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Abstract: From August to October 2018, a series of strong earthquake (EQ) events occurred in
southeast Asia and northern Oceania (22°S to 0°N, 115°E to 170°E) within 50 days. In this paper, we
analyze the features of ionospheric plasma perturbations, recorded by the Plasma Analyzer Package
(PAP) and Langmuir probe (LAP) onboard the China Seismo-Electromagnetic Satellite (CSES-01),
before four EQs with magnitudes of Ms 6.9 to Ms 7.4. The ion parameters such as the oxygen ion
density (No™), the ion drift velocity in the vertical direction (V) under the conditions of geomagnetic
storms, and strong EQs are compared. The results show that within 1 to 15 days before the strong
EQs, the No* and the electron density (Ne) increased while the electron temperature (Te) decreased
synchronously. Meanwhile, the V; significantly increased along the ground-to-space direction. The
relative variation of No* and V, before the strong EQs is more prominent, and the V; is not easily
influenced by the geomagnetic storm but is susceptible to the seismic activities. Our results suggest
that the anomaly of ionospheric plasma perturbations occurring in this area is possibly related to the
pre-EQ signatures.
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1. Introduction

An earthquake (EQ) is one of the most destructive natural disasters, and discerning
seismic precursors has been one of the most challenging topics for scientists in the last few
decades. With the rapid development of aerospace technology, the Low Earth Orbit (LEO)
satellite in the upper ionosphere provides unique opportunities to identify possible pre-EQ
anomalies. Many researchers have confirmed the disturbances of the electromagnetic field
and plasma parameters appearing before some large EQs [1-7].

The Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions
(DEMETER), which was the first satellite in the world dedicated to studying seismic
ionospheric effects, was launched by France in 2004 on a sun-synchronous orbit at ~710 km
altitude. The DEMETER satellite was designed to detect and characterize the ionosphere’s
electromagnetic fields, plasma parameters, and energetic particles [8,9]. Later, the Swarm
satellite constellation was launched by the European Space Agency in 2013 to accurately
measure the different magnetic signals that arise from the Earth’s core, crust, and the
environment around the Earth [5,10].

Liu et al. [11] examined variations of ionospheric foF2, recorded by the Chung-Li
ionosonde before M > 6.0 EQs in Taiwan from 1994 to 1999, to understand seismo-
ionospheric precursor signatures. Ouyang et al. [12] analyzed the disturbance of oxygen
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ion density detected by the DEMETER satellite before the Ms 7.9 Tonga Islands EQ in
2006. Piersanti et al. [13] analyzed the Bayan Mw 6.9 EQ, which occurred in 2018, using
ground and satellite data, and they built a new lithospheric-atmospheric-ionospheric—
magnetospheric coupling model to analyze the anomalous observations before and at the
moment of the EQ occurrence.

In recent years, the China Seismo-Electromagnetic Satellite (CSES-01), which is also
called ZHANGHENG-1, was launched on 2 February 2018, on a sun-synchronous orbit
at an altitude of ~507 km with a high orbital inclination of 97.4° and a recursive pe-
riod of 5 days. The ascending/descending node local time (LT) is fixed at 2:00/14:00,
respectively. The main scientific objectives of CSES-01 are to detect the electromagnetic
field/waves, ionospheric plasma, and charged particles intended to survey the space
environment and the ionospheric disturbances that may be associated with destructive
EQs, volcano explosions, tsunamis, and space weather anomalies, and to analyze the
Lithosphere-Atmosphere-lonosphere (LAI) coupling mechanism [14]. In addition, China
and Italy are jointly building the second one, i.e., CSES-02, which will be launched in 2024.
CSES-02 will also provide almost the same physical field parameters as CSES-01 but with
numerous specific optimizations based on CSES-01’s in-orbit performance.

Using the CSES-01 data, the pre-EQ ionospheric anomalies have already been widely
studied. Li et al. [15] statistically analyzed the seismo-ionospheric effects of electron density
and oxygen ion density detected by the DEMETER and CSES-01 satellites. They suggested
that the CSES-01 could effectively detect ionospheric disturbances during strong EQs, as
the DEMETER satellite does. Liu et al. [14] reported the simultaneous disturbances of ion
drift velocity and oxygen ion density recorded by the orbit closest to the epicenter five days
before the Venezuelan Ms 7.3 EQ in 2018. Li et al. [16] analyzed possible perturbations
in the electric field detected by CSES-01 before the Mw 7.7 Caribbean Sea EQ occurred in
2020. Song et al. [17] reported the possible plasma disturbance characteristic before four
shallow-focus EQs in Indonesia were detected by CSES-01 in 2018.

