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Abstract: In this paper, we provide a characterisation of the ionosphere from April 2018 to September
2022 for 48 investigated months. We used the data of the China Seismo Electromagnetic Satellite
(CSES-01), which is a sun-synchronous satellite with five days of revisit time and fixed local time of
about 2 a.m. and 2 p.m. The unique orbit of CSES-01 permitted us to produce a monthly background
of the ionosphere for night- and daytime with median values acquired during geomagnetic quiet time
in equatorial and mid-latitude regions (i.e., between 50◦ S and 50◦ N of geographical latitude). We
compared the obtained CSES-01 monthly median values with the solar activity in terms of sunspot
numbers, and we found a high correlation of 0.89 for nighttime and 0.85 for daytime between the
mean sunspot number and the maximum of the characterised CSES-01 Ne map values. In addition,
we extracted all the anomalous positive increases in CSES-01 electron density and compared them
with the Worldwide M5.5+ shallow earthquakes. We tested two different definitions of anomaly
based on median and interquartile range or (mild) outliers. We tried two relationships between
anomalies inside Dobrovolsky’s area before the earthquake and the magnitude of the same seismic
events: one which considers distance in space and time and a second which only uses the anticipation
time of the anomaly before the earthquake. Using both anomaly definitions, we searched the best
coefficients for these two laws for mid-latitude and equational regions. We found that the best
coefficients are independent of the anomaly definition, but better accuracy (greater than 80%) is
obtained for the outlier definition. Finally, using receiving operating characteristic (ROC) curves, we
show that CSES-01 increases seem statistically correlated to the incoming seismic activity.

Keywords: CSES; electron density; earthquake; ionosphere; satellite background

1. Introduction

In this paper, we deal with the electron density measured in the ionosphere by the
China Seismo Electromagnetic Satellite (CSES) to characterise the ionosphere in geomag-
netic quiet conditions and propose a preliminary relationship of possible disturbances with
seismic activity.

1.1. Ionosphere and Its Characterisation

The ionosphere is the upper part of the atmosphere from about 50 km of altitude up to
about 1000 or 2000 km. It is characterised by a partially ionised medium, as suggested by
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its name. The ionisation is mainly due to solar irradiation by the mechanism of photoioni-
sation [1]. Considering that the driver of this phenomenon is the Sun, the part of the Earth
exposed to the Sun (dayside) experiences a higher level of ionisation than the night side. In
addition, the normal variability in solar activity (such as the 11-year solar cycle) and abrupt
variation due to, for example, solar flares or coronal mass ejection have an impact on the
amount of ionisation of the upper atmosphere, i.e., the ionosphere. During the night, the
main source of ionisation is the cosmic ray radiation impacting the Earth [2]. Cosmic rays
are a secondary source of ionisation during the day, as well as particle precipitation from
the magnetosphere, transient luminous effects (e.g., lightning), and meteorites [2].

The presence of this ionised layer that surrounds the Earth is so important that, above
all, it permits radio transmission across lengths that are longer than the line of sight (for
example, from one continent to another), making de facto possible the first ever trans-
oceanic radio transmission by Guglielmo Marconi at the end of the nineteenth century [3].

To monitor the ionosphere, it is possible to use ground antennas and radars. Ionosonde
is a ground antenna to monitor the ionosphere, and it produces electromagnetic waves with
a sweep of frequency, recording the eventual ionospheric reflected wave. The ionogram
obtained by ionosonde reports in the vertical axis the apparent (considering a vacuum
medium) altitude of reflection (retrieved by travel time) and in the horizontal axis the tested
frequency of the transmitted signal. From the interpretation of the multiple structures
observable in the ionogram, it is possible to retrieve the electron density vertical profile
in the bottom side of the ionosphere and, in particular, the altitude (hmF2) and electron
density (NmF2) of the maximum ionisation peak, named the F2 ionospheric layer, as well
as other layers such as the Esporadic E layer [4]. As explained by Huang and Reinisch [5],
these techniques have been automated in recent decades to produce estimations of the
ionosphere status in real time. This is also possible through the digitalisation of the
ionosphere apparatus, sometimes called digisonde, to distinguish it from the analogue
version of the antenna [6].

Another way to measure the ionisation of the ionosphere is from in situ Low Earth
Orbit (LEO) satellite measurements. These measurements complement the ones obtained
from the ground with pro and contra. In fact, the satellite measures the electron density
only at one altitude (the one it is flying at) but all over the world. On the other side, the
ionosonde has continuous time coverage but only for the observation site. Comparisons
and inter-calibrations between the two types of observations are fundamental, for example,
those by McNamara et al. [7] for CHAMP satellite data and Peru digisonde observations.

To obtain in situ observations, satellites are generally equipped with Langmuir probes
(LP or LAP). An LP is an instrument that, through applying a sweep of current, can measure
the classic voltage–current (V-I) curve, and from a non-trivial interpretation of such a curve,
the electron density, temperature, and floating electric potential of the plasma can be
retrieved [8].

Finally, a similar characterisation of the ionosphere has been presented by Sabbagh
et al. [9] and developed with data from the CHAMP and Swarm satellites. The main
differences with this paper are that here, thanks to the fixed local time, we do not need a
correction of the measurements (that for the cited paper was performed with IRI-2016),
and we extended the characterisation to the equatorial region. The investigated years are
different as Sabbagh et al. [9] analysed 2004, 2009 (with CHAMP), 2016, and 2017 (with
Swarm). Presently, we are investigating the period from April 2018 to September 2022, even
though there are some gaps in the data for 2018 due to the commissioning phase of the
CSES-01 satellite. Furthermore, in this paper, we limited the analysis to geomagnetic quiet
conditions while Sabbagh et al. [9] investigated all geomagnetic activities from G0 to G4
when available. This is because the background we will define is mainly used to retrieve
eventual seismo-ionospheric disturbances, and we would avoid any known ionospheric
disturbances to avoid confusing possible external source anomalies with internal ones.
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1.2. Previous Studies on Seismo-Ionospheric Disturbances

The possible existence of seismo-ionospheric disturbances is a topic widely discussed
for several decades, as reported by Chen et al. [10] and Hayakawa et al. [11], including
alterations in the lower ionosphere as reported in VLF transmitter–receiver analysis [12],
total electron content (TEC) ionospheric pre-earthquake alterations [13], and overall electron
density satellite anomalies [14,15]. We would underline that TEC, from the physical point
of view, is the vertical integration of the electron density profile. So, the LEO satellites’
electron density measured in situ is strictly linked to TEC. Despite this, the quantities can
be sensitive in different ways to ionospheric alterations, so the results can be different.

Several studies involved the DEMETER satellite data, analysing the variations in the
equatorial ionospheric anomaly (EIA) possibly induced by an earthquake or other electron
density perturbations. These studies were conducted considering a single earthquake or
statistical investigations, for example, by Li and Parrot [16] or Ouyang et al. [17], which
investigate ULF ionospheric electric field variation related to global seismic activity. Parrot
and Pinçon [18] investigated the possible correlation between whistler waves recorded by
the DEMETER satellite and shallow (depth ≤ 20 km) earthquakes of magnitude 4.8+ or 5.4+.
They identified a statistically significant increase of about 11% in the intensity of whistler
activity (originated from lightning) one day before the earthquakes and within 200 km of
the epicentre. This supports the lithosphere–atmosphere–ionosphere coupling immediately
before the earthquakes. In the same time range is the result of He and Heki [19,20], which
proposed that the electron density and TEC can be enhanced 20–40 min before large
earthquakes. On the other side, some critics have advanced that the previous result could
be an artefact of signal processing due to the co-seismic alterations in the ionosphere by
acoustic gravity waves [21].

