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Abstract. We examined (peak-to-background flux ratio
p/b > 20) energetic electron bursts in the presence of VLF
activity, as observed from the DEMETER satellite at low al-
titudes (∼700 km). Our statistical analysis of measurements
during two 6-month periods suggests that: (a) the powerful
transmitter NWC causes the strongest effects on the inner
radiation belts in comparison with other ground-based VLF
transmitters, (b) the NWC transmitter was responsible for
only ∼1.5 % of total electron bursts examined during the 6-
month period (1 July 2008 to 31 December 2008), (c) VLF
transmitter-related electron bursts are accompanied by the
presence of a narrow band emission centered at the radiating
frequency emission, whereas the earthquake-related electron
bursts are accompanied by the presence of broadband emis-
sions from a few kHz to>20 KHz, (d) daytime events are
less preferable than nighttime events, but this asymmetry was
found to be less evident when the powerful transmitter NWC
was turned off and (d) seismic activity most probably domi-
nated the electromagnetic interactions producing the electron
precipitation at middle latitudes. The results of this study
support the proposal that the detection of radiation belt elec-
tron precipitation, besides other kinds of studies, is a useful
tool for earthquake prediction research.

1 Introduction

Energetic charged particle precipitation from the radiation
belts has been observed in the ionosphere at middle and low
geographic latitudes and has been studied with a series of
different methods in the last decades (Paulikas, 1975; Inan et
al.,1978; Vampola and Gorny, 1983; Abel and Thorne, 1998;
Koskinen, 2005; Katoh et al., 2005).
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The electron precipitation in the environment of the
Earth’s surface (∼100–2000 km) has been attributed to (a) in-
tense VLF emissions by man-made transmitters (Gamble et
al., 2008; Sauvaud et al., 2008; Graf et al., 2009), (b) seismic
activity (Galper et al., 1983; Ginzburg et al., 1994; Sgrigna
et al., 2005; Fidani and Battiston, 2008; Aleksadrin et al.,
2003; Anagnostopoulos et al., 2010a; Sidiropoulos et al.,
2010), and (c) lighting during thunderstorms (McCormick
et al., 2002). Electron precipitation is also known to follow
geomagnetic storms, but this a more global phenomenon.

Space observations have advanced the earthquake precur-
sory signals research on plasma and electromagnetic phe-
nomena in the ionosphere (Boskova et al., 1994; Rothkaehl
et al., 2006; Zhang et al., 2010; Athanasiou et al., 2011). En-
ergetic electron precipitation is another tool for earthquake
prediction research that has recently attracted increasing in-
terest.

Because of historical perceptions, energetic electron pre-
cipitation has been hypothesized to originate mostly from
man-made VLF transmitter radiation, although a non-
observational basis has been known to confirm this impres-
sion as far as we know. On these lines, Sauvaud et al. (2008),
on the one hand noted that theoretical calculations have led
to the “rather surprising conclusions” that man-made VLF
transmissions may dominate losses in the inner radiation
belts (Abel and Thorne, 1998) but on the other hand, their
study based on DEMETER electron observations did not
supported such a conclusion. Sauvaud et al. (2008) only
came to the conclusion that an energetic electron structure as-
sociated with the most powerful transmitter of the US Navy
in Western Australia extends in latitudes eastward of the west
coast of Australia.

Anagnostopoulos et al. (2010a) analyzed DEMETER in
detail and described the behavior of energetic electron pre-
cipitation before great (M > 6.7) earthquakes (EQs). They
examined the earthquake occurring in Japan on 16 August
2005, which was selected as a clear representative example
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because of the absence of other great earthquakes in the pre-
vious time period (of∼15 days). The most important finding
of this study is a characteristic pattern of the temporal evolu-
tion of energetic electron precipitation (EEP) with an intensi-
fication at the first phase and a reduction of its strength in the
second phase, which reaches a minimum around the earth-
quake occurrence time (MaxMin model). A spatial-temporal
analysis has shown that the EEP almost ceases above the EQ
epicenter a couple of (or a few) hours before earthquake oc-
currence. A “silence” in VLF emission a few hours before
earthquake occurrence has also been reported in the iono-
sphere (Nemec et al., 2009) and on the Earth’s surface (Con-
toyiannis et al., 2005) and it seems that these effects are self-
consistent. Furthermore, a similar minimum before earth-
quakes has been reported in several other physical parame-
ters, the polarization of the magnetic field (Hayakawa et al.,
1996), the geomagnetic activity as inferred from Kp values
(Anagnostopoulos et al., 2010c), etc. The MaxMin model of
electron precipitation was checked and confirmed for a statis-
tical sample of great earthquakes in Japan, but it is probably a
rather general feature of great earthquakes (Anagnostopoulos
et al. (2010a, b).

Another interesting result of the study by Anagnostopou-
los et al. (2010a, b) is that the earthquake examined seems
to control the electron distribution at large distances from the
epicenter for several days before its occurrence.