More recently, Zeren et al. [18] put forward the routine data preprocessing and seismo-
ionospheric information extraction methods by using CSES-01 data and other multi-source
data and provided the results of the possible seismo-ionospheric anomalies that appeared
during the Ms > 7 shallow EQs recorded by CSES-01. Liu et al. [19] analyzed the seismo-
ionospheric electron density disturbances observed by CSES-01 through a spatial analy-
sis method.

These new scientific research results bring hope for a breakthrough in EQ forecast-
ing. However, due to the insufficient amount of experimental evidence supporting those
theories, there are also some debates on the possibility of seismo-ionospheric precursors;
thus, the existence of ionospheric perturbations before EQs is controversial [9,13,20]. One
of the main challenges for seeking seismic precursors from the ionosphere is that strong EQ
events happen so occasionally around the globe, and there is a large time period and space
among them, so it is difficult to compare and summarize the regularity and relevance of
EQ precursors.

From August to October 2018, a series of strong EQ events occurred in southeast
Asia and northern Oceania (22°S to 0°N, 115°E to 170°E), providing a rare opportunity
for EQ precursor research. In this study, we analyze the characteristics of ionospheric
plasma perturbations before four strong EQs with magnitudes equal to or larger than
Ms 6.9 occurred during this period by using the observations from the Plasma Analyzer
Package (PAP) and Langmuir Probe (LAP) onboard CSES-01. Our findings support the
possibility of using in-situ plasma observation results from the LEO satellite to examine EQ
precursor signatures in the ionosphere.

2. Data and Methods
2.1. Seismic Data

According to the China Earthquake Networks Center (CENC) and the United States
Geological Survey (USGS), four strong EQ events with magnitudes Ms 6.9 to Ms 7.4
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occurred in southeast Asia and northern Oceania from August to October 2018. The
detailed information is described in Table 1 and Figure 1. These strong EQs happened in
the adjacent areas—south of the circum-Pacific seismic belt—within 50 days, and the focal
depths are all between 17 km and 39 km.

Table 1. Information on the four strong EQs that occurred in southeast Asia and northern Oceania
in 2018.

. . Magnitude Latitude Longitude Focal
No. Region Date and Time (UTC) (Ms/Mw) 1 ©N) CE) Depth (km)
1 Loyalty Islands 29 August 2018 at 03:51:54 71/7.1 —21.95 170.10 20
2 Southeast of Loyalty Islands 16 August 2018 at 01:03:42 6.9/6.5 —21.65 169.61 17
3 Indonesia 28 September 2018 at 10:02:44 74/7.5 —0.25 119.90 20
4 Papua New Guinea 10 October 2018 at 20:48:18 7.1/7.0 —5.70 151.25 39

! The moment magnitude Mw and focal depth were retrieved from USGS, and the other information was retrieved
from CENC.

80° ’_T,__-—-——‘.-‘__.——;-".'-—‘ =

o e an

Figure 1. Location of the four investigated EQs that occurred in southeast Asia and northern Oceania
in 2018. The stars represent the epicenters, and the red lines are the geomagnetic latitude lines. The
green star represents the Loyalty Islands Ms 7.1 EQ, and the red star represents the Southeast of
Loyalty Islands Ms 6.9 EQ, and the blue star represents the Indonesia Ms 7.4 EQ, and the purple star
represents the Papua New Guinea Ms 7.1 EQ.

Among them, two EQs happened in the Loyalty Islands, and southeast of the Loy-
alty Islands are less than 100 km away. The Indonesia Ms 7.4 EQ and the Papua New
Guinea Ms 7.1 EQ occurred at similar latitudes, with a distance of less than 5.5° in latitude.
Similar occurrence characteristics provide an excellent research opportunity for studying
EQ precursors.

2.2. CSES-01 Satellite Data

The CSES-01 satellite was specially developed to detect the abnormal ionospheric
disturbances associated with strong seismic activities. It has eight types of scientific
payloads that can observe the ionospheric background environment and perturbations in
the electromagnetic waves and field, plasma, and high-energy particles. Among them, the
PAP and LAP were designed to obtain plasma parameters (ion and electron properties)
through in-situ detection. The PAP provides ion density (N;, including hydrogen ion,
helium ion, and oxygen ion), ion temperature, and ion drift velocity (V;). LAP data
provides electron density (Ne) and electron temperature (Te), respectively. They have a
large measurement range that covers the plasma change at ~507 km altitude and high
accuracy to discern weak abnormal information. The measurement range of Ni and Ne
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is 5 x 10%-1 x 10'¥ m~3, and Te is 500 K-10,000 K, with a relative accuracy of 10%. The
measurement range of V; is —3000—+3000 m/s, with a relative accuracy of 20 m/s [14,18].

The PAP and LAP onboard CSES-01 operate between latitudes of £65 °, providing
30 or 31 sets of ascending and descending half-orbit data files in the Hierarchical Data
Format (HDF) format every day. The PAP samples every 1 s in the whole observation
area, while the LAP samples every 1.5 s above China and the main seismic belt around the
world, and samples every 3 s in other regions [14,18]. In this research, we processed the
Level 2 standard data of PAP and LAP, which are calibrated physical data with geographic
coordinates and time information.

