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ABSTRACT

The analysis of energetic electron observations made by the DEMETER
satellite reveals that radiation belt electron precipitation (RBEP) bursts are
observed in general several (~1-6 days) before a large (M > 6.5) earthquake
(EQ) in the presence of broad band (~1-20 kHz) VLF waves. The EBs show
in general a relative peak-to-background flux increase usually < 100, they
have a time duration of ~0.5 — 3 min, and their energy spectrum reach up
to energies <~500 keV. The RBEP activity is observed as one, two or three
EBs throughout a semi-orbit, depended on the magnetic field structure above
the EQ epicenter. A statistical analysis has been made for earthquakes in
Japan, which reveals a standard temporal variation of the number of EBs,
which begins with an incremental rate several days before major earthquakes,
and after a maximum, decreases so that the electron precipitation ceases
above the epicenter. Some earthquake induced EBs were observed not only in
the nightside ionosphere, but also in the dayside ionosphere.

1. Introduction

1.1 Electromagnetic methods of earthquake precursory signals
research

Over the last few decades, significant efforts have been
made to detect and interpret electromagnetic phenomena
that are related to seismic activity. Due to these efforts,
characteristic physical changes have been confirmed as
precursor signals of earthquake preparation. To this end,
several methodologies have been developed that use ground-
based instrumentation to detect electromagnetic variations
that occur in the lithosphere [Kopytsenko et al. 1990,
Hayakawa et al. 1996a, b, Varotsos et al. 1998, Hattori 2004,
Eftaxias et al. 2007].

Other studies have shown that before strong earthquakes,
there are characteristic electromagnetic interactions in the
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ionosphere that are observed as plasma variations or
electromagnetic (ultra-low frequency — ULE very-low
frequency — VLF) emissions, detected by either ground-based
[Hayakawa et al. 1996a, b, Pulinets and Boyarchuk 2004;
Hattori 2004] or space-based [Boskova et al. 1994, Pulinets and
Legen’ka 2003, Parrot 2006, Ouzounov et al. 2011, Pulinets
and Ouzounov 2011] instrumentation. For instance, Rozhnoi
et al. [2007] recently studied earthquakes in Japan by
investigating the ionosphere using VLF broadcasting between
a transmitter in Japan and a receiver in Russia.

In addition to the electromagnetic phenomena that can
take place in the lithosphere and the ionosphere,
electromagnetic processes related to seismic activity affect
the trapped population of the radiation (Van Allen) belts, and
several studies have reported satellite measurements that
have suggested that there are radiation belt energetic particle
flux variations accompanied by VLF electric field activity
before earthquakes [Ginzburg et al. 1994, Galper et al. 1995,
Pulinets and Boyarchuk 2004, and references therein; Sgrigna
et al. 2005, Aleksandrin et al. 2003, Fidani et al. 2010,
Anagnostopoulos and Rigas 2009, Anagnostopoulos et al.,
2010, Sidiropoulos et al. 2011].

1.2 Physical and anthropogenic sources that trigger radiation-
belt electron precipitation

The precipitation of energetic electrons from the Van
Allen belts (radiation-belt electron precipitation; RBEP) in
the upper ionosphere at middle and low latitudes has been a
well-known phenomenon for many years [Paulikas 1975,
Vampola 1983, Kuznetsov and Myagkova 2002]. The major
sources of this process were considered to be the powerful
military VLF transmitters [Vampola 1983, Abel and Thorne
1998, Green and Fung 2005] and natural processes, such as
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the earthquakes [Ginzburg et al. 1994, Pulinets and
Boyarchuk 2004, and references therein] and lightening [Inan
et al. 2007].

It has been hypothesized that cyclotron-resonant
interactions of trapped electrons via scattering by lightening-
generated whistler waves is a significant process in the loss of
electrons from the radiation belts. The most recent concepts
concerning cyclotron resonance interactions of VLF
emissions with the particles of radiation belts can be found
in Trakhtengerts and Rycroft [2008].

On the other hand, many studies have indicated the
powerful military VLF transmitters as the main physical
process that causes electron precipitation at middle
latitudes. For instance, based on theoretical calculations,
Abel and Thorn [1998] arrived at the hypothesis that man-
made transmissions dominate the losses in the inner
radiation belt, and Vampola [1983] claimed that, «if satellites
replace the VLF transmitters for both communication and
navigation, we may have a chance to observe the slot
(between the inner-outer belt) refill and remain filled».
Vampola [1983] also suggested that, «We might have to
continue to radiate VLF waves at high power levels in order
to protect low altitude satellites». We would indicate that
this belief is acceptable to a significant part of the scientific
community, although we are not aware of any statistical
scientific study up to the year 2010 that has supported this
hypothesis. A possible reason for this belief is the traditional
interface between ionospheric/plasma physics and radio
communications, whereas earthquake-induced radiation-
belt electron precipitation as another candidate source of
RBEP is a recently developed research field. To estimate the
relative contributions of the two sources, as the great
earthquakes and the ground-based transmitters, a recent
study presented the first statistical analysis of RBEP burst
characteristics [Sidiropoulos et al. 2011]. First, Sidiropoulos
etal. [2011] identified two types of electron bursts (EBs) on
the basis of the different forms of the related electric field
spectrum: VLF transmitter-induced EBs are related to the
presence of a narrow band emission that is centered at the
transmitter radiating frequency emission, whereas the
earthquake-related EBs are related to the presence of
broadband emissions (from 2 kHz to >~20 kHz). Secondly,
Sidiropoulos et al. [2011] demonstrated that although the
North West Cape (NWC) transmitter (in western Australia)
is the most powerful military transmitter (1 MW), in that it
produces the strongest electron precipitation effects
compared with all of the other transmitters over the globe,
NWC-induced EBs are observed during only ~2.1% of the
Detection of Electromagnetic Emissions Transmitted from
Earthquake Regions (DEMETER) satellite passes above the
transmitter-influenced region (25°-30°S, 114°-167°E), with
the NWC-associated EBs (including the conjugate EBs) as
low as <~1.5% of the whole number of EBs. Sidiropoulos
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et al. (2001) also provided clear evidence opposing the
hypothesis that man-made transmissions dominate the
losses in the inner radiation belt. They showed that more
EBs were observed when the NWC transmitter was off (449)
than during a similar ~6-month interval when the
transmitter was on (374); on the contrary, in agreement with
the assumption that seismic activity provides the most
intense contribution to RBEP events, a higher number of
great earthquakes were found in the first period (14
earthquakes) than in the second period (5 earthquakes).
Based on previous statistical analyses, Sidiropoulos et al.
(2011) suggested that seismic activity dominates the
electromagnetic interactions that produce the ~70 keV to
500 keV RBEP events that last for ~2 min to 3 min at middle
latitudes; therefore seismic activity dominates the losses in
the inner radiation belt.

