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ABSTRACT

Since 2009 a network of VLF (20 - 60 kHz) and LF (150 - 300 kHz) radio receivers is operating in Europe in order to
study the disturbances produced by the earthquakes on the propagation of these signals. In 2011 the network was
formed by nine receivers, of which three are located in Italy and one is in Austria, Greece, Portugal, Romania, Russia
and Turkey. On May 19, 2001 an earthquake (M,, = 5.7) occurred in western Turkey, that is inside the “sensitive” area
of the network. The radio data collected during April-May 2011 were studied using the Wavelet spectra, the Principal
Component Analysis and the Standard Deviation trends as different methods of analysis. Evident anomalies were re-
vealed both in the signals broadcasted by the TRT transmitter (180 kHz) located near Ankara and in a VLF signal com-
ing from a transmitter located in Western Europe and collected by the receiver TUR of the network located in eastern
Turkey. Evident precursor phases were pointed out. Some differences in the efficiency of the three analysis methods

were revealed.
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1. Introduction

VLF radio signals lie in the 10 - 60 kHz frequency band.
These radio signals are used for worldwide navigation
support, time signals and for military purposes. They are
propagated in the earth-ionosphere wave-guide mode
along great circle propagation paths. So, their propagation
is strongly affected by the ionosphere conditions. LF sig-
nals lie in 150 - 300 kHz frequency band. They are used
for long way broadcasting by the few (this type of broad-
casting is going into disuse) transmitters located in the
world. These radio signals are characterized by the
ground wave and the sky wave propagation modes [1].
The first generates a stable signal that propagates in the
channel Earth-troposphere and is affected by the surface
ground and troposphere condition. The second instead
gives rise to a signal which varies greatly between day
and night, and between summer and winter, and which
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propagates using the lower ionosphere as a reflector; its
propagation is mainly affected by the ionosphere condi-
tion, particularly in the zone located in the middle of the
transmitter-receiver path. The propagation of the VLF/LF
radio signals is affected by different factors such as the
meteorological condition, the solar bursts and the geo-
magnetic activity. At the same time, variations of some
parameters in the ground, in the atmosphere and in the
ionosphere occurring during the preparatory phase of
earthquakes can produce disturbances in the above men-
tioned signals. As already reported by many previous
studies [2-18] the disturbances are classified as anoma-
lies and different methods of analysis as the residual dA/
dP [15], the terminator time TT [9], the Wavelet spectra
and the Principal Component Analysis have been used
[6,7].

Here the analysis carried out on LF and VLF radio
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signals using three different methods on the occasion of a
strong earthquake occurred recently in Turkey is pre-
sented.

2. The European Radio Network and the
Turkey Earthquake

Figure 1 shows the European VLF/LF Radio Network.
The receivers are the Elettronika, the OmniPal and the
MSK models described in [19,20]. The first ones can
collect, with a sampling rate of 1 min, the intensity of
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both VLF signals and LF signals (10 in total), the others
the intensity and the phase of VLF signals (5 - 8 at least)
with a sampling rate of 20 s. All data from the various
sites are collected on a weekly basis, at the Central Node
of the Network located in the Department of Physics of
University of Bari (Italy) and are processed for suitable
analysis. In Figure 1 also the location of the transmitters,
the signal of which is sampled by the various receivers,
are indicated. Some peculiarities of these transmitters are
reported in Table 1.

Figure 1. Map showing the different receivers and the VLF and LF transmitters of the European Radio Network. The stars
show the location of the receivers (black = Elettronika, white = MSK, grey = OmniPal); the squares indicate the VLF trans-
mitters and the circles the LF transmitters, the signals of which are collected by the different receivers. Some peculiarities of
the transmitters are reported in Table 1. The triangle indicates the epicentre of the western Turkey earthquake (M = 5.7)

occurred on May 19, 2011.

Table 1. Peculiarities of the VLF and LF transmitters of the European radio network.

Label Country Power (kW) Frequency (kHz)
VLF transmitters
GBZ United Kingdom 19.58
cv Sardinia, Italy 20.27
HWU France 21.75
DHO Germany 23.40
NRK Iceland 37.50
ITS Sicily, Italy 45.90
LF transmitters
RRO Romania 1200 153
FRI France 2000 162
TRT Turkey 1200 180
EU1 Germany 2000 183
CHI Algeria 2000 198
MCO France 1200 216
RRU Russia 2500 261
CZE Czech Republic 500 270

Copyright © 2012 SciRes.
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On May 19, 2011 an earthquake with magnitude M,, =
5.7 struck in Simav, Kutahya (Turkey); the location is
indicated in Figures 1 and 2. An intense aftershocks ac-
tivity occurred for more than one month releasing an
energy equivalent to an earthquake with the same mag-
nitude of the main shock. The area belongs to one of the
most important tectonic units of the Western Anatolia
extension regime. In general, in this region the seismic
activity occurs on the E-W tectonic line and on its
branches and strong earthquakes are expected. The most
intense and damaging recent earthquakes happened in
1928 with M (Richter) of 6.2 and in 1970 with M =7.2.

