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Abstract. On 22 August 2005 an earthquake with magni- 1 Introduction
tude M=4.7 occurred in the Anzio (central Italy) offshore
area. From 2002, a VLF-LF radio receiver is into opera-n last years seismic disturbances in VLF (3-30kHz)/LF
tion in Bari (southern Italy). The intensity and the phase of (low band, 30-80 kHz) radio signals, as well as in LF (high
the signals transmitted by GB €16 kHz, United Kingdom),  band, 150-300 kHz) radio broadcasts, have been presented
FR (f=20.9kHz, France), GEfi=23.4kHz, Germany), IC  (Biagi et al., 2001a, b; Biagi and Hayakawa, 2002; Biagi et
(f=37.5kHz, Island) and IT (=54 kHz, Sicily, Italy) has  al., 2004, 2005, 2006, 2007; Gufeld et al., 1992; Hayakawa
been monitored with a 5 s sampling rate. The previous epiand Sato, 1994; Hayakawa et al., 1996, 2006; Molchanov
center is near enough to some of the radio paths and the datd Hayakawa, 1998; Rozhnoi et al., 2005; Rozhnoi et al.,
collected were studied in order to reveal possible seismic ef2006a, b). Recently, some possible seismic disturbances
fects. The raw analysis revealed a clear drop in the intensityevealed by VLF radio signals collected on board of the
of the FR radio signal on 19 August. Then the wavelet anal-French DEMETER satellite, were presented by Molchanov
ysis was applied to the intensity and the phase data of thet al. (2006) and Rozhnoi et al. (2007). In any case, the
different radio signals. In the mentioned day an increase indisturbances in the VLF/LF radio signals seem to be pro-
the band 60-120 min was revealed in the spectra of the FRjuced by variations in the lower atmosphere/ionosphere of
signal. Then the principal component analysis was appliedhe area were the propagation of the radio signals happens.
and again the 19 August stood up as an anomalous day fosccording to the most recent model (Mareev et al., 2002;
the FR radio signal. The path of this signal, among the pathsviolchanov et al., 2006) these variations are due to turbu-
of the five radio signals collected by the Bari receiver, is the|ent atmospheric gravity waves of low amplitude that are
nearest to the mentioned epicentre and the anomaly revealegenerated near the ground surface by pre-seismic and post-
on 19 August appears as a precursor of the earthquake. Thiseismic processes such as gas and water releases in seismic
result confirms the possible precursor revealed by other reactive regions. The typical temporal scales of such pro-
searchers in the air Rn content in a site located 5 miles fagesses range from some minutes to few hours and a time
from the epicenter. from 1 to 10 h needs for the energy to reach the lower at-
mosphere/ionosphere.

On 22 August 2005 an earthquake whh=4.7 occurred in
the Anzio (central Italy) offshore area (Fig. 1). The epicenter
is located 5 miles from the Tor Caldara “Diffuse Degassing
Structure” where thé22Rn and?2°Rn content in air is sam-
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Fig. 2. Temporal trend of the k [energy (erg)=]Ovalues of the
earthquakes occurred in the seismogenetic area indicated in Fig. 1.
The peak corresponds to the 22 August 2005 Anzio earthquake
(M=4.7).

Fig. 1. The blue circle indicates the location of the 22 August 2005 :
Anzio earthquakeX/=4.7). The red ellipse roughly bounds the seis- The ofishore Anzio earthquake (22 August 2005) was

mogenetic area in which the earthquake happened. The VLF/LI’—CharaCte”ZEd b)M:4.7_and a focal depth of 30 km. The
transmitters: GB =16 kHz, United Kingdom), FR (=20.9 kHz, earthquake happened in a seismogenetic area, located near

France), GE (=23.4kHz, Germany), IC=37.5 kHz, Iceland), IT the coast of the Latium region (central Italy), that is approx-
(f=54kHz, Sicily, Italy) and the receiver (Bari) are shown in the imately an ellipse, whose greater axis is 100 km long in the
map. The different radio-paths are indicated, too. north-northeast direction (Fig. 1). The area is characterized
by a moderate shallow seismic activity with in the range
2.0-3.5; so, the August 2005 earthquake was a rare event.
anomalies in the Rn content were revealed (Quattrocchi efo better validate this statement, the earthquakes occurred in
al., 2007). The paths of the VLF/LF radio signals collected this area from 2002 to 2007 were extracted from the Seismic
by a receiver working in Bari (south Italy) pass through the Bulletins of the INGV. For each earthquake, thealue [en-
area where the epicenter of the earthquake is located (Fig. 1prgy (erg)=16] was calculated from the magnitudé, using
Here the results of the study of possible seismic effects orthe relationship (Kanamori and Anderson, 1975):

the VLF/LF radio signals is presented.
K =118+ 15M @)

2 Data collecting and seismicity The trend of the k values in the period 2002—2007 is reported
in the Fig. 2 and the peak corresponding to the August 2005

The VLF/LF receiver is located in the Department of Physicsearthquake stands up, clearly.

of Bari University and it is operating from 2002. The equip-

ment is the Japanese OmniPAL model (Dowden and Adams .

