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Abstract. This case study developed a method for data
processing over six years, from 2004 to 2010, of 70 keV–
2.3 MeV electrons recorded by the DEMETER (Detection
of Electro-Magnetic Emissions Transmitted from Earthquake
Regions) satellite. Short time increases in electron counting
rates, having 99 % probabilities of not being Poisson fluctua-
tions, were statistically selected using geomagnetic invariant
space and called electron bursts. Temporal series were anal-
ysed confirming the seasonal variations in low energy bands
of 70–450 keV. Differently from previous results, the DEME-
TER results exhibited two peaks of electron bursts: one in
the period June–August and one in the period December–
February annually. Specifically, six earthquake cases are pre-
sented in detail having increases in electron burst number
prior to events. Moreover, electron burst precipitation occur-
ring before each strong earthquake of the entire period over
the life of the satellite withM ≥ 7.0 was verified as having
a probability greater than 97 % of not being of a statistical
origin. Low energetic electrons in 70–330 keV resulted oc-
curring more frequently near seismic activity than those ob-
served in 330 keV–2.34 MeV energy bands at the satellite al-
titude in the ionosphere.

1 Introduction

Over the past decade, correlations between high energy elec-
tron bursts (EBs) in near Earth space and earthquakes have
been reported in several studies. Sharp, short-term increases
in particle counting rates (CRs), ranging from tens of seconds
to a few minutes, were called EBs by Voronov et al. (1987).
Results from a study by Aleksandrin et al. (2003), based

on various space experiments including the Mir orbital sta-
tion, Meteor-3, Gamma and SAMPEX (Solar Anomalous
and Magnetospheric Particle Explorer) satellites, observed
EBs several hours before strong earthquakes. Also, Sgrigna
et al. (2005) carried out an investigation on data recorded
by the SAMPEX satellite, reporting the existence of a short-
term seismic precursor of∼4 h in high energy electrons (E ≥

4 MeV). At lower energy, Boskova et al. (1994) observed
enhanced electron fluxes onboard the Intercosmos 24 satel-
lite before the 1990 Iranian earthquake. Fidani and Battis-
ton (2008) analysed data over 10 yr recorded by the NOAA-
15 satellite, where electron energy was found to be lower
than 100 keV. The corresponding EBs were observed near
the boundary of the South Atlantic Anomaly (SAA) prior to
strong earthquakes with magnitudes larger than 6.5 in the In-
donesian region.

A possible model for describing high energy particle pre-
cipitation associated with seismic activity might include
ultra-low frequency (ULF) and very low frequency (VLF)
electromagnetic emissions (EME), which have been reported
to be generated in seismic regions and are believed to propa-
gate upwards into the atmosphere, ionosphere and even into
the magnetosphere (Molchanov and Majaeva, 1994; Pulinets
and Boyarchuk, 2004; Sidiropoulos et al., 2011). In fact, the
magnetosphere is characterised by regions that are filled with
charged particles trapped in the geomagnetic field, known
as Van Allen belts (VAB) (McIlwain, 1966). These parti-
cles are trapped only for well-defined values of the angles
between their velocity and the geomagnetic field, known as
pitch angles. If the EME frequencies are near the charac-
teristic motions of charged particles in VAB, an energy ex-
change can occur changing the particle pitch angles, and
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thereby inducing their exit from the trapping condition (Abel
and Thorne, 1998). To this regard, Imhof et al. (1981a) re-
port on narrow peaks in energy spectra of inner radiation
belt electrons. Other case studies (Datlowe et al., 1985) have
suggested that electron accelerations are due to geomagnetic
fluctuations that have periods comparable with azimuthal
drift periods of electrons. The same authors compared these
energy spectra with those of precipitating electrons from the
inner VAB due to VLF transmitters (Imhof et al., 1981b), de-
scribing differences (Datlowe, 2006). Precipitation phenom-
ena are made up of particle absorptions in the atmosphere,
occurring when the bouncing points of the particles fall into
low altitudes (< 100 km), due to pitch angle perturbations.
Along the bouncing motions, particles drift around the Earth
along their equivalent field lines, which can be quantified by
the parameterL indicating the set of equivalent lines around
the globe. Given this, these particles can be detected in all
the regions under the VAB, when the satellites cross through
different L-shell regions (Galper et al., 1997).

Since the launch of the DEMETER (Detection of Electro-
Magnetic Emissions Transmitted from Earthquake Regions)
satellite on 29 June 2004, several studies investigating high
energy particle precipitation have been published. To this re-
gard, Parrot et al. (2006) reported on an earthquake having
a magnitude of 7.3, and taking place on 22 November 2004,
northeast of New Zealand (46.57◦ S, 164.83◦ N). Just over
the epicenter area of this earthquake, increases in the parti-
cle fluxes at the two closest orbits in local nighttime were
observed. Immediately after this, an electrostatic turbulence
was recorded. Additionally, a decrease in the particle flux
over this seismic region, accompanied by electrostatic tur-
bulence, was observed during the next orbit passing over the
epicenter area during the daytime. Furthermore, Sauvaud et
al. (2008) investigated for a relationship between energetic
electrons and ground-based VLF transmitter signals and re-
ported enhancements in the∼100–600 keV drift-loss cone
electron fluxes atL values between 1.4 and 1.7 being due
to the Australian NWC operations and ionospheric absorp-
tion. Gemelos et al. (2009) reported that seasonal variations
in energetic electrons were consistent with lighting-induced
electron precipitation (LEP) over North America. These en-
ergetic electron fluxes in the slot region (betweenL = 2 and
3) were significantly higher in the summer than in the win-
ter because of significant lightning activity in the Northern
Hemisphere. In a recent work (Buzzi, 2008), there were no
observed significant correlations between EBs and seismic
events in DEMETER Instrument for the Detection of Parti-
cle (IDP) data. However, the EB behaviour was considered
for only 18 h prior to earthquakes. Being so, further research
must be also carried out on a wider time scale to confirm such
a result.