It should be noted that the PAP was contaminated after launch, leading to lower
absolute values of N; and larger V; than the expected ones in the orbit position. After
a lot of in-flight commissioning tests and simulation analysis, it was considered that
this phenomenon was due to the decrease in the sensitivity of the sensors caused by the
contamination layers on the surface of the PAP’s sensors. Due to the problems with the
absolute values, the PAP data have not been widely studied yet [14].

Nonetheless, the calibration works and some observation results showed that the state
of the contaminated layers on the sensors did not change apparently in 2018, therefore,
the relative variations of N; and V; were stable in a short time, which had the capability of
describing the ionospheric anomaly information. Liu et al. [14] discussed the reliability and
application of PAP data in 2018 based on the distribution characteristics of ion parameters
around the magnetic equator and the observations of ionospheric disturbance phenomena
induced by natural sources (e.g., strong EQ and geomagnetic storms) and artificial sources
(e.g., ground-based powerful VLF transmitters), which indicated the reliability of the
relative variation of PAP data. Yang et al. [21] reported significant ionospheric responses
to the intense geomagnetic storm event on 25 August 2018, using observations from PAP
and the other payloads onboard CSES-01. After the comprehensive analysis, we suggested
that the oxygen ion density (No*) and ion drift velocity in the vertical direction (V) of PAP
in 2018 are reliable when studying the relative variations in a short time (not exceeding
one month).

Meanwhile, the LAP data are considered to have good performance based on com-
parison with the Swarm constellation and ground-based observations [18]. Li et al. [15]
made a preliminary statistical analysis of the seismic information on ionospheric plasma
parameters detected by CSES-01 from August 2018 to November 2019. The results show
that the CSES-01 can effectively record strong EQ precursors, and No* seems more sensi-
tive to seismic activities than Ne. This viewpoint needs further investigation with more
observation data.

In this study, we mainly used No*, V,, Ne, and Te to analyze strong EQ precur-
sor anomalies.

2.3. Geomagnetic and Solar Conditions Data

The space weather condition from August to October 2018 is shown in Figure 2,
including the 10.7 cm solar radio flux index (F10.7), the Dst, and the Kp index. The red
vertical lines represent the times of four strong EQs.

The Dst and Kp indexes indicate that intense solar activities and geomagnetic pertur-
bations occurred from 26-27 August, 10-11 September, 22 September, and 7-10 October.
They provide us with opportunities to compare the differential performances of ionospheric
disturbances caused by intense magnetic storms and strong EQs.

Furthermore, some researchers proposed that an increase in solar activity could also
trigger EQ occurrence [22], and this could be the case, for example, for the first EQ of 29
August 2018, but the study of a possible influence of solar activity on the seismicity is
beyond the scope of this study.
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Figure 2. The space weather index from August to October 2018. From top to bottom: (a) the space
weather index for August 2018, (b) the space weather index for September 2018, and (c) the space
weather index for October 2018. The red vertical lines represent the times of four strong EQs.

2.4. Method

It is widely known that the ionospheric environment is easily influenced by a geomag-
netic storm that mainly originates from solar activity. Thus, the relatively weak seismic
precursors could be submerged by such powerful space weather disturbances [18,21].
Therefore, it is necessary to check the space weather conditions before looking for even-
tual seismic information. The satellite data recorded under the geomagnetic indexes Kp
exceeded 3 or the Dst index lower than —30 nT were carefully examined to minimize the
anomalous interference likely excited by strong geomagnetic activity. Moreover, the obser-
vation results affected by the satellite control experiments were also excluded, according to
the satellite platform’s data quality flags and information.

Based on previous studies [23], the orbits from the CSES-01 flying over the epicenters
+10° in longitude and latitude were chosen about 30 days before the EQs occurrence in
these cases, as presented in Figure 3. Among these data, only those from ascending orbits
(the satellite passed through the study areas around LT 2:00 a.m.) were used in this research,
considering that the ionospheric environment of descending orbits (in the daytime) was
strongly affected by the variations of the solar radiation [18].
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Figure 3. The range of orbital regions selected for data analysis is shown in the black dashed-bordered
rectangle, taking the Ms 7.4 Indonesia EQ as an example. The red star represents the epicenter, and
the blue lines are the ascending orbits of the CSES-01 during the period. Format of annotation
information: mmdd-orbit number.

According to long-term data processing and previous analysis results, plasma values
vary significantly in different regions, while the disturbance caused by the EQ is relatively
small [20]. In addition, considering there is only one satellite, its observation ability is
limited in spatial and time resolutions, considering the distance between adjacent tracks
in one day is about 2600 km. Therefore, it is not recommended to analyze the seismo-
ionospheric disturbances in large areas, which may mix with other disturbance phenomena
induced by other factors. In this research, we have monitored the critical areas for a long
time, checked the relative abnormal changes of multiple plasma parameters through the
revisiting orbit quartile analysis method, and then extracted the seismic anomalies.