In this report, we attempt to provide an advance in the
study of RBEP events observed before great earthquakes (M
26.5). To this end, we classify the flux-time profiles of RBEP
events in some distinct forms at characteristic seismogenic
regions all over the globe by investigating the DEMETER
satellite observations before recent large earthquakes
(Honshu, Japan, 2005; Sumatra, Indonesia, 2005; Andravida,
Greece; south-easern Europe, 2008; Haiti, central America,
2010; and Chile, south-eastern America, 2010). In addition, we
demonstrate the existence of a standard temporal variation in
the number of RBEP events before the occurrence of great
earthquakes (M >6.7) in Japan, based on a statistical analysis.
Furthermore, the detailed analysis of the combined temporal-
spatial distribution of the RBEP events for one of the Japan
earthquakes (August 16, 2005) included in the statistical
sample of a previous study reveals that at around the time of
the maximum EB rate, the EB spatial distribution showed a
broad dispersion in longitudes, and then the RBEP event
coordinates were reduced around the region of the
earthquake epicenter. A few hours before the earthquake
occurrence, a silence in the RBEP in the upper ionosphere
above the region of the epicenter was recorded.

2. The DEMETER mission and instrumentation

In this report, we present the results from an analysis
of the EBs observed by the DEMETER satellite
(http:/ /demeter.cnrs-orleans.fr/) [Parrot 2006]. The
DEMETER satellite was designed and built specifically for
the research of earthquake precursory signals, and it was
launched on June 29, 2004, into a sun-synchronous, almost
polar (inclination, 98.3°), orbit, at ~710 km in altitude,
where it performed 16 orbits per day. Its orbit was lowered
to 660 km in altitude in 2005, and it stopped operation in
December 2010.

The primary scientific objective of DEMETER was the
detection and characterization of ionospheric and radiation-
belt disturbances related to seismic or human activities.
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Consequently, the scientific payload of the satellite was
composed of several types of sensors that measure waves
and particles, which included an instrument for the detection
of particles (IDP), and an electric field instrument
(Instrument Champ Electrique; ICE). Data from these two
instruments were used in the present study and are presented
in the next section.

The IDP electron spectrometer [Sauvaud et al. 2006]
covers all energies from 0.07 MeV to 2.5 MeV, across 256
energy bands. In the present study, the IDP electron
intensities were averaged over three energy bands: 72 keV to
526 keV (Band 1), 526 keV to 971 keV (Band 2) and 971 keV
to 2350 keV (Band 3). The ICE measurements were made
over a wide frequency range of electromagnetic and/or
electrostatic waves from direct current (DC) to 3.175 MHz,
subdivided into four frequency channels DC/ULF extremely
low frequency (ELF), VLF and high frequency (HF). Here
we use the measurements from the VLF channel in the
frequency band of 0 kHz to 20 kHz.

For the IDP, there were two modes of operation, the
‘burst’ and ‘survey’ modes. The burst mode had a time
resolution of 1 s and it was applied automatically when the
satellite was over-flying areas that had been identified as
seismically active. When DEMETER moved away from these
seismically active regions, it returned to the survey mode,
with a time resolution of 4 s.It is well known that within the
Van Allen belts electrons and ions follow spiral trajectories
around the field lines of the Earth magnetic field, while
protons and electrons drift perpendicular to the magnetic
field in the opposite direction. At the same time, ions and
electrons moving towards higher latitudes are reflected at
sites of strong magnetic field and are trapped within the
inner and the outer Van Allen belts. The EBs associated with
an earthquake at low and middle geographic latitudes
manifest radiation electron precipitation, and this process has
been considered as one of the links in a long chain of
electromagnetic processes in the lithosphere-atmosphere-
ionosphere-plasmasphere-magnetosphere coupling [Pulinets
and Boyarchuk 2004, Anagnostopoulos and Papandreou
2012].

3. Observations

3.1 Flux-time profiles of radiation-belt electron bursts

We examined anomalous energetic EBs detected by the
IDP experiment, accompanied by the VLF electric field
activity from the ICE instrument that was on board
DEMETER, for the whole period of the satellite life from
2004 to 2010. A thorough investigation of IDP electron
observations for a time interval of 30 days before and 10 days
after a large number (>30) of great earthquakes all over the
globe reveals a variety of flux-time profiles of radiation belt
EBs that can be categorized into certain well-defined forms.
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We will classify the flux-time profiles of pre-seismic RBEP
events into some distinct categories.

Figure 1 presents the observations of the DEMETER
satellite during the upward semi-orbit numbered 5952_1,
about half a day before the earthquake of August 16, 2005,
in eastern Honshu, Japan. Figure 1 shows, from top to
bottom, (a) the dynamic spectrogram of the electric field in
the frequency range 0 kHz to 20 kHz, (b) the intensity of
the electrons from the IDP experiment in the energy bands
72 keV to 526 keV (Band 1), 526 keV to 971 keV (Band 2)
and 971 keV to 2350 keV (Band 3), and (c) semi-orbit 5952_1
projected onto an Earth map. The universal and local time,
as well as the longitude and the latitude of the position of
DEMETER during the time period examined in Figure 1,
are noted below panel (b). As we said in the previous section,
the IDP instrument operated in two modes: the burst and
survey modes. The burst mode was applied automatically
when the satellite was over-flying areas that are shown in
red on the map (Figure 1c); when DEMETER moved away
from these seismically active regions, it returned to the
survey mode.