The relative contribution of anthropogenic and
earthquake-related belt electron precipitation has re-
cently been addressed and estimated by Sidiropoulos et
al. (2010). In this study we have presented results from
a statistical analysis of intense energetic electron bursts
(peak-to-background flux ratiop/b >20) in the presence
of VLF activity and we have found that other sources (no
VLF transmitters) are responsible for>∼85 % of a total
of 757 intense EBs examined in two∼6 month periods.
Sidiropoulos et al. (2010) inferred that seismic activity
most probably dominates the electromagnetic interactions
producing the electron precipitation at middle latitudes.

The purpose of this paper is to extend and further check
the results of the study by Sidiropoulos et al. (2010). In the
present paper, particular emphasis is given to the distinction
of the origin of EEP events by comparing the EBs with the
dynamic electric field spectra in the VLF band. Our analy-
sis reveals that the EQ-related EBs are associated with broad
band VLF activity, whereas the transmitter-related EBs, as
expected, are accompanied by a narrow band spectrum at
the transmitter-emitted frequency. In some EBs, both earth-
quake and transmitter emission seems to influence the ra-
diation belts, but the transmitter-caused effect strongly de-
creases with distance from the transmitter location. Our re-
sults further support our previous conclusion that seismic ac-
tivity dominates the electromagnetic interactions producing
the radiation belt electron precipitation at middle latitudes.

2 Instrumentation

DEMETER (Detection of Electro-Magnetic Emissions
Transmitted from Earthquake Regions) is a sun-synchronous,
low latitude (∼710 km) satellite in a circular, almost polar,
orbit (inclination 98.3◦). Its scientific payload is composed
of several types of sensors measuring waves and particles. In
this study we use measurements from the two experiments:
IDP (Instrument for the Detection of Particles Electrique)
(Sauvaud et al., 2006) and ICE (Instrument Champ Elec-
trique) (Berthelier et al., 2006).

The IDP electron spectrometer covers all energies from
0.07–2.5 MeV in 256 energy bands, but our present work
is based on the analysis of electron fluxes in the energy
bands: 72–526 keV (Band 1), 526–971 keV (Band 2) and
971–2350 keV (Band 3). IDP has a maximum geometrical
factor of 1.2 cm2sr and it measures electrons in the drift loss
cone.

ICE measures electromagnetic and/or electrostatic waves
in a wide frequency range, from DC to 3.175 MHz, subdi-
vided into four frequency channels DC/ULF, ELF, VLF and
HF. Here we use measurements from the VLF (0–20 kHz)
channel.

The EEP events analyzed in the present paper are of the
kind observed by DEMETER near the US Naval transmitter,
North West Cape, Western Australia (21.81◦ S, 114.16◦ E),
also known with the call sign “NWC”. The NWC transmitter
serves as a radio beacon for submarines of the US Navy and
it radiates at a frequency of 19.8 kHz with a power of 1 MW.
These characteristics have established the NWC transmitter
as the strongest VFL transmitter in the world. The NWC
VLF transmitter provides a great opportunity for a study
on the comparative contribution of the natural and the man-
made radiation belt electron precipitation because of its po-
sition in geographic latitude. The latitude of the NWC trans-
mitter corresponds to an L of 1.45, where a good influence
upon>100 keV electrons in the inner radiation belt is pre-
dicted (Sauvaud et al., 2008). Thus a comparative study has
been attempted and the contribution of NWC-related EEP
bursts and of similar earthquake-related electron bursts (EBs)
has been estimated.

3 Main types of energetic electron precipitation events
observed by DEMETER

In the present study, we have attempted to study the main
types of radiation belt electron precipitation events and the
corresponding relative contribution of the causes producing
each type. For this reason, we first compare the electron pre-
cipitation events with various forms of dynamic electric field
spectra in the VLF band.

In Fig. 1, on the left of the top panel, we present the flux-
time profiles of DEMETER/IDP energetic electrons in three
energy bands (the low energy Band 1, the middle energy
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a) b) 

 

Figure 1 Example of an electron burst (indicated by the blue arrow) related to the NWC 1 

transmitter recorded during DEMETER‟s anodic orbits on November 2
nd

, 2006. The upper 2 

panel on the left presents the differential intensities in three energy bands (see in the text) as 3 

recorded by the IDP experiment, while the lower panel presents the VLF spectrogram from 4 

the ICE experiment for the same time interval. The short brown lines and the small red and 5 

line squares on the map on the right side of the figure show the parts of the DEMETER orbit 6 

during the NWC related electron burst, its conjugate at north, and the maximum flux in the 7 

two cases were observed. No other VLF signal is seen related to the NWC related electron 8 

burst except the corresponding to the emitted frequency (red line at the 19.8 kHz). 9 

Fig. 1. Example of an electron burst (indicated by the red arrow) related to the NWC transmitter recorded during DEMETER’s anodic orbits
on 2 November 2006. The upper panel on the left presents the differential intensities in three energy bands (see in the text) as recorded by the
IDP experiment, while the lower panel presents the VLF spectrogram from the ICE experiment for the same time interval. The short brown
lines and the small red and blue squares on the map on the right side of the figure show the parts of the DEMETER orbit during the NWC
related electron burst, its conjugate at North, and the maximum flux in the two cases were observed. No other VLF signal is seen related to
the NWC related electron burst except the corresponding to the emitted frequency (red line at the 19.8 kHz).