In a recent study [21] the LF data collected during
about two years by the receivers of the Network have
been analysed. The earthquakes with M,, > 5.0 occurred
in the same period, located in a 300 km radius around
each receiver/transmitter and within the 5th Fresnel zone
related to each transmitter-receiver path, have been se-
lected. The Wavelet analysis was applied on the time
series of the radio signals intensity and some anomalies
related to the above mentioned earthquakes have been
revealed.

In this framework, the epicentre of the mentioned Si-
mav earthquake is inside the 300 km radius circle around
the TRT (180 kHz) transmitter, the signal of which is
sampled by three receivers (GR, IT-An, IT-Tc) of the
Network, as it is detailed in Figure 2(a).

With regard to the VLF radio signals, several results
indicate that the area inside the Sth Fresnel zone defined
by the transmitter and the receiver, is the most sensitive
for the seismic disturbances on the radio propagation
[13-15]. In this framework the Simav earthquakes is in-
side the 5th Fresnel zone defined by the ITS (45.9 kHz)
transmitter and the TUR receiver of the Network, as
shown in Figure 2(b).

Here the two previous situations have been investiga-
ted in details and different methods of analysis were used
in order to reveal possible anomalies.

3. Methods of Analysis

In this study, the Wavelet spectra, the Standard Deviation
trends and the Principal Component technique were used
as different methods of analysis.

Figure 2. (a) Map showing the location of the receivers GR, IT-An and IT-Tc recording the TRT (180 kHz) signal. The trian-
gle indicates the epicentre of the earthquake; (b) Map of the Sth Fresnel zones defined by GBZ transmitter-TUR receiver and
ITS transmitter-TUR receiver. The epicentre of the earthquake is indicated by a triangle.

Copyright © 2012 SciRes.
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3.1. Wavelet Analysis

The Wavelet transform allows to highlight the spectral
components of a signal by using variable-width time
windows and by considering that the frequency content
of these windows is in inverse relation to the time widths;
so, the localization of the signal is simultaneously ob-
tained both in time and in frequency [22,23]. In this
study, we adopted as Wavelet the “Morlet function” [24].
In this case the Wavelet transform of a time signal is a
complex series that can be usefully represented by its
square amplitude, i.e. we consider the so-called Wavelet
power spectrum. The power spectrum is a two dimen-
sions plot that, once properly normalized with respect to
the power of the white noise, gives information on the
strength and precise time of occurrence of the various
Fourier components which are present in the original
time series. Generally, colour from blue to red indicates
increase in the power strength; so, red zones define ano-
malies [7].

3.2. Standard Deviation Trends

For a sample of n data, the Standard Deviation (SD) is
calculated as follows:

Zf(xf X )2

n-1

SD = 1)
where x,, is the mean value of the x; values. SD shows
how much variation or “dispersion” there is from the
mean. A low SD value indicates that the data points tend
to be very close to the mean, whereas high SD value in-
dicates that the data points are spread out over a large
range of values. The SD can be calculated for each set of
day-time data and night-time data and particularly
low/high values define anomalies, that is low or high
dispersion of the data. For a larger evidence we used the

m

% value defined as where SD is the value of

each day/night-time data and SD,, is the mean value of
the SD data set in the whole time interval analyzed. The
related trends are the Standard Deviation trends and the
values over +2¢ (Standard Deviation) in these trends
were assumed as low/high values defining an anomaly.

3.3. Principal Component Analysis

The Principal Component analysis (PCA) is a statistical
technique whose purpose is to condense the information
of a large set of correlated variables into a few variables
(principal components), while not throwing overboard
the variability present in the dataset [25]. The principal
components are derived as a linear combination of the
variables of the dataset, with weights chosen so that the

Copyright © 2012 SciRes.

principal components become mutually uncorrelated.
Each component contains new information about the da-
taset and it is ordered so that the first few components
account for most of the variability. The main result can
be considered the plot that represents the first principal
component (PC1) versus the second one (PC2); here,
different colours of the points represent homogeneous
groups and where outliers appear (a single point of dif-
ferent colour or a point with the same colour of an ho-
mogeneous group but standing far away from the group),
these points define anomalies [7]. A number is reported
near such points counting the days from the beginning of
the data set under study.

