31] conducted
statistical analysis on multiple parameters of ionospheric disturbances, presenting the
spatial distribution and frequency of anomalous occurrence in different directions. They
discovered that over 50% of anomalies were located in the north and south directions of
the epicenter, which could be attributed to the influence of the geomagnetic field, making it
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easier to detect abnormal changes on the south and north sides of the epicenter. However,
this paper analyzed only one parameter—Ne, as depicted in Figure 5—and anomalies were
more concentrated on the east side of the epicenter. This could be due to the limited number
of parameters analyzed and the small number of earthquake cases. Further research is
necessary to explore the characteristics of anomaly direction. He et al. [10] utilized data
from the DEMETER satellite to demonstrate that Ne anomalies near the epicenter can
be found in both the Northern and Southern Hemispheres. However, the location of
anomalies shifts slightly northward in the Northern Hemisphere and slightly southward
in the Southern Hemisphere. The results presented in Figures 9 and 10 of this paper are
consistent with these findings.

He et al. [10] found that Ne related to both land and ocean earthquakes showed anoma-
lies close to the epicenter, but the anomalies of ocean earthquakes were more significant.
Table 2 also shows that although the total number of land earthquakes is smaller than
that of marine earthquakes, the probability of anomaly occurrence is higher than that of
marine earthquakes. Due to the low total number of events, further data will be necessary
to better investigate this, which seems to be different from previous investigations. Another
possibility could be related to the sensibility of the observable, for example, for the Swarm
mission, it was suggested that the magnetic field might be more sensible to pre-earthquake
phenomena than Ne [12].

Despite numerous earthquake cases, scholars have proposed various earthquake–
ionosphere coupling models, without a unified understanding of the coupling mecha-
nism [33]. Therefore, to uncover the inherent laws of earthquakes and ionospheric phenom-
ena, it is necessary to conduct a more comprehensive analysis of earthquake–ionospheric
anomalies. This includes increasing the number of earthquake case studies and carrying out
a series of multi-parameter earthquake case studies to accumulate more research experience.
By doing so, we can try to explore the universal characteristics of earthquake–ionosphere
coupling mechanisms with different seismic source mechanisms and reveal the underlying
laws of earthquakes and ionospheric phenomena. Some investigations even suggest that
more mechanisms are possible before the same earthquake, as proposed by Zhang et al. [34]
investigating the Mw6.7 Lushan (China) 2013 earthquake.

Although short-term earthquake forecasting remains one of the most debated and
challenging goals in earth science, it is indisputable that some moderate earthquakes are
accompanied by ionospheric disturbances before and after the event [9,35]. Li et al. [35]
analyzed CSES data recorded in China for the 21 May 2021 Maduo Ms7.4 earthquake
and the 8 January 2022 Menyuan Ms6.9 earthquake, discovering effective ionospheric
disturbances two weeks and one week before these two events, respectively. This confirms
that ionospheric information can be utilized for short-term earthquake forecasting.

This paper analyzes Ne anomalies in 57 earthquakes with Ms ≥ 6.8 worldwide, as
well as 15 earthquakes with Ms ≥ 6.0 in China. The study primarily yields the follow-
ing conclusions.

(1) In terms of the number of anomalies, the proportion of anomalies occurring before
and after an earthquake tends to increase as the magnitude increases. Additionally,
although the total number of land earthquakes is smaller than that of ocean earth-
quakes, the probability of anomalies seems higher for land earthquakes than for
marine earthquakes.

(2) In terms of areas of concentration of anomalies, it is generally observed that the
east side of the epicenter exhibits significantly higher anomalies than the west side.
The highest concentration of anomalies is found in the northwest direction of land
earthquakes and in the northeast direction of marine earthquakes. Anomalies in
the Northern Hemisphere are mostly distributed towards the south of the epicenter,
while those in the Southern Hemisphere are mostly distributed towards the north of
the epicenter.

(3) In terms of the time of anomaly occurrence, it was observed that the frequency of
anomalies was higher 7 days before, 11 days before, and in the vicinity of the day of
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the earthquake. This feature remains consistent across earthquakes classified as land
and marine, as well as those in the Northern and Southern Hemispheres.

(4) Regarding earthquakes with Ms ≥ 6.0 in China over the past five years, it was
observed that Ne responds significantly to anomalies southwest of the epicenter in
agreement with global analysis. Furthermore, the Ne anomaly exhibits the highest
frequency of anomalies 5 days before the earthquake and occurs continuously from
9 days before to 5 days before the earthquake.

These research findings suggest that the Ne of CSES can play a fundamental role in
studying ionospheric disturbances related to earthquakes. While most detected ionospheric
disturbances seem to be related to earthquakes under this set of conditions, there could still
be some anomalies that have not been detected or may be due to other unknown sources. In
the future, more detailed research will be conducted to explore the response characteristics
of ionospheric anomalies in different types of earthquakes in order to identify common
features. This will involve searching for ionospheric disturbances in the complete satellite
ionospheric data set, eliminating disturbances caused by known ionospheric phenomena
such as solar activity, eliminating disturbances that are not in the earthquake zone, and
checking whether each selected disturbance corresponds to future earthquakes. To better
understand the nature of these short-term earthquake precursors, future research will be
based on CSES’s long-term data and other multi-parameter observations from ground and
space data.
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