Previous investigations of possible seismo-ionospheric anomalies in a single case study
include among them the Mw = 6.2 L’Aquila (Italy) 2009 earthquake by Piersanti et al. [22],
Mw = 6.7 Lushan (China) 2013 by Zhang et al. [23], Mw = 7.8 Nepal 2015 earthquake
by De Santis et al. [24], Ghamry et al. [25], Fan et al. [26], Ouzounov et al. [27] and Wu
et al. [28], Mw = 6.5 Amatrice-Norcia (Italy) 2016 seismic sequence by Marchetti et al. [29,30],
Mw = 7.5 Indonesia 2018 earthquake by Marchetti et al. [31], Mw = 7.6 Papua New Guinea
2019 earthquake by Akhoondzadeh et al. [32], Mw = 7.1 earthquake by De Santis et al. [33]
and Marchetti et al. [34,35], Mw = 7.2 Kermadek Islands 2019 earthquake by De Santis
et al. [36], and the recent Mw = 7.8 Turkey 2023 earthquake [37]. A recent investigation by
Marchetti et al. [38] of the Mw = 3.3 Guidonia (Rome, Italy) small earthquake that occurred
on 1 January 2023 does not identify any possible seismo-induced effect, confirming that a
lower magnitude event was unlikely to have caused perturbations in the ionosphere, but
on the other side it proposed that some Swarm ionospheric disturbances could be related
to the Mw = 5.5 event that occurred in November 2022 in the Adriatic sea. Generally, the
cited studies identified an increase in electron density absolute value or some variations
in its value. Some studies are also corroborated with magnetic field satellite data (from
Swarm or CSES). Still, the anomalies are generally identified at different times underlying
different possible lithosphere, atmosphere, and ionosphere coupling mechanisms, as Zhang
et al. [39] concluded for the Lushan (China) 2013 earthquake.

Important research, the results of which will be extended in this paper on satellite data,
is investigating the possible relationship between the space–time distance of ionospheric
anomalies and earthquake magnitude. Korsunova and Khegai [39], analysing ionosonde
data and earthquakes in Japan, found that the logarithm of the product of the distance in
km and the time in advance in days is directly proportional to the earthquake magnitude.
Perrone et al. [40,41] confirmed this result for Italy and Greece, and more recent studies
applied and established this relationship for seismic events in Italy in 2016 [42].

On the other hand, several statistical studies have been performed with Swarm and
CSES satellite data. For Swarm, we would like to note here the results of De Santis et al. [43],
expanded in Marchetti et al. [44], which not only identified a statistically significant increase
in magnetic and electron density anomalies before the M5.5+ shallow (depth ≤ 50 km)
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worldwide earthquake but also identified a similar relationship to the one observed by Kor-
sunova, Khegai, and Perrone, in this case finding that the logarithm of the anticipation time
of magnetic anomalies increases with the magnitude of the incoming earthquake. This law
was previously found by Rikitake et al. for several ground earthquake precursors [45]. Sta-
tistical studies dedicated to electron density from DEMETER have been performed by Yan
et al. [46], identifying a statistically significant increase in anomalies about 5–6 days before
M5+ earthquakes. De Santis et al. [47] and Marchetti et al. [34] correlated electron density
variations measured by CSES LAP with M5.5+ shallow (depth ≤ 50 km) earthquakes. They
identified an increase in anomalies 20 days before the earthquakes and that the anomalies
in the three months before earthquakes are more numerous than the ones recorded in the
three months after the earthquakes, suggesting that the difference may underline the LAIC
effects of the preparation of the investigated earthquakes. The main difference with this
paper is that here, we will investigate the absolute value of electron density, while previous
studies explored the variations around the mean value. Ouzounov [48] defined this type
of anomaly as “absolute” and the other one as a “relative” anomaly. A recent paper in
this direction has been published recently by Han et al. investigating the variations in
electron density of the CSES, identifying an interesting distribution of the directions of the
anomalies with respect to their epicentres, i.e., toward the geomagnetic equator [49].

With regard to the physical mechanism which could induce ionospheric disturbances
as an increase in electron density, several theories have been proposed. One of the most
promising ones is based on the release of p-holes (positive holes by Freund [50,51]) for the
increase in the stress that can break the peroxy chemical links on the rocks. The release of p-
holes can induce electromagnetic radiation in the ultra-low-frequency (ULF) range or create
a statical electric field at the Earth’s surface, which could alter the ionospheric electron
density as physically and numerically simulated by Kuo et al. [52]. Other hypotheses are
based on the release of geo-gases (e.g., Etiope and Martinelli [53]) or radon, which could
ionise the atmosphere and alter the global electric circuit, such as that proposed by Pulinets
and Ouzounov [54].

Such geophysical studies must be integrated with engineering assessments and im-
provements of buildings and infrastructures, especially critical ones such as bridges [55].
In fact, such infrastructures are critical to a quick response to an eventual disaster.

1.3. CSES Satellite Mission

The China Seismo Electromagnetic Satellite (CSES-01, also known as Zhangheng-01)
is a mission of the China National Space Administration (CNSA) developed in cooperation
with the Italian Space Agency (ASI). The mission plan is to launch a constellation of
satellites dedicated to monitoring from the ionosphere the possible signals induced by
seismic activities on the Earth [56]. On 2 February 2018, China successfully launched the
first constellation satellite, CSES-01. It is equipped with multiple payloads to monitor the
geomagnetic and electric fields, ionosphere plasma properties and composition, and detect
particle bursts by two complementary (for energy range and orientation) particle detectors,
the high-energy particle package (HEPP) and the high-energy particle detector (HEPD). The
last one was provided by ASI and built in a consortium coordinated by the Italian National
Institute of Nuclear Physics (INFN) [57]. CSES-01 is the first ever satellite launched by
China for this purpose, and it combines the previous experience of the DEMETER satellite
launched by France for this purpose in 2004, flying up to 2010, and also from the Swarm
mission [58,59]. CSES-01, analogously to the DEMETER, is inserted in a Sun-synchronous
orbit, which is an important point in order to construct a reliable satellite background
without the necessity of applying corrections for the measured local time. CSES-01 has
two operational modes: burst and survey; the first is applied in seismic active regions
(seismic belt) and China, while the second is in the rest of the world. In particular, CSES-01
is equipped with a LAP instrument composed of two probes with different dimensions
(sensor spheres of 5 cm and 1 cm) in order to match the different levels of electron density
present in the ionosphere (the first is a high-gain probe and the second is a lower gain
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one) [60]. The frequency resolution of the CSES-01 LAP data is 1.5 s/sample in burst mode
and 3.0 s/sample in survey operational mode. In this paper, we investigated the LAP
data acquired by CSES-01. There is an open debate on the absolute calibration of these
satellite data due to a discrepancy with Swarm LP measurements, without reaching a
clear conclusion [61,62]. Anyway, the most important is that, as affirmed by Yan et al. [61]
and confirmed by other studies, for example, Marchetti et al. [31], the actual electron
density profiles of CSES-01 are well in agreement with the Swarm satellite and empirical
Ionospheric Reference International (IRI) model [63]. Considering that here we are not
comparing the absolute value of electron density with other satellites or measurements
and that CSES-01 LAP data are auto-consistent, we consider the discussion on the absolute
value to be beyond the scope of the present paper as not influencing the conclusions of
the presented analyses. The observations of CSES-01 not only provide important results
for a better understanding of earthquakes, but they permit to investigate and comprehend
other geophysical phenomena such as geomagnetic storms [64,65], volcano eruptions (for
example, the La Palma 2021 eruption [66] and the extreme explosion on 15 January 2022 of
the Hunga Tonga-Hunga Ha’Apai volcano [34,67]), or magnetic pulsations Pi2 [68]. The
magnetic data of the CSES also contributed to the 13◦ generation of the IGRF geomagnetic
model [69] and provided an independent model for equatorial regions [70]. In addition,
CSES-01 data from several payloads permitted a deep study of equatorial plasma bubbles
by Gou et al. [71].