In this study here, the high energy particle flux data de-
tected by IDP on the DEMETER satellite, from 2004 to 2010,
were processed by a statistical analysis method and are pre-
sented in Sect. 2. A study of EB time evolutions can be found

in Sect. 3, while a comparison between EB statistical distri-
butions and seismic activity is reported in Sect. 4, whereas
Sect. 5 presents the conclusions.

2 The IDP database and the data processing method

The IDP spectrometer on DEMETER was designed to de-
tect for weak electron fluxes at low-latitude, which are prin-
cipally located below the VAB at the altitude of about 710 km
(Sauvaud et al., 2006). In order to do so, the maximum geom-
etry factor of IDP was defined as 1.2 cm2 sr. The calculation
of the geometry of IDP, as well as its shielding thickness, was
performed for the complete energy range (from 70 keV to
2.34 MeV) using the GEANT-3 code from CERN. The sen-
sor head was located on top of a case that contained the asso-
ciated analog electronics. The detector was pointed perpen-
dicular to the orbital plane of the satellite, which was almost
polar and circular. The pitch angles of the detected particles
were therefore close to 90◦ (Sauvaud et al., 2006).

The Hbook fortran package developed by CERN for his-
togram analysis (Couet and Goossens, 1998) was applied to
the entire database in an interactive way. Root framework
(Brun, 2009) aided in visualising peculiar characteristics of
the database or a part of it. Moreover, this framework was
used to choose the relevant quantities of multidimensional
histograms created by Hbook for analysing electron precip-
itation. The first step in the preparation of the DEMETER
IDP data was to transform all of the IDP binary files into
Ntuples data for Hbook by uniforming them into a single
time step, chosen to be 4 s. Additionally, the geomagnetic
Ap index relative to the same period was introduced. This
was done to identify the corresponding geomagnetic activ-
ity level in the magnetosphere and the ionosphere. These in-
dex data were downloaded from the Global Geomagnetic Ac-
tivity of GeoForschungsZentrum (GFZ) Potsdam website at
ftp://ftp.gfz-potsdam.de/pub/home/obs/kp-ap/tab/. Further-
more, the magnetic filed mirror point, the pitch angle at the
Equator, the third adiabatic invariant and other parameters
calculated by means of the UNILIB libraries (Krunglanski,
2002) were introduced to better determine the dynamics of
the energetic electrons.

The total deposited energy range on the DEMETER ID
was divided into 255 channels, and another channel was
used to encode all the electron counts corresponding to an
energy loss greater than 2.34 MeV. IDP can function in two
modes: burst and survey (Sauvaud et al., 2006). They are
accurately dependent on the geographical satellite positions,
so to obtain more information on seismic regions. Under
the burst mode, the electron energy spectrum was obtained
every second with 256 channels, whereas, in the survey
mode, the electron energy spectrum was obtained every
4 s with 128 channels. The electron flux intensity (unit:
elect cm−2 s−1 sr−1 KeV−1) data were stored into different
energy channels. However, in analysing the electron flux

Nat. Hazards Earth Syst. Sci., 13, 197–209, 2013 www.nat-hazards-earth-syst-sci.net/13/197/2013/

ftp://ftp.gfz-potsdam.de/pub/home/obs/kp-ap/tab/


X. Zhang et al.: Burst increases of precipitating electrons recorded by the DEMETER satellite 199

Fig. 1. The transforming factor to convert particle fluxes into
CRs, with respect to the electron energy in the burst(a) and sur-
vey (b) modes on DEMETER.

in connection with seismic activity, the corresponding CRs
during the entire satellite orbit were analysed. To ensure
comparability and consistency, the flux data recorded at
burst and survey modes were transformed into CR numbers.
This was done by multiplying the transforming factor shown
in Fig. 1, which was calculated for the different energy
channels, and by combining the 1 s data from the burst mode
to obtain the 4 s data as in the survey mode. Fifteen energy
bands were regrouped based upon the 256 and 128 channel
data: 72.9–81.8 keV (e1), 90.7–117.4 keV (e2), 126.3–
170.8 keV (e3), 179.7–242.0 keV (e4), 250.9–331.0 keV
(e5), 339.9–437.8 keV (e6), 446.7–562.4 keV (e7), 571.3–
704.8 keV (e8), 713.7–865.0 keV (e9), 873.9–1043.0 keV
(e10), 1051.9–1238.8 keV (e11), 1247.7–1452.4 keV
(e12), 1461.3–1683.8 keV (e13), 1692.7–1933.0 keV (e14),
1941.9–2342.4 keV (e15).

The CR analysis was performed in the invariant space of
L-shell and pitch angleα, whereL andα remain constant
parameters of the particle motion for small and slow pertur-
bations of the VAB. Being so, particle dynamics is more sta-
ble in this space compared to geographical space. The in-
variant studied area included L-shells less than 1.6 to ex-
clude high latitude regions, and magnetic field intensities
larger than 0.22 Gs to exclude SAA. High latitude regions
are characterised by very unstable extraterrestrial influence
of CRs (Millan and Thorne, 2007), whereas the SAA region
principally concerns high fluxes of trapped particles. How-
ever, theL, α space still mixes geographical regions of high

Fig. 2. Studied areas under geomagnetic longitude-latitude coordi-
nates(a) andL shell-pitch angle coordinates(b).

electron fluxes westward of the SAA and weak fluxes over
Asia. In order to ensure the reliability of EB selection in con-
nection with terrestrial events, a minimum stable background
was sought. The final selected area is shown in both parts of
Fig. 2 with respect to the geomagnetic latitudes and longi-
tudes, as well as the invariant coordinate systems. Given the
low latitudes of considered CRs, the electron pitch angles
were mainly distributed at 60–100◦ (Fig. 2b) due to the hori-
zontal orientation of IDP on DEMETER.

