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Abstract: The aims of the present study were to use Langmuir Probe payload electron density data and
Plasma Analyzer Package payload O* density data from the Zhangheng-1 electromagnetic satellite
to statistically analyze anomalies in electron and oxygen ion densities before strong earthquakes
(Ms > 6.0) in western China and its neighboring areas. The goal was to investigate the physical
mechanisms underlying electron and oxygen ion generation by evaluating the correlations between
such anomalies and the seismic activity before the 6.4-magnitude earthquake in Yangbi, Yunnan,
China, on 21 May 2021. Nine (75%) of the twelve earthquakes that occurred during the study period
and were not affected by magnetic storms were preceded by anomalous electron or oxygen ion
densities of 1.1-4.5 x 1010 / m3 and 2.8-6.0 x 1010 / rn3, respectively. The anomalies were generally
observed within the two weeks preceding the earthquakes and were associated with most strike-slip
and thrust earthquakes, which were mainly located on the southeastern and northwestern edges
of the Tibetan Plateau—but not normal fault earthquakes. The anomalies were likely the result of
acoustic-gravity waves generated by slow vibrations of the Earth’s surface reaching the ionosphere,
where they cause oscillations in ionospheric electron and ion densities. In addition, the association
between ionospheric anomalies and strong earthquakes was confirmed by the observation of other
atmospheric anomalies before the Yangbi earthquake.

Keywords: Zhangheng-1 satellite; electron density; ion density; ionospheric perturbation; anomaly

mechanism

1. Introduction

The development of space exploration technology has promoted the observation of
ionospheric anomalies via satellites, which provide a rapid and efficient means for the
observation of Earth-based processes, regardless of location or weather. These tools have
great potential for facilitating earthquake mechanism research, earthquake monitoring and
forecasting, earthquake disaster prevention, and post-earthquake emergency rescue work.
The technology also provides great help for short-term earthquake prediction [1,2] and
is becoming an important tool for earthquake monitoring and forecasting, as well as for
scientific research [3,4].

The Lithosphere-Atmosphere-Ionosphere Coupling (LAIC) is the most common ex-
planation for the ionosphere anomalies caused by the preparation and occurrence of large
earthquakes [5]. Recent studies have reported that the ionosphere is unusually sensi-
tive to seismic responses and pre-seismic anomalous information can be extracted from
ionospheric perturbations [6-16]. Strong earthquakes may be preceded by anomalous
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ionospheric perturbations, with anomaly magnitude increasing with earthquake magni-
tude [1,17,18]. Most anomalies occur within the 15 days preceding an earthquake and are
characterized by simultaneous anomalies across multiple parameters. For example, before
the 8.0-magnitude Wenchuan earthquake in 2008, there were drastic changes in electron
density, electron temperature, and oxygen ion density near the earthquake epicenter, as well
as changes in electromagnetic radiation [17,19,20], and, before the 8.8-magnitude Chilean
earthquake in 2010, the 7.2-magnitude earthquake in Yutian, Xinjiang, China in 2008,
the 6.9-magnitude earthquake in Gaize, Tibet in 2008, and the 8.6-magnitude earthquake
in Sumatra in 2005, simultaneous anomalies in electric field, magnetic field, and several
plasma parameters were observed near the earthquake epicenter and may have been related
to pre-seismic crustal activity [20-25]. Li et al. (2014) analyzed global moderate-to-strong
pre-seismic anomalous ionospheric perturbations and reported that earthquake-related
ionospheric perturbations mainly occur one week before an earthquake [1].

The aims of the present study were to use Langmuir Probe (LAP) payload electron
density data and Plasma Analyzer Package (PAP) payload O* density data from the
Zhangheng-1 electromagnetic satellite to statistically analyze anomalies in electron and
oxygen ion densities before strong earthquakes (M; > 6.0) in western China and its neigh-
boring areas and to investigate the physical mechanisms underlying electron and oxygen
ion generation by evaluating the correlations between such anomalies and the seismic
activity before the 6.4-magnitude earthquake in Yangbi, Yunnan, China on 21 May 2021.