2. Materials and Methods

This paper analysed the LAP (Langmuir probe) data from the CSES-01 satellite. They
are provided in a level 2 data product at a frequency of 1 sample/1.5 s in burst mode or
1 sample/3.0 s in survey mode. We analysed the available data without resampling for the
different frequencies. Figure 1 shows an example of 5 days of electron density divided into
nighttime and daytime. We show in this example 5 days to cover the different orbits of the
CSES-01 after they are repeated, and we selected a geomagnetic quiet time for reference.
The overall workflow of the extraction of anomalies and their correlation with earthquakes
is provided in Figure 2. It is composed of several steps described in specific subsections
and summarised in the following list:

1. Data organisation by cells, regions, and local time;
2. Data selection in geomagnetic quiet time;
3. Background estimation end extraction of samples with higher Ne;
4. Preparation of the earthquake catalogue;
5. Declustering of the high Ne samples;
6. Extraction of the anomalies;
7. Testing the possible relationship between the distance and anticipation time of anoma-

lies and earthquake magnitude;
8. Assessment of prediction capability with confusion matrix and ROC curves.

A list of the parameters used is provided in Appendix B.

2.1. Background Characterisation
2.1.1. Data Organisation by Cells, Regions, and Local Time

We consider the data acquired at mid-latitude and equatorial regions. In particular,
mid-latitude is from 35◦ N to 50◦ N for the Northern Hemisphere and from 50◦ S to 35◦ S
for the Southern Hemisphere, and the equatorial region is from 35◦ S to 35◦ N geographic
latitude. In order to construct a background, we divided the investigated region into square
boxes of 5◦ latitude × 5◦ longitude (see Figure 1 for the representation of the boxes). We
should underline that this background is limited to the altitude of the CSES-01 satellite,
which is about 515 km.



Atmosphere 2023, 14, 1527 6 of 32
Atmosphere 2023, 14, x FOR PEER REVIEW  6  of  35 
 

 

 

 

Figure 1. Maps of nighttime (a) and daytime (b) data of CSES-01 Ne from 8 January 2019 to 12 Jan-

uary 2019. Colour  is proportional to  the measured electron density (Ne). The boxes used  for  the 

background characterisation are also shown, and the ones in red are for the mid-latitude regions 

and in black for the equatorial region. 

Figure 1. Maps of nighttime (top) and daytime (bottom) data of CSES-01 Ne from 8 January 2019 to
12 January 2019. Colour is proportional to the measured electron density (Ne). The boxes used for
the background characterisation are also shown, and the ones in red are for the mid-latitude regions
and in black for the equatorial region.
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Figure 2. Workflow of the method used to extract the CSES Ne anomalies possibly associated with
the earthquakes. “tol” stands for “tolerance” and it is the limit used to consider an anomaly inside or
outside the relationship being tested.
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For the background characterisation, the data are divided into months and local
time (night or day). We found that cell size of 5◦ latitude × 5◦ longitude may be a good
compromise to use one month of time resolution background and retain a sufficient number
of samples to calculate the statistics. Considering that the CSES-01 is Sun-synchronous, the
observed local time is fixed for the night as 2 a.m. (at the equator) and for the day as 2 p.m.
(at the equator). Other parts of the track are some minutes in advance of or behind local
time (~±15 min of shift with respect to the reference), but the shift is constant for all the
missions, so the data in the same boxes are perfectly comparable.

2.1.2. Data Selection in Geomagnetic Quiet Time

In this work, we considered only geomagnetic quiet time conditions because the final
goal of the background is to extract possible pre-earthquake anomalies. As the possible pre-
earthquake anomalies are expected to be weaker signals, we consider it better to exclude
the time perturbed by geomagnetic activity in order not to confuse internal anomalies
with external ones. Some studies, for example, Fan et al. [26], tried to investigate the
full time by separating the possible sources of the signal by sophisticated algorithms, but
this goal is beyond the scope of this paper, and the method is not applicable to searching
the absolute anomalies, the object of this research. The geomagnetic quiet conditions are
defined as a function of the region, as we considered that polar geomagnetic activity can
penetrate at mid-latitude with electric penetrating currents. We monitored it using the
Auroral Electrojet (AE) index. In addition, the Dst (disturbance storm) index is measured
with four geomagnetic ground observatories placed around the geomagnetic equator, and
it is a global indication of the geomagnetic storm activity affecting our planet [72]. Finally,
the whole planet’s geomagnetic activity is also represented by the ap geomagnetic index, a
linear planetary index calculated from the logarithmic scale index Kp [73]. In addition, we
consider not only the data acquisition time but also the previous hours as they can have a
consequence on the time of acquisition due to a delay in the ionosphere’s recovery from
perturbed conditions. In detail, we selected geomagnetic quiet time data in:

• The equatorial region with ap ≤ 32 nT in the previous 24 h, |Dst| ≤ 20 nT during
acquisition, and |Dst| ≤ 30 nT in the previous 24 h.

• The mid-latitude region with ap ≤ 32 nT, |Dst| ≤ 20 nT during acquisition, |Dst| ≤ 30 nT
in the previous 24 h, AE ≤ 300 nT in the previous 6 h, and AE ≤ 200 nT during
the acquisition.

The threshold on the ap geomagnetic index corresponds to the G0 quiet level defined
by NOAA (https://www.swpc.noaa.gov/noaa-scales-explanation, last accessed on 23
August 2023).

2.1.3. Background Estimation End Extraction of Samples with Higher Ne

The background for day or nighttime local time and the specific box is constructed
if at least 10 samples are in the box and the median “M”, interquartile range “IQR”, and
“Q3” (75th percentile) are estimated. The single satellite values that positively exceed
the M + kt1 × IQR (with kt1 = 0.5) threshold are stored and extracted for the subsequent
comparison with the earthquakes. We should underline that these samples are not the
“anomalies”, but a pre-selection of higher Ne values that will be the source of further
processing in the search for anomalies.

2.2. Correlation of Electron Density Anomalies with Earthquakes

In this section, we will correlate the extracted samples from the previous section with
the earthquakes.