During the DEMETER semi-orbit, enhanced electron
fluxes are evident on the left as well as on the right edge of
Figure 1b. Two pairs of large-intensity enhancements at the
south and north latitudes correspond to the nearest edges of
the Earth outer and inner radiation electron belts, in the south
and north hemispheres, respectively. Large flux enhancements
at high south (~43°-54°S) and north (~61°-71°N) latitudes are
evident in all of the three electron bands, while the inner
enhancements at middle south (~32°-39°S) and north (~52°-
57°N) latitudes are evident only in band 1 and band 2. The
pairs of flux enhancements at south and north latitudes were
very often observed by IDP during the DEMETER semi-orbits
from south to north, depending on the longitude. The short
sudden flux increases at ~12:48 (~29°S) UT and ~13:09 UT
(~47°N), which were superimposed on the low-energy (band
1) flux-time profile (Figure 1b, purple arrows) that was
observed as long as the intensity of the inner large-flux
enhancement decreased towards the equator (Figure 1b, near
the middle of the plot), lasted for ~1 min and ~2 min
(including the two peaks in the second case), and they are
examples of the RBEP events observed earlier by DEMETER
for several days before the strong earthquake in eastern
Honshu. These two short-lived peaks fall into the set of EBs
identified in the studies by Anagnostopoulos et al. [2010] and
Sidiropoulos et al. [2011], as precursor signals of the
earthquake that occurred at 02:46:31 UT, on August 16, 2005,
near the east coast of Honshu, Japan.

The EB at ~13:09 UT on August 15, 2005, was observed
during an anodic (night-time) semi-orbit that passed
westwards of the future Japan earthquake epicenter (44.5°N,
125.6°E). As the energetic electrons travel along the magnetic
field lines, they can obviously produce a conjugate EB in the
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Figure 1. Observations from the DEMETER satellite during an upward semi-orbit, about half a day before the earthquake of August 16, 2005, in eastern
Honsu, Japan. (a) Spectrogram of the electric field in the frequency range 0 kHz to 20 kHz. (b) The intensity of the electrons from the IDP experiment
in the energy regions of 72 keV to 526 keV, 526 keV to 971 keV, 971 keV to 2350 keV. (c) The DEMETER orbit projected on an Earth map. An electron
intensity peak at ~12:48 (~29°S) UT in (b) is well correlated with a strong broadband VLF signal observed near the earthquake epicenter.

southern hemisphere that is most probably the EB seen at
~12:48 UT, and its presence was already noted above. The
position of the conjugate EB (147°E, 29°S) appears above
eastern Australia.

In the electric field spectrogram of Figure 1a, a strong
VLF signal can be seen that was observed almost
simultaneously with the EB near the earthquake epicenter.
This signal is dispersive and extends in frequencies all over the
scale of Figure la, ranging from 0 kHz to 20 kHz. On the
contrary, the EB observed above Australia is not related to a
strong VLF emission. This differentiation in the strength of the
electric field is self-consistent with the suggestion above: that
the EB in the south should be the conjugate (not the original)
RBEP event formed in the south hemisphere. We also note that
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a narrow-band signal in the spectrogram of Figure 1 is also
present around the NWC transmitter radiating frequency of
19.8 kHz over a large portion of the time examined in Figure
1, while the near Japan EB is very well correlated with the time
of the intense broadband VLF emission. We believe that the
time coincidence of the occurrence of the EB with the intense
broadband VLF emission confirms that in this case the
earthquake in Japan had the main role in the production of the
electron precipitation at ~13:09 UT on August 15, 2005.
Examination of the energy spectra of the anomalous strong
EB observed near the earthquake epicenter at ~13:09 shows a
type with a hardening toward the equator. The spectrum of
this EB extends up to ~500 keV. The EB observed at the
conjugate region is a little less intense and lasts for a shorter
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time, and its spectrum extends up to lower energies (~430
keV). In general, our investigations suggest that the EBs
preceding earthquakes that occur at middle latitudes show
similar spectra that usually extend up to 200 keV to 500 keV.
Figures 2-5 are constructed in the same format as Figure
1, and they indicate the characteristic RBEP events observed
before some other famous strong earthquakes that occurred
in various seismogenic regions around the globe. Figure 2
presents the DEMETER data obtained one day before the
famous recent giant earthquake in Chile (M = 8.8; February
27,2010, 287.1°E, 36°S) near the epicenter longitudes. Zhang
et al. [2010] reported that DEMETER detected an
enhancement of counting rates of low-energy charged
particles in the 90.7 keV to ~600 keV region 13 days before

the occurrence of the earthquake, during orbits within a
range of 10° and 0.1 Mc-Ilwain parameter value L across the
epicenter region (287.1E, L = 1.32). Zhang et al. [2010]
inferred that the bursts examined were likely to be related to
the Chile earthquake and can be taken as the precursor of
this earthquake. Zhang et al. [2010] studied charged particle
flux increases only during upward DEMETER semi-orbits,
which correspond to night observations.

As indicated in the Introduction, a major (or the main)
source of the electron precipitation observed at middle
latitudes has been previously assumed to be ground-based
Ground-based transmitter-induced RBEP
events are observed only for night-time semi-orbits, almost

transmitters.

certainly due to the much lower ionospheric absorption of

Figure 2. Observations from the DEMETER satellite during an upward semi-orbit, for the day before the giant earthquake of February 27, 2010, in Chile
(M = 8.8, 287.1°E, 36°S). Details as for legend to Figure 1. Two EBs were observed in the dayside upper ionosphere, with one above the future epicenter

and a conjugate one in the north hemisphere.
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Figure 3. Observations from the DEMETER satellite on June 5, 2008, about three days before the occurrence of an earthquake in Andravida, Greece. The
electron enhanced activity recorded at a geographic latitude (37.93°N) similar to that of August 16, 2005, earthquake in Japan (38.3°N), although instead
of one peak superimposed on the (high) flux background in Japan, a sequence of electron peaks are evident here (b) under a very low background flux
level. The EB is well related in time to the presence of a broadband (~2-19 kHz) VLF activity (a).

the emitting radiation through the night-time ionosphere.
To further check the origin of the RBEP events observed
near the Chile earthquake, we wanted to examine the
presence of energetic electron activity at local day times,
when the VLF radiation emitted from the ground cannot
produce strong RBEP events [Sauvaud et al. 2008]. For this
reason, Figure 2 shows data obtained during the downward
(daytime) DEMETER semi-orbit 30264_0. The electric field
spectrogram shows a distinct difference in comparison to the
night-time spectrogram of Figure 1. Here, the electric field
spectrum was quieter; only some low VLF electric field
energy was present, and no characteristic ground-based
emissions (horizontal signals at a certain radiating frequency)
can be seen in Figure 1. However, a strong RBEP burst with
a peak-to-background flux increase as large as p/b = 20 can
be seen centered at ~16:01 UT, with a duration time of ~1
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min and accompanied by some light broadband VLF activity
(Figure 2a, normal lines) during the passage of the
DEMETER satellite near the Chile earthquake epicenter
region. In addition, a distinct peak of lower intensity at north
latitudes is evident, which is most probably the conjugate
earthquake-induced RBEP event.