A two dimensional matrix (L,α) was used to examine
electron CR data and to select CR fluctuations in a statis-
tically significant way. In order to do so, small cells were
divided into L bins with a size of 0.01 in theL interval
1.0–1.6, andα bins with a size of 0.1◦ in theα interval 60–
100◦. To obtain reliable statistics, the satellite was passed
through each (L,α) cell at least 20 times. Typical CR dis-
tributions at e2 and e8 energy bands inside one small cell
are shown in the two distributions of Fig. 3. Here, the CR
at the e2 energy band is much higher than that at the e8 en-
ergy band, which means that more lower energy electrons
were trapped at the satellite altitude. The CR distributions are
compatible with the Poisson processes as in previous studies
(Sgrigna et al., 2005; Fidani et al., 2010). To define the con-
dition for which a CR is not a Poisson fluctuation with 99 %
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Fig. 3. Typical distribution histograms of 4-s CRs detected over 80
quiet solar days before the considered date, corresponding to the
energy bands e2(a) and e8(b), in the cell with 1.10≤ L < 1.11 and
92◦

≤ α < 92.1◦ ; the number of CR satisfies a Poisson process.

probability, the distribution variance was calculated and the
numbernσ of σ was introduced. So, the CR amplitudex has
to be greater than the averagex̄ of nσ σ , which is expressed as
P(x > x̄ + nσ σ) < 0.01. σ =

√
x̄ refers to a Poisson distri-

bution, andx̄ is the CR average in a well-defined cell.x̄ was
calculated over the 80 days of quiet solar conditions preced-
ing the day under study, while the quiet solar condition was
defined using the Ap index, which was chosen to be less than
20, as in previous studies (Sgrigna et al., 2005). Sincex̄ is not
usually a small integer number,nσ was interpolated using a
double exponential fitting (Fidani and Battiston, 2008):

nσ = 17.9526− 2.7395(1− e−x̄/2.8039) − 12.0547(1− e−x̄/0.3269).

nσ is large in order to ensure the coverage of a wide CR dis-
tribution range whenever the average value is small. Sharp,
short-term increases in CR electrons every 4 s were defined
as EBs when the CRs were greater than thex̄ of nσ σ .

3 Analysis of the results

3.1 The examination on IDP data

Due to IDP problems regarding the initial data processing
at the DEMETER center, sudden changes between the burst
and survey mode data in e1 band occurred, as described by
Buzzi (2008). Given this, EBs in the e1 band were excluded
from the analysis.

All the energy band electron data were processed to search
for the daily EBs using the method described in Sect. 2. The
EB time series detected in the e5 band from April 2008 to
December 2009 is reported in Fig. 4. Here, there are peaks
every 30 days and it was verified that EBs had their high-
est peaks every 30 days in all of the other energy bands. The
number of EBs in Fig. 4 increased to more than 100 monthly,
and these EB peaks lasted 5–8 days between April 2008 and
March 2009. Figure 4b shows that the pitch angle had regu-
lar time variations until March 2009. This was due to a prob-
lem onboard the satellite with the stellar sensor during peri-
ods of full moon (M. Parrot, personal communication, 2010).
During these periods the satellite was slightly tilted, but af-
ter March 2009 the onboard system was able to take into ac-
count this difficulty. Thus, the data relative to days during the
full moon periods were not considered before March 2009.
Consequently, the pitch angle intervals in Fig. 4b ranged be-
tween 72◦ and 77◦ and between 90◦ and 92◦, resulting rel-
ative to precipitating electrons. Furthermore, the number of
daily EBs selected with 99 % probability of not being Pois-
son fluctuations has increased due to the fact that the average
CR is decreased.

3.2 Long-term variation features of EBs at different
energy bands

After excluding the full moon periods, as well as the dis-
turbed solar days with Ap larger than 20, the EB selection
was applied to a total number of 1423 days, obtaining dif-
ferent EB time series for each energy band. Three groups
of EB energy bands were evidenced from the behaviour of
time series (see Fig. 5): (i) at e2–e3 bands the number of
EBs was much higher compared to the other bands, having
more than 100 EBs each day, thus exhibiting a clear seasonal
period; peaks occurred between June and August and dur-
ing the winter months, while valleys appeared in the spring
and autumn (see Fig. 5a); (ii) at e4–e6 bands the number of
EBs shows a more regular behaviour, and the seasonal pe-
riod was not more clearly defined and disappeared after mid-
2008 (see Fig. 5b); (iii) at e7–e15 bands there were fewer
recorded EBs, less than 10 daily with no evident periodic-
ity (see Fig. 5c). Within the observed energy band on the
DEMETER, the number of CRs and selected EBs both de-
clined with the increases in electron energy. Similar results
have been reported by Fidani et al. (2008) where the selected
EBs from NOAA satellite time series exhibited peak values
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Figure 4

29

Fig. 4. The number of daily EBs selected with 99 % probabil-
ity of not being Poisson fluctuations, in the energy band e5 from
April 2008 to December 2009(a); and the pitch angle distribution
along the same period in(b). Note that the EB peaks were detected
in the geographical region of 200–250◦ E, 0–20◦ N, when particle
pitch angles covered the entire range over a few days each month.

between May and August annually, while less markedly in
December.

Annual (Vassiliadis et al., 2002) and semiannual (Kanekal
et al., 2010) modulations in electron flux were observed
in the SAMPEX data, where northern summer and spring
with autumn flux increased, respectively. The SAMPEX low-
Earth polar orbit at an altitude of about 600 km and an incli-
nation of 82◦ (Baker et al., 1993) was similar to the DEME-
TER orbit. However, both analyses were developed on larger
electron energies and L-shells. Gemelos et al. (2009) also
studied the phenomena of lightning-induced electron precip-
itation and reported annual periodicity in energetic electron
fluxes to be significantly higher in the northern summer than
in the winter over the United States. The authors compared
this finding with the seasonal variations of lightning activ-
ity in the Northern Hemisphere. It needs to be noted that the
L-shell was in the 2–6 range and the electron energy band
was between 2–6 MeV in the three studies cited above, where
no restrictions were imposed on electron fluctuation num-
bers or solar influence. Being so, the semiannual modulation
in DEMETER EBs, having two peak numbers occurring in
the summer and winter, was analogous to previously pub-
lished findings. Semiannual modulation characterises the low

Fig. 5. The number of daily EBs selected having 99 % probability
of not being Poisson fluctuations, at different energy bands between
February 2005 and June 2010, after eliminating the days where
pitch angles were found to be unacceptable:(a) e2 band;(b) e5
band;(c) e9 band.

