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A new method to study a possible temporal correlation between hundreds of keV
Van Allen Belt electrons and strong earthquakes is proposed. It consists in measuring
the electrons pitch angle distribution (PAD), searching for PAD disturbances and
studying the time correlation between these PAD disturbances and strong earthquakes,
occurring within a defined time window. The method was applied to measurements of
energetic electrons, which were performed with the ECT-MagEIS detector on board
of the Van Allen Probes mission and strong continental earthquakes, with M ! 5.0
and hypocenter depth " 100 km. We report the correlation studies for electrons with
energies of ∼350 keV, with which a 3.84 standard deviations correlation peak was
found at +[0, 3]h time bin, and ∼450 keV with which no correlation peaks above
2.0 standard deviations were found. Our work proves the feasibility of the proposed
method and the obtained results add useful and additional information with respect
to past studies.

Keywords: time correlation; satelllite orbservations; inner radiation belt; flux;
earthquake prediction.
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1. Introduction

In the last two decades, preseismic variations of particle fluxes beneath the
lower boundary of the inner radiation belt have been reported several hours
prior to earthquakes with strong magnitude. These preseismic anomalies are
still the object of investigation and debated. Trapped electrons with energies
above few MeV might precipitate as a result of mirror point lowering and pitch
angle diffusion (Aleshina et al.,1992;Galper et al.,1995) after interaction with
possible preseismic low-frequency (ULF/ELF) electromagnetic emissions (EME)
produced in the seismic area and which are believed to propagate as Alfven waves
along geomagnetic field lines and up to the inner Van Allen radiation belt. More
importantly, some interesting relevant observations exist. Particle bursts (PBs),
a kind of particle fluxes characterized by an anomalous short-term and sharp
increase of high-energy particle counting rates (CRs), have been observed by
several satellites and correlated with strong earthquakes occurrence (Pustovetov
and Malyshev 1993; Ginzburg et al. 1994; Galper, Koldashov, and Voronov 1995).
A representation of a possible model explaining these results is presented in Figure
1.

In order to understand how preseismic PBs detection could be detected using
space detectors, the longitudinal drift period of particles is a crucial factor which
needs to be taken into account. According to Walt (1994), the drift period of
electrons and protons of several tens of MeV is of the order of several tens of
minutes. During this time, particles precipitated from the radiation belt may
drift longitudinally around the Earth along the L-shell corresponding to the EME
ground source location (Galper, Koldashov, and Voronov 1995). Aleksandrin
et al. (2003) also made attempts to confirm the preseismic characteristic of
these PBs, by using PBs-EQs statistical correlations, and under the hypothesis
that preseismic ULF/ELF EME wave-trapped particle interaction may cause
the precipitation of radiation belt electrons and protons. Experimental data on
fluxes of electrons with energy from few to hundreds of MeV, obtained from
four near-Earth space detectors (MIR orbital station, METEOR-3, GAMMA
and SAMPEX satellites) were analyzed statistically and resulted in a 2-5 hours
precursor effect. Recently, a more detailed re-analysis of the SAMPEX database
also showed a 4 hours precursor effect (Sgrigna et al. 2005). Previous studies
show that sub-MeV electron precipitations can be caused by several sources of
electromagnetic waves. Searches for possible correlation between hundreds of
keV electron bursts and seismic activity have been reported in recent works,
such as the two statistical studies conducted by using NOAA-POES electron
data (Fidani and Battiston 2008; Battiston and Vitale 2013), the second of
which with a robust hint for a lithosphere-magnetosphere coupling; Sidiropoulos
et al. (2011), studied electron precipitations using DEMETER electron data,
where both ground transmitters and possible correlation with earthquakes are
considered. Anagnostopoulos et al. (2012) also revealed that radiation-belt
electron precipitation (RBEP) bursts (energies < ∼500 keV) are observed in
general several days before large earthquakes in the presence of broad band
(∼1-20 kHz) VLF waves; It is interesting that the same VLF emissions were
also investigated as direct seismic precursor in Němec et al. (2008), where the
VLF intensity decreases shortly before (0-4 hours) powerful earthquakes. Recent
studies of already established sources of disturbances are instead reported in the
following. The effects of powerful ground based VLF trasmitters (10-25 kHz) on
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the 100-600 keV electrons were observed by the DEMETER satellite (Sauvaud
et al. 2008; Graf et al. 2009; Sauvaud et al. 2014). In Walt et al. (2002), the
scattering of electrons by ELF/VLF electromagnetic waves into the loss cone was
studied by looking at coincidence of ELF/VLF wave bursts and 155 keV electron
precipitations, with the Polar satellite. Whistler-induced electron precipitations
are discussed in Rodger et al. (2003). These authors investigated the significance
of the lightning-generated whistlers, as also other sources, dealing with whistler
frequencies up to 10 kHz and electrons of few hundreds of keV, at various L shells.
Further studies on lightning-induced effects are in Inan et al. (2007) and Gemelos
et al. (2009).