Band 2 and the high energy Band 3), for the time interval
14:24:30–14:59:30 UT, 2 November 2006 (anodic, night-
side half orbit # 124581). In the bottom panel, on the left,
the DEMETER/ICE VLF (0–20 kHz) spectrogram is shown,
where the electric field density is inferred by a comparison
with the color bar at the right. Below the bottom panel, the
Universal Time, the Latitude and the Longitude, as well as
the L shell at the position of DEMETER are noted.

The flux peak at∼14:31 UT (indicated by a red arrow)
superimposed on the background of the intensity profile of
electron Band 1 is a temporal effect, a so-called “anomalous
electron burst”, not consistent with the shape of the normal
flux-time profile at those latitudes (∼30◦ S). This EB was de-
tected when DEMETER passed very close to the position of
the NWC transmitter. The brown line, the red circle, and the
black square on the map on the right of Fig. 1 indicate the
segment of the DEMETER trajectory during the time of the
anomalous electron burst, the point of the trajectory when
the flux was observed, and the position of the NWC trans-

mitter in West Australia, respectively. We can see that the
anomalous electron burst was quite strong with a peak-to-
background flux ratio evaluated as large asRp/b >102. (for
a definition ofRp/b see Appendix A)

The blue arrow above a peak at∼14:51:40 UT and the
blue square over Mongolia on the map indicate the time when
the conjugate electron enhancement was detected during the
same DEMETER semi-orbit. The conjugate EB shows a flux
Rp/b, about an order of magnitude lower than the value ob-
served on the southern part of the spacecraft trajectory.

What is very important in the present study is the dis-
tinction between various types of electric field spectrum ob-
served along with the EBs. As we have already mentioned,
it is rather generally accepted that electron precipitation at
middle latitudes is mostly due to earth-based VLF transmit-
ters. Indeed, this is the case of the EBs shown in Fig. 1. As
we see, the only important VLF activity outside the radia-
tion belts is a narrow band emission (red “line” at the top of
spectrogram) centred at the radiating frequency (∼19.8 kHz)
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 1 

Figure 2 The figure has been constructed in the same format as Fig. 1. This is an example of 2 

an electron burst (red arrow) that is a precursor of the earthquake occurring on 16/8/2005, in 3 

Japan (the epicenter marked with a red circle on the map on the right side of the figure). The 4 

earthquake related electron event is accompanied by a broad band VLF signal extending in 5 

frequencies all over the scale of the panel ranging from 0 to 20 kHz. The narrow band signal 6 

in the spectrogram at the top of the (19.8 kHz) figure indicates the NWC transmitter 7 

influence. 8 

Fig. 2. The figure has been constructed in the same format as Fig. 1. This is an example of an electron burst (red arrow) that is a precursor
of the earthquake occurring on 16 August 2005, in Japan (the epicenter marked with a red circle on the map on the right side of the figure).
This earthquake-related electron event was accompanied by a broad band VLF signal extending in frequencies all over the scale of the panel
ranging from 0 to 20 kHz. The narrow band signal in the spectrogram at the top of the (19.8 kHz) figure indicates the NWC transmitter
influence.

of the NWC transmitter; there is no other significant VLF
emission signal in the spectrogram related to the time of the
EB observed by DEMETER near the NWC transmitter of
the US Navy. Therefore, we identify this type of electric
field spectrogram as representative one of the cases of ener-
getic electron precipitation events triggered by the emissions
of earth based VLF transmitters, and particularly of the pow-
ered NWC transmitter.

Figure 2 has been constructed in the same format as Fig. 1,
but for a semi-orbit during the time interval 12:53–13:29 UT
on 13 August 2005, when DEMETER crossed a region from
152.85◦ E to 103.39◦ E. In Fig. 2, we see an EB centered at
∼13:20 UT (indicated by a red arrow in the left top panel).
This EB falls into the set of EBs identified in the study by
Anagnostopoulos et al. (2010a, b) as precursor signals of the
earthquake occurring at 02:46:31 UT on 16 August 2005 near
the east coast of Honsu, Japan.