We point out that such an electron burst with a peak-
to-background flux increase as large as p/b = 20, as detected
by DEMETER before the giant earthquake in Chile in the
daytime upper ionosphere, has not been reported in the
scientific literature as being caused by ground-based emitted
VLF radiation (not observed by the satellite), as far as we
know. Therefore, we infer that the EB of February 26, 2010,
almost certainly appeared due to the preparation processes
of the February 27, 2010, giant earthquake that occurred in
Chile.
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In the previous paragraphs, we investigated the form of
the RBEP bursts observed before earthquakes in eastern Asia
(Japan) and south-eastern America (Chile). In both of these
cases, a pair of anomalous EBs were observed during each
DEMETER semi-orbit, one near the earthquake epicenter,
and the conjugate one in the other hemisphere (north or
south). In the next paragraphs, we examine the flux-time
profiles in another major seismogenic region of the globe:
south-eastern Europe.

We investigated the electron observations during the
most important earthquakes that occurred in the Greek
territory during the life of DEMETER (2004-2010): (a) June 8,
2008, M = 6.5, Andravida, 37.93°N/21.41°E; (b) February 4,
2008, M = 6.7, Methoni, 36.22° /21.80°E; and (c) January 8,
2008, M = 6.8, Kythira, 36°N/23°E. From this investigation,
we selected and present in Figure 3 a representative example

of the flux-time profile of the RBEP events observed by
DEMETER above Greece throughout several days before each
earthquake.

In Figure 3, after the high fluxes in the first part of upward
semi-orbit 20955_1 (Figure 3a, b), which were observed in a
region influenced by the South Atlantic Anomaly (SAA),
DEMETER passed near the epicenter of the earthquake that
occurred in Andravida on June 8, 2008 (37.93°N/21.41°E) and
recorded a low flux background (j; = 2 e/cm? s sr keV). This
low electron flux background is representative of the fluxes
observed by DEMETER in the Greek territory, in contrast to
the normal high flux background observed above Japan as, for
instance, in the case of the Japan-earthquake-induced EB
shown in Figure 1 (j] »= 500 e/cm?” s sr keV).

The observations were made on June 5, 2008, about
three days before the occurrence of the earthquake.

Figure 4. Observations from the DEMETER saellite on January 12, 2010, about 3 days before the Haiti earthquake occurred at 21:53 on January 12, 2010
(18.46°N/287.47°E). A pair of short-lived peaks were observed that were separated by a time interval of ~1 min, and were accompanied VLF (~2-10

kHz) wave activity.
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Figure 5. Observations from the DEMETER satellite related to the well-known giant (M = 8.8) earthquake that occurred in Sumatra (2.09°N, 97.11°E)
on March 28, 2005. The observations reveal a flux-time profile with a sequence of short-lived intensity peaks observed above the region of the epicenter
and accompanied by VLF wave activity in the range ~3 kHz to >20 kHz, as well as a pair of EBs, with one in the north and the other symmetric one in

the south.

Although the earthquake in Andravida occurred at a
geographic latitude (37.93°N) similar to that of the August
16, 2005, earthquake in Japan (38.3°N), an anomalous
electron activity ‘above’ Andravida was observed that was
very different to that above Japan. Here, beside the much
lower intensity background (with a flux ratio as low as
2/500), instead of one peak superimposed on the (high) flux
background, a sequence of (~5-6) electron peaks are evident,
which lasted for a total of ~2 min, with a peak-to-
background flux increase p/b ranging between ~10 and ~20.
Furthermore, the near Andravida EB is well related in time
with the presence of a broadband (~2-19 kHz) VLF activity
(Figure 3a). A conjugate burst in a south region cannot be
identified in this case, obviously due to the very high flux
background (in particular at low energies; band 1).

A similar electron flux-time profile to that of the
Andravida 2008 earthquake was observed on January 12,

28

2010, about 3 days before the Haiti earthquake that occurred
at 21:53 on January 12, 2010 (18.46°N/287.47°E), and which
is presented in Figure 4. In this case, when the earthquake
occurred at low latitudes, a pair of short-lived peaks were
observed that were separated by a time interval of ~1 min,
while the electric field spectrum extended in a moderately
broad band of frequencies (~2-10 kHz), compared to the
more broad spectra seen in Figures 1 (Japan) and 2 (Chile).
The RBEP event observed above Chile concerns a unique
time interval and a corresponding ionospheric region
without a record of a conjugate EB.

Finally, Figure 5 shows the data relative to another
well-known giant earthquake (M = 8.8) that occurred in
Sumatra (2.09°N, 97.11°E) on March 28, 2005. For this
earthquake, several studies reported variations in
electromagnetic field and plasma parameters in the

ionosphere [Liu et al. 2011]. Electron precipitation events
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were also observed in the ionosphere by DEMETER, well
before (at least 2 weeks) the occurrence of the earthquake
(data not shown). The case of the 2005 Sumatra earthquake
is important from the point of view of the flux-time profile
form, because the observations in this case reveal a new
type compared to the flux-time profiles seen in the previous
cases (Figures 1-4). A sequence of short-lived-intensity
peaks was observed above the region of the epicenter
(~16:26:30-16:27:45 UT), which was accompanied by VLF
wave activity in the range of ~3 kHz to >20 kHz, as well as
a pair of EBs, with one burst in the north (16:16-16:17 UT)
and another symmetric to the previous one in the south
(centered at ~16:38 UT).

3.2 Statistical results on the temporal evolution of radiation
belt electron precipitation events before the earthquakes in Japan -
spatial redistribution

One of the most important results of the present study
is the characteristic pattern of the temporal variations of the
RBEP events we found before the occurrence of earthquakes
in Japan. To check this pattern, we performed a statistical
analysis and the results are presented next in this section.
Figure 6 (bottom panel) shows the daily number N of the
low energy band 1 EBs observed by DEMETER for the time
interval of August 2-20, 2005 in the longitude range 107°-
177°; i.e. 35° eastwards and westwards of the earthquake
epicenter (142°E). A peak in the Nj; 8 days before the
earthquake is evident. About 15 days before the earthquake
occurrence, the Ny, started to increase, and it showed a

minimum on the day of the earthquake, August 16 (Figure 6,
short red bar). Figure 6 (top panel) shows the daily number
N, of EBs observed by DEMETER all over the globe for the
same time interval as for Figure 6 (bottom panel) (August 2-
20, 2008). We see that the distribution pattern of N all over
the globe is similar to that observed in the area above the
earthquake epicenter.