Almost all PBs-EQs correlation analyses were carried out in the ionosphere-
magnetosphere transition region while no attempt was done to study the variations
of particle fluxes in the inner radiation belt. This happened partially because of the
lack of stable space observation missions in the inner belt. The used observation in
past studies was the sudden increases of electron fluxes, possibly associated with the
lowering of the electrons mirror points. Here instead we propose to use as observable
the electrons PAD disturbances (PADdisturbance), which also might be sensitive to
the possible release of EME from the ground. The PAD can be measured within
the inner radiation belt and their disturbances, in respect of the unperturbed belt
electron fluxes, can be searched by comparing the observed PAD (PADobserved)
under study and a properly built PAD template (PADtemplate). If a correlation
signal is found, then it is important to study possible residual effects of the already
known sources of perturbances. In the case of earthquakes and few hundreds of
keV electrons, this means the effects of geomagnetic activity (magnetic storms)
and lightnings. The newly available data from Magnetic Electron Ion Spectrometer
(MagEIS) (Blake et al. 2013) on board the Van Allen Probes (VAPs) spacecraft
(Kessel, Fox, and Weiss 2013) provide an unprecedented opportunity to study the
detailed electron fluxes in the inner radiation belt and test our PAD method. Then
we applied the method to∼350-450 keV inner belt electrons measured with MagEIS
and strong continental earthquakes.

2. Van Allen Probes mission and database

The Van Allen Probes (A and B) were launched into nearly identical orbits in
August 2012 (Mauk et al. 2013). The two spacecraft carry identical state-of-the-art
complements of particle and field measurements into 600 by 30500 km orbits with
∼10◦ inclination. One spacecraft follows the other one along nearly identical orbits
separated by ∼0.05-0.15 Re in L value and by ∼0.3h in MLT. Both spacecraft are
close to the magnetic equator, with B/B0 ranging from ∼1.006 to 1.004 for Probe
A and from ∼1.003 to 1.001 for Probe B, based on the (Tsyganenko 1989) field
model with Kp = 2, where B/B0 is the ratio of the magnetic field intensity at the
spacecraft to that at the magnetic equator (Fennell et al. 2014).

The Magnetic Electron Ion Spectrometers (MagEIS) (Blake et al. 2013) is
part of the Energetic Particle, Composition, and Thermal Plasma (ECT) suite
(Spence et al. 2013) on the Van Allen Probes. There are four MagEIS electron
spectrometers on each of the two probes: one low-energy unit (LOW: ∼20-240
keV), two medium-energy units (MED35 and MED75: ∼80-1200 keV), and a
high-energy unit (HIGH: ∼0.8-4.8 MeV). The data from each spectrometer are
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accumulated over many angular sectors during each probe rotation to obtain pitch
angle distributions. The medium-energy unit MED75, which covers the energy
ranges of 230-1050 keV, is relevant to this study. This magnetic spectrometer
views out a side of the spacecraft at 75◦ to the satellite spin axis. Each MED75
unit contains nine pixels, that is nine individual sensors, from which different
energy electrons are obtained.