The EB at∼13:20 UT on 16 August 2005 was observed
during an anodic (night-side) semi-orbit that passed west-

ward of the future Japan earthquake epicenter (44.5◦ N,
125.6◦ E); the brown line and the red square on the map of
Fig. 2 indicate the segment of the trajectory when the EB was
observed by DEMETER and the coordinates where the max-
imum in the energy band 1 electron intensity was measured.
Since the energetic electrons travel along the magnetic field
lines, they obviously produce a conjugate EB in the Southern
Hemisphere, which is seen with a maximum at∼13:00 UT.
The position of the conjugate EB appears above Eastern Aus-
tralia as can be seen by the brown line and the small blue
square indicating the part of the same trajectory where the
conjugate EB and its intensity maximum was observed by
DEMETER.

In the electric field spectrogram in Fig. 2, a strong VLF
signal can be seen, which was observed around the time of
the earthquake-related EB but for a longer time (∼6 min).
This signal is dispersive and extends in frequencies all over
the scale of the panel ranging from 0 to 20 kHz. The EB ob-
served above Australia is also related to a broad band, but
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a)  b) 

 

Figure 3 A clear example of a great  earthquake induced electron burst (blue arrow) observed 1 

during a non-operational period of the NWC transmitter. Only a characteristic earthquake 2 

precursor broad band VLF signal was observed simultaneously with the electron precipitation 3 

event (not accompanied by a narrow band emission at ~19.8 kHz, since the NWC transmitter 4 

was not operating). 5 

 6 

 7 

Fig. 3. A clear example of a great earthquake induced electron burst (blue arrow) observed during a non-operational period of the NWC
transmitter. Only a characteristic earthquake precursor broad band VLF signal was observed simultaneously with the electron precipitation
event (not accompanied by a narrow band emission at∼19.8 kHz, since the NWC transmitter was not operating).

weaker in energy and shorter in time (<1 min) VLF emis-
sion, that is self-consistent with the suggestion that this event
is the conjugate (not the original) one. We also note that
a narrow band signal in the spectrogram of Fig. 2 is also
present at the NWC radiating frequency (19.8 kHz), but it
is weaker than the signal seen in Fig. 1. We think that the
time coincidence of the occurrence of the EB with the intense
broad band VLF emission confirms that the earthquake in
Japan plays, in this case, the main role in producing the elec-
tron precipitation at∼13:20 UT on 16 August 2005 (Anag-
nostopoulos et al., 2010a, b), as we mentioned above.

Since the presence of the most powerful earth-based NWC
transmitter in Australia could be considered as the major
source of energetic electron events observed eastward of this
transmitter (Sauvaud et al., 2008), we analyzed DEMETER
observations in this area for a period of several days when
NWC was not operating, and obviously, other sources should
be considered as agents similar to the NWC-related EBs.
Such observations are presented in Fig. 3.

Figure 3 has also been constructed in the same format as
Fig. 1, but for the anodic semi-orbit #171571, during the
time interval 12:46–13:22 UT, on 18 September 2007. Dur-

ing this period, DEMETER crossed the region with longi-
tudes between 127.22◦–153.11◦ E and a strong anomalous
EB was detected at northern latitudes with a maximum flux
(peak-to-background ratioRp/b ≈ 20 ) at ∼13:14:30 UT
(blue square on the map on the right side of Fig. 2). A weaker
EB was observed in the Southern Hemisphere.

In the days after the two EBs seen in Fig. 3, signifi-
cant seismic activity was recorded with three great (M =

6.8,7.5,7.4) EQs occurring in a region within∼12◦ in longi-
tude, between 142.6◦–164.12◦ E: (A) 4.99◦ S, 153.5◦ E;M =

6.8, September 26, (B) 22◦ N, 142.6◦ E; M = 7.5, Septem-
ber 28, and (C) 49.27◦ S, 164.12◦ E; M = 7.4, September 30.
The EB was observed northward of the epicenters of the three
EQs, as usual. We think that the EB observed in the Northern
Hemisphere, is probably related to the earthquake occurring
at 22◦ N (Mariana Islands,M = 7.5, 28 September), but the
presence of other earthquakes at those times might also have
contributed to the process.

The EB observed at∼13:14:30 UT on day 18, was accom-
panied by a broad band emission in the region from a few
kHz to ∼20 kHz. DEMETER also observed a weaker EB
(red arrow) withRp/b ≈ 5, at southern latitudes (red square

www.nat-hazards-earth-syst-sci.net/11/1901/2011/ Nat. Hazards Earth Syst. Sci., 11, 1901–1913, 2011



1906 N. F. Sidiropoulos et al.: Comparative study on earthquake and ground based transmitter

 23 

a)
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Figure 4a Example of an electron burst detected at ~10:37 UT on May 12
th

 (blue arrow in the 1 

left top panel) observed about four days earlier than the occurrence of a strong earthquake 2 

(M=7.5R) occurring near Kermadec Islands (31.81
0
 S, 180.69

0
 E; red circle on the map of 3 

Fig. 4a) and very close (30.6
0
 S, 179.42

0
 E) to it. The VLF electric field density presents 4 

dispersion in all frequencies with small presence of density concentration at ~19.8 kHz area. 5 