2. Materials and Methods
2.1. Satellite and Payload Information

The Zhangheng-1 satellite, which was launched on 2 February 2018, is China’s first
Seismo-Electromagnetic Satellite and a sun-synchronous orbit satellite with an orbital
inclination of 97.4°, flight altitude of 507 km, and observation range of 65° north and south
of the equator. The satellite orbits the Earth once every ~94.6 min and can orbit the Earth
~15 times a day, with a revisit period of 5 d. The mean orbital longitude of a revisit period is
4.8°, which corresponds to a distance of ~500 km from the equatorial region, and the orbit
of the next revisit period will strictly follow the previous orbit to ensure that the revisit
orbit is spatially consistent [26].

The Zhangheng-1 satellite is the first space-based platform in China’s three-dimensional
seismic observation system and the first satellite in China’s geophysical field detection
satellite program, the main scientific objectives of which are to acquire and reconstruct the
global geomagnetic and ionospheric environments and their dynamic models, to evaluate
new methods for short-range earthquake forecasting to develop earthquake theories, and
to study space weather processes, as well as Earth’s lithosphere-atmosphere—ionosphere
coupling mechanisms [27].

The ionospheric observation data of the LAP and PAP payloads were stored in an H5
format for each half orbit (ascending/descending orbit) and are divided into five levels.
The Second-level data consist of physical quantity data with orbital parameters that are
commonly used in scientific research. The data of this study are taken from the Second-level
data observations.

The LAP payload can measure in situ electron density in the range of 5 x 108 to
1 x 10'3/m3, as well as electron temperature, suspension potential, and plasma potential,
whereas the PAP payload can detect in situ H+ density, He+ density, O+ density, ion
temperature, ion drift velocity, and ion density fluctuations. The LAP payload electron
density and PAP payload O+ density were used for the present study. There are two
operating modes of the satellites, LAP were sampled every 3 s in inspection mode, and the
payloads were switched to detailed inspection mode when passing through the seismic
zone or any other region of China with sampling every 1.5 s, and PAP were sampled every
1s[28].
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2.2. Anomaly Extraction

The present study used observational data from 1 January 2019 to 9 October 2021,
which consisted of electron and O* density data from the LAP and PAP payloads, respec-
tively. Nighttime (i.e., ascending orbit) data were selected, since such data are generally
less affected by the sun, and data from days where Kp index >3 were excluded to remove
the possibility of magnetic storm interference. In addition, data from each 5-d period were
combined into single files, which were then gridded and plotted using the kriging method.

There were 15 strong (M > 6.0) earthquakes that had occurred in and around the
Tibetan Plateau in western mainland China from 1 January 2019 to 9 October 2021, in
which 12 earthquakes were included in this study—except three, which were preceded by
severe magnetic storm disturbances (Figure 1). The modern tectonic and seismic activity
of the Tibetan Plateau is the strongest in China [29] and is associated with subduction of
the Indian plate beneath the Eurasian plate, which has formed the modern Himalayan
orogenic belt with elevations exceeding 8000 m above sea level. This tectonic zone extends
to east- and westward tectonic junctions at Namche Barwa and Nanga Parbat, which turn
toward the Burmese arc and Pakistan, respectively. The eastern tectonic junction affects the
Sichuan, Yunnan, and Tibet regions of China, and the western tectonic junction affects the
Hindu Kush and Pamir regions [29,30]. Most earthquakes of Ms > 6.0 in mainland China
occur in the Tibetan Plateau and its adjacent areas [31].
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Figure 1. Distribution of earthquake epicenters and pre-seismic ionospheric anomalies in and around
western mainland China since 2019.