Some known data issues exist with the public L3 data from the RBSP-ECT Data
Portal. Noise in “Pixel” 0 and 1 is present, which leads to a ∼15 minute periodic
oscillation in the fluxes from these two pixels. Therefore, we exclude the data from
these two “Pixels”. In addition, measurements from the MagEIS suite in this data
release have not been corrected for background contamination, resulting from both
external and internal sources, which influences all of the MagEIS data at various
locations along the orbit. In particular, bremsstrahlung appears to be a major
source of background contamination in the LOW/MED units at energies ∼20-400
keV, in regions where multi-MeV (∼2-4 MeV) electrons are intense. Nevertheless,
a good rule-of-thumb is that below about 700 keV, electron data in the inner belt is
relatively safe to use. Latest results showed that there is an impenetrable barrier to
ultrarelativistic electrons in the Van Allen radiation belts (Baker et al. 2014) and
that the inner radiation zone contains no MeV electrons by analyzing ECT-MagEIS
data (Fennell et al. 2015). Given the above facts, our study therefore focuses on
hundreds of keV energetic electrons (∼350-450 keV) in the inner radiation belt
with data from “Pixel” 3 and 4 of unit MED75-A,B (see Table 1 for details) from
7 September 2012 to 29 January 2015.

3. Data analysis

In order to focus on the inner belt data, we further filter the data, which is then
analyzed with dedicated analysis codes based on the ROOT analysis package
classes. The inner belt zone is defined as 1.25 " L∗ " 2.45, based on the OP77Q
external field (Olson and Pfitzer 1977) and IGRF internal field models, where
L∗ is the Roederer L shell associated with the third adiabatic invariant, i.e., the
magnetic flux enclosed by the particles guiding drift shell (Roederer 1970; Koller,
Reeves, and Friedel 2009; Yu, Koller, and Jordanova 2012; Yu et al. 2014).

The data processing is organized as follows. Firstly, Section 3.1 discusses the
criteria of earthquakes selection and corresponding exclusion of aftershocks. Section
3.2 then describes methods of building PADtemplate, PADobserved and PADdisturbance.
Thirdly, the EQ-PADdisturbance correlation and relative statistical significance are
performed and discussed in Section 3.3. Finally, we also carry out simulation tests
on the time distributions of earthquake events in Section 3.4, in order to check
whether earthquakes, with the same location of the measured ones and random time
occurrences, could produce a correlation signal. Table 2, summaries the selection
criteria and the methods of building PADs, which is described in detail below.

3.1. Earthquake events selection

While most of the seismic EME observations reported in literature are generally as-
sociated with moderate and strong (M ! 4.0-5.0) shallow earthquakes (Pustovetov
and Malyshev 1993), earthquakes with magnitude M ! 5.0 and hypocentral depth
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" 100 km are selected in this study. Furthermore, only continental earthquakes
are retained, excluding those in the oceanic crust (Oike and Ogawa 1986; Galper
et al. 1989; Parrot 1994), although the absorption of EME waves in the oceanic
water is questionable (Ismaguilov et al. 2001).

According to Christophersen and Smith (2000), spatial analysis of the aftershock
sequences leads to the definition of an aftershock area (A km2) as a function of
main shock magnitude M as Equation (1):

log10A = M − (3.34± 0.03) (1)

The chosen strong continental earthquakes have M ! 5.0 and hypocentral depth
" 100 km, and we reject aftershocks within a region 3◦ wide of the main shock
during 24 hours. Finally, among 3497 seismic events 661 strong continental main
shocks satisfy all the conditions, as shown in Figure 2.

3.2. PADdisturbance events selection

When passing through the South Atlantic Anomaly (SAA), a large amount
of particles will hit the detectors and would dominate or hide other particle
disturbance signal. In most of the studies mentioned above, data taken from
the Low Earth Orbit (LEO) satellite missions within the SAA were discarded.
However, the Van Allen Probes make its observations limited in a relatively narrow
band, ±10◦ latitude around the equator. We have checked the altitude, magnetic
field and flux distribution of electrons from MagEIS data and found that electron
data are not significantly influenced by the SAA, at least within 1.25 " L∗ " 2.45.
Therefore, the influence of the SAA for MagEIS data is not considered.