Fig. 4a. Example of an electron burst detected at∼10:37 UT on 12 May (blue arrow in the left top panel) observed about four days before
the occurrence of a strong earthquake (M = 7.5R) occurring near Kermadec Islands (31.81◦ S, 180.69◦ E; red circle on the map of Fig. 4a)
and very close (30.6◦ S, 179.42◦ E) to it. The VLF electric field density presents dispersion in all frequencies with small presence of density
concentration at∼19.8 kHz area.

on the map of Fig. 3) during the same trajectory but not ac-
companied by a special signal in the VLF spectrogram. We
consider this small burst as the conjugate one, as opposed to
that observed in the Northern Hemisphere. Furthermore, we
point out that no narrow band emission was seen in the spec-
trogram at∼19.8 kHz, since the NWC transmitter was not
operating. Since the NWC transmitter in Australia was not
operating at those times, this implies that the broad band VLF
emission related with EBs observed by DEMETER at north-
ern latitudes some days before great earthquakes (eastward
of the NWC transmitter) can be identified as an earthquake-
related VLF signal.

Figure 4a has also been constructed in the same format as
Fig. 1 and shows an EB detected at∼10:37 UT on 12 May
(the blue arrow in the top left panel) during DEMETER’s an-
odic semi-orbit #99001. A strong earthquake (M = 7.5R)
occurred near Kermadec Islands (31.81◦ S, 180.69◦ E; red
circle on the map of Fig. 4a) very close (30.6◦ S, 179.42◦ E)
to the EB of 12 May, about four days later (16 May 2006 at
10:39 UT). The IDP/ DEMETER electron observations we

examined for this time period suggest that this EB is included
in a set of EBs observed between 1–16 May 2006. These fol-
low the characteristic temporal evolution of earthquake pre-
cursor EBs reported by Anagnostopoulos et al. (2010a, b),
and show an intensification in the first phase and a reduc-
tion of the activity in the second phase which ceases above
the epicenter a few hours before the EQ occurrence. This
EB presented a strong peak-to-background ratio and was as-
sociated with a broad band emission extending in frequency
range almost all over the range of the spectrogram, from a
few kHz to at least 20 kHz.

The characteristic temporal evolution of electron precip-
itation for ∼15 days before the Kerdamec Islands EQ (not
shown here) and the typical broad band VLF spectral signal
suggest that the EB of 12 May is most probably a precursor
signal of the 16 May 2006 earthquake.

Figure 4b presents DEMETER observations close to the
Kerdamec Islands earthquake discussed above, but very
close to the time of its occurrence. The measurements
shown in Fig. 4b were made in the time interval 09:14:30–
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(a)
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Figure 4b DEMETER observations close to the great (M=7.5) Kerdamec Islands earthquake 1 

shown in Fig.4a, but very close (about one hour before) to the time of its occurrence. No 2 

intense bursts (only small fluctuations) were observed near the epicenter of the earthquake in 3 

agreement with the model of Anagnostopoulos et al. (2010a, 2010b), despite the vicinity of 4 

the radiating NWC transmitter 5 

  6 

(b)

 24 

 

 

Figure 4b DEMETER observations close to the great (M=7.5) Kerdamec Islands earthquake 1 

shown in Fig.4a, but very close (about one hour before) to the time of its occurrence. No 2 

intense bursts (only small fluctuations) were observed near the epicenter of the earthquake in 3 

agreement with the model of Anagnostopoulos et al. (2010a, 2010b), despite the vicinity of 4 

the radiating NWC transmitter 5 

  6 

Fig. 4b. DEMETER observations close to the great (M = 7.5) Kerdamec Islands earthquake shown in Fig. 4a, but very close (about one
hour before) to the time of its occurrence. No intense bursts (only small fluctuations) were observed near the epicenter of the earthquake in
agreement with the model of Anagnostopoulos et al. (2010a, b), despite the vicinity of the radiating NWC transmitter.

09:52:30 UT, 16 May 2006, which is about one hour before
the main earthquake ofM = 7.5, which occurred at 10:39 UT
on 16 May 2006 while the spacecraft performed the clos-
est night-side orbit eastward of the future epicenter (map in
the right of Fig. 4b). According to the electron precipitation
temporal evolution pattern, the electron precipitation activ-
ity ceases a few hours before a great earthquake (Anagnos-
topoulos et al., 2010a). Indeed, Fig. 4b reveals that no intense
bursts (only small fluctuations) were observed near the epi-
center∼1 h before the earthquake.

Figure 4b shows a similar weak narrow band emission due
to the operation of the NWC transmitter, as in the case of
Fig. 4a. However, the electron precipitation activity is ab-
solutely different by∼4 days (Fig. 4a) and∼1 h (Fig. 4b)
before the strong earthquake of 16 May, eastward and rela-
tively close to the NWC transmitter. Even though the NWC
station was continuously radiating, the electron precipitation
varied and followed a temporal evolution matching the oc-
currence time of the strong Kerdamec Islands EQ. These ob-
servations suggest that there is no significant influence of the
NWC transmitter on radiation belt electrons at∼200◦ E in
this case.