Furthermore, considering that there are numerical deviations in the absolute values of
No* and V, and their relative variations were reliable, we did not use their absolute values
directly in the analysis in Section 3, but normalized them, i.e., firstly, we calculated the
maximum values of No™ and V;, in the region of the latitude range shown in the figures,
and then divided the observations by the maximum values in order to obtain their relative
change states. In this way, we will focus on their relative variations during the seismic
anomaly analysis process rather than their absolute values. Moreover, we compared the
simultaneous variations of multiple parameters, such as No*, V, Ne, Te, and electric field
waveform, to ensure the accuracy of seismic anomaly information extraction.

3. Results
3.1. Single-Orbit Analysis

The physical data of PAP and LAP around the epicenters within +10° in longitude,
a period of about 30 days before the main shocks, were selected to be arranged as a time
sequence to check the apparent disturbance variations that may be induced by seismic
activity. To keep the original abnormal information, the data used in the time series analysis
was not smoothed or interpolated.

As shown in Figure 1 and Table 1, the epicenter locations of the Loyalty Islands
(Ms 7.1 EQ) and the southeast of the Loyalty Islands (Ms 6.9 EQ) are very close. The
occurrence time interval is very short—only about 50 days. Therefore, we think that the EQ
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preparation conditions are similar, allowing us to compare their common characteristics of
pre-EQ ionospheric anomalies. In addition, the latitude distance between the Indonesia
Ms 7.4 EQ and the Papua New Guinea Ms 7.1 EQ is only 5.5°, while their occurrence time
interval is within 15 days, so we also have ideal conditions to carry out a comparison of
common features.

It is worth noting in Figure 4 that the profile of orbit 2939_1 on 14 August 2018,
15 days before the Loyalty Island Ms 7.1 EQ), is different from other curves, with significant
synchronous variation in the area ~200-550 km northwest of the epicenter. The values of
Ne and No* increased (Te decreased) evidently, and V, which is vertical ion drift velocity,
and positive (negative) values indicate downward (upward), increased strongly along the
path of ground-to-space simultaneously, exhibiting the consistency of the plasma multi-
parameter anomaly characteristics. Based on those reported by previous studies, before
the EQ, the Ne and Te in the ionosphere displayed a negative correlation change, and the
relative variations of Ne and Ni at a height of ~500 km were similar, being consistent with
our observations. With the increase of Ne and Ni, the coulombic and elastic collisions
of electrons and ions increase, and thermal energy is converted into kinetic energy to
compensate for the lost energy, resulting in the decrease of Te. Among them, the relative
variation of No* and V, is more prominent, and the spatial range of the perturbation is
~350 km. After leaving the EQ abnormal area, these parameters returned to their original
state.

Te (K) Ne (m™) O* (Norm.) Vz (Norm.) Ex (mV/m) Ez (mV/m)

i

-10.0

170.0  -160.0 1100.00 1750.00 2400.00 4.5x10° 1.55x10' 2.65x10" 0.02 0.51 1.00 -0.27 0.36 100 -165.00 -107.50 -50.00 50.00 75.00  100.00
T 0.0 T 0.0 = 0.0 0.0 0.0 0.0

T T T T T T T T T T T T T T T T
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-30.0 300 S 300t 4 s00f 4 =300} { =300} .

\}? 40,0 00—+ 1 3 400 L ~q00L——1 7 0011 00— 1

Figure 4. The synchronous abnormal perturbations of Te, Ne, No*, V, Ex, and Ez of orbit 2939_1
occurred on 14 August 2018, 15 days before the Ms 7.1 Loyalty Islands EQ influential area. The red
star represents the epicenter position, the blue oblique line in the left diagram is the orbit track, the
red circles indicate the regions where the perturbation occur for each parameter, and the dotted lines
represent the latitude location of the epicenter.

Figure 5 presents the abnormal perturbation phenomenon recorded by orbit 3775_1
on 8 October 2018, 8 days before the southeast of Loyalty Islands Ms 6.9 EQ, which is very
similar to the one shown in Figure 4. In the area just ~100 km northwest of the epicenter,
the Te, Ne, No*, and V; data show evident synchronous variations. The regional extension
of the perturbation was also very similar, covering about 350 km. The difference from
Figure 4 is that the northward shift distance of the disturbed area is shortened by ~100 km
compared with the epicentral latitude, and the disturbance variations of the Te, Ne, No*,
and V, are more prominent. Among them, the intensity of No* in orbit 3775_1 is about
five times higher than the one in orbit 2939_1. After investigation, we identified that the
phenomenon could be due to the moderate magnetic storm that happened on 8 October,
which led to the overall significant increase of No*, while the order of magnitude of electron
parameters did not change significantly. Despite this, the variation is spatially coincident
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with the incoming EQs, so a possible interaction with the seismo-induced phenomenon
could not be excluded, even if it is more plausible than the external perturbation source.
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Figure 5. Same format as Figure 4, but shows that the synchronous abnormal perturbations recorded
by orbit 3775_1 on 8 October 2018, 8 days before the Ms 6.9 Southeast of Loyalty Islands EQ influen-
tial area.