There are several other known sources of perturbation for the low energy
electrons pitch angle distribution. Among these are lightning, emissions from
ground based VLF transmitters, geomagnetic storms, sun activity, etc. To reduce
the effects of geomagnetic storms and sun activity, we select time period with
geomagnetic index value Ap < 20 and sudden ionospheric disturbance index
SID = 0 to ensure collection of data during quiet periods for analysis.

On the ground of all these considerations, PADtemplate is defined as follows.
First of all, an observed day Dob,i, where i is the date code of VAPs’ data set
(7 September 2012 - 29 January 2015), is selected. Then the particle flux data
from two days before and after Dob,i are binned into a two-dimensional template
matrix {L∗,αeq}. The two dimensions are: (i) the Roederers L∗ parameter, in the
range between 1.25 and 2.45, with bin width is 0.1: the restricted range is chosen
in order to make our analysis in the inner radiation belt; (ii) the equatorial pitch
angle (αeq), calculated from the local pitch angle according to the first adiabatic
invariant (magnetic moment µ), ranging between 0◦ and 180◦, and divided into
11 bins. Using flux data from each column of the template matrix (same L∗ bin
and all αeq bins, see Figure 4(c)), we obtain the PADtemplate at each L∗ bin. The
definition of PADobserved, is carried out in a similar way to PADtemplate except
that the time interval is different and defined as follows: Dob,i is divided into 8
time bins, namely, 3 hours for each PADobserved time interval. This binning is
chosen because the drift period of ∼350-450 keV electrons, with L∗ parameter in
range of 1.25 to 2.45, is about 0.8-2.5 hours (Figure 3). The corresponding drift
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period is obtained with the knowledge of the second adiabatic invariant, provided
by a numerical integration of the equation for the angular drift velocity (Walt 1994).

Figure 4 illustrates an example with electron data from Pixel 3 of
MED75/MagEIS. Here, 16 December 2012 is selected as the observed day
Dob. The template time period covers 14-18 December except 16 December
and the observational interval is chosen from 06:00 to 09:00UTC on day of 16
December. The Van Allen Probes spacecraft passed about hundreds of times
through the template matrix cells (Figure 4(a)) and several tens of times through
the cells within the 3-hour observational interval (Figure 4(b)). This ensures
the analysis is statistically reliable. As shown in Figure 4(c) and 4(d), the large
fluxes are distributed in the heart of inner belt with L∗ = ∼1.5-2.1 and large
αeq = ∼50◦-130◦. In Figure 4(e), we build the PADtemplates and PADobserveds
in five L∗ bins, [1.45,1.55], [1.75,1.85], [1.95,2.05], [2.15,2.25] and [2.35,2.45] for
comparison. It’s worth mentioning that the equatorial pitch angle distributions
with L∗ below 2.0 show a flux minima at 90◦ (see Figure 4(e)), and as L∗ increases,
the minimum at 90◦ disappears. In fact, in the process of our statistical analysis,
this feature is almost persistently present near the magnetic equator in the heart
of the inner radiation belt, which coincides well with the results of Zhao et al.
(2014). The equatorial loss cone at different L∗ bins is also shown to indicate
where the particles will strike the atmosphere and are no longer trapped in the
magnetosphere. We can clearly see from Figure 4(e) that the flux level inside
the loss cone is high at bin L∗ = [1.45, 1.55] and decreases gradually as L∗ increases.