3. Results and Analysis
3.1. Analysis of Anomalous Characteristics

Previous studies have found that most ionospheric anomalies occur within 15 days
before an earthquake. Therefore, the data of the ascending orbit of one month before
the earthquake were selected for analysis in this article, in which the data with Kp > 3
were excluded. The values between adjacent tracks were calculated by using the Kriging
interpolation method. In Figures 2 and 3, each graph shows the orbital data for five days
and the black parallel lines represent the location where the orbit passes. The spatial scope
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of the ionosphere anomalies is 300 km for an earthquake with a magnitude of 6.0-6.9 and
400 km for a M > 7.0 earthquake.
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Figure 2. Electron density anomalies observed before strong earthquakes in and around western
China. Red circles indicate earthquake epicenters. The maps in (a—e,g,h) are of the Ms 6.0 Changning,
M; 6.0 Laos, M 6.4 Afghanistan, M 6.4 Jiashi, Ms 6.1 and M; 6.4 Tajikistan and M 6.0 Luxian
earthquakes, respectively. (f): the M 6.4Yangbi and Ms 7.4 Maduo earthquakes.



Atmosphere 2022, 13, 410 50f12
. 40°
286410 (b)) O\ O\ 5.2E+10
o 26E+10 4.8E+10
24E+10 35° 4.4E+10
: 201 9-12-20 \ 22E+10 4.0E+10
Afghamstan M;6.4 2.0E+10 3.6E+10
3 1.86+10 30° 3.2E+10
o 1.6E+10 2.8E+10
T4EH0 o, 24E+10
. 1.2E410 2021 -05-21 2.0E+10
Yangbi M;6.4|
1.0E+10 1.6E+10
20210516-20210519
°4 s T 8.0E+9 20°+ T T T 1.2E+10
105°  110°
6.0E+10
5.6E+10 e 4.2E+10
B.2E+10 2021-09-16 3.8E+10
4.8E+10 :
4. 4E+10 Lux M;6.0 3.4E+10
4.0E+10 3.0E+10
3.6E+10 26E+10
3.2E+10 226410
2.8E+10 ’
24E+10 L8E+10
2.0E+10 1.4E+10
1.6E+10 1.0E+10

2021 0705- 2021 0709

95°  100°

1.2E+10
8.0E+9
4.0E+9

80°

85°

90°

95°

6.0E+9
2.0E+9

Figure 3. Oxygen ion density anomalies observed before strong earthquakes in and around western
China. Red circles indicate earthquakes epicenters. The maps in (a,c,d) are of the M 6.4 Afghanistan,
M; 6.4 Tajikistan and M 6.0 Luxian earthquakes. (b): the Ms 6.4 Yangbi and Ms 7.4 Maduo earth-
quakes.

Of the 12 earthquakes included in the present study (Table 1), except for the three
earthquakes (3/12) in Motuo, Tibet (Ms 6.3, 24 April 2019); Yutian, Xinjiang (Ms 6.4, 26
June 2020); and Nima, Tibet (M; 6.6, 23 July 2020), which were not preceded by obvious
anomalies in either electron or oxygen ion density, the remaining nine earthquakes (9/12)
were preceded by varying degrees of anomalous electron or oxygen ion densities.

Table 1. Statistical information of anomalies before strong earthquakes.