4 Statistical results

4.1 Spatial distribution of energetic electron
precipitation events

In order to study the relative contribution of various sources
triggering radiation belt electron precipitation events at mid-
dle latitudes, we first examined the spatial distribution of
DEMETER anomalous energetic electron bursts. The sta-
tistical results (to be presented in a paper in preparation) on
the strength of DEMETER EBs suggest that a distinct cloud
of intense EBs (with high peak-to-background flux ratio) was
observed close to the position of the NWC transmitter; such
an example of an EB with a flux ratio as high asRp/b >102

was presented in Fig. 1. Based on this finding, we decided
to examine the spatial distribution of EBs resembling the
kind of NWC-related intense EBs, and we used a relatively
high flux threshold (Rp/b =20) for selecting anomalous EBs.
Then, we performed a statistical analysis by using a software
package for the automatic selection of EBs (detailed infor-
mation about the whole set of selection EB criteria is given
in Appendix B). The spatial distribution of EBs selected in
this way is displayed in Fig. 5 for two time intervals, Period I
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(a)

(b)

Fig. 5. DEMETER/IDP intense (peak-to-background flux ratioRp/b > 20) electron bursts during two 6-month periods under conditions
when the NWC powerful transmitter in Western Australia was turned on(a) and off (b). A cluster of electron bursts is evident between
latitudes∼25◦–30◦ S and longitudes∼114◦–167◦ E, when the transmitter was operating (area marked with red rectangle).

and Period II. The selection of these two statistical samples
was based on the longest time interval, from 1 July 2007 to 22
January 2008 (Period II) when the NWC transmitter was not
operating (Gamble et al., 2008). Period I, from 1 July 2008
to 31 December 2008, is used for comparatively studying the
EB spatial distribution under the influence of the NWC trans-
mitter. Period I has a similar time interval to that of period
II (second half of a year), in order to minimize possible sea-
sonable effects.

In Fig. 5 we display the EB space distribution on the
Earth’s map for Period I (top panel) and Period II (bottom
panel), as resulting from the automatic selection of EBs from
our algorithm mentioned above. Here we should point out
that our criteria are such that they miss electron precipitation
events at low and high latitudes.

The set of intense radiation belt precipitation electron
events peak-to-background flux ratio (Rp/b >20) of Fig. 5
displays the general form of the electron spatial distribution
known from previous studies (Sauvaud et al., 2008). For in-
stance, in the bottom panel of Fig. 5 we can distinguish the
signature of the outer belt electrons in the cluster of aster-
isks at∼40◦ S, between 80◦–160◦ E and the auroral elec-

trons as a cluster at higher latitudes. A large area around
the South Atlantic Anomaly (∼80◦ W–40◦ E) is devoid of
points, since our algorithm selects events on the basis of in-
tense peak-to-background flux ratio, not on the basis of ab-
solute fluxes. In the top panel, during Period I, an additional
set of points can be seen above the outer radiation belt elec-
tron points, between latitudes∼25◦–30◦ S, and longitudes
∼114◦–167◦ E, which is obviously related to the NWC trans-
mitter activity; this is implied from the fact that this elec-
tron event set was only observed during Period I, when the
NWC transmitter was operating (NWC on) and was not ob-
served during Period II, when the transmitter was turned off,
as well as from the vicinity of these events with regard to
the position of the transmitter. Other powerful earth- based
transmitters are also operating in various countries around
the world. Green and Fung (2005) reported that they identi-
fied over 100 stations generating emissions in the frequency
range 10–50 kHz). Therefore, since a separate cluster of EBs
can be seen in the north of Europe around Scandinavia (more
evident during Period II; bottom panel of Fig. 5), it is pos-
sible that this is a result of numerous transmitters located in
Europe.
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Fig. 6. Time duration distributions for the strong EB events recorded(a) during a NWC non-operational period and(b) during an NWC
operational period. On both distributions over∼80 % of the recorded EB events had a duration of over 120 s, giving a clear distinction from
events originated by lighting, which have a very small duration of a few seconds.

(a) (b)

Fig. 7. Percentage of the EBs as a function of their peak-to-background valueRp/b for 06:00–18:00 LT (panela) and 18:00–06:00 LT (panel
b). The comparison of the two distributions obviously suggests a day-night asymmetry in the detection of the DEMETER electron bursts,
with a optimum presence of more strength electron events in the night-side plasmasphere. However, it is remarkable that when the NWC
transmitter was turned off, the inclination of the line shows it is the smallest of all other lines in both distributions (Fig. 7a, b).

Finally, we note that the EB distributions seen in Fig. 5
suggest that strong EBs cover the space both above ground
and sea.