Then, we used an index, which is sensitive to the differences bin-to-bin of the
two distributions, to indicate the agreement between PADtemplate and PADobserved.
This index represents an unweighted mean square weighted deviation (κ), defined
as Equation (2):

κ =
1

N − 1

N∑

j=1

(xj − xj)2

σ2
xj

(2)

where xj is the average flux in each αeq bin of PADobserved, xj is the correspond-
ing average flux in that of PADtemplate, σxj

is the associated rms error of xj , N
is the number of available αeq bins in the two PADs, and ⟨N − 1⟩ is the number
of degrees of freedom. For each available αeq bin in Eq.(2), it requires that fluxes
of both PADtemplate and PADobserved are not empty. That is, N should not be
less than 9 (there are 11 αeq bins in each PAD). In principle, a value of κ = 1.0
indicates that the agreement between PADtemplate and PADobserved is in accord
with the error variance.

As the above steps applied to the whole of VAPs’ data set in our study, we obtain
all κ results by comparing each PADobserved with corresponding PADtemplate.
We define PADdisturbance events as those PADobserveds which assume κ values
exceed 1.0 and lie within the fraction p = 0.01 of all κ results with the highest
values, which are when the most intense flux disturbances occur. Meanwhile,
the mid-point of each observational interval is recorded as the time of each
PADdisturbance event. The selection for PADdisturbance events are considered for the
subsequent temporal correlation analysis with strong earthquakes on land.
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Figure 5 shows an example of PADdisturbance event. For this example we report the
evaluation of the normalized index κ, as function of time and L-shell (Figure 5(a),
in color code), as also the comparison of the PADobserverd with related PADtemplate

(Figure 5(b)).The PADobserved shows a flux decrease in the loss cone region, as
compared to the PADtemplate. This flux difference caused this event to be classified
as PADdisturbance. Also other types of difference are able to provide large values of
the classification index. Together with the PADdisturbance it is shown an earthquake,
which occurred at 12:30 on 17 December 2013, with M = 5.5 and hypocentral
depth = 71.5 km. This earthquake is one of those which a time correlation with
the proposed PADdisturbance is searched for.

3.3. Time difference distribution

In Section 3.1 and 3.2, we described the selection of database of strong continental
earthquakes and PADdisturbance events. Next, the time difference (δT = TEQ−TPAD)
between the origin of earthquake and PADdisturbance events is computed, where
TEQ is the time at which the strong continental earthquakes happen and TPAD is
the time at which the PADdisturbance event is recorded. To perform a significant
statistical analysis the EQ-PADdisturbance temporal correlation is carried out in a
time window of δTmax = ±1.5 days, centered around each earthquake event.

The resulting δT distribution is shown in Figure 6. In principal, a peak with
positive time δT would indicate that PADdisturbance events statistically precede
earthquakes occurrence. Due to the criteria of geomagnetic activity and sudden
ionospheric disturbance we applied, a fraction of events are neglected. In Figure
6(a), with data from Pixel 3 of unit MED75-A,B, a most populated peak is
evident at bin +[0, 3]h and includes 87 events. Only this peak exceeds the level of
2 standard deviation units. Figure 7 shows the counts distribution, with a Poisson
distribution, and a mean value µ = 57.8 ± 2.83. The excess count reaches a value
of 87, and this peak value deviates 3.84 standard deviation (

√
µ = 7.60) from the

mean and has a probability of 1.32e−4 to be part of the main counts distribution.
In contrast to the results from the data in Pixel 3, no evident correlation is
obtained when considering data collected from Pixel 4, although there are several
peaks at or under the level of 2 standard deviation units. As shown in Figure 6(b),
the most prominent bin +[6, 9]h has a standard deviation σ ≈ 2.0 and background
mean is 61.4.

Figure 8 shows the geographic distribution of the strong continental earthquakes
and of the corresponding electron PADdisturbance events which are found to have a
time difference in the time bin +[0, 3]h, namely those which populate the peak in
Figure 6(a). The PADdisturbance events detected by spacecraft VAPs are grouped in
a narrow band, ±10◦ latitude around the equator, while the correlated earthquakes
mainly occurred in three regions: the continent of Asia, Southeast Asia and west
coast of South America. While the temporally correlated earthquake zones are well
delimited, the corresponding satellite PADdisturbance events are widely distributed
at all longitudes in the equatorial plane.