Date

Seismic

Greatest Value

No. DD-MM- Location Longitude/° Latitude/° Magnitude/ Frauls Al}om:ly Anomaly Time of Anomaly
YYYY Ms P P x101/m?
1 24-04-2019 Medog, Tibet 94.61 28.40 6.3 Thrust
2 17062019 ~ Chansning 104.90 28.34 6.0 Slip Electron 2 weeks before 26
Sichuan
3 21-11-2019 Laos 101.35 19.50 6.0 Slip Electron 1 week before 1.8
. . Electron 1 week before 1.1
4 20-12-2019 Afghanistan 70.60 36.50 6.4 Slip Oxygenion 1 week before 28
5 19-01-2020  Jiashi, Xinjiang 77.21 39.83 6.4 Thrust Electron 1 week before 3.3
6 26:06-2020 Jutian, 82.33 35.73 6.4 Normal
Xinjiang
7 23-07-2020 Nima, Tibet 86.81 33.19 6.6 Normal
8 13-02-2021 Tajikistan 73.55 38.15 6.1 Thrust Electron 1 week before 2.1
. . Electron 1 week before 3.6
9 21-05-2021  Yangbi, Yunnan 100.02 25.61 6.4 Slip Oxygenion 1 week before 52
Maduo, . Electron 1 week before 29
10 22-05-2021 Qinghai 98.34 34.59 74 Slip Oxygenion 1 week before 50
11 10072021  Tajikistan 7115 38.85 6.4 Thrust blectron 1 week before 45
Oxygenion 1 week before 6.0
Luxian, Electron 2 weeks before 3.2
12 16-09-2021 Sichuan 105.34 2.2 6.0 Thrust Oxygenion 2 weeks before 44
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Of the nine earthquakes associated with pre-seismic anomalies, earthquakes (4) in
Changning, Sichuan, China (M; 6.0, 17 June 2019); Laos (M; 6.0, 21 November 2019); Jiashi,
Xinjiang (Ms 6.4, 19 January 2020); and Tajikistan (M; 6.1, 13 February 2021) were preceded
only by anomalies in electron density, whereas the other five were preceded by anomalies
in both electron and oxygen ion density (Figures 2 and 3). Furthermore, 78.6% (11/14) of
the anomalies occurred within one week before its corresponding earthquake and the other
21.4% (3/14) occurred within two weeks before. The anomalous electron and oxygen ion
densities ranged from 1.1 x 10! to 4.5 x 10'%/m3 and from 2.8 x 10'° to 6.0 x 10'%/m3,
respectively (Table 1).

The fault type of earthquakes can usually be divided into three types: normal, thrust,
and strike-slip. The normal and thrust types of earthquakes are caused by the horizontal
tensile and extrusion stresses in the crust, respectively, while the strike-slip earthquake
is derived from the horizontal shear stress. In regard to the fault type, only two of the
twelve earthquakes were normal fault earthquakes, and most were either thrust (5) or
strike-slip (5) earthquakes. In addition, no ionospheric anomalies were detected before
the two normal fault earthquakes; therefore, they accounted for 0% of the 9 earthquakes
preceded by ionospheric anomalies. In contrast, four of the five thrust earthquakes and
all five strike-slip earthquakes were associated with pre-seismic ionospheric anomalies
(Figures 1 and 4, Table 1). Thus, ionospheric anomalies were detected before 90% of the
thrust and strike-slip earthquakes, which accounted for 44% (4/9) and 56% (5/9) of the
anomaly-associated earthquakes, respectively. It is clear that the observation of pre-seismic
ionospheric anomalies correlates well with the fault type of earthquakes.

0%

“Normal fault BMThrust fault BStrike fault

Figure 4. Distribution of anomaly-associated earthquakes among different fault types.

In regard to earthquake location, all three earthquakes that were not preceded by
ionospheric anomalies were located within the Tibetan Plateau (Figure 1), whereas the
other nine earthquakes preceded by ionospheric anomalies were located on the southeastern
and northwestern edges of the Tibetan Plateau. This was consistent with the observations
that most normal, strike-slip, and thrust earthquakes occur within the Tibetan Plateau, on
the southeastern edge of the Tibetan Plateau, and on the northwestern edge of the Tibetan
Plateau, respectively.

3.2. Generation of Anomalous Observations

On 21 May 2021, a 6.4-magnitude earthquake occurred in Yangbi County, Yunnan
Province, China and was associated with notable pre-seismic anomalies in both electron
and oxygen ion density [32]. In the present study, the Yangbi earthquake was used as a
case study to evaluate the mechanisms underlying the generation of electron and oxygen
ion density anomalies.
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According to the epicenter location of the earthquake, we selected the part closest to
the epicenter in the nearest orbit to calculate the ionospheric time sequence (such as the red
orbit section in Figure 5). We then calculated the average values of electron density and
oxygen ion density of each orbit passing through this position. There are 14 electromagnetic
satellite orbits passing through this position during the period of 22-26 May, so we can get
the average values of 14 electron densities and oxygen ion densities, respectively. Since the
revisit period of the electromagnetic satellite was five days, the time interval for each mean
electron and oxygen ion density of the local orbit was five days (Figure 6a,b).