L-shell and CR fluctuations of the electron formations under
the radiation belts (Grigoryan et al., 2008) during solar quiet
periods.

3.3 Brief-term variation features of EBs at different
energy bands

The time resolution considered in this study was 24 h, as the
authors were interested in obtaining time differences with
seismic events greater than 18 h. Strong fluctuations in EB
numbers occurred from one day to another; see Fig. 5a. Here,
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several days exhibit peaks that were characterised by leaps
of several hundreds of EBs at lower energy bands (e2–e3).
Strong fluctuations in the EB numbers can be also observed
in the e4–e6 bands in Fig. 5b, where increases from 0 to about
100 are more evident during longer times and then reduced in
number over the following months. This pattern was strictly
linked to both the solar cycle and the Ap threshold that was
chosen. There were more selected days, and therefore less
discarded days during the final years because of the solar
minimum, whereas the Ap index indicated strong and fre-
quent solar influence on the first group of years. Being so, the
leaps in Fig. 5b could not be considered true fluctuations and
thereby had to be discarded in calculating EB averages and
variances. In this study, only the EB numbers of these first
five energy channels were analysed in relation with strong
earthquakes, as the EB numbers in the e7–e15 energy chan-
nels were few and did not provide evidence of significant
perturbation.

4 Correlations between EBs and strong earthquakes

Here, the results from an initial analysis of EBs, in or-
der to determine the principal parameters to verify if a re-
lationship between electron precipitation and earthquakes
exists, are provided. To this regard, six histograms ob-
tained by plotting the total number of half day EBs de-
tected along a limited interval of latitude orbits and occur-
ring around the time of strong earthquakes, having magni-
tudesM ≥ 7.0, will be discussed. No longitudinal limit was
applied to this study, as electrons drift from 10 to 100 h
all over the globe at these energies. Regarding time lim-
its, full moon periods were excluded from the analysis up
to March 2009. In order to quickly pick up the EB anoma-
lous signals with seismic activity, the latitudinal difference
between each EB and the considered earthquake was also
evaluated. Finally, the whole set ofM ≥ 7.0 earthquakes will
be summarised below, along with the selected EBs within
the chosen distances of time and position from the seis-
mic events. The seismic catalogue was downloaded from
the USGS website athttp://earthquake.usgs.gov/earthquakes/
eqarchives/epic/epicglobal.php, providing dates, times, lon-
gitudes, latitudes, depths and magnitudes.

4.1 The anomalous EB increase around the
2005 Sumatra earthquake

On 28 March 2005, an earthquake with magnitude of 8.6
took place in Sumatra, Indonesia, at 2.09◦ N, 97.11◦ E. This
was the biggest aftershock of the 26 December 2004 Suma-
tra earthquake, which had a magnitude of 9.2. EBs were lo-
calised within±5◦ latitudes. Sudden increases in EB were
detected in the e2 and e3 energy bands. The maximum num-
ber of EBs in the e3 band occurred on the 81st day of 2005,
6 days before the Sumatra earthquake on day 87, as shown

in Fig. 6a. The histogram collected EBs 20 days prior to and
20 days after this earthquake, with the maximum reaching
21 EBs compared to the average of 7. The EB histogram sat-
isfies a super-Poisson distribution with a sigma of more than
4 counts. Zhang et al. (2010) studied the ionospheric distur-
bances recorded by the DEMETER satellite before this earth-
quake, evidencing significant anomalies in electron densities,
temperatures and VLF electric fields on 22 and 23 March.
EB precipitation during these two days ranged from−5◦ to
20◦ in latitude near 100◦ in longitude along the satellite or-
bit, similar to the perturbations shown in Fig. 2 of Zhang et
al. (2010). These might have been due to electron precip-
itation, if the secondary ionization created by these precipi-
tating electrons had been sufficient to produce an appreciable
percentage of the ambient D-region conductivity (Cotts et al.,
2011).

4.2 The anomalous EB increase around the
2007 Indonesia earthquake

On 21 January 2007, an earthquake off Indonesia, having a
magnitude of 7.5, took place at 1.07◦ N, 126.28◦ E. Figure 6b
shows the EBs in the e4 band within the latitude of±4◦

from the earthquake position. On the 20th day of 2007, the
recorded number of EBs was 16, which was the maximum
value reported between days 1 and 50 of 2007. The EB dis-
tribution during the same period was super-Poisson, having
an average near 5 and a sigma slightly above 4 counts. The
EBs increased again on the 4th (23rd March) day, reaching
14 EBs, which had occurred 17 days before the main shock.
The principal EB anomaly occurred one day before the In-
donesia earthquake, and the selected EBs were observed near
the Equator. The EBs exhibited the anomalies in the e4 band,
which indicates that the electron energy was in the 250–
330 keV range, a factor 3 greater than the previous energy
range of e2.

4.3 The anomalous EB increase around a 2008 Yutian,
China, earthquake

On 20 March 2008, an earthquake with a magnitude of 7.2
took place in Yutian, China, at 35.49◦ N, 81.47◦ E. EBs were
selected within a±5◦ latitude difference, and the maximum
number of EBs was recorded in the e3 band on the 75th day
of 2008, 5 days before the earthquake on the 80th day (see
Fig. 6c). The EB peak reached 80 counts compared to an av-
erage of more than 20 counts and a sigma of nearly 15 counts
distributed in a super Poisson fashion. This was a stronger
perturbation than the previous two cases, as the number of
EBs on the 75th day was four sigmas greater than the aver-
age calculated period 20 days before and 20 days after the
earthquake. The increases in EB numbers in the e4 and e5
bands were also analysed, but their times of occurrence were
prior to and later than those in the e2 and e3 bands, which
occurred eight and one days before the Sumatra Earthquake,
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Figure 6

31

Fig. 6. The number of half-daily EBs in the energy bands of e2, e3 and e4, selected at different latitude intervals around the latitudes of six
main shocks greater than 7:(a) SumatraM = 8.6 on 28 March 2005;(b) IndonesiaM = 7.5 on 21 January 2007;(c) YutianM = 7.2 in China
on 20 March 2008;(d) AndamanM = 7.5 on 10 August 2009;(e)Haiti M = 7.0 on 12 January 2010;(f) ChileM = 8.8 on 27 February 2010.

respectively. The significance of the e4 and e5 band peaks
were lower than the significance of the e2 and e3 bands for
the Sumatra earthquake.