At this point, we examined whether the two curves were
identical or not. We computed the relative frequencies F,; and
Fp, over the total number of EBs of each distribution, and we
use chi-squared (X?) tests for the goodness of fit. We set the
null hypothesis that: the distributions of the daily frequency
FDG of EBs observed by DEMETER all over the globe (Figure
6 - bottom panel) and the daily frequency FDL of EBs
observed by DEMETER locally in the longitude range 107°-
177° (Figure 6 - bottom pane) in the time interval of August
2-20, 2005, are the same. For this reason, we determined the
critical value of the X* distribution with degrees of freedom df
= 18 (number of days between August 2-20 = 19; df = 19-1 =
18) from the suitable tables, and it was 37.156 at o = 0.005
[Mann 1998]. We computed the test value from 19 pairs of F;;
and Fp,; values X* = 7.75. Since 7.75 < 31.5, the decision is not
to reject the null hypothesis. This result suggests that the
temporal variation of the daily frequencies of the EBs Fj,; and
Fp, are identical at a 2.5% significance level. In addition, we
evaluated the cross-correlation coefficient for the two curves,
and there was a positive correlation between the distributions
of the daily numbers of EBs N,; and Nj;. The cross-
correlation coefficient was evaluated to be as high asr = 0.87

Figure 6. Temporal distribution of the daily number of EBs across the globe (top) and in a region extending £35° eastwards and westwards of the
epicenter longitude for the period August 2-20, 2005 including the day of a strong earthquake in Japan that occurred on August 16, 2005 (bottom). The

correlation of the distributions is highly significant.
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for AT = 0 (where AT counts the number of days between the
corresponding daily values N,; and Nj,).

We understand that the similarity of the two distributions
of the DEMETER EB daily distribution suggests a strong
dependence of the RBEP flux all over the globe on the
precipitation caused by the ‘local’ electromagnetic processes
of the earthquake preparation region; the opposite
interpretation, i.e. a dependence of the local EB temporal
evolution (Figure 6 - top pane) on a global phenomenon, is in
contradiction to the fact that the boundary condition at the
time of the minimum (August 16, 2008) is defined by the day
of the earthquake occurrence. Therefore, almost certainly we
can infer that the local electromagnetic processes of the
earthquake preparation region influenced the RBEP all over
the globe before the August 16, 2005, earthquake.

An extended (40 day) investigation of a large number
of strong earthquakes in Japan led us to the conclusion that
the temporal evolution of energetic precipitation in the
upper ionosphere follows the pattern of the August 16, 2005,
earthquake discussed above. This pattern is clearer when a
strong future earthquake is separated by long times (at least
1 day) and/or takes place at distant places. Our statistical
analysis was performed for M >6.7 earthquakes in Japan in
a geographic window with longitudes between 135°-155°E
and latitudes 36°-47°N for the time interval from August
2004 to June 2008. There were 9 earthquake under these
restrictions. From these 9 earthquakes, we selected these 9
earthquakes (numbered 1-9) for which complete DEMETER
datasets were available, and Table 1 shows the appropriate
information for these earthquakes. The first 6 columns of
Table 1 after the numbering of the earthquakes in the first
column show the time, the epicenter coordinates
(longitude, latitude), the magnitude, the depth of the
earthquakes, and the ratio of the daily number of EBs on
the day of their maxima, as compared with their previous
minimum values and the minimum values *1 the
earthquake days (see below). We see that earthquake #3

in the greater Japan area during the time period examined in
this statistical study, and after ~35 min it was followed by
earthquake #4, at almost the same location (46.6°N,
154.7°E) and with exactly the same epicenter (10 km). In the
same way, earthquakes #7 and #8 were closely related in
space and time.

An evaluation of the daily number Nj; of the local
(£35°) EBs on the days before and after the seismic events
#2, #3-4, #5, #6, #7-8, and #9 gave the following results.
Earthquake #2: 2, 7, 6, [7], 4, 6, 7; earthquakes #3-4: 5, 7, 10,
12,[6], 3, 11, 10; earthquake #5: 5, 11, 11, 7, [6], 9; earthquake
#6:3,8,11,8,7,11, 4,[7], 7; earthquakes #7-8: 3, 7, 9, 11, [8],
5,3, 3, 10, 10; and earthquake #9: 8, 13, 8, 9, 6, 5, [8], 8. The
brackets here indicate the daily number Ny, of the EBs on
the day of the earthquake occurrence. A careful study of the
daily variations suggests that before the earthquakes under
examination, Np, starts from low values, and then it always
shows a local maximum before the day of the earthquake
considered. The ratio of the maximum N, over its initial
valueis7/2,12/5,11/5,11/3,11/3 and 13/8, while the ratio
of the maximum N, over its value on the day of the
earthquake +1dayis7/3,12/3,11/6,11/4,11/5,13/5; these
data are shown in the last columns of Table 1, and they
suggest that in all six of the cases, the form of the temporal
distribution of the daily number of EBs follows the pattern
of the distribution of the August 16, 2005, earthquake shown
in Figure 6, in the sense that strong RBEP activity precedes
each earthquake, which starts 3-6 days before the main
shock. A careful examination in the whole set of data
suggests that the long duration (13 days) of the intense RBEP
seen in Figure 6 is instead due to 5 earthquakes with
magnitudes M >6 that occurred between August 3 and 11;
for this reason a 3-day RBEP period is also marked in the
appropriate site of Table 1. In a series of studies under
preparation, we will present additional higher time-
resolution indices, which we believe will better explain the

pattern of the temporal evolution of the RBEP

(46.6°N, 153.3°E) was the greatest earthquake that occurred ~ phenomenon.
No Date Time Lat. Long. Magn. Depth Duration EB,,/EBg EBy/EBg,
(UTC) N) E) (km) (days) +35° +35°
1 2005/08/16 02:46:28 38.3 142.04 7.2 36 13 (3) 13/1(7/5)  13/1(7/1)
2 2005/11/14 21:38:51 38.1 144.9 7.0 11 2 7/2 7/3
3 2006/11/15 11:14:13 46.4 153.3 8.3 10 3 12/5 12/3
4 2006/11/15 11:40:55 46.5 154.7 6.7 10 3
5 2007/01/13 04:23:21 46.2 154.5 8.1 10 3 11/5 11/6
6 2007/03/25 00:41:57 37.3 136.6 6.7 8 6 11/3 11/4
7 2007/07/16 01:13:22 37.5 138.4 6.6 12 3 11/3 11/5
8 2007/07/16 14:17:37 36.8 134.9 6.8 350 3(+) 11/3 11/5
9 2008/05/07 16:45:18 36.2 141.5 6.9 27 5 13/8 13/5

Table 1. Characteristics of the earthquakes with M >6.7 in the greater region of Japan.
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Date Time Lat. Long. Magn. Depth Duration EBy/EBg EB,;/EBgq
(UTC) (°N) (°B) (km) (days) all lat all lat
2005/03/28 16:09:36 2.1 97.1 8.6 30 4 30/4 30/16

Table 2. Characteristics of the catastrophic earthquake of March 28, 2005, in North Sumatra. The electron bursts in the two last columns are conside-

red for DEMETER orbits at all latitudes.