In this study, we analyzed the electric field data recorded by the Electric Field Detector
(EFD) onboard the CSES-01 to determine the possible driving sources of plasma pertur-
bations. The electric field data use the geographic coordinate system (+X indicates the
direction that the center of the earth points to the prime meridian along the equatorial plane,
and +Z indicates the direction that the center of the earth points to the North Pole) [24].
As presented in Figures 4 and 5, there were disturbances in the vertical direction of the
Ultra Low Frequency band (ULF; the range is 0.5-16 Hz, with a resolution of 1 pV/m)
waveform of the EQs” anomalous orbits, which were completely synchronized with the
plasma perturbations at the same positions.

Figures 6 and 7 show the simultaneous perturbation of multiple plasma parameters
recorded in orbits 3458_1 on 17 September 2018, 11 days before the Ms 7.4 Indonesia EQ,
and orbit 3806_1 on 10 October 2018, 1 day before the Ms 7.1 Papua New Guinea EQ,
which have similar characteristics as Figures 4 and 5. Certain synchronous variations in
Te, Ne, No*, V, Ex, and Ez data above the area of ~100 km southeast of the epicenter are
discernible. On other days, no clear perturbations are shown. Among them, the relative
variation characteristics of No* and V are the most significant plasma, compared to the
relative smoothy feature of Te and Ne values in this area. A noticeable difference between
Figures 4 and 5 is that the locations of the disturbances in these two EQs occurred south
of the epicenters. At the same time, the two Loyalty Islands EQs appeared in the north
of the epicenters. The different geomagnetic latitudes of these EQs, as shown in Figure 1,
could explain this apparent discrepancy, even if they were all in the same geomagnetic
southern hemisphere.

3.2. Multi-Orbit Analysis

The special orbital design of CSES-01 allows it to revisit identical locations every
five days at the same LT [21]. The analysis in Section 3.1 illustrates that the pre-EQ
characteristics of No* and V, are more significant than the electron parameters. This
phenomenon is probably due to the 1 s sampling rate of PAP, which is higher than the 3 s
sampling rate of LAD, resulting in a higher detection sensitivity for PAP [14]. Therefore, in
this section, we further analyzed the performance of No* and V; based on the revisiting
orbit data (multi-orbit data) by using a quartile analysis method to test and extract the
possible seismic anomalies.
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Figure 6. Same format as Figure 4, but the synchronous abnormal perturbations of Te, No*, V, Ex,
and Ez recorded by orbit 3458_1 on 17 September 2018, 11 days before the Ms 7.4 Indonesia EQ
influential area.
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Figure 7. Same format as Figure 4, but for the synchronous abnormal perturbations of Te, Ne, No*,
V2, Ex, and Ez of orbit 3806_1 on 10 October 2018, 1 day before the Ms 7.1 Papua New Guinea EQ
influential area.

Considering the PAP’s contamination, we selected revisiting orbits in the short term,
about 25-30 days around the EQs, to ensure the dataset’s reliability and reduce some factors
related to seasonal changes, longitude position differences, etc. Their relative changes can
somewhat reflect the precursor characteristics of EQ events that occurred in close locations
in this short time.

Taking Figure 8 as an example, five revisiting orbits of orbit 2939_1 (shown in Figure 4)
on 14 August were chosen to build a background trend, which are 2787_1 (ten days before,
4 August), 2863_1 (five days before, 9 August), 3015_1 (five days after, 19 August), 3243_1
(twenty-five days after, 3 September), and 3319_1 (thirty days after, § September). In the
meantime, on 24 and 29 August, the observations were greatly disturbed by the strong
geomagnetic storm around 26 August (as shown in Figure 2), so they were not selected
for analysis of seismo-ionospheric anomalies. We used the inter-quartile ranges (IQR)
method for comparing the No* and V, data of orbit 2939_1 with their backgrounds and
thus identified the anomalous data. The median and IQR values are statistical parameters,
which are equal to the second quartile and the difference between the third (Q3) and first
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quartiles (Q1) of these revisiting orbits, respectively. The pre-defined allowed ranges were
calculated by adding Q3 and Q1 and subtracting multiple IQR values to extract the anomaly
for No* and V. Normally, it is best to choose the multiple as 1.5 or 2.0, but no more than
2.0. Otherwise, some samples would not be classified as anomalous, although they are [25].