4.4 The anomalous EB increase around the
2009 Andaman earthquake

On 10 August 2009, an earthquake with a magnitude of 7.5
took place off the Andaman Islands, at 14.1◦ N, 92.9◦ E. In
this case, EBs were accumulated within a latitude difference
of ±5◦ compared to the epicentral latitude. The maximum
EB number occurred on the 211th day of 2009, 11 days be-
fore the earthquake (see Fig. 6d). EB distribution was as with
the above three cases super-Poisson and at the highest ob-
served peak in the e2 channel, where the EB number was

126 with respect to an average of 40 counts and a sigma of
more than 27 counts. So, also prior to this earthquake, the e2,
e3 and e4 energy bands all exhibited significant increases in
EBs. As in the case 4.3, the precipitated electrons were dis-
tributed in a wider energy band of 90.7–331.0 keV, even if all
were observed at the same time before the earthquake.

4.5 The anomalous EB increase around the
2010 Haiti earthquake

On 12 January 2010, an earthquake with a magnitude of 7.0
took place in Haiti at 18.44◦ N, 72.57◦ W. Figure 6e shows
the EBs in the e2 band in January 2010 at the latitude range
of 0–18◦ N. It can be seen that the EB number in the e2 band
increased between January 11th and 12th, while on the 13th
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the EB number declined. During January 2010, the EB num-
ber reached 80 only on 12 January, more than two sigmas
above the average (see Fig. 6e). As in the previously cited
cases above, EB distribution was super-Poisson, with an av-
erage of 19 and a sigma of more than 5 EB counts. The EBs
above latitude 18◦ N did not exhibit any obvious increases,
which suggests that EBs occurred prior to and south of the
epicenter in the Northern Hemisphere.

4.6 The anomalous EB increase around the
2010 Chilean earthquake

On 27 February 2010, an earthquake with a magnitude of 8.8
took place in Chile at 36.12◦ S, 72.90◦ W. Figure 6f shows
the EBs in the e2 band with latitudes above 20◦. As this earth-
quake took place in the SAA region, which was not included
in the studied area, the considered EBs were observed exclu-
sively at conjugate points. Before this earthquake, the num-
ber of EBs repeatedly vacillated between days 46 and 55,
reaching a maximum of 75 EB counts on the 48th day or
17 February 2010, and a second maximum of 60 EB counts
on the 46th day. After the earthquake, the EBs fell below 30.
So, the enhancement in EBs between the 46th and 55th days
occurred with an EB average of 10 and a sigma of slightly
above 9 counts. The Chilean earthquake had its maximum
EB at 10 days before as a strong fluctuation of a super-
Poisson EB distribution. This anomaly in electron flux has
also been reported by another analysis (Zhang et al., 2012),
which identified three CR electron peaks on the same days in
2010. The latter authors argue hat EB peaks were triggered
by VLF electric field perturbation at the same positions.
Moreover, ULF and ELF electric field perturbations were
also detected prior to this earthquake, even if they occurred
later on 24 and 25 February (Zhang et al., 2011). The geo-
magnetic activity was highly varying during the days of the
peaks, even if the Ap index was less than 20. This was ver-
ified by the Dst (disturbance storm time) index, downloaded
from the websitehttp://wdc.kugi.kyoto-u.ac.jp/dstdir/, which
indicated disturbed magnetic periods along the days with
electron bursts.

4.7 Summary of earthquakes withM ≥ 7.0

In these six cases, the time differences between EBs and
earthquakes were longer than those of previously published
works, where it had only been a few hours (Sgrigna et al.,
2005; Fidani et al., 2008). These longer time differences are
in agreement with the latest DEMETER IDP findings, where
increases in energetic electron fluxes were observed a few
days before earthquakes (Anagnostopoulos et al., 2010a, b;
Sidiropoulos et al., 2011). Based on this, we set out to ver-
ify by how many and how high EBs increased prior to strong
earthquakes over the entire DEMETER IDP survey period
from 2005 to 2010. Data on earthquakes withM ≥ 7.0 were
considered during the same period, while strong aftershocks

(M ≥ 7.0) occurring after the main shocks were not consid-
ered for the analyses. Earthquakes with latitudes greater than
40◦ were also excluded from the analyses as our criteria to
select EBs considered only low L-shell electrons that were
confined to low latitudes. Furthermore, earthquakes having
depths less than 100 km were chosen. A total of 45 seismic
events were selected and are listed in Table 1, together with a
total of 56 EB peaks, which were frequently observed at the
same times at different energy bands.

From the six reported cases, a sole criterion was chosen at
this time of the analysis for EBs, and these data are shown in
Table 1. These data are slightly different from those in Fig. 6,
where different coordinate ranges were used. The database
EBs were selected to have differences in latitude≤ 5◦ com-
pared to the earthquake latitude and the EB conjugate points.
The EB numbers that resulted were between±20 days from
the earthquake date and were summed over an interval of
24 h. The reported anomalies in the number of EBs can be
described as the number of sigmas above the average EB
number in order to reach the peak. These EB distributions
were super-Poisson, and were different among each other
compared to the ratio between the averages and the sigmas.
Being so, to calculate the probability that the peaks were not
random, an optimal function had to be used to approximate
EB distributions. The generalised Poisson distribution (Con-
sul and Shoukri, 1985) was shown to be a good approxima-
tion of EB distributions in this study over the considered time
intervals. A discrete random variable is said to have a gener-
alised Poisson distribution if its mass function is given by

Pn(λ,θ) =
λ(λ + nθ)n−1

n!
exp(−λ − nθ),n = 0,1,2...