Although the statistical results for the temporal evolution
of the daily number of RBEP EBs are presented in Table 1 for
Japan, we should point out that a similar pattern like that of
Figure 6 has been confirmed for many earthquakes all over
the globe. Such statistical results for Indonesia, western
America and other seismogenic regions, as well as the
statistical results for the whole globe at low and middle
latitudes, is the subject of a manuscript under preparation.
Here, we show some statistical results for one of the greatest
and most catastrophic earthquakes of recent years at low
latitudes, the earthquake of M = 8.6 in North Sumatra, on
March 28, 2005. As we mentioned above when describing
Figure 5, this earthquake was presented as an example of a
special type of RBEP process. In this case, the electron
precipitation was not a latitudinal confined event. On the
contrary, the RBEP activity was observed as follows: (a) a
series of spikes above the region of the epicenter; (b) one
strong EB at the north latitudes; and (c) another EB
symmetric to the previous one at south latitudes. For this
earthquake, we show in Table 2 the data as for the
earthquakes in Japan in Table 1, but including orbits all over
the globe. The evaluation of the daily number Ny, on the
days before and after the March 28, 2005, earthquake gave the
following results: 4, 16, 24, 30, 16, [33], 31. The ratio of the
maximum N, over its initial value is 30/4, while the ratio of
the maximum N, over its value on the day of the earthquake
*1 day is 30/16 (Table 2). These data are similar to those of
Table 1, and they suggest that a strong increase in the number
of RBEP EBs started 4 days before the earthquake occurrence.
An examination of more data from DEMETER (data not
shown) suggests that RBEPs accompanied by VLF and ULF
activity were observable from at least March 12, 2005.

Figure 7 shows the distribution of the EBs recorded by
DEMETER as a function of longitude for selected days
before the Japan August 16, 2005, earthquake. In Figure 7,
the longitude of the earthquake epicenter has been defined
as a longitude with a value 6 = 0°. Distributions are
presented for 5 days (Figure 7, top to bottom): (a) A day
before the beginning of the EB daily rate nj increase-
decrease phenomenon (August 2, 2005); (b) The day of the
maximum EB daily rate nj, (August 8, 2005); (c) A day during
the decreasing rate n,, (August 12, 2005); (d) The day of the
earthquake occurrence (August 16, 2005); and (e) The day
after the earthquake occurrence (August 17, 2005).

It is obvious that the daily number of EBs of Figure 7
varies according to the shape of the temporal evolution
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Figure 7. Distribution of electron bursts recorded by DEMETER as a
function of longitude for selected days before the Japan August 16, 2005,
earthquake. Longitude with a value 6 = 0° has been defined as the longitude
of the of the earthquake epicenter. Characteristics of the temporal evolution
and the spatial distributions of the bursts are discussed in the text.

shown in Figure 6. Moreover, Figure 7 reveals two important
new features concerning both the time evolution and the
spatial distribution of the RBEP events. To make these
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features clearer, we draw a rectangle in each panel covering,
in longitude, a region from 25° westward to 45° eastward of
the epicenter location (6 = 0°). We will call this region
around the earthquake the ‘ER’. We see that:

(i) First, on the day of the earthquake, the IDP
experiment onboard DEMETER revealed a quiet time period
for electron precipitation in the ER above the earthquake
epicenter. This RBEP ‘silence’ above the epicenter on the day
of the earthquake occurrence recalls the statistical results of
Nemec et al. [2009], who saw a decrease in the VLF wave
intensity from 0 h to 4 h before the time of the main
earthquake.

(i) Secondly, the longitude extent of the EB distribution
was reduced dramatically from August 8 to August 12 in the
ER (around the region of the epicenter), with the
distribution showing no EB within the ER on August 16 (as
we mentioned above, from the point of view of the temporal
evolution of Nj,); we note that the EBs that correspond to
the bars to the right of the ER in Figure 7, on August 12 and
16, were most probably related to a ground-based
transmitter in Europe, so the seismic-induced RBEP events
reduction in the ER region actually had a very clear effect
before the August 16 earthquake. The reduction in the RBEP
events over the epicenter a few days before the occurrence
of the earthquake resembles the concentration of the
foreshocks before the occurrence of the main shock found
in the case of the L'Aquila (Italy) earthquake of April 6, 2009
[Papadopoulos et al. 2010].

Here, we note that the minimum in the number of EBs
does not always coincide with the date of earthquakes
considered in the statistical sample of Table 1 and discussed
above. This is sometimes due to the averaging of the

numbers of EBs within a day (0-24 h/ UT) independent of
the time of earthquake occurrence. For instance, earthquake
#6 of Table 1 shows a minimum ‘before’ the day of the
earthquake occurrence, March 25, 2007, but the earthquake
occurred at the beginning of this day, at ~00:42; therefore,
the number of EBs has actually shown a minimum closely
related to the main earthquake shock. Furthermore, the date
of earthquake #9 in Japan (May 7, 2008) shows an increase in
the daily number of EBs Ny, this daily increase in the
number of EBs is evidently affected by the preparation of the
seismic region in China, which caused the catastrophic
earthquake of May 12, 2008; however, fine time resolution
data (data not shown) have demonstrated that before the
earthquake occurrence in Japan, a ~3-h silence in the RBEP
was observed in the top side ionosphere above the
earthquake epicenter.

4. Summary of observations, and discussion

4.1 Dependence of electron precipitation events on the
geographic coordinates.

In this study, we have extended our understanding of
the earthquake-induced electron precipitation process. We
find that earthquake-induced EBs show different forms that
are dependent on the geographic location of the earthquake
epicenter.