2.2.1. Preparation of the Earthquake Catalogue

We selected the earthquakes from the USGS catalogue, extracting the event at any
depth with a magnitude equal to or greater than 5.0. The catalogue has been then declus-
tered by Reasenberg’s [74] method using a window of 20 days before and 10 days after.

https://www.swpc.noaa.gov/noaa-scales-explanation
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Then, it was cut at a 50 km maximum depth and minimum magnitude of 5.5. The catalogue
was processed by Z-Map software, version 7 [75]. Finally, we consider only the M5.5+
shallow earthquakes. Figure 3 represents their geographical and temporal distribution. The
prepared catalogue is analogous to the one used by De Santis et al. [43,47] and exactly the
same (just extended for time) as that in Marchetti et al. [34,44].
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Figure 3. Representation of the selected earthquakes. (a) Map of the earthquakes. The colour is
proportional to the earthquake magnitude, and the grey box is the investigated area. (b) Time
distribution of the analysed earthquakes. The gaps are due to a lack of satellite data due to the
commissioning of the CSES-01 satellite.

2.2.2. Declustering of the High Ne Samples

The anomalous samples extracted from the previous processing can be one or more
anomalies. In fact, an anomaly that has an extension in latitude (for example, of some
degrees) will be depicted as several contiguous anomalous samples. To avoid overcounting
the anomalies, the extracted anomalous samples have been declustered by an opposite
algorithm that compares the distance of the anomalous samples extracted on the same day,
and if two samples are less than 1.0◦ apart, they will be considered the same anomaly (or the
same cluster). The concept is extended to a cluster of anomalies composed of 2 anomalous
samples or any higher number of samples. Finally, we prepared a declustered anomaly
catalogue containing all the independent anomalous samples (not part of any cluster). For
the cluster, only one item that corresponds to the average of all quantities (position, time,
and overall detection threshold) is included.

2.2.3. Extraction of the Anomalies

After declustering the Ne anomalies, we applied the final threshold kt2 to extract the
effective anomalous values we will compare with the earthquakes. In this work, we tested
two approaches commonly used to define anomalies:

• Anomaly = Ne > Median + kt2 × IQR;
• Anomaly = Ne > Q3 + kt2 × IQR (if kt2 = 1.5, this is the definition of a mild

positive outlier).

We should underline that “kt2” is the final threshold used to define anomalies, while
“kt1” is a technical threshold to pre-select only some satellite samples (potentially anoma-
lous) in order to reduce the amount of data and increase the computational efficiency.
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2.2.4. Testing the Possible Relationship between the Distance and Anticipation Time of
Anomalies and Earthquake Magnitude

The final Ne anomalies are then compared with the earthquakes. In particular, for
each earthquake of magnitude M, all the anomalies that occurred in Dobrovolsky’s area
defined with Dobrovolsky’s radius in kilometres rDob = 10(0.43 × M) before the earthquake
are extracted. For each anomaly, the following two quantities are calculated: the first one is
related to the relationship introduced by Korsunova–Khegai–Perrone [39–42] for ionosonde
multiparametric anomalies, while the second one is extrapolated from Rikitake’s law [45]
for earthquake precursors:

1. Log10(∆T × R); decimal logarithm of the product of anticipation time “∆T” in days
of the anomaly with respect to the earthquake and distance “R” in kilometres of the
anomaly and the earthquake.

2. Log10(∆T);
3. The above quantities are compared with:
4. ak × M + bk; coefficients of the Korsunova–Khegai–Perrone relationship.
5. aR × M + bR; coefficients for Rikitake’s law.

In case the above estimations are equal within the tolerance “tol”, we associate the
anomaly with the earthquake, while in the other case, we consider it a false alarm. In detail,
we consider an anomaly possibly associated with an earthquake if:

1. |Log10(∆T × R) – (ak × M + bk)| < tol for the Korsunova–Khegai–Perrone relationship.
2. |Log10(∆T) – (aR × M + bR)| < tol for Rikitake’s law.

In this work, we also tested our result with original coefficients for the two laws. In
particular, for “Korsunova-Khegai-Perrone”, the value is calculated as the mean of the ones
provided for Italy in [40] and for Greece in [41] and equal to ak = 0.84434 and bk = −1.38636.
For the Rikitake law, we selected the proposed coefficients for precursors of “quasi-1st
kind” in the original paper [45] and equal to ar = 0.38 and br = −0.89.

2.2.5. Assessment of Prediction Capability with Confusion Matrix and ROC Curves

To evaluate the prediction capability of the method, we used the classic confusion ma-
trix approach defined by Fawcett [76] and widely used in earthquake prediction assessment
together with receiving operating characteristic (ROC) graphs [77–79]. From the above
proceeding, illustrated in Figure 3, we extract the true positives and the false positives; we
still need to estimate the true negatives and the false negatives. Here we use as a reference
the cells used for the background (and illustrated in Figure 1 as red or grey boxes) and the
month as a time unit, and in particular, we remark:

• A “true positive” (TP) is a cell with Ne anomalies associated with an incoming earthquake.
• A “false positive” (FP) is a cell with Ne anomalies not associated with incoming

earthquakes.
• A “true negative” (TN) is a cell without Ne anomalies and without earthquakes.
• A “false negative” (FN) is a cell without Ne anomalies but with one or more earthquakes.

From these definitions, we calculated the accuracy “Acc”:

Acc =
TP + TN

TP + FP + TN + FN
(1)

The last point of this work is to search for the best coefficients of the applied relation-
ship for CSES-01 Ne satellite data correlated with M5.5+ shallow earthquakes. This task is
an optimisation run, and it is performed searching for the maximum accuracy changing
the intercept of the Korsunova–Khegai–Perrone or Rikitake relationships within the range
[−6; 3] (step of calculus 0.1) and slope within the range [−2; 3] (step of calculus 0.1).
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3. Results

In this section, we present our results, first in terms of ionosphere background charac-
terisation and, second, possible association with the anomalies.

3.1. Ionospheric Background Satellite Ne Characterisation
3.1.1. Background for Night- and Daytime

The available CSES-01 electron density data have been used to prepare a monthly
satellite background characterisation for the nighttime and daytime. Even though the first
six months of CSES-01 were the commissioning phase (so the data are normally excluded for
scientific purposes), we would include and compare with the standard operating satellite
operational period. So, we analysed April, August, and September of 2018 and from January
2019 to September 2022 for a total of 48 months (4 years). Figure 4 reports the monthly
median background values acquired in geomagnetic quiet conditions for nighttime. It is
possible to note similar structures in the same season, for example, blobs of high electron
density in the south of the Western Hemisphere (around South America) in January–March
as well as in the south of the Eastern Hemisphere in June–August (or September). These
structures seem to be reduced in the last investigated year (2022), probably as a consequence
of the increase in solar activity, as further discussed in the following section.

Atmosphere 2023, 14, x FOR PEER REVIEW  12  of  35 
 

 

 

Figure 4. CSES-01 Ne nighttime monthly background constructed with data acquired under geo-

magnetic quiet conditions. 

Figure 5 shows the monthly median background values for daytime observations of 

the CSES-01 satellite. A clear activity of the ionosphere around the geomagnetic equator 

can be depicted in all the maps. This underlines the equatorial ionospheric anomaly (EIA) 

driven by solar irradiation. It is well present at 2 p.m. and close to the time of its maximum 

value.  The  absolute Ne  values  in  the  daytime  are  always  higher  compared with  the 

nighttime median shown in Figure 4, as expected. In fact, the principal source of the ioni-

sation is the Sun. Consequently, the part of the Earth facing the Sun experiences a higher 

level of electron density due to solar irradiation. 