Pn(λ,θ) = 0,n > m,θ < 0 (1)

and zero otherwise, whereλ > 0,max(−1,−λ/m) ≤ θ < 1
and m(≥ 4) is the largest positive integer for whichλ +

θm > 0 whenθ is negative. This study produced only super-
Poisson distributions, soθ > 0 always.λ andθ could be ob-
tained from the expressions of the moments (Ambagaspitiya
and Balakrishnan, 1994), withλ =

√
n̄3/1̄n2 and θ = 1−√

n̄/1̄n2, wheren̄ is the EB average and̄1n2 is the EB vari-
ance being both calculated only considering quiet solar days.
If N is the EB number corresponding to the peak observed
near an earthquake, the probability that the EB peak will not
be a generalised Poisson fluctuation isP =

∑N−1
n=0 Pn(λ,θ).

Earthquake and EB data from 2005 to 2010 are sum-
marized in Table 1: earthquake occurrence date and time,
latitude, longitude, depth, magnitudeM, the energy bands
(e1...e6) with anomalous EBs, the time differenceD of the
EB anomaly with respect to the earthquake, the EB L-shell,
the EB peak numberN , the EB average, the square root
of the EB variance and the peak probabilityP . All consid-
ered EB peaks were characterised by the probability that they
were not generalised Poisson fluctuations greater than 96 %,
while there was always a probability greater than 97 % for
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Table 1. Information regarding strong earthquakes and their corresponding EB anomalies during the whole DEMETER IDP database period.

Date
(YYYYMMDD)

Time
(hhmmss)

Lat N
(◦)

Long E
(◦)

Depth
(km)

M Ch D time
(days)

D/N L N n̄
√

1̄n2 P (%)

20050328 16:09:36 2.09 97.11 30 8.6 e2
e3

−6
−7

1 1.1
1.1

20
21

6.73
7.00

4.27
4.33

98.8
99.0

20050724 15:42:06 7.92 92.19 16 7.2 no – – – – – – –
20050816 02:46:28 38.28 142.04 36 7.2 no – – – – – – –
20050909 07:26:43−4.54 153.47 90 7.6 e3 −1 0 1 1.1 28 11.53 6.16 98.1
20051008 03:50:41 34.54 73.59 26 7.6 no – – – – – – –
20051114 21:38:51 38.11 144.9 11 7 e2

e3
e4

−9 0 1 1.4
1.4
1.4

29
32
26

7.50
8.94
5.87

7.11
7.79
6.25

98.1
98.1
98.3

20060222 22:19:07−21.32 33.58 11 7 e2
e3
e4
e5
e6

−3, −5 1 1.15
1.15
1.1
1.1
1.1

81
78
82
63
53

15.77
14.73
13.75
11.18
8.04

16.03
16.44
16.71
11.55
10.46

99.2
98.9
99.0
99.4
99.1

20060503 15:26:40−20.19 −174.12 55 8 no – – – – – – –
20060717 08:19:26−9.28 107.42 20 7.7 e4

e5
−1 1 1.25

1.25
59
33

22.71
13.33

13.41
7.82

98.0
97.5

20061226 12:26:21 21.8 120.55 10 7.1 no – – – – – – –
20070121 11:27:45 1.07 126.28 22 7.5 e4 −1, −17 0 1.1 19 4.85 4.25 98.7
20070325 00:40:01−20.62 169.36 34 7.1 no – – – – – – –
20070401 20:39:59−8.47 157.04 24 8.1 e3 −3 0 1 1.1 42 8.05 9.08 98.8
20070815 23:40:58−13.39 −76.6 39 8 e5 −6 0 1.25 49 21.09 9.07 99.1
20070902 01:05:18−11.61 165.76 35 7.2 e2

e3
−5 0 1.25

1.25
76
33

20.21
7.71

17.30
7.85

98.5
98.3

20070912 11:10:27−4.44 101.37 34 8.5 no – – – – – – –
20071114 15:40:50−22.25 −69.89 40 7.7 no – – – – – – –
20080220 08:08:30 2.77 95.96 26 7.4 e4 −7 0 1.1 225 29.83 43.08 99.1
20080320 22:32:58 35.49 81.47 10 7.2 e4

e5
−1, −4, −8
−8

1 1.3
1.35

37
28

11.01
5.86

9.53
5.89

97.6
99.0

20080409 12:46:13−20.07 168.89 33 7.3 no – – – – – – –
20080512 06:28:02 31 103.32 19 7.9 e2

e5
−6
−4

0
1

1.3
1.35

69
26

27.96
11.22

14.42
5.02

98.5
99.0

20080719 02:39:29 37.55 142.21 22 7 e5 +10 1 1.3 16 4.58 3.67 98.5
20080929 15:19:32−29.76 −177.68 36 7 no – – – – – – –
20081116 17:02:33 1.27 122.09 30 7.4 e3

e4
−12,−16
+16, +18

1 1.1
1.1

19
6

7.27
2.25

4.64
1.62

97.4
96.1

20090103 19:43:51−0.41 132.88 17 7.7 e2
e3

−1 1 1.2
1.1

19
18

4.30
5.91

3.82
4.65

99.3
97.3

20090211 17:34:50 3.89 126.39 20 7.2 e2
e4

−10,−14 1 1.05
1.05

62
17

9.55
5.63

9.85
3.25

99.7
99.5

20090218 21:53:45−27.42 −176.33 25 7 no – – – – – – –
20090319 18:17:40−23.04 −174.66 31 7.6 e2

e3
−18
+2

1 1.4
1.45

33
21

9.21
7.87

6.59
3.50

99.2
99.8

20090528 08:24:47 16.73 −86.22 19 7.3 e3
e4

−1 1 1.1
1.1

27
33

11.81
18.53

5.29
6.60

98.8
97.0

20090810 19:55:38 14.1 92.9 24 7.5 e2
e3
e4

−10 1 1.2
1.05
1.05

126
133
48

39.63
24.19
16.64

27.22
20.26
7.47

98.6
99.8
99.8

20090902 07:55:01−7.78 107.3 46 7 e2
e3

−2, −8 0 1.1
1.1

56
48

15.89
10.95

10.85
8.58

99.3
99.6

20090929 17:48:11−15.49 −172.1 18 8.1 e3
e4

−2, −4, −6,
−12

0 1.25
1.25

37
5

12.85
0.70

8.58
1.02

98.1
99.2

20090930 10:16:09−0.72 99.87 81 7.6 e4
e5

0
−10

1 1.1
1.1

7
9

1.69
2.10

1.64
1.88

98.6
99.2

20091007 22:18:51−12.52 166.38 35 7.8 e2
e3

0, −17,−20
−14

1 1.1
1.15

11
18

1.34
2.00

2.13
2.92

99.2
99.6

20100103 22:36:28−8.8 157.35 25 7.1 e5 −1 1 1.1 5 1.21 1.17 98.7
20100112 21:53:10 18.44 −72.57 13 7 e2 0 1 1.25 36 18.71 5.49 99.6
20100226 20:31:27 25.93 128.43 25 7 e2