We investigated the earthquake-induced EBs at middle
latitudes at depth, and in particular the earthquake-induced
electron precipitation events above a broad area around
Japan, and in the south-eastern Mediterranean (Greece),
which were observed at similar (middle) latitudes. For the
EB types at middle latitudes, we found systematic

Figure 8. The average intensities of IDP/DEMETER ~200 keV energy electrons for one year (October 2005 to October 2006). The electron distribution

is highly affected by the SAA.
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differentiation in the observations above Japan and the
Greece/south-eastern Mediterranean: although Greece is at
approximately the same geographic latitude as Japan (white
horizontal line at ~ 39°N in the map of Figure 8, top panel),
the electron precipitation events show very different forms
in the flux-time profiles.

The main differences observed by DEMETER between
the RBEP EBs before large earthquakes in Greece and Japan
are the following: (1) The observed EBs over Japan are
superimposed on a permanent high electron flux background
jjp» which is often called a ‘pseudo-trapping region’. On the
contrary, the electron flux background level in the top-side
ionosphere of Greece jGR is much lower; the comparison of
the corresponding measurements suggests a normal ratio j, /
jj = 10% (2) The RBEP EBs observed before the earthquakes in
Japan were usually associated with EBs in the south
hemisphere. On the contrary, no conjugate EBs were found
in the case of the earthquake precursory EBs observed above
Greece. (3) The pre-seismic EBs over Japan most often showed
a single flux enhancement that lasted for ~2 min to 3 min
(with over ~80% of the recorded EBs lasting for over 2 min in
the statistical sample examined by Sidiropoulos et al.) [2011].
The pre-seismic electron precipitation activity over Greece
lasted for almost the same time period, but the flux-time
profile was composed of a sequence of several (3-8) short-lived
intensity spikes. From the point of view of the RBEP, more
work needs to be done in the future to study the possible
differentiation between the energy spectra of the electron
intensities in these two regions (Greece and Japan) as a
function of latitude/L-shell parameters.

The evident reason for this systematic differentiation
of the flux-time profiles between these two seismogenic
regions that are situated at almost the same geographic
latitude is evidently the different structures of the
geomagnetic field. The SAA results in a north-south
asymmetry of the average electron fluxes over a large range
of longitudes, which includes South America, the Atlantic
Ocean, Europe and Africa. This can easily be seen in Figure
8, where the average intensity of the ~200 keV energy
electrons for one year is displayed (October 2005 to October
2006). Therefore, we expect a differentiation of the detected
earthquake-induced electron precipitation events over
Greece and Japan, since Greece is affected by the SAA. In
the case of earthquakes in Japan, the most frequent
conjugate EBs are detected near to eastern Australia. A
similar example to the appearance of a conjugate EB seen
in the Japan earthquake (north hemisphere) was seen in the
case of the south giant Chile earthquake also (conjugate
burst in the north).

The details of the ways in which the earthquake-
induced electron precipitation events are formed in various
geographic regions due to the differentiation of the Earth
magnetic field over the globe are outside the scope of the
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present study. Here, we attempt only a classification of the
various forms of the electron flux-time profiles on the basis
of the large-scale variations in the geomagnetic field
structure at various characteristic seismogenic regions all
over the globe. More detailed theoretical interpretation will
be the subject of a future manuscript.

As well as the earthquakes in Japan and Greece, we have
presented preliminary results from a study of a few
earthquakes that occurred at low latitudes (Haiti). The Haiti-
related RBEP event reveals a third type of flux-time profile of
the earthquake precursory EBs. We see that in this case, the
satellite detected a unique event with a few short-lived
intensity peaks in the absence of an observable ambient
electron background, as in the case of the EBs observed
above the south-eastern Mediterranean.

The fourth type of earthquake-induced electron
precipitation event was revealed in the case of the Sumatra
2005 earthquake. In this case, the electron precipitation
shows one peak near the epicenter, and simultaneously two
other peaks, at north and south latitudes and almost
symmetrical to the epicenter. This means that, in this last
case, three distinct RBEP bursts occurred before a giant
earthquake at low latitudes.

Further investigation is needed to achieve a more
detailed description of the RBEP events based on additional
observational characteristics: namely, the energy spectrum
and the energy dispersion of the flux-time profiles. For
instance, a preliminary investigation has suggested that
earthquakes that occur at very high latitudes might show
energy spectra that extend to higher energies (>1 MeV) than
those observed at middle latitudes. More deep understanding
of the observed RBEP bursts will be possible after
investigations into the physical mechanisms that are
characteristic of these seismically induced VLF emission-
particle interactions that lead to precipitation, which is the
subject of a following study.

In this report, we have continued to provide new material
that supports our previous data that strong RBEPs precede
strong earthquakes by a few days [Anagnostopoulos et al. 2010,
Sidiropoulos et al. 2010]. Of note, we have not provided results
from a large statistical sample of earthquakes that covers the
whole globe. It is our research strategy here to first elaborate
upon the characteristic features of the major seismogenic
regions around the globe. The possible reasons for the
of longitudinal
distributions of EBs for different seismogenic regions of the
globe might be based in magnetic declination (large
declination, as is characteristic of American sectors, creates the

observed differences and latitudinal

problem of conjugation effects between hemispheres), and also
in different L-parameters for different longitudes (this factor
determines whether the magnetic flux tube of the seismogenic
region is inside or outside the radiation belt). These problems
will also be considered in our following studies.



ANAGNOSTOPOULOS ET AL.

In this way, we have accumulated with time more
information about spatial differentiation of RBEP signals. As
a result, we improve our knowledge for the selection criteria
of EBs for the performing of an automatic procedure on a
very broad statistical sample in the future.

4.2 Temporal evolution of electron precipitation before large
earthquakes

Furthermore, our studies have demonstrated that there
is a permanent characteristic temporal variation in the
behaviors of the flow of inner Van Allen radiation belt
electrons in the upper ionosphere that lasts for several days
to a few weeks before strong earthquakes in Japan.

This phenomenon resembles a ‘rain’ of electrons from
the Van Allen belts, which begins with an incremental rate
several days to a few weeks before major earthquakes. These
then show a maximum, and finally this rain becomes weaker,
with a minimum or a pause in the electron precipitation some
hours before the onset of an earthquake. The effect is
observed locally, over the earthquake preparation zone,
although in cases of strong earthquakes, the precipitating
electrons can control the behavior of the drifting electrons
over a wide ranges of longitudes.