3.4. Test on the time distributions of earthquake events

We examined further whether earthquakes, with the same geographic location as
the measured ones in Figure 8 and random time occurrences, could produce a
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correlation signal. We therefore simulated 4167 earthquake samples EQT1,i each
with the same number of earthquakes as the measured earthquake database.
For each of these EQT1,i samples we repeated the above data analysis using the
real PADdisturbance events database (Pixel 3 - Figure 6(a)) and the simulated
earthquakes. The outcome of these analysis results in 4167 time-differences (△t),
from which we built a cumulative counts distribution, in which each entry is
the number of EQ-PADdisturbance pairs, which populate a time bin of a given △t
distribution. The cumulative counts distribution has of order 105 entries since we
create 4167 △t distributions, each with 24 time bins.

If no correlation signal is present the resulting EQ-PADdisturbance distribution is
a Poisson distribution. Then our cumulative distribution would be the sum of 4167
Poisson distributions with mean values within a narrow range. If instead correlation
signals would be frequent enough then deviations, such as tails, would be found
in the cumulative distribution. The cumulative distribution obtained is shown in
Figure 9. As a first approximation it is fitted with a single Poisson distribution
function and no large deviation from the expected Poisson distribution is found,
although the fit provides a χ2/ndf of 395.1/57, where ndf is the number of degrees
of freedom.

4. Conclusion and discussion

In this study we proposed a new method to investigate the possible time correlation
between magnetosphere phenomena and strong continental earthquakes. In fact
to our knowledge, it is the first time that this investigation is accomplished with
the study of the disturbances of sub-MeV electrons PAD in the inner radiation belt.

Furthermore we applied the method to measurements of energetic electrons,
which were performed with the ECT-MagEIS on Van Allen Probes mission
and strong continental earthquakes. As described above, we applied selection
conditions to electron data on Pixel 3 and Pixel 4 of MED75/MagEIS and to the
considered earthquake samples. Then we considered the time difference between
the occurrence of electrons PADdisturbance events and that of strong continental
earthquakes, within a time window of ±1.5 days. We found the number of
EQ-PADdisturbance pairs to distribute in agreement with a Poisson distribution.
For Pixel 3 we found the most populated bin of the time difference distribution to
be at +[0, 3]h, with a significance of 3.84σ. For Pixel 4 most populated bins are
not the same and they do not reach a significance of 2σ. Although the peak of
Pixel 3 might be considered a hint that hundreds of keV electron PADdisturbance

occur some hours before major earthquakes, similarly to results obtained with
past satellite missions, the significance for the fluctuation of Pixel 3 is low and it
is not supported by the identical analysis on the adjacent energy bin. It should be
noted that for non-background free measurements as the current one, a statistical
significance threshold of 5σ is usually required for establishing unambiguously a
signal.

Furthermore to minimize possible spurious effects, also due to unknown time-
structured backgrounds, if existing, it might be useful to couple the search for time
correlation with other requirements, such as simultaneous time-space correlation
(Ambroglini et al. 2014).
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The application of our method to the MagEIS data provides useful and additional
information with respect to the rare previous studies of similar quality. However,
it should be noted that we focus on the PAD perturbation and do not investigate
whether for each PAD anomaly there is a precipitation. Anomalous electron bursts
caused possibly by low-frequency EME have been observed several hours prior to
earthquakes of moderate or strong magnitude during the past two decades, and
mainly for electron energies of few MeV and below the low boundary of the inner
radiation belt. This preseismic character of anomalous bursts of electron fluxes
is still an open question and debated. Our results provide also a contribution to
this debate and give useful information for its possible further optimization. In the
next future, new measurements of energetic particles (electrons from 3-100 MeV,
protons from 30-200 MeV) will be carried out with the High Energy Particle Detec-
tor (HEPD) (Battiston and Conti 2011) on board of the Chinese Electromagnetic
Satellite (CSES) (Shen et al. 2011), as also simultaneous measurements of the elec-
trical and magnetic fields and plasma in ionosphere. This satellite mission is under
development will contribute valuable data for the study of earthquake precursors.
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Table 1. Unit MED75-A,B channel Level-3 data available for this
study.