Figure 4. CSES-01 Ne nighttime monthly background constructed with data acquired under geomag-
netic quiet conditions.



Atmosphere 2023, 14, 1527 12 of 32

Figure 5 shows the monthly median background values for daytime observations of
the CSES-01 satellite. A clear activity of the ionosphere around the geomagnetic equator
can be depicted in all the maps. This underlines the equatorial ionospheric anomaly
(EIA) driven by solar irradiation. It is well present at 2 p.m. and close to the time of its
maximum value. The absolute Ne values in the daytime are always higher compared with
the nighttime median shown in Figure 4, as expected. In fact, the principal source of the
ionisation is the Sun. Consequently, the part of the Earth facing the Sun experiences a
higher level of electron density due to solar irradiation.
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Figure 5. CSES-01 Ne daytime monthly background constructed with data acquired under geomag-
netic quiet conditions.

For the variations in electron density at night- and daytime as a function of the date,
we refer to Section 3.1.2, and Appendix A, where the mean, standard deviation, minimum,
and maximum CSES-01 Ne values are extracted.

3.1.2. Comparison of the Ionospheric Background with Solar Activity

This section compares the backgrounds of ionospheric night- and daytime with solar
activity. We retrieved the daily sunspot number as a parameter representative of solar ac-
tivity. Sunspot number index has already been very well correlated with ionospheric status,
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for example, TEC [23,80]. The mean, standard deviation, minimum, and maximum values
have been extracted for each background map and correlated with the same quantities of
sunspot numbers. For Ne, the mean, standard deviation, and minimum and maximum val-
ues are computed over the available values in the map. For the sunspot number, the same
quantities are computed over the daily values of the specific month under investigation.
Figure 6 shows the mean value of CSES-01 electron density in each night and day monthly
background as a function of time. The daily sunspot number is shown for comparison,
and the mean of this quantity is also reported. Figures 7 and 8 show the minimum and
maximum CSES-01 background values calculated for each background. It is possible to
note that there is a great agreement between the trends of electron density recorded by
the CSES-01 satellite and solar activity. In 2018, only some tracks in the months of April,
May, August, and September have been analysed due to the commissioning operations
of the CSES-01 satellite. From 2019, all the months have been continuously analysed. In
previous Figures 4 and 5, the maps of May 2018 are not provided for very small amounts
of data. In particular, in the last investigated year (i.e., 2022), solar activity increased due
to approaching the maximum of the 25th solar cycle. Consequently, and as expected, the
ionosphere increased its ionisation status. This is a measurement of the ionospheric activity
and evidence that CSES-01 provides reliable and precious data to monitor the complex
ionospheric environment. To further investigate the correspondence between the CSES-01
Ne and the sunspot number, we estimated the Pearson correlation coefficient “R” between
the minimum, mean, and maximum CSES Ne and sunspot number for day- and nighttime.
R coefficients for all the combinations are reported in Table 1. It is possible to note that the
maximum correlation coefficient equal to 0.89 and 0.85 is obtained with the correlation of
the maximum electron density value compared with the sunspot number’s mean value.
The low correlation of the minimum sunspot number with electron density background
values (except for maximum daytime CSES-01 Ne) is due to several zeros in the time series
of sunspots, as there was at least one day each month without sunspots on the surface of the
Sun before 2022. On the other side also, the maximum values of the sunspot number show
a lower correlation with the electron density background values (except for the nighttime
mean and maximum values). This can be due to the fact that we excluded the electron
density samples acquired in disturbed geomagnetic time typically induced by high solar
activity. However, the nighttime maximum values of CSES-01 Ne background are very
well correlated (0.89) with the mean of the sunspot number. This could underline a delicate
point regarding the study of the ionosphere, i.e., the ionosphere’s response to solar activity
at nighttime, even during “apparently” geomagnetic quiet time.

Finally, the best correlation is that of the mean sunspot number with the maximum
monthly median value recorded by CSES-01 both at night- and daytime.

We also provided a comparison of CSES-01 Ne in mid-latitude and equatorial regions.
The specific time series are presented in Appendix A, while the correlation coefficients
are reported in Table 1. The equatorial region is the one with the EIA crests during the
daytime, but as we analysed only geomagnetic quiet time, some response of the ionosphere
(in particular EIA) during the increase in solar activity could be lost in this study. In fact,
previous studies investigated the relationship between EIA features and solar activity [81].
This could be explored in a future dedicated study, which includes the geomagnetically
disturbed time (here excluded as the final goal is to investigate possible seismo-ionospheric
disturbances). Finally, our result confirmed previous studies performed by Bilitza et al. [82]
on the CHAMP and ionospheric model with a new satellite mission (i.e., CSES). Their
paper shows a good agreement between the electron density in the top-side ionosphere
and solar activity.



Atmosphere 2023, 14, 1527 14 of 32

Atmosphere 2023, 14, x FOR PEER REVIEW  15  of  35 
 

 

Minimum  Mean  Maximum  St. Dev  Minimum  Mean  Maximum  St. Dev 

Sunspot 

number 

Minimum  0.525  0.643  0.580  0.561  0.790  0.738  0.766  0.756 

Mean  0.690  0.848  0.823  0.821  0.827  0.863  0.868  0.843 

Maximum  0.692  0.808  0.806  0.800  0.761  0.806  0.811  0.780 

St.dev  0.651  0.750  0.767  0.771  0.651  0.728  0.726  0.693 

R 

CSES-01 Ne background equatorial region 

Nighttime  Daytime 

Minimum  Mean  Maximum  St. Dev  Minimum  Mean  Maximum  St. Dev 

Sunspot 

number 

Minimum  0.366  0.595  0.656  0.545  0.701  0.756  0.813  0.769 

Mean  0.477  0.863  0.893  0.819  0.830  0.843  0.851  0.843 

Maximum  0.481  0.845  0.868  0.801  0.762  0.766  0.774  0.764 

St.dev  0.435  0.801  0.812  0.771  0.688  0.682  0.666  0.672 

 

Figure 6. Time series of the mean electron density values compared with the sunspot solar activity 

for night- and daytime backgrounds. The standard deviation of each quantity is shown as error bars. 

Daily values of the sunspot number are shown together with the Ne values for comparison. 

Figure 6. Time series of the mean electron density values compared with the sunspot solar activity
for night- and daytime backgrounds. The standard deviation of each quantity is shown as error bars.
Daily values of the sunspot number are shown together with the Ne values for comparison.

Atmosphere 2023, 14, x FOR PEER REVIEW  16  of  35 
 

 

 

Figure 7. Time series of the minimum electron density values compared with the sunspot solar ac-

tivity for night- and daytime backgrounds. Daily values of the sunspot number are shown together 

with the Ne values for comparison. 

 

Figure 8. Time series of  the electron density maximum values compared with  the sunspot solar 

activity  for night- and daytime backgrounds. Daily values of  the sunspot number are shown  to-

gether with the Ne values for comparison. 

Figure 7. Time series of the minimum electron density values compared with the sunspot solar
activity for night- and daytime backgrounds. Daily values of the sunspot number are shown together
with the Ne values for comparison.



Atmosphere 2023, 14, 1527 15 of 32

Atmosphere 2023, 14, x FOR PEER REVIEW  16  of  35 
 

 

 

Figure 7. Time series of the minimum electron density values compared with the sunspot solar ac-

tivity for night- and daytime backgrounds. Daily values of the sunspot number are shown together 

with the Ne values for comparison. 