CSES—01/PAP Ion Density (O%)
T T
[

—— Cuirent orbit
—— Median value
20xIQR

Normalized values

05t . ,

1 1
Lat. —40.0 -32.0 -24.0 -16.0 -8.0 0.1
Alt. 507.1 504.1 501.7 499.8 498.6 498.3

CSES—01/PAP Ion Drift Velocity (Vz)

T T T T

1.0 [ '( b) I ; ('um-'m orbit
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E = 204IQR
\A 1.5¥IQR
oA

Normalized values

08t . . . R

" 1 n 1 "
Lat. —40.0 -32.0 —24.0 -16.0 -8.0 0.1
Alt. 507.1 504.1 501.7 499.8 498.6 498.3

Figure 8. The variation of the (a) No* and (b) V, detected by orbit 2939_1 with its revisiting orbits
from 4 August to 8 September, which are impacted by the Ms 7.1 Loyalty Islands EQ, instead of the

geomagnetic storm.

Figures 8-11 separately show the No* and V; results for anomalous orbits 2939_1,
3775_1, 3458_1, and 3806_1, represented by red curves. The median values of the back-
ground trends are plotted by blue lines, the upper/lower bounds by different color blocks,
and the blue dotted lines denote the locations of the epicentral latitudes. The observa-
tions of the current orbit that significantly exceeded the given thresholds were judged as
anomalous parts, denoted by arrow indications.

It is noted that the absolute values of No* in orbit 3775_1 and orbit 3806_1 (shown in
Figures 10 and 11) are far beyond the upper boundaries, and the latitude ranges affected
are up to about 40°, while in orbit 2939_1 and orbit 3458_1 (shown in Figures 8 and 9), the
No* data did not exceed the upper boundary in such a large range except for the candidate
seismo-ionospheric anomaly area. Meanwhile, the V, values in these orbits are stable,
rarely exceeding the threshold ranges of 2.0 times IQR, except for the sudden disturbances
in the EQ abnormal areas.
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Figure 9. Same format as Figure 8, but for the variation of the (a) No* and (b) V, detected by orbit
3458_1 with its revisiting orbits from 2 September to 27 September, which are impacted by the Ms
7.4 Indonesia EQ, instead of the geomagnetic storm.
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Figure 10. Same format as Figure 8, but for the variation of the (a) No* and (b) V, detected by orbit
3775_1 with its revisiting orbits from 28 September to 23 October, which were jointly affected by
strong geomagnetic storms and the Ms 6.9 Southeast of Loyalty Islands EQ.
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Figure 11. Same format as Figure 8, but for the variation of the (a) No* and (b) V detected by the
orbit 3806_1 with its revisiting orbits from 15 September to 10 October, which are jointly affected by a
strong geomagnetic storm and the Ms 7.1 Papua New Guinea EQ.

4. Discussion
4.1. Spatial Distributions of EQ Precursor

According to the seismo-ionospheric coupling mechanism, the ionospheric distur-
bances caused by EQs should not only show time series characteristics but also particular
spatial distribution features [26-28]. Compared with the anomaly information in the lon-
gitude direction reported by the previous research, this study pays more attention to the
spatial anomaly distribution characteristics in the latitude direction. The reason is that the
distance in longitude between adjacent satellite orbits around the EQ epicenter is about
24° (~2600 km) each day, which is insufficient to monitor longitudinal spatial variations.
Although the longitude distance between adjacent tracks in 5 days is reduced to about
4.7° (~500 km), the time span is too large to detect whole-EQ precursory information. On the
other hand, the CSES-01’s flight speed is 7.6 km per second, so it only takes tens of seconds
to observe hundreds of kilometers in the latitude direction, which can comprehensively
investigate the possible pre-EQ anomalies in the flighting orbit area.

As shown in Figures 4 and 5, the significant perturbations of Te, Ne, No*, and V, before
Ms 7.1 EQ in Loyalty islands and Ms 6.9 EQ in the southeast of Loyalty islands appeared
synchronously in the area 100-200 km northwest of the epicenters, and the spatial extension
of these perturbations is about 350 km. According to Liu and Wan's statistical analysis of
the spatial-temporal distribution characteristics of the ionospheric anomalous disturbances
before Ms > 6.0 EQs in China [28], the main seismo-ionospheric perturbations do not occur
directly above the epicenter locations but shift towards the magnetic equator, which is
consistent with these detection results.