(Pixel-MagEIS) Pixel 3 (Probe A/B) Pixel 4 (Probe A/B)

Centroid (keV) 349/353 456/459
Width (keV) 27/27 64/57

Low Bound (keV) 335/340 424/430
High Bound (keV) 363/367 488/487
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Table 2. Cuts applied to data for selecting earthquakes interested and methods for building PADtemplate and PADobserved.

Earthquake Events Selection PAD Building

Magnitude ! 5.0; SAA influence is not considered;
Hypocentral depth " 100 km; Geomagnetic index: Ap < 20;
No earthquakes in the oceanic crust; Ionospheric disturbance index: SID = 0;
Criteria for filtering aftershocks: Build matrix {L∗,αeq}:
δtime " 24h; 1.25 " L∗ " 2.45 (step = 0.1);
δlatitude " 3◦; 0◦ " αeq " 180◦ (11 bins).
δlongitude " 3◦.

PADtemplate Building

Selected the observed day Dob,i;
Define 2 days before and after Dob,i as the template days;
Fill data of template days from MagEIS A+B to build template matrix {L∗,αeq}.
PADobserved Building

Divide Dob,i into 8 time bins, namely, each 3 hours as an observed interval;
Fill each 3 hours data from MagEIS A+B to build observed matrix {L∗,αeq}.
PADdisturbance Acceptance Rate

Pixel 3 : 0.989e−2 (814/82272);
Pixel 4 : 1.017e−2 (837/82272).
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Figure 1. Schematic representation of preseismic electromagnetic disturbances may interact with trapped
particles causing particle precipitation as a result of mirror point lowering [Adopted from Fig. 1 in Sgrigna
et al. (2005)]. Preseismic EME waves produced in the earthquake preparation area propagate as Alfven
waves along the geomagnetic field lines. Near the boundary of radiation belt, the waves may resonantly
interact with trapped particles causing particle precipitation as a result of pitch angle diffusion. Then
the precipitating particle bursts drift longitudinally and are detected by spacecraft in the ionosphere-
magnetosphere transition zone.
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Figure 2. Global seismic activities over the period of 1 September 2012 to 31 December 2015. All earth-
quakes are required to have M ! 5.0 and hypocentral depth " 100 km. 661 continental main shocks (black)
are selected from 3497 global land and oceanic seismic events (grey), and then 99 aftershocks (red) are
excluded from the 661 strong ones.
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five different αeq values (0◦-90◦). The vertical red lines indicate the kinetic energies of 350 and 450 keV,
respectively.

16



June 28, 2016 International Journal of Remote Sensing manuscript˙ijrs˙v3

)e(

)°Equatorial pitch angle (

templatePAD observedPAD  Loss cone

-shellL
1.25 1.35 1.45 1.55 1.65 1.75 1.85 1.95 2.05 2.15 2.25 2.35 2.45

)°
Eq

ua
to

ria
l p

itc
h 

an
gl

e 
(

0.00
16.36
32.73
49.09
65.45
81.82
98.18

114.55
130.91
147.27
163.64
180.00

1

10

210

310
)a( Number (14,15,17 and 18 December 2012, Pixel 3)

-shellL
1.25 1.35 1.45 1.55 1.65 1.75 1.85 1.95 2.05 2.15 2.25 2.35 2.45

)°
Eq

ua
to

ria
l p

itc
h 

an
gl

e 
(

0.00
16.36
32.73
49.09
65.45
81.82
98.18

114.55
130.91
147.27
163.64
180.00

1

10

210

310
)b( Number (06:00-09:00UT, 16 December 2012, Pixel 3)