e3
e4
e5

0, −2, −9, −13
+1, +10

1 1.25
1.15
1.15
1.15

85
28
16
17

17.98
7.81
7.90
8.39

18.20
4.33
3.53
3.21

98.8
99.9
97.1
98.7
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Table 1.Continued.

Date
(YYYYMMDD)

Time
(hhmmss)

Lat N
(◦)

Long E
(◦)

Depth
(km)

M Ch D time
(days)

D/N L N n̄
√

1̄n2 P (%)

20100227 06:34:12−36.12 −72.9 22 8.8 no – – – – – – –
20100404 22:40:43 32.3 −115.28 4 7.2 e2

e5
0, −2, −16
+10

0 1
0

1.35
1.25

31
10

8.23
2.78

7.94
2.10

97.8
99.2

20100406 22:15:02 2.38 97.05 31 7.8 e5 −6 1 1.05 7 2.39 1.67 98.1
20100509 05:59:42 3.75 96.02 38 7.2 e2

e3
e4
e5

−4, −19,−20 1 1.05
1.0
1.05
1.05

29
19
12
12

4.38
6.99
4.38
3.53

4.45
4.99
3.09
2.74

99.8
96.8
97.0
98.6

20100527 17:14:47−13.7 166.64 31 7.1 no – – – – – – –
20100612 19:26:50 7.88 91.94 35 7.5 no – – – – – – –
20100616 03:16:28−2.17 136.54 18 7 no – – – – – – –
20100718 13:34:59−5.93 150.59 35 7.3 no – – – – – – –

at least one EB peak to be detected before the earthquake.
Local times are listed in Table 1 with the sub-orbit number,
0-down orbit in local daytime (LD) and 1-up orbit in local
nighttime (LN), indicating the local magnetosphere sun illu-
mination or shadow at the time and position of EB increases.

There were 16 strong earthquakes out of a total of 45 with
no anomalies in the number of EBs observed near seismic
events during quiet solar days, and anomalies observed dur-
ing days with Ap> 20 and Dst< −30 nT were discarded.
Most of these 16 cases took place during the northern sum-
mer (May–September) when EB peaks have a maximum.
For this, it is also more difficult to distinguish EB anomalies
from EB fluctuations. The 29 earthquakes associated with EB
peaks occurred mostly during the remaining months. More-
over, EB anomalies were observed less than 2 days before
11 earthquakes, and 7 earthquakes had anomalies occurring
more than 10 days before. A total of 48 anomalies preceded
earthquakes, with more than one EB peak associated with
them, while only 5 EB anomalies followed earthquakes. Mul-
tiple EB peaks reached the maximum number of 5 in connec-
tion with one earthquake, and so they had to be considered
relative to all energy bands when reported on the same line
in Table 1. EB peaks appearing at different energy channels,
but on the same day, were considered as contributors to this
single anomaly. These EB peaks were relative to different en-
ergy bands when reported on different lines in Table 1, which
corresponded to the indicated energy bands. EB peaks were
observed in more than one energy channel corresponding to
20 earthquakes and up to five channels from e2 to e6 bands si-
multaneously. Some sudden EB increases were present with-
out seismic activity.

Table 1 also reports that the LN frequency was greater than
LD, and LN covered all the time differences, even if the EB
anomalies were more frequently detected near the earthquake
time when EBs belonged to both LN and LD sub-orbits. The
probability that EB fluctuations were not generalised Poisson
flucuations was greater when EBs belonged to both LN and
LD with respect to detections occurring along only LN or
LD sub-orbits. Earthquake latitudes and longitudes resulted
in not being influential for time differences, even though the

greater number of seismic events, which were preceded by
EB anomalies, occurred at longitudes 80◦–180◦ in the Suma-
tra and Philippines regions (see Fig. 7a). From Fig. 7b it can
be observed that EBs occurred up to 20 days before the earth-
quakes at lower L-shells. Furthermore, the time differences
were generally larger with greater earthquake depth limits,
as shown in Fig. 7c. Finally, the probability that EB fluc-
tuations were not generalised Poisson fluctuations increased
with greater magnitudes:> 98 % forM ≥ 8 earthquakes (see
Fig. 7d).

5 Conclusions

A criterion to select EBs having a probability greater than
99 % not to be Poisson fluctuations has been applied on high
energy electron flux data at 70 keV–2.34 MeV recorded by
IDP on DEMETER. Unlike past works, the L-shell parame-
ter was not used here to compare EBs and earthquakes even if
it was taken into account for the criteria selection. Time dif-
ferences between these phenomena were considered within
their limited latitudes, at the same time they had limited dif-
ferences in latitude of±5◦ between them. Only strong and
shallow earthquakes were included in this study. The results
were as follows:

1. Due to the full moons, the satellite attitude was changed,
and then the values of the pitch angle were uncom-
mon from October 2004 to March 2009. So, it can be
concluded that this EB selection study is reliable for
analysing IDP data and verifying the attitudes of the
satellite reported in the attitude files.