 

Figure 8. Time series of  the electron density maximum values compared with  the sunspot solar 

activity  for night- and daytime backgrounds. Daily values of  the sunspot number are shown  to-

gether with the Ne values for comparison. 

Figure 8. Time series of the electron density maximum values compared with the sunspot solar
activity for night- and daytime backgrounds. Daily values of the sunspot number are shown together
with the Ne values for comparison.

Table 1. Correlation coefficients of minimum, mean, maximum and standard deviation (St. dev) of
CSES-01 Ne background time series with corresponding values of the sunspot number. The maximum
correlation coefficients for night- and daytime are highlighted in bold.

R

CSES-01 Ne Background Whole Regions

Nighttime Daytime

Minimum Mean Maximum St. Dev Minimum Mean Maximum St. Dev

Sunspot
number

Minimum 0.524 0.603 0.659 0.561 0.790 0.754 0.813 0.769

Mean 0.691 0.862 0.892 0.821 0.827 0.847 0.851 0.843

Maximum 0.693 0.841 0.867 0.800 0.761 0.773 0.774 0.764

St. dev 0.435 0.801 0.812 0.771 0.688 0.682 0.666 0.672

R

CSES-01 Ne Background Mid-Latitude Regions

Nighttime Daytime

Minimum Mean Maximum St. Dev Minimum Mean Maximum St. Dev

Sunspot
number

Minimum 0.525 0.643 0.580 0.561 0.790 0.738 0.766 0.756

Mean 0.690 0.848 0.823 0.821 0.827 0.863 0.868 0.843

Maximum 0.692 0.808 0.806 0.800 0.761 0.806 0.811 0.780

St. dev 0.651 0.750 0.767 0.771 0.651 0.728 0.726 0.693
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Table 1. Cont.

R

CSES-01 Ne Background Equatorial Region

Nighttime Daytime

Minimum Mean Maximum St. Dev Minimum Mean Maximum St. Dev

Sunspot
number

Minimum 0.366 0.595 0.656 0.545 0.701 0.756 0.813 0.769

Mean 0.477 0.863 0.893 0.819 0.830 0.843 0.851 0.843

Maximum 0.481 0.845 0.868 0.801 0.762 0.766 0.774 0.764

St. dev 0.435 0.801 0.812 0.771 0.688 0.682 0.666 0.672

3.2. Correlation of CSES Ne Anomalies with Earthquakes

In this section, we extracted anomalies comparing Ne with the previously defined
background that will be correlated with the shallow M5.5+ earthquakes shown in Figure 3.
We will test two anomaly definitions and two possible relationships of ionospheric anoma-
lies and earthquakes, which we call the “Korsunova-Khegai-Perrone” and “Rikitake” laws.
We should underline that these are extensions of these relationships to the data we are
analysing and not the original method developed on a different set of parameters for other
instruments and conditions. We also present the results in this section for mid-latitude and
equatorial regions separately. This permits testing the methods in these two regions, which
present very different ionospheric conditions. In particular, the equatorial region is more
active, and some other research has been excluded. However, previous studies by Parrot
et al. [83], based on the DEMETER satellite, proposed that the electron density profile in
the equatorial region is enhanced before the earthquake. For this reason, we found it worth
also investigating this region. Still, to avoid a possible “contamination” of the results, we
separate the calculations in the equatorial region from those for the mid-latitude one.

3.2.1. Results Testing the Mid-Latitude Anomalies Defined over Median and IQR

Figure 9 presents the accuracy obtained using the anomalies defined as the values that
are greater than the median plus 1.25 times (kt2) the interquartile range for mid-latitude
regions for the “Korsunova-Khegai-Perrone” and “Rikitake” laws. In these analyses, we
considered a fixed tolerance associating the anomaly to the earthquake with the law being
tested equal to 0.606, which is the semi-maximum dispersion of the laws provided by
Perrone et al. [40,41] for Italy and Greece. The best coefficients (marked with a white cross
in Figure 9) are ak = 0.4, bk = 2.6, ar = 0.0, and br = 2.5 and the corresponding confusion
matrix is provided in Table 2.

Table 2. Confusion matrix for the best coefficient selected for the mid-latitude regions with the
median and interquartile range anomaly definition technique.

Law Being Tested
“Korsunova-Khegai-

Perrone” “Rikitake”

Earthquake Earthquake

Yes No Yes No

CSES-01 Ne
anomaly

Yes TP = 5113 FP = 17,803 TP = 5555 FP = 17,361

No FN = 34 TN = 17,531 FN = 32 TN = 17,533

After extracting the coefficients with maximum accuracy (underlined with a white
cross in Figure 9), we constructed the ROC curves, changing the kt2 threshold to define the
anomalies, which we show in Figure 10. We also plot the ROC curves using the original
coefficients (mentioned above) as a reference.
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Figure 9. The accuracy obtained at the variation in slope and intercept for the “Korsunova-Khegai-
Perrone” and “Rikitake” laws for the anomalies defined with the median and interquartile range
in mid-latitude regions. The white dot represents the originally proposed coefficients (For Italy–
Greece) and for earthquake precursors of “quasi-1st kind”. The white cross marks the values with
higher accuracy.
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Figure 10. ROC curves applied to anomalies defined with median and interquartile range in the
mid-latitude regions. They are obtained by applying the original coefficients of the “Korsunova-
Khegai-Perrone” law for Italy and Greece and the Rikitake laws with “quasi-1st kind” coefficients.
The diagonal black line is the random reference case.
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3.2.2. Results Testing the Mid-Latitude Anomalies Defined as “Outlier”

Here, we present the results extracting the anomaly defined using the outlier definition
(i.e., anomaly > Q3 + kt2 × IQR) and investigating the mid-latitude regions (northern and
southern ones). In particular, firstly, we selected the anomaly using the mild outlier
definition (kt2 = 1.5), and we searched for the maximum accuracy as a function of slope
and intercept for the “Korsunova-Khegai-Perrone” and “Rikitake” laws, as reported in
Figure 11.
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Perrone” and “Rikitake” laws for the anomalies defined as mild outliers in mid-latitude regions.
The white dot represents the original proposed coefficients (For Italy–Greece) and for earthquake
precursors of the “quasi-1st kind”. The white cross marks the values with higher accuracy.

The best coefficients (marked with a white cross in Figure 11) are ak = 0.4, bk = 2.6,
ar = 0.0, and br = 2.5; the corresponding confusion matrix is shown in Table 3 and the
ROC curves shown in Figure 12 are calculated using them. As in the previous case, the
optimised coefficients show better prediction performances than the original coefficients. In
addition, the “Korsunova-Khegai-Perrone” law provides better predictability than Rikitake,
due probably to one more parameter in the model, i.e., the distance of the anomaly from
the earthquake.

Table 3. Confusion matrix for the best coefficient selected for mid-latitude regions as a mild outlier
anomaly definition technique.

Law Being Tested
“Korsunova-Khegai-

Perrone” “Rikitake”

Earthquake Earthquake

Yes No Yes No

CSES-01 Ne
anomaly

Yes TP = 2429 FP = 8302 TP = 2656 FP = 8075

No FN = 71 TN = 29,679 FN = 76 TN = 29,674
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Figure 12. ROC curves are applied to anomalies defined as outliers in mid-latitude regions. They
are obtained by applying the original coefficients of the “Korsunova-Khegai-Perrone” law for Italy
and Greece and the Rikitake laws with “quasi-1st kind” coefficients. The diagonal black line is the
random reference case.