-shellL
1.25 1.35 1.45 1.55 1.65 1.75 1.85 1.95 2.05 2.15 2.25 2.35 2.45

)°
Eq

ua
to

ria
l p

itc
h 

an
gl

e 
(

0.00
16.36
32.73
49.09
65.45
81.82
98.18

114.55
130.91
147.27
163.64
180.00

1

10

210

310

410

)c( Average flux (14,15,17 and 18 December 2012, Pixel 3)

-shellL
1.25 1.35 1.45 1.55 1.65 1.75 1.85 1.95 2.05 2.15 2.25 2.35 2.45

)°
Eq

ua
to

ria
l p

itc
h 

an
gl

e 
(

0.00
16.36
32.73
49.09
65.45
81.82
98.18

114.55
130.91
147.27
163.64
180.00

1

10

210

310

410

)d( Average flux (06:00-09:00UT, 16 December 2012, Pixel 3)

090180

)
-1

Ke
V

-1
sr

-1 s
-2

Fl
ux

 (c
m

210

310

410

L: [1.45,1.55]

0                     90                 180

L: [1.75,1.85]

 0                     90                180

 L: [1.95,2.05]

 0                     90                180

 L: [2.15,2.25]

 0                     90                180

 

090180
2

3

4

L: [2.35,2.45]

 0                     90                  180

 

Figure 4. An example for building the PADtemplate and PADobserved. Panel (a) and (c) illustrate the
number of two probes crossing and corresponding average flux values in two-dimensional {L∗,αeq} tem-
plate matrix; and panel (b) and (d) show that in two-dimensional {L∗,αeq} observed matrix. Here, the
observed day Dob is 16 December 2012; The template time period covers 14-18 December except Dob

and the observational interval is chosen from 06:00 to 09:00UTC on day of Dob. Panel (e) illustrates the
PADtemplates and PADobserveds built in five L∗ bins, [1.45,1.55], [1.75,1.85], [1.95,2.05], [2.15,2.25] and
[2.35,2.45], respectively. Meanwhile, the approximate width of loss cone (the red dash lines) was drawn in
each sub-panel.
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Figure 5. An example of PADdisturbance event. (a) Distribution of the normalized index κ versus time
(16-17 December 2013) and L-shell. The red dash line illustrates the mid-point of the observational in-
terval for the considered PAD {t : 09:00-12:00;L : 1.35-1.45}. The blue arrow labels the occurrence of a
major earthquake (25.51◦S, 70.5◦W, M-5.5). (b) Comparison of the PADobserbed and related PADtemplate,
corresponding to the PADdisturbance bin, which in (a) has color-code crimson. The black solid line is
the PADtemplate while the red one shows the PADobserved. Besides, two black vertical dash lines are the
approximate width of loss cone.
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Figure 6. The time difference distribution. Here the time delays between PADdisturbance and strong con-
tinental earthquakes in Pixel 3 (a) and 4 (b), respectively, are plotted. EQ-PADdisturbance pairs are taken
within a time window of ±1.5 days. The horizontal dash lines indicate the background mean +2σ value of
each distribution.
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Figure 7. The EQ-PADdisturbance pairs distribution. Here the number of EQ-PADdisturbance pairs in each
time bin in Figure 6(a) are plotted. The number of pairs distribute in agreement with a Poisson distribution,
with a mean value µ = 57.8 ± 2.83. The excess counts value is at 87. This value deviates 3.84 standard
deviation (

√
µ = 7.60) from the distribution mean and has a probability of 1.32e−4 to be part of the main

distribution.
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Figure 8. The geographic distribution of correlating strong continental earthquakes and electron
PADdisturbance events. Here are shown as color code the distribution of PADdisturbance events (selected
from pixel 3, as red dots) and earthquakes (M ! 5, Depth " 100 km, on the land, as black inverted
triangles) which correlated in the populated time bin +[0, 3]h.
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Figure 9. The counts cumulative distribution, obtained during the 4167 iterations of test. It consists of
a sum of Poisson distributions, each of which having a mean slightly different from the others. A first
approximation single Poisson distribution fit provides a χ2/ndf of 395.1/57 , and the distribution reaches
a maximum of 96 counts (4.15σ) in 100008 trials.
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