4. Data Analysis

Generally, due to the different conditions of the iono-
sphere, the VLF radio signals are less disturbed during
the night than during the day. For this reason, in the pre-
vious studies for revealing seismic anomalies, the analy-
sis of the VLF radio data has been performed only on the
night-time data. Here we have operated in the same way.
As for the LF radio signals, on the basis of the previous
results [1-3,5] not only the night-time data but also the
day-time ones have been examined.

As a first step, the radio data used in this study have
been separated in day-time data and the night-time data.
With regard to the VLF signals, we have selected differ-
ent time ranges in order to obtain data related at proper
night time conditions (basically related to darkness) along
all the paths. As regard the LF signals, we selected the
range from 8.00 to 13.00 (UT) for the day-time and the
range from 20.00 to 22.00 (UT) for the night-time; this
last choice is forced by the occurrence of an interruption
of 3 - 4 hours in some radio broadcasts generally after the
local 24.00.

5. Results and Discussion

At first, the case reported in Figure 2(a) is considered.
Figure 3 shows the results of the analysis of the TRT
radio data collected at day-time by the GR, IT-An and
IT-Tc receivers during April-May 2011. Top, middle and
bottom of Figure 3 refer respectively to the Wavelet Spec-
tra, the Standard Deviation trends and the PCA scatter
plots. Both the Wavelet Spectra and the Standard Devia-
tion trends reveal anomalies during the first fifteen days
of April and the anomalies seem to be correlated; on the
contrary the anomalies (referred to as numbered points in
the scatter plot) revealed by the PCA analysis seem ran-
dom. Figure 4 shows a similar analysis done on the night-
time data. Also in this case the indication of the Wavelet
Spectra and of the Standard Deviation trends are well
correlated, i.e. for all the receivers, some anomalies ap-
pear in the first fifteen days of April mainly in the period
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10 - 15 April; then a clear anomaly stands up in the data
related to the GR receiver before the time occurrence of
the Turkey earthquake. The indication of the PCA scatter
plots sometimes agrees with the previous ones but also
some disagreement can be revealed. For example the

ET AL.

outliers 4 and 11 in IT-Tc data, the outlier 12 in IT-An
data and the outlier 48 in GR data coincide with the ano-
malies emerging with the other analysis methods, where-
as outliers 44 in IT-Tc, 44 and 57 in IT-An and the out-
lier 7 in GR data are not borne out by other results.
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Figure 3. Results of the analysis of the TRT radio data collected by the GR, IT-An and IT-Tc receivers during April-May
2011, at day-time. At the top the Wavelet spectra, at the middle the Standard Deviation trends and at the bottom the PCA
plots. In the Standard Deviation trends the zones over 2¢ are filled in red; in the PCA plots the numbers on some point (pos-
sible outlier) denotes the day counted from April 1. The vertical red line indicates the occurrence of the Turkey earthquake.
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Figure 4. Results of the analysis of the TRT radio data collected by the GR, IT-An and IT-Tc receivers during April-May
2011, at night-time. The contents are the same of Figure 3.
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Now, the case reported in Figure 2(b) is considered.
Figure 5 shows the results of the analysis of the radio
signals collected during April-May 2011 at night-time by
the TUR receiver and radiated by the VLF transmitters
GBZ and ITS. The 5th Fresnel zone defined by the ITS
transmitter and the TUR receiver contains the epicentre
of the Turkey earthquake while the other path GBZ-TUR
is used as control (Figure 2(b)). As usual, in Figure 5 at

P.F. BIAGI ET AL.

the top the Wavelet Spectra, at the middle the Standard
Deviation trends and at the bottom the PCA plots, are
reported. In this case the three methods are in agreement
and reveal: a) The presence of a clear anomaly some
days before the occurrence of the earthquake in the ITS
data and the absence of this effect in the GBZ data; b)
The presence of small disturbance in the last ten days of
April and at the beginning of this month in the GBZ data.
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Figure 5. Results of the analysis of the GBZ and ITS radio data collected by the TUR receiver during April-May 2011, at
night-time. At the top the Wavelet Spectra, at the middle the Standard Deviation trends and at the bottom the PCA plots. In
the Standard Deviation trends the zones over 2¢ are filled in red; in the PCA plots the numbers on some point (possible out-
lier) denotes the day counted from April 1. The vertical red line indicates the occurrence of the Turkey earthquake.
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Now the previous results will be discussed. At first
we recall the possible genesis of the earthquake precur-
sors [26]:

a) The pre-seismic stress produces an intensification of
the micro-fracturing processes and/or changes in existing
fissures in the rocks;

b) As a direct consequence of the previous processes,
changes occur in the circulation of the underground wa-
ter and in the mobility of the gases,

b;) Variations in level/flow and in chemistry of the
underground water happen,

b,) An afflux of the underground gases (mainly Radon)
in the lower atmosphere, perhaps confined in the tropo-
sphere, can occur;