3.2.3. Results Testing the Equatorial Anomalies Defined over Median and IQR

In analogy with previous results, Figure 13 presents the variation in the accuracy as
a function of different slopes and intercepts for equatorial region anomalies defined with
respect to the median and interquartile range (kt2 = 1.25). The best coefficients (marked with
a white cross in Figure 13) are ak = 0.5, bk = 1.9, ar = 0.0, and br = 2.5 and the corresponding
confusion matrix is provided in Table 4. Figure 14 reports the corresponding ROC curve
for these best parameters.

Table 4. Confusion matrix for the best coefficient selected for equatorial regions with the median and
interquartile range anomaly definition technique.

Law Being Tested
“Korsunova-Khegai-

Perrone” “Rikitake”

Earthquake Earthquake

Yes No Yes No

CSES-01 Ne
anomaly

Yes TP = 9047 FP = 48,366 TP = 9718 FP = 47,695

No FN = 108 TN = 38,923 FN = 108 TN = 38,923
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Figure 13. The accuracy obtained using the variation in slope and intercept for the “Korsunova-
Khegai-Perrone” and “Rikitake” laws for the anomalies defined with median and interquartile range
in the equatorial region. The white dot represents the originally proposed coefficients (For Italy–
Greece) and for earthquake precursors of the “quasi-1st kind”. The white cross marks the values with
higher accuracy.
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Figure 14. ROC curves applied to anomalies defined with the median and interquartile range in
the equatorial region. They are obtained by applying the original coefficients of the “Korsunova-
Khegai-Perrone” law for Italy and Greece and the Rikitake law with “quasi-1st kind” coefficients.
The diagonal black line is the random reference case.
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3.2.4. Results Testing the Equatorial Anomalies Defined as “outlier”

Figure 15 shows the optimisation of the “Korsunova-Khegai-Perrone” and “Rikitake”
laws for the equatorial region with the mild outlier definition of CSES-01 Ne anomalies.
The best coefficients (marked with a white cross in Figure 15) are ak = 0.5, bk = 1.9, ar = 0.0,
and br = 2.5 and the corresponding confusion matrix is provided in Table 5. Figure 16
reports the corresponding ROC graph made with the previously identified best coefficients.
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Figure 15. The accuracy obtained using the variation in slope and intercept for the “Korsunova-
Khegai-Perrone” and “Rikitake” laws for the anomalies defined as mild outliers in the equatorial
region. The white dot represents the originally proposed coefficients (for Italy–Greece) and for
earthquake precursors of the “quasi-1st kind”. The white cross marks the values with higher accuracy.
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Figure 16. ROC curves applied to anomalies defined as outliers in the equatorial region. They are
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Table 5. Confusion matrix for the best coefficient selected for equatorial regions as the mild outlier
anomaly definition technique.

Law Being Tested
“Korsunova-Khegai-

Perrone” “Rikitake”

Earthquake Earthquake

Yes No Yes No

CSES-01 Ne
anomaly

Yes TP = 4639 FP = 25,375 TP = 4994 FP = 25,020

No FN = 235 TN = 66195 FN = 226 TN = 66,204

4. Discussion

In this work, we constructed a monthly ionospheric satellite background using the
CSES-01 Ne data similar to that of Sabbagh et al. [9] for the CHAMP and Swarm satel-
lites. Here, we used cells of 5◦ of longitude, 5◦ of latitude, and monthly data acquired in
geomagnetic quiet conditions in mid-latitude and equatorial regions. Two distinct back-
grounds for night- (~2 a.m.) and daytime (~2 p.m.) were constructed and represented in
Figures 4 and 5, respectively.

The obtained background was compared with the sunspot number, finding excellent
agreement between the trends shown by the Pearson correlation coefficient equal to 0.89 for
the night and 0.85 for the day of maximum Ne monthly background values in the whole
region and mean sunspot numbers.

Finally, we tested two approaches to the possible correlation of the anomalies with
the earthquakes, which we called the “Korsunova-Khegai-Perrone” and “Rikitake” laws.
We first used the original coefficients proposed by other papers that introduced these
laws. Despite this, they retrieved the coefficients for different anomaly types, different
definitions of an anomaly, and different instruments. We optimised the best slope and
intercept for the two laws separately for equatorial and mid-latitude regions and with
two anomaly definitions used in this paper. Table 6 summarises the best coefficients
obtained in all the explored conditions and regions together with the obtained accuracy,
from 58.0% up to 84.5%. Accuracy greater than 50% tends to support a statistical correlation
between the ionospheric anomalies and earthquake occurrence. In addition, the number of
earthquakes preceded by anomalies is reported, including their percentage with respect to
total analysed seismic events. The total analysed earthquakes correspond to 328 for the
mid-latitude regions and 1019 for the equatorial region.

Looking at the best combinations in Table 6, it is worth noting that the best coefficients
are independent of the specific method for selecting the anomaly. Nevertheless, the process
based on the formal definition of an outlier (Q3 and IQR) provides higher accuracy than the
one based on median and IQR. The accuracy in the equatorial region with the median and
interquartile range anomaly definition provides a poor value of about 58%. This could reflect
that the ionosphere in this region has highly intrinsic variability not related to earthquakes.
Consequently, the definition of anomalies based on median and interquartile range resulted
in too many false alarms, i.e., anomalies due to normal variability in the ionosphere in this
region. However, using the mild outlier anomaly definition, an accuracy of 78% or higher
can be obtained, confirming that also in the equatorial region, there are increases possibly
due to seismic activity, but it is necessary to have a stronger definition of an anomaly
to depict them correctly. For the Rikitake law, all the approaches in equatorial and mid-
latitude regions provide a null best slope. This would mean that the anticipation time of the
CSES-01 Ne ionospheric anomaly extracted in this paper would not depend on earthquake
magnitude, and it is about 10.5 months. This time could appear large, but it is fully within the
results previously obtained for the Swarm Ne satellite by De Santis et al. [43] and Marchetti
et al. [44]. Following our results for Rikitake’s law, it seems that the dependence on the
magnitude identified for the “Korsunova-Khegai-Perrone” relies only on the distance of the
anomaly from the earthquake as the logarithm of the product of the distance in space and
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time can be decomposed in the sum of logarithms: log10(∆T × R) = log10 (∆T) + log10(R).
The null slope is a surprising result, but it could explain in a different way parts of the work
proposed by De Santis et al. [43] and Marchetti et al. [44]. In fact, in both papers, based
on 4.7 and 8 years of Swarm satellite data correlated with M5.5+ shallow earthquakes (the
same catalogue used in this paper in the same analysed time), the authors identified a very
good dependence of anticipation time of magnetic anomalies with earthquake magnitude,
but less effective results using electron density anomalies. In particular, De Santis et al. [43]
tried to propose a “Rikitake” relationship for Ne using a manual selection of the maximum
concentration of anomalies, and Marchetti et al. [44] used the automatically extracted
concentrations. Still, two used points over five presented “ambiguous” values not in
agreement with the Rikitake law. The results obtained here could explain why the Rikitake
law may not apply to some electron density anomalies retrieved by satellite data. Despite
this, we underlined that the types of extracted anomalies in [43,44] are variations around
the baseline of the signal (relative anomalies). At the same time, in this paper, we used
an absolute increase in electron density compared to the designed background. Further
investigations are consequently required. Another point is taken from He and Heki [20],
who also proposed the Rikitake law for electron density (or TEC) satellite values, but with a
very much shorter anticipation time (in the range from 20 min to 1 h before the earthquake).
The anticipation times investigated in this paper and [57,58] are on a totally different scale
of days/months. This suggests that the Rikitake law may still apply but to another kind of
ionospheric satellite anomalies on a shorter precursor time.