40°

35°4
3
o] AT
30 A i"‘;
¢ r‘kﬁ
_ {\::..3@ J‘;
O 2021-05-21

25°

YANGBI 6.4

200 1 1 1 I I 1
80° 85° 90° 95° 100° 105° 110°

Figure 5. The selection part of orbit used for calculation of ionospheric time sequence. Red circle
represents the location of Yangbi Ms 6.4 earthquake.

As shown in Figure 6a, the electron density values fluctuated around 1 x 10'°/m3
from March 22 to May 11, with the highest value of 3.2 x 10'°/m? on May 16. In Figure 6b,
the temporal evolution of oxygen ion density is the same as the electron density, which
fluctuated around 1 x 101°/m3, with the highest value being 4.8 x 1019 /m3. As well, after
the Yangbi earthquake (21 May), both the electron and oxygen ion densities decreased
significantly.

In order to test the relationship between the earthquakes and ionospheric anomalies,
we plotted the frequency of full-magnitude (M} > 0.9) earthquakes that occurred within
200 km of the Yangbi earthquake epicenter from March 22 to May 26 (Figure 6¢). The results
show that the minor earthquake activity increased gradually from May 13 and gradually
decreased after the mainshock, which is basically consistent with the evolution of electron
density and oxygen ion density anomalies.

The rapid increase of small earthquakes may imply the high stress state of the litho-
spheric medium. Here, we apply the load/unload response ratio (LURR) method to verify
this hypothesis [33-35]. The value of LURR (Y) quantifies the stress state of a non-linear

system and is calculated as follows:

X+
y=2" 1
X— @

where X subscripts “+” and “—" indicate loading and unloading, respectively, and response
rate X is defined as:

AR
X = lim — 2
AIIJIEOAP @

where AR and AP denote changes in payload P and response R when the payload is P.
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Furthermore, the LURR based on seismic energy E is defined as follow:

vu= (L5 E) /(DL E) ©)

where Ei denotes the energy of the ith seismic event, and “+” and “—" denote loading and
unloading, respectively. In addition, m = 1/2, with E™ denoting the Benioff strain.
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Figure 6. Development of ionospheric anomalies in the two months preceding the 6.4-magnitude
earthquake in Yangbi County, Yunnan Province, China. (a) electron density; (b) oxygen ion density;
(c) seismic frequency; (d) load /unload response ratio.



Atmosphere 2022, 13, 410

9of 12

As shown in Figure 7, P and R correspond to the load and response of a mechanical
system. The response is linear to the load and unload when the load is well below the
strength of the system and becomes non-linear when the load reaches a high level, as well
as when the system is close to failure [35,36].

+ Load

P AR

AR

Unload

Load

AR

AR

Unload

>
0 R

Figure 7. Constitutive relationship of the rock media.

The Benioff strain (m = 1/2) of Mj 0-4.9 earthquakes was selected as the response
energy within 200 km of the epicenter, from 1 March 2021 to 30 June 2021, and the earth-
quake source mechanism was taken from the Global Centroid Moment Tensor Project
(globalcmt.org) accessed on 1 January 2022, with trend = 46, dip = 78, sliding angle = 4, and
depth = 15 km. The friction coefficient within the fault was set as 0.4 and a sliding window
of 15 days was used, with a step of 10 days to calculate the LURR value near the epicenter
(Figure 6d).

The LURR values gradually increased from March 22 and reached the maximum
peak on May 15 (Figure 6d) when the pre-seismic ionospheric anomalies take place, which
indicated the high stress state of the source media.

It is clear that before the occurrence of the Yangbi Ms 6.4 earthquake, the electron
density, oxygen ion density, and seismic activity augment significantly during the same
time period when the stress accumulation in the source media is at a high level, which
could be verified by the maximum peak in the LURR time series.

4. Discussion

Lithosphere—atmosphere—ionosphere coupling (LAIC) is the most common explana-
tion for the earthquake-induced ionospheric anomalies. Presently, the explanation of the
LAIC mechanism is mainly divided into two categories: the acoustic gravity waves (AGWs)
and the electric field [37].