We find that this kind of temporal evolution in the space
measurements of energetic electrons has been known for
several electromagnetic geophysical, ionospheric and space
physics parameters before those of strong earthquakes
(Pulinets and Boyarchuk 2004). For instance, we recall the
characteristic temporal patterns of the ULF magnetic field
activity detected by ground magnetometers some weeks
before an earthquake [Hayakawa et al. 1996a, b]. In this case,
the ULF polarization ratio Z/H of the magnetic field starts
increasing gradually, reaches a maximum value, and then
around the time of the earthquake it shows a deep minimum.
It has been surmised by Hayakawa et al. [1996a] that these ULF
emissions are related to earthquake preparation processes.

It is possible that the magnetic field ULF polarization
ratio Z/H changes before strong earthquakes and is related
to a redistribution of the Sq electric current system in the
ionosphere [Duma and Ruzhin 2003]. It is also possible that
the ground ULF polarization and the radiation belt electron
temporal evolution are related to the Sq ionospheric current
variations under a series of physical processes that are
observed as almost simultaneous changes in ground,
ionospheric and radiation belt physical parameters.

We found that the temporal pattern of RBEP changes,
with a maximum flux several days before and a minimum
flux around the earthquake occurrence time, is clear in 7 of
the 7 M >6.7 earthquakes that occurred in or near Japan
between August 2004 and June 2008 (we actually found 9
earthquakes with M >6.7, but in 2 cases two M >6.7
earthquakes occurred within about half a day and in the
present study are related to the same general precursor

34

signal; more detailed analysis that can separate the signals of
these earthquakes will be presented in a future study). Our
investigation suggests that this pattern of temporal evolution
is clear when we study the occurrence of a single
earthquake, i.e. when no other strong earthquakes occur in
close areas and/or times. Furthermore, we found that for a
great earthquake in Japan (August 16, 2005), this temporal
evolution pattern is not only clear above the area of the
earthquake epicenter, but it appears almost the same when
the daily number N, of the EBs over all of the globe are
averaged (Figure 7). This finding suggests that most probably
the earthquake preparation process is strong enough in its
relation to the electromagnetic phenomena in the
atmosphere-ionosphere-radiation belts that they can control
the global energetic electron precipitation at low altitudes.
Furthermore, we have presented in this report a pair of
intense RBEP bursts with one EB above the epicenter of the
2010 Chile earthquake, and its conjugate EB at north latitudes.
These two intense bursts were detected by DEMETER (Figure
2) before the giant earthquake in Chile in the daytime upper
ionosphere under very weak, moderately broad, VLF activity;
because of the strong ionospheric absorption of the emitting
radiation through the daytime ionosphere, no VLF
electromagnetic emissions from the ground were recorded by
the ICE instrumentation. This finding most probably suggests
that the EBs of February 26, 2010, the day before the giant
Chile earthquake, are almost certainly due to the preparation
processes of the February 27, 2010, earthquake that occurred
in Chile. Furthermore, it might suggest that the radiation belt
electrons in this case do not interact with VLF radiation
emitted from the ground (ground transmitter or seismic VLF
radiation), but from an increased registration of VLF noise in
the radiation belts that was caused by the influence of the
anomalous electric field above the earthquake epicenter
[Pulinets and Boyarchuk 2004]. In the case examined here, it
appears that the electrons reach the dayside ionosphere of
Chile after a strong interaction in the nightside radiation belts.

5. Conclusions

In this report, we provide significant new information on
the phenomenology and some physical processes related to
RBEP, starting several days before great earthquakes (M >6.5).
The main results of our study are the following: (1)
Earthquake precursory RBEP events show flux-time profiles
with: (a) two EBs at middle latitudes, with one burst above the
future epicenter and a conjugate one in the other hemisphere
(Japan, Chile); (b) only one EB at north middle latitudes, when
the SAA affects the south hemisphere (south-eastern
Europe/Greece); (c) one EB above an earthquake epicenter at
low latitudes (Haiti); and (d) one EB above an earthquake
epicenter at low latitudes and two symmetric EBs at north and
south latitudes (Sumatra). (2) For earthquakes in Japan, a
standard temporal variation of the number of EBs was found,
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which begins with an incremental rate several days before
major earthquakes, and which after a maximum, decreases so
that electron precipitation ceases above the region of the
future epicenter a few hours before the occurrence of the
earthquake. (3) The analysis of the spatial distribution of the
EBs for the earthquake of August 16, 2005, in Japan reveals
that the RBEP bursts were reduced in the space near the
epicenter before the earthquake occurrence. (4) Strong RBEP
bursts above the Chile earthquake were observed not only in
the nightside, but also in the dayside upper ionosphere.

The present study was based on results from a
systematic study of the DEMETER satellite measurements
at low and middle latitudes before very strong earthquakes
(i.e. M >6.5), but the results from an investigation not yet
published suggest that such events are also observable before
earthquakes with lower magnitudes (M >~5).

We understand the radiation belt energetic electron
precipitation related with an earthquake as a ring in the chain
of electromagnetic processes that can start above the Earth
surface with the anomalous electric field, which can cause
an increase in the VLF electric field wave activity in the
magnetosphere. It has been suggested that a cyclotron
resonance interaction between VLF waves and radiation belt
energetic electrons is responsible for variations in the
electron velocity phase space, and as a result, a part of the
trapped electrons of the radiation belt change their pitch
angles and travel towards the Earth, where they are recorded
by low orbit satellites in the topside ionosphere. It is
important to note that the ionization produced by the
precipitation of electrons from the radiation belts in the
lower ionosphere produces disturbance in the D region of
the ionosphere at night, which is then observed both from
ground and space instrumentation [Pulinets 2011].

The results of the present study might open a new
window in earthquake prediction research. We note that the
methodology of radiation belt energetic particle events
earthquake precursor signals has the particular advantage of
studying distant earthquake preparation regions, because of
the fast eastward drifting of the energetic electrons.

Recent studies have started to use systematic analyses
of several physical and environmental parameters, such as
temperature and concentrations of electrons, VLF/ULF
activities and RBEP in the ionosphere, thermal infrared
radiation, radon/ion activities, and air temperature/
humidity in the atmosphere. These parameters have been
found to be earthquake precursors. We believe that such
approaches will achieve high confidence levels in earthquake
prediction, at least in some cases, in future years.
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