Moreover, as a known fixed-position high-power artificial source, the impact of
the terrestrial very low-frequency (VLF) transmitters on the ionospheric environment
could be an important reference for studying the seismo-ionospheric disturbance effect.
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Liu et al. [14] have presented the observation results when CSES-01 passes above the NAA
(44.65°N, —67.28°E, transmission frequency 24 kHz, transmission power 885 kW) and
NWC (—21.82°N, 114.17°E, transmission frequency 19.8 kHz, transmission power 1000 kW)
stations [29,30], which are currently the most powerful VLF sources in the northern and
southern hemispheres. Under the influence of the ground signal, the plasma parame-
ters (e.g., Ne, Te, No*, and V) of the ionosphere F layer appear to exhibit significantly
synchronous heating disturbances not above the stations but in the corresponding area
approximately 205 km south of the NAA station and 220 km north of the NWC station [14],
which is very similar to the observed phenomena in this pre-EQ study in Figures 4 and 5.

Notably, the abnormal perturbations before Ms 7.4 EQ in Indonesia and Ms 7.1 EQ
in Papua New Guinea, as shown in Figures 6 and 7, are located in the area of ~100 km
southeast of the epicenters, which are opposite to those in Figures 4 and 5. A reason for the
difference could be that the epicenter latitudes of Indonesia EQ and Papua New Guinea
EQ are lower and are located south of the magnetic equatorial region.

As is well known, the fountain effect, i.e., the ionosphere plasma above the magnetic
equator, drifts along the magnetic lines to form a double-peak structure, which is the
so-called “Equatorial Ionospheric Anomaly (EIA)” [31,32]. Under the effect of the fountain
effect, the ionospheric plasma anomalies, possibly excited by the strong EQs in the south
of the magnetic equator, could be further transported to the area south of the epicenters.
According to Hanson and Abdu et al. [33,34], the fountain effect caused by the eastward
electric field generally ends at 17-19 LT. Still, the bimodal structure of EIA will continue
until even early morning, and then the plasma disturbance phenomena can be recorded by
CSES-01 flying over the areas.

4.2. Mechanism of the Seismo-Ionospheric Coupling

At present, the research on the mechanism of seismo-ionospheric coupling is mostly in
the qualitative analysis stage, and some numerical simulation theories are still constantly de-
veloping. There are three main transmission channels that describe the seismo-ionospheric
coupling model, such as the acoustic channel, the geochemical channel, and the electro-
magnetic channel [27,35-37].

Despite some “up-down” evidence regarding solar activity and geomagnetic storms
before some strong earthquakes, it is observed that the triggering mechanism can be a
result of seismic/tectonic processes at depth, i.e., a “bottom-up” process, as defined by
Freund et al. [38—40]. Before strong earthquakes, the igneous and high-grade metamorphic
rocks are subjected to defect-positive holes in the oxygen anion sublattice. These charge
carriers are highly mobile, able to flow out of stressed rocks into surrounding unstressed
rocks. They form electric currents, which emit electromagnetic radiation, sometimes in
pulses, sometimes sustained, and may cause ionospheric perturbations and earthquake
lights.

Using numerical simulations, Kuo et al. [27,41] demonstrated that observations of
nighttime plasma bubbles within the affected region can be used as precursors for EQ
prediction. Pressurized rocks can stimulate charged hole carriers and form currents along
the stress gradient direction, causing an increase in atmospheric conductivity and jointly
triggering the upward electric current over the seismo-active region, ultimately causing
ionospheric plasma density enhancement.

Ruzhin et al. [42], based on observations of total electron content (TEC) perturbations
over the seismic region, reported an enhancement of the electric field detected in the
ionsphere over the epicenter a few days prior to the main shock, and the plasma density
can either increase or decrease (or both) in the perturbed region. The extra electric field
E that is generated in the ionosphere over the seismic preparation zone is considered to
be the main source of these ionospheric anomalies. The plasma transfer caused by the
extra electric field in the direction of E x B drift may produce regions of TEC enhancement
(plasma aggregation) and weakening (plasma outflow).
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Based on the previous research results and synchronous perturbations of the ULF
electric field waveform data and the plasma multi-parameter data presented in Section 3.1,
we suggest that large-scale crustal deformation preceded the strong EQ-induced electric
current changes in the subsurface, thus giving rise to the upward low-frequency electro-
magnetic radiation over the epicenter aera, and the electrodynamic effect of the electric field
on the plasma induced the plasma perturbation in the ionosphere. The energy propagated
along the direction of the magnetic field line in the ionosphere, making the location of the
plasma disturbance center shift in a latitude direction [43,44], which can be detected by
CSES-01. The possible plasma perturbation process induced by the seismo-ionospheric
coupling is shown in Figure 12.
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Figure 12. The possible schematic diagram of the plasma perturbation process induced by the
seismo-ionospheric coupling.

4.3. Difference with Magnetic Storm Anomaly

The geomagnetic and solar data shown in Figure 2 indicate that several geomagnetic
storms occurred from August to October 2018, resulting in a complex ionospheric environ-
ment. Based on the data of four seismic candidate anomalous orbits during this period and
their revisiting orbits, we compared the different performances of No* and V, under the
influence of intense geomagnetic storms and strong EQs.