2. The EB number followed seasonal variations at en-
ergy bands lower than 440 keV, with peaks occurring
in the summer and winter, while EB valleys occurred
in the spring and autumn. A comparison with the elec-
tron fluxes induced by lightning activity over the United
States (Gemelos et al., 2009) showed the principal dif-
ference in having a unique maximum in the summer. To
explain this discrepancy, it should be highlighted that
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Figure 7

Table 1

Date
[YYYYMMDD]

Time
[hhmmss]

Lat N
[ °]

Lon E
[ °]

Depth 

[km]
M Ch D time

[days]
D/N L N P

[%]

20050328 16:09:36 2.09 97.11 30 8.6 e2
e3

-6
-7

1 1.1
1.1

20
21

6.73
7.00

4.27
4.33

98.8
99.0

20050724 15:42:06 7.92 92.19 16 7.2 no -- -- -- -- -- -- --
20050816 02:46:28 38.28 142.04 36 7.2 no -- -- -- -- -- -- --
20050909 07:26:43 -4.54 153.47 90 7.6 e3 -1 0 1 1.1 28 11.53 6.16 98.1
20051008 03:50:41 34.54 73.59 26 7.6 no -- -- -- -- -- -- --
20051114 21:38:51 38.11 144.9 11 7 e2

e3
e4

-9 0 1 1.4
1.4
1.4

29
32
26

7.50
8.94
5.87

7.11
7.79
6.25

98.1
98.1
98.3

20060222 22:19:07 -21.32 33.58 11 7 e2
e3
e4
e5
e6

-3, -5 1 1.15
1.15
1.1
1.1
1.1

81
78
82
63
53

15.77
14.73
13.75
11.18
8.04

16.03
16.44
16.71
11.55
10.46

99.2
98.9
99.0
99.4
99.1

20060503 15:26:40 -20.19 -174.12 55 8 no -- -- -- -- -- -- --
20060717 08:19:26 -9.28 107.42 20 7.7 e4

e5
-1 1 1.25

1.25
59
33

22.71
13.33

13.41
7.82

98.0
97.5

20061226 12:26:21 21.8 120.55 10 7.1 no -- -- -- -- -- -- --
20070121 11:27:45 1.07 126.28 22 7.5 e4 -1, -17 0 1.1 19 4.85 4.25 98.7
20070325 00:40:01 -20.62 169.36 34 7.1 no -- -- -- -- -- -- --
20070401 20:39:59 -8.47 157.04 24 8.1 e3 -3 0 1 1.1 42 8.05 9.08 98.8
20070815 23:40:58 -13.39 -76.6 39 8 e5 -6 0 1.25 49 21.09 9.07 99.1
20070902 01:05:18 -11.61 165.76 35 7.2 e2

e3
-5 0 1.25

1.25
76
33

20.21
7.71

17.30
7.85

98.5
98.3

20070912 11:10:27 -4.44 101.37 34 8.5 no -- -- -- -- -- -- --
20071114 15:40:50 -22.25 -69.89 40 7.7 no -- -- -- -- -- -- --
20080220 08:08:30 2.77 95.96 26 7.4 e4 -7 0 1.1 225 29.83 43.08 99.1
20080320 22:32:58 35.49 81.47 10 7.2 e4

e5
-1, -4, -8

-8
1 1.3

1.35
37
28

11.01
5.86

9.53
5.89

97.6
99.0

20080409 12:46:13 -20.07 168.89 33 7.3 no -- -- -- -- -- -- --
20080512 06:28:02 31 103.32 19 7.9 e2

e5
-6
-4

0
1

1.3
1.35

69
26

27.96
11.22

14.42
5.02

98.5
99.0

20080719 02:39:29 37.55 142.21 22 7 e5 +10 1 1.3 16 4.58 3.67 98.5

32

n̄ √Δ̄ n2

Fig. 7. Four graphs extracted from Table 1 by using only the events where EBs preceded Eqs:(a) the unequal earthquake longitude distri-
bution; (b) distribution of EBs in L-shell and difference timeD, D increased with lowerL; (c) a greater minimum depth for earthquakes
occurrs at larger time difference with EBs occurrence;(d) EB anomalies with a probability greater than 96 % forM ≥ 7 earthquakes and
with probability greater than 98 % forM ≥ 8 earthquakes.

the EBs studied in this work came from a completely
different analysis on electron CRs, which was based
on a relative intensity fluctuation of electron flux com-
pared to the average of the period. Being so, high elec-
tron fluxes did not always mean high EB numbers. Fur-
thermore, latitudes and L-shell coordinates of electrons
were also different compared to previous studies. EB
peaks were exclusively selected from the inner VAB,
with L < 1.6 and latitudes less than 20◦, whereas the
others were taken from the external VAB. The semian-
nual modulation of EB reflects the cross section varia-
tion of the geomagnetic field compared to solar wind
(Vassiliadis et al., 2002), thereby still indicating the
presence of a significant solar influence on EB activity.
Here, one can conclude that a deeper and extended anal-
ysis should be conducted to better establish the thresh-
old in geomagnetic parameters so to exclude solar influ-
ence, even if a Dst< −30 nT condition was used here to
improve the EB selection.

3. The generalised Poisson probability that EB numbers
are not statistical fluctuations is greater than 96 % for
seismic events withM ≥ 7.0. This increased above
98 % for M ≥ 8.0 earthquakes. Each earthquake was
preceded by EBs, of which at least one EB had a proba-
bility greater than 97 % of not being a generalised Pois-
son fluctuation.

4. EB anomalies occurred for the most part at lower energy
bands from e2 to e5, even if EB increases could not be
observed at all of the e2–e5 bands. EB anomalies were
more frequently detected before strong earthquakes and
belonged to LN sub-orbits. However, short time differ-
ences between EB anomalies and earthquakes, as well
as low EB probability, were preferred when EBs were
detected along both LN and LD sub-orbits. The greater
number of EB anomalies occurred in relation to earth-
quakes with longitudes between 80◦ to 180◦. This was
not considered a genuine effect as it reflected the con-
centration of strong seismic events in the Sumatra and
Philippine regions.

5. The maximum time differenceD (Fig. 7) between EBs
and earthquakes was much larger for low L-shell com-
pared to high L-shell. This suggest that, if it is due to
a physical perturbation and if it starts during the earth-
quake preparation stage, the data do not contradict a per-
turbation, which moves upward crossing higher L-shells
at later times. Figure 7c shows a trend for time differ-
enceD to occur for earthquakes with greater minimum
depth.
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