Enhanced seismicity before large earthquakes is a common anomaly. For example,
enhanced seismicity was observed near the epicenters of the 2004 Sumatra earthquake
(Mw 9.0) in Indonesia, 2010 Yushu earthquake (Mg 7.1), and 2020 Yutian earthquake (Mg
6.4) [38,39]. Previous studies have reported that earthquakes can generate and radiate
low-frequency pressure waves [40—-42], including infrasound and acoustic-gravity waves,
through the sudden vertical undulation and tilting of ground surfaces near the earthquake
epicenter [43]. In fact, infrasound anomalies have been observed before the 8.0-magnitude
Wenchuan earthquake in 2008, 7.1-magnitude Yushu earthquake in 2010, 9.0-magnitude
Japanese earthquake in 2011, and 6.4-magnitude Yangbi earthquake in 2021, with all
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infrasound anomalies exhibiting similar amplitude, spectrum, duration, and time from
anomaly onset to earthquake [44—47]. A study of “slow earthquakes” reported that slow
changes in ground surface can also occur before a large earthquake [48] and that variations
in airflow and wind speed resulting from the slow shaking of mountains can produce
acoustic-gravity waves [49]. Due to their low frequency, acoustic-gravity waves are only
weakly attenuated by the atmosphere, leading to long-range propagation [50], and if such
waves are transmitted upward and reach the ionosphere, oscillations in the ionospheric
electron and ion densities can occur, thereby producing ionospheric anomalies.

There is another explanation for the mechanism of ionospheric anomalies. During
earthquake preparation, with an increase of tectonic stress, the enhancement of fractures
induced complex physical and chemical reactions in the crust. In this stage, a large number
of additional ions may be yielded. These ions gather at the bottom of the atmosphere,
which not only changes the conductivity of the atmosphere but also produces an anomalous
surface atmospheric electrostatic field. This electrostatic field may penetrate into the
ionospheric height, resulting in the ionospheric anomalies.

By combining with the seismic activity before the Yangbi M 6.4 earthquake, we con-
sidered that the pre-seismic ionospheric anomalies were derived from the LAIC acoustic-
gravity wave mechanism. Analysis of the Yangbi earthquake indicated that the LURR
near the earthquake epicenter continued to increase during the two months before the
earthquake (Figure 6d) and during the dilatant stage, which indicated that the material in
the seismogenic zone was close to a critical state [51,52]. In addition, minor seismic activity
near the earthquake epicenter increased gradually before the earthquake (Figure 5c) and
crustal stress near the earthquake epicenter increased constantly, peaking when the material
in the seismogenic zone was in the sub-instability stage [51,52]. Furthermore, ground mo-
tion increased with crustal stress increases and anomalous sound waves were detected near
the earthquake epicenter in mid to early May [38], which indicated that acoustic-gravity
waves could have been generated and propagated upward to the ionosphere, resulting in
anomalously ionospheric electron and oxygen ion densities. The occurrence of ionospheric
anomalies before strong earthquakes could thus be summarized as follows: increased
crustal stress in the seismogenic zone caused enhanced ground shaking that generated
acoustic-gravity waves, which propagated upward and promoted ionospheric anomalies.

5. Conclusions

The present study investigated the occurrence of ionospheric anomalies before strong
earthquakes in and around mainland China and evaluated the potential mechanisms under-
lying anomaly generation. In most cases, both electron and oxygen ion density anomalies
occurred before strong earthquakes in and around western mainland China, and anoma-
lies were strongly associated with thrust and strike-slip earthquakes but not with normal
fault earthquakes. Ionospheric anomalies were generated by clear physical mechanisms,
including acoustic-gravity waves, which were generated by ground movements and could
propagate upward where they promoted anomalous ionospheric perturbations. In regard
to earthquake prediction, the combined analysis of ionospheric anomalies and other anoma-
lies or tectonic stress, historical earthquake conditions, or spatial anomaly distribution
characteristics can be used to make judgments regarding potential earthquakes.
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