Table 1 summarizes some interesting numbers for the two
statistical samples of Fig. 5; Table 1 shows, for Period I and
Period II, the global number of great (M > 7) earthquakes,
the global number of EBs and of the cluster of the NWC-
associated EBs. It also shows the occurrence frequency of all
EBs observed by DEMETER and selected by our algorithm
when the restriction for high values (peak-to-background

flux ratio Rp/b >102) was not applied. We see that: (a) a
higher number of EBs was observed globally during Period
II, when more earthquakes were recorded and the powerful
NWC transmitter was not broadcasting than during Period I
with lesser intense earthquakes while the NWC transmitter
was operating (449 EBs during Period II with 14 EQs ver-
sus 374 EBs during period I with 5 EQs), (b), no EBs (from
a total of 449 EBs) were observed in the same area when
the transmitter was off, (c) intense EB in the NWC influence
area were observed at a low occurrence frequency (2.1 %)
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Table 1. Statistical analysis for the two 6-month periods.

Period I Period II

NWC transmitter ON OFF
Earthquakes (>7) 5 14
Intense (Rp/b > 20) events 374 449
Intense NWC influenced electron events 17 0
Percentage of orbits with intense NWC-influenced area events 2.1 %
Percentage of orbits with NWC-influenced area bursts 9.3 %
Percentage of NWC-influenced events (globally) ∼ 1.5 %

of DEMETER passes during Period I, and (d) 34 intense
NWC-associated EB’s (including the cluster of points seen in
the Northern Hemisphere in the region between 110◦–150◦ E
and 46◦–49◦ N, considered to be the conjugated EBs) were
observed compared to a total of 2221 EBs recorded glob-
ally during Period I, which represents a percentage as low as
∼1.5 %.

4.2 Time duration of energetic electron
precipitation events

We mentioned above in the description of Fig. 5 that strong
EBs cover the space both above ground and sea. Since light-
ing is observed only above ground, it is rather impossible
that lighting can be a significant source of the EB sample ex-
amined in Fig. 5, at least above the sea, where a significant
percentage of EB’s was detected. In order to further check
the possible contribution of lighting in generating strong EBs
like those observed near the NWC transmitter and in general
included in the statistical samples I and II (Fig. 5), we ex-
amined the time duration of the DEMETER electron events
shown in Fig. 5 and we present them with histograms in
Fig. 6. The results shown in Fig. 6, for both Period I and
II, imply that a percentage P>∼80 % of the EBs lasted for
more than 2 min and that no EB lasted for<15 s. Such long
duration times of the EBs suggest that the EBs examined here
cannot be attributed to lighting, since the duration times of
energetic electron spikes triggered by lighting are of the or-
der of a few seconds (Chang and Inan, 1983).

4.3 Day-night asymmetry

A day-night asymmetry is known to exist in VLF waves
trapped in the plasmasphere. Since radiation belt electron
precipitation is due to VLF wave-electron interaction, we
wanted to check if such an asymmetry is present in EEP
events. For this reason, we evaluated and present in Fig. 7
the percentage P of the EBs as a function of their strength (in-
dicated by their peak-to-background valueRp/b) for 06:00–
18:00 LT (panel a) and 18:00–06:00 LT (panel b).

In Fig. 7 we included results for the period when the NWC
transmitter was turned off (1 July 2007–22 January 2008) and

four other similar∼6 month time intervals: P1 (11 August
2004–22 January 2005), P2 (1 July 2005–22 January 2006),
P3 (1 July 2006–22 January 2007) and P4 (1 July 2008–31
December 2008; there is a gap in our analysis between 1 Jan-
uary 2009–11 January 2009 because of a problem in process-
ing the IDP data during that period). The dashed line in the
figure corresponds to the average percentage over all five pe-
riods investigated.

From Fig. 7 we see that in the dayside plasmasphere P
increases almost monotically asRp/b decreases whereas in
the nightside plasmasphere, it does so asRp/b increases.
The comparison of the two distributions obviously suggests a
day-night asymmetry in the detection of the DEMETER EBs,
with an optimum presence of more strength electron events
in the night-side plasmasphere.

Another interesting point to note from Fig. 7 is that for the
time interval when the NWC transmitter was turned off, the
inclination of the line appears low and smallest of all other
lines in both distributions (Fig. 7a, b). This observational
finding suggests that the decreased anthropogenic VLF emis-
sion due to the non-operation of a powerful ground-based
transmitter resulted in a remarkable weakness of the day-
night asymmetry. This finding may suggest some difference
in the generation process of anthropogenic and naturally-
caused electron precipitation that should be studied in the
future.

5 Summary of observations and conclusions

In this study we have attempted to estimate, for the first time,
the partial contribution of various natural and anthropogenic
sources in the generation of radiation belt electron precipita-
tion events at middle latitudes (>∼ 23◦ N/S) by a satellite in
polar orbit (DEMETER). The relatively long time duration of
events (and the detection over the sea) studied here excludes
the contribution of lightning-generated (short lived) events
from our analysis and, therefore, allows the direct compari-
son of the contribution of the earthquake- and ground-based
transmitter-caused electron precipitation events.