Table 6. Best slope and intercept obtained for the “Korsunova-Khegai-Perrone” and “Rikitake” laws
in equatorial and mid-latitude regions with two definitions of anomaly being tested. We also reported
the obtained accuracy with such coefficients.

Region Anomaly
Definition

Law under Test

Korsunova–Khegai–Perrone Rikitake

Slope
ak

Intercept
bk

Accuracy EQs with
Anomalies

Slope
ar

Intercept
br

Accuracy EQs with
Anomalies

Mid-Latitude
regions

Median,
Interquartile 0.4 2.6 65.6% 262 (79.9%) 0.0 2.5 66.1% 267 (81.4%)

Mild-Outlier 0.4 2.6 84.2% 212 (64.6%) 0.0 2.5 84.5% 210 (64.0%)

Equatorial
region

Median,
Interquartile 0.5 1.9 58.0% 877 (86.1%) 0.0 2.5 58.2% 881 (86.5%)

Mild-Outlier 0.5 1.9 78.0% 715 (70.2%) 0.0 2.5 78.1% 727 (71.3%)

In addition, comparing the equatorial with mid-latitude regions, the results are similar,
showing that the ionosphere seems to be affected in the same manner inside the whole
investigated region (50◦ S ~ 50◦ N).

We noted that in all the investigated combinations for the two laws, regions (mid-
latitude or equatorial one), and anomaly definitions in Figures 9, 11, 13 and 15, there
is a combination of parameters defining an orange-red region which is good and with
similar accuracy. This means that combinations other than the “best” bring similar results.
However, it is clear that not all combinations are equally good. This is a delicate point for
the Rikitake law, in that shifting to another combination means having a slope different
from zero.

Comparing Figures 9, 11, 13 and 15, we noted that in all cases, the coefficients proposed
by the previous papers we refer to (Perrone et al. [54,55] and Rikitake [45]—marked by
white dots) fall in the “good accuracy” region of our investigation, but the present study
extracted higher maximum accuracy.

5. Conclusions

Finally, our main conclusions can be summarised in the following points:
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1. CSES-01 Ne data are reliable measurements of the status of the ionosphere. In fact, the
observations permitted constructing an ionospheric background highly in agreement
with solar activity (R = 0.85 for daytime and R = 0.89 for nighttime).

2. Increases in CSES-01 Ne with respect to the background seem statistically related
to the seismic activity of shallow M5.5+ worldwide earthquakes as supported by
the accuracy higher of 50% (≥78% for the mild outlier anomaly definition) for all
the explored cases in this paper. This further supports statistically the existence of
ionospheric disturbances before the earthquakes.

3. The anticipation time of the identified CSES-01 Ne ionospheric anomalies seems to
not depend on earthquake magnitude due to the null best coefficient obtained for
the “Rikitake” law. Despite this, the distance of the ionospheric anomaly from the
earthquake seems to increase with earthquake magnitude both in equatorial and
mid-latitude regions, as suggested by positive slopes (0.4 and 0.5) estimated for the
“Korsunova-Khegai-Perrone” law.

We would underline some limitations of the present work that future studies and
satellite and ground experiments could try to address:

1. This study is limited to one parameter (Ne), one type of anomaly (increase in electron
density) and one satellite. Future studies can try to integrate multiple parameters and
include other types of anomalies.

2. The investigation time before the earthquakes depends on the same earthquake time.
For example, an earthquake in 2022 has more than three years of CSES data, while an
earthquake in 2019 is only several months. Extension of CSES-01 and integration with
at least a second CSES satellite would permit a larger dataset with more time coverage.

3. We preferred to investigate the anomalies inside Dobrovolsky’s area as the earthquake
preparation zone, as it is physically related to the seismic event, but other areas
(physically related or not and even fixed) may be used.

4. We limited our study to the anticipation time and distance of the anomalies with
respect to the incoming earthquake. Still, it is also worth investigating the intensity of
the anomaly, its duration/extension in space (on the satellite, they are intrinsically
related), direction with respect to the epicentre as well as the eventual influence
of the earthquake focal mechanism, location of the earthquake (sea/land or North-
ern/Southern Hemispheres), etc.

In addition, future investigations are required to better understand the mechanisms of
lithosphere, atmosphere, and ionosphere coupling (LAIC), which can produce the identified
anomaly. The seismo-induced disturbances in the ionosphere can be a direct electromag-
netic effect, as proposed by Molchan and Hayakawa [84], or a chain of physical–chemical
phenomena, as suggested by Pulinets and Ouzounov [54]. In conclusion, the China Seismo
Electromagnetic Satellite (CSES-01) is providing precious observations to better understand
the possible effect of earthquakes in the ionosphere before their occurrence.
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Appendix A

Comparison of CSES-01 Ne Background in Mid-Latitude and Equatorial Regions with
Solar Activity

This appendix provides the same figures as the main manuscript (Figures 6–8) but
presented separately for mid-latitude and equatorial regions. In particular, Figure A1
shows the mean and standard deviations of CSES-Ne in mid-latitude regions graphically
compared with daily sunspot numbers. In an analogous way, Figures A2 and A3 show
the minimum and maximum monthly values for the same time series. Figures A4–A6
report the mean (including standard deviation), minimum, and maximum of CSES-01 Ne,
respectively, for the equatorial regions.
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shown as error bars. Daily values of the sunspot number index are shown together with the Ne
values for comparison.
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Appendix B

List of Parameters

In this appendix, we provide a list (in Table A1) of the parameters used in our method
and their meaning or implications for the analysis.

Table A1. List of the parameters used in this study.

Parameter Long Name Notes on the Parameter and Its Result Implications

kt1 Threshold to pre-select a dataset
for anomaly extraction

This parameter does not have direct implications for the final results, but it
permits us to reduce the original dataset when we search for anomalies in

order to improve the computational efficiency

kt2 Threshold to define the anomaly
This parameter is the threshold to define an anomaly. Higher kt2 implies the
selection of fewer anomalies and in statistical distribution, it means selecting

values on the positive tail of the distribution.

ak
Slope of the

“Korsunova-Khegai-Perrone” law
This parameter is set to ak = 0.844 or optimised on the real data, selecting

maximum accuracy.

bk
Intercept of the

“Korsunova-Khegai-Perrone” law
This parameter is set to bk = −1.386 or optimised on the real data, selecting

maximum accuracy.

aR Slope of the “Rikitake” law This parameter is set to aR = 0.38 or optimised on the real data, selecting
maximum accuracy.

bR Intercept of the “Rikitake” law This parameter is set to bR = −0.89 or optimised on the real data, selecting
maximum accuracy.

∆T Anticipation time Anticipation time in days of a CSES-01 Ne anomaly with respect to a
future earthquake

R Distance Distance of an anomaly from the epicentre in km
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