c) As a consequence of the processes in the items a)
and b), the ground density changes, as well as the ground
conductivity and, in some cases, the ground temperature;

d) Electric-magnetic-electromagnetic emissions from
the ground can occur in relation to the mentioned proc-
esses and these emissions can produce some modifica-
tions in the lower atmosphere, again probably confined in
the troposphere;

e) As a consequence mainly of the ground density
changes reported in the item c), the local gravity changes
and gravity waves can be produced as well variations in
the atmospheric oscillations (tides, etc.);

f) The previous changes and waves can induce modi-
fications up to the ionosphere;

g) As a consequence of these variations in ionosphere

and of the previous variations in the lower atmosphere,
disturbances in the propagation of VLF/LF radio signals
can be produced.

Now, we can examine the possible seismic effects re-
vealed by our analyses. At first, the results related to the
LF data will be discussed.

Both the day-time and night-time data reveal anoma-
lies in all the signals in the first fifteen days of April
(Figures 3 and 4). A possible cause [19] could be the
meteorological situation in the zone where the transmitter
is located. Figure 6 shows the air temperature, the air
pressure, the rain and the storms in such zone during
April 2011. The meteorological conditions were not so
critical and moreover we have noticed that many other
times similar conditions happened but no evident distur-
bance was revealed on the LF radio signals. So, the me-
teorological justification of the previous anomalies is not
convincing. Another possible cause of these anomalies
could have been some malfunction of the broadcasting
station, but it was ruled out by station manager. So, the
possibility that the radio anomalies are connected with
the Turkey earthquake of May 11 can be realistic. In such
a case these anomalies should be considered a middle
term precursor [27] of the earthquake and they could be
related to the processes described in the items (by) and (d)
of the previous synthesis. Then, a clear anomaly appears
some days before the occurrence of the earthquake in the
TRT radio signal recorded by the GRE receiver at night
time (Figure 4). The following statements can be
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Figure 6. Air temperature and pressure in the zone of the TRT transmitter during April 2011. The rain and the storms are

shown, too.
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considered: 1) The other LF signals collected by this re-
ceiver coming from Nord and West (Figure 1) do not
reveal, in the same period, any disturbance, so the cause
of the anomaly is in the East area with respect to the re-
ceiver; 2) The anomaly appears only at night time, so it
should be related mainly to an ionosphere disturbance; 3)
the GRE receiver is the nearest (Figure 2(a)) to the TRT
transmitter. As a consequence, it seems reasonable to con-
sider the previous anomaly a precursor of the Turkey earth-
quake, a short term precursor, i.e. related to the final pro-
cesses [item (g) of the previous synthesis] of the pre-
paration of earthquake.

Now, the results related to the VLF data will be ex-
amined. Looking at Figure 5, the main result is a clear
anomaly appearing some days before the occurrence of
the Turkey earthquake on the ITS night time radio signal
collected by the TUR receiver. The GBZ radio signal
collected by the same receiver and examined as com-
parison do not reveal any similar effect. Figure 2(b) shows
that the epicentre of the Turkey earthquake is inside the
5th Fresnel zone of the ITS-TUR path, while is out the
same zone related to the GBZ-TUR path. So, the possi-
bility that the previous anomaly is a precursor of the
Turkey earthquake is consistent. Probably, the anomaly
is related to the same disturbance in ionosphere responsi-
ble of the LF radio anomaly (the short term one) de-
scribed in the previous item. Examining together the
Figures 2(a) and (b), this statement is convincing.

Finally, from the data here presented, the following
remark regarding the efficiency of the different methods
of analysis can be made: In order to reveal anomalies in
the data sets, the PCA method appears as the most vague;
on the contrary the indication of both the Wavelet Spec-
tra and the Standard Deviation trends seems precise and
coincident

6. Conclusion

This study has confirmed that the VLF and LF radio sig-
nals are able to give information on the preparatory phase
of earthquakes with M,, greater than 5.5. In this frame-
work, the earthquake located inside some (5th ad exam-
ple) Fresnel zone defined by a transmitter and a receiver
can produce anomalies, but also those occurring near
enough (some hundred kilometres) to a transmitter can
do the same. The anomalies are related to disturbances
produced in ionosphere, lower atmosphere or both. The
Wavelet spectra and the Standard Deviation trends seem
valid methods of data analysis for revealing these ano-
malies. In this study these methods were used on data
sets including the anomalies. In order to reveal anomalies
in “real time” it is necessary to introduce some modifica-
tion in the technique of analysis; as for the Wavelet spec-
tra a sufficient number of data, not affected by distur-
bances, must be added to avoid spurious edge effects and
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for the Standard Deviation plots, the time interval where
the SD mean value is calculated must be defined accord-
ing to reasonable criteria.
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