As shown in Figure 2, the Dst index on 8 and 10 October in 2018 is lower than —30 nT,
and the Kp index is greater than 3, which indicates that a moderate geomagnetic storm
occurred on these two days. Furthermore, from Figures 10a and 11a, we can find that
due to the influence of a strong geomagnetic storm, the values of No* in orbit 3775_1 on
8 October and orbit 3806_1 on 10 October in 2018 are far beyond the upper boundaries,
about 200-300% higher than the median values, and the affected latitude ranges are as
large as more than 40°. Meanwhile, in the local areas of seismic anomaly disturbances,
the values of No™ increased significantly based on the influence of the geomagnetic storm,
which seems to reflect the combined effects of strong EQs and the intense geomagnetic
storm on the ionospheric plasma environment.

On the other hand, orbit 2939_1 on 29 August in 2018 and orbit 3458_1 on 28 September
in 2018, as presented in Figures 8a and 9a, were not affected by the geomagnetic storm,
but they were preceded by a few days of strong EQs. The No* data did not exceed the
upper boundary in such a large range but only greatly enhanced in the local EQ anomaly
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areas that extended for hundreds of kilometers, which increased about 100-200% to the
median values. According to previous studies, the seismic anomaly is a regional and local
anomaly that is unlikely to cause a global disturbance [21,28]. These observation results
are consistent with this view.

Based on the data sets obtained from the MICS spectrometer onboard the CRRES
satellite, Fu et al. [45] made a statistical analysis of 12 cases of intense geomagnetic storms
in 1991. The results proved that oxygen ions (O*) in the ionosphere are the main component
of the ring current particles during the main phases of intense geomagnetic storms. The
increase and decrease of O* in the ionosphere are the primary factors leading to the
rapid decline and growth of the Dst index during the main and recovery phases of the
geomagnetic storm. Although the observation height of the CRRES is higher than the
CSES-01, the role of the O* in the ionospheric environment could be an important reference
for studying the seismo-ionospheric disturbance effect.

Ouyang and Liu et al. [12,14] reported significant disturbances of No* before Ms7.9
Tonga Islands EQ in 2006 detected by DEMETER satellite and Ms 7.3 Venezuela EQ in
2018 recorded by CSES-01, indicating that No* is a promising parameter for analyzing
seismo-ionospheric perturbation. Therefore, monitoring the relative variation of No* is
important for analyzing the ionospheric anomaly.

It is interesting to find that, as represented in Figures 10b and 11b, the trends of V; in
orbit 3775_1 on 8 October and orbit 3806_1 on 10 October in 2018, during the geomagnetic
storm, are pretty different from those of No*. V, is almost within the upper and lower
boundaries, and there is no particular change compared with the background trend except
for the sudden reverse perturbation over the seismic area, which seems consequently to be
related to the incoming strong EQ. The vertical ion drift velocity seems not to be affected
by the geomagnetic storm that occurred in the past two days but is susceptible to seismic
activities. This character of V, is very precious and important for the research of strong EQ
precursors, which can directly indicate the vertical motion characteristic of plasma and is
not easily influenced by the geomagnetic storm.

5. Conclusions

In this work, we analyzed the characteristics of ionospheric plasma perturbations
before four strong EQs with magnitudes ranging from Ms 6.9 to Ms 7.4 occurred in southeast
Asia and northern Oceania (in the south of the circum-Pacific seismic belt) from August to
October 2018, which were observed by PAP and LAP onboard CSES-01 and were supported
by the ULF waveform results of EFD. The different variations of No* and V; under intense
geomagnetic storms and strong EQ were compared. Our findings support the possibility
of applying in-situ plasma observation of LEO satellites to examine ionospheric pre-EQ
signatures, which could be useful to understand seismo-ionospheric precursors better. The
main results of this study are summarized as follows:

(1) The No*, Ne, Te, and V values show significant synchronous disturbances at the
same position near the epicenters from 1 to 15 days before the series of strong EQs
occurred in southeast Asia and northern Oceania within 50 days. Regarding time and
space characteristics, these plasma perturbations are possibly explained as seismo-
ionospheric precursors.

(2) The No* and V, seemed like promising parameters for analyzing ionospheric distur-
bances excited by strong seismic activity. Local ionospheric perturbations caused by
strong EQs are often accompanied by a change in V,, which is not easily influenced by
the geomagnetic storm. Meanwhile, the variation of No* could reflect the combined
effects induced by strong EQ and intense geomagnetic storms on the ionospheric
plasma environment.

(3) Based on the long-term data analysis results of CSES-01, the absolute value differences
of plasma in different locations are large. It may be more effective to extract precursory
seismic anomalies by long-term monitoring of the critical areas and checking the
relative abnormal changes of the revisiting orbits.
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