Our comparative study of DEMETER electron obser-
vations with electric field spectrograms suggests that the
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electron precipitation events triggered by seismic activity
are accompanied by broadband kHz emissions (∼1–20 kHz),
whereas the ground-based transmitter-related events are nor-
mally accompanied by a narrow frequency band emission,
centered at the emitting frequency (for instance around
19.8 kHz in the case of the transmitter of US Navy in Western
Australia).

In order to estimate the relative contribution of the two
sources, the great earthquakes and the ground-based trans-
mitters, we used the statistical analysis of electron burst char-
acteristics during two∼6 month periods as a tool. The main
results of our statistical analysis are the following: (1) the
NWC transmitter produced much stronger electron precip-
itation effects than all other transmitters, (2) intense EBs
were observed at a percentage of∼2.1 % of the DEMETER
passes above the NWC transmitter influence area (25◦–30◦ S,
114◦–167◦ E) in the time period examined, (3) the percent-
age of NWC-associated EBs (including the NWC conjugate
EBs in the Northern Hemisphere) was only∼1.5 % of the
whole number of EBs, (4) more EBs were observed when
the most powerful ground-based transmitter was off (Period
II) than during a similar∼6 month time interval (Period I)
when the transmitter was operating (449 versus 374 EBs in
the two cases), (5) during the Period II a higher number of
great earthquakes occurred than in Period I (14 versus 5), (6)
more intense EBs were observed in the night side than in the
day side, with the day-night asymmetry found to be much
weaker for the period when the powerful NWC transmitter
was closed.

The above Points # 1–3 confirm the results of previous
published papers on the major influence of the NWC trans-
mitter on the inner radiation belts among all other transmit-
ters (Gamble et al., 2008; Sauvaud et al., 2008), but its to-
tal contribution to the electron precipitation events all over
the globe appears to be very low. Point # 1 and 4 strongly
suggest that earthquakes, and not VLF transmitters, are the
major agent of the EBs analyzed in the present study.

It is generally accepted that an increase in the concentra-
tion of VLF waves leads to an increase in the interaction
with electrons of the Van Allen radiation belts and that cy-
clotron resonance interaction between VLF waves and elec-
trons leads to variations in the phase space of electron ve-
locity (Pulinets and Boyarchuk, 2004). Consequently, some
energetic electrons obtain pitch angle in the loss cone, and
penetrate into the ionosphere (Inan et al., 1978). However,
Point #5 suggests some difference in the generation process
of anthropogenic and naturally-caused electron precipitation,
but this differentiation should be further checked.

The results of the present study support the proposal that
the detection of radiation belt electron precipitation is a use-
ful tool for earthquake prediction research (Anagnostopoulos
et al., 2010a). In a paper under preparation, we will present
an even more detailed comparative study on the relative con-
tribution of earthquake- and the anthropogenic-related elec-
tron precipitation events.

Appendix A

To quantify the strength of the electron burst we used a quan-
tity called “Peak-to-Background Ratio”Rp/b:

Rp/b =
fmax

fbg
(A1)

wherefmax is the maximum intensity of the electron burst
andfbg the “background” intensity at the time offmax, where
the value taken from a linear interpolation between the start-
ing and the ending point (intensity) of the burst is defined as
“background” intensity.

The above quantities are written as follows:

fbg= fstart+A(tmax− tstart), A=
fend−fstart

tend− tstart
(A2)

So Eq. (A1) leads to:

Rp/b =
fmax

fstart+A(tmax−tstart)

(A3)

Appendix B

For identification of an energetic electron intensity enhance-
ment as a burst we required:

1. A statistically significant>40 % increase in the inten-
sity of electrons in the energy range 72–526 keV (de-
fined as Band 1 in the text) within the readouts of the
“survey mode” (4 s) of the IDP instrument, that is

j [i +1]

j [i]
> 1.4 (B1)

where j[i] and j[i+1] are two (“survey mode”) successive val-
ues of electron intensity. (when DEMETER was operating in
the “burst mode” (1 s), the intensity was averaged over 4 s).

1. An increase from an intensity j[i] to j[i +1] was defined
as statistically significant if

j [i +1]−λσ(j [i +1]) > j [i]+λσ(j [i]) (B2)

where we putλ = 1.1

1. Remarkable intensity increases, with aRp/b > 2 were
only included in our statistical sample.

2. A maximum duration of the electron event was set at
180 s (with a maximum in the intensity of the event re-
quired to be met within 2/3 of the total duration).

3. When an electron followed a similar increase event in-
tensity enhancement in energy Band 2 (526–971 keV)
as in energy Band 1 (citeria a and b), it was excluded
from the statistical sample.
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