1989) able to measure the electric field strength (intensity)fg Raw analysis

a'nd the phase of f"’?‘ VLFILF radlq signals, Qn the ba- Figure 3 shows the intensity raw data of the mentioned five

sis of the best reception at the receiver and taking into ac-

count the most convenient radio paths in relation to the seis[adlo signals collected during August 2005. The general fea-

. L . . . tures of the signals are the standard ones with high level at
mic activity, the following transmitters were selected: GB night time and low level at dav time. The GB and IC sianal
(f=16 kHz, United Kingdom), FR (=20.9 kHz, France), 9 y ' 9

are less disturbed than the other ones. From inspection of
GE (f=23.4kHz, Germany), IC(=37.5kHz, Iceland) and . L . r .
T (?;54 KHz, Sicily Italygl.) Thé(transmitters-receiv)er dis- Fig. 3 itis evident that a short drop of the FR radio signal in-

tance ranges from 500 km to 3500km. Figure 1 shows thetenS|ty happens on 19 August. In previous analyses (Kikuchi,

location of the VLF-LF transmitters and of the receiver. A 1.981’. Kleimenova etal., 2004, szhnc_)l 'et al., 2006b), a pos-
5 s sampling rate was selected. sible .|nfluence' Qf the geomagnetic z;cﬂwty and of the metgo—
rological conditions on the propagation of the VLF/LF radio
signals have been revealed. So, at first, the geomagnetic ac-
tivity and the meteorological conditions on the occasion of
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Fig. 3. The intensity (electric field strength) of the FR, GB, IC, GE Fig. 4. During August 2005, from the top reading downwards: pres-
and _IT radlq signals collected with a 5 s sampling rate by the Barigyre, air temperaturé,, geomagnetic indexs; geomagnetic in-
receiver during August 2005. dex and the intensity of the FR radio signal.

the previous radio intensity drop, were investigated. For the | dthe d q b litud dii b
geomagnetic activity th&',, and Dy; indexes were consid- scale and the dependence between amplitude and time can be

ered. As for the meteorological conditions, the most sen-drawn (Daubechies, 1992; Strang and Nguyen, 1996).

sitive zone is the one near the receiver where the signal is In this study, the “Morlet function” has been considered
more weak and the effect of typhoons, cyclones or reflectioras wavelet function (Torrence and Compo, 1998); this choice
surfaces and scattering zones produced in particular meteor@ives the best compromise as for a good resolution both in
logical conditions, could produce more evident disturbancedrequency and time. From a computational point of view,
in the signals (Rozhnoi et al., 2006b). So, the data of a metecthe radio signals raw data have not been considered, but the
rological station located in Bari were used and the air temperdata obtained after a smoothing on 1 min basis. This pro-
ature and the pressure were considered as the most indicatigedure does not affect any spectral component whose period
parameters. Figure 4 shows the geomagnetic-meteorologicés greater than one minute. This smoothing was adopted in
data and the FR intensity during August 2005. No corresponorder to analyze at the same time more days and to avoid
dence among the 19 August radio intensity drop and meteoas much as possible the disturbances related to boundary ef-
rological and/or geomagnetic disturbances stands up. Thergcts. The main result of the wavelet analysis applied on
in order to check the anomalous feature of the mentionedhe data of the radio signals intensity, is reported in Fig. 5
drop of the FR radio signal, the data collected by the Barithat is related to the interval 17-20 August 2005. Figure 5a
receiver have been strictly tested. clearly shows an increase in the power spectra in the band
60-120 min during 19 August on the FR radio signal; in
Fig. 5b the intensity of the spectrum, in arbitrary units, is re-
4 Wavelet analysis ported by considering a cut along the horizontal dashed line
in Fig. 5a. Here and in subsequent figures, the cut is chosen
As can be inferred by the inspection of the signal time se-in correspondence with the maximum intensity in the two di-
ries, its statistical characteristics change in time. A simplemensional spectrum. The mentioned increase is an anomaly
analysis based on the Fourier transform it is not the besboth with respect to the FR signal itself and with respect to
tool for analyzing a non-stationary time series and hencehe other radio signals. For example, in Fig. 6, the result
a joint time-frequency analysis based on the wavelet transef the analysis done on FR signal in the interval 13—-16 Au-
form (Torrence and Compo, 1998), has been applied. Theust 2005 is reported. Taking into account that the colour
wavelet method is capable of capturing simultaneously thescale automatically fits itself between the minimum and the
time-varying nature of low frequency cycles and the fre- maximum value of the spectra, Fig. 6 clearly shows that the
quency distribution of sudden and abrupt shocks in the orig-intensity of the spectra is much lower with respect to the val-
inal time series. In this way the use of variable-width time ues of Fig. 5. As for an example of the other radio signals,
windows allows the localization of the signal in both time the GE signal has been considered. The analysis done on this
and frequency simultaneously. A picture, the spectrogramsignal for different period and different years has shown that
showing both the amplitude of the signal versus the waveleno anomaly could be claimed on 19 August 2005. A typical
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Fig. 5. (a) Normalized wavelet power spectrum from 17 to 20 Au- "

gust 2005 for FR radio signal intensity in the range 64-128 min; therig. 7. (a) Normalized wavelet power spectrum from 5 to 8 Au-
left axis is the Fourier period (in minute), the bottom axis is time gust 2005 for GE radio signal intensity in the range 64-128 min;
and the wavelet power level (arbitrary scale) is represented with ahe left axis is the Fourier period (in minute), the bottom axis is time
colour scale from dark blue to dark regh) Plot of the intensity of  and the wavelet power level (arbitrary scale) is represented with a
the spectral component where maximum peak power appears correolour scale from dark blue to dark reh) Plot of the intensity of
sponding to the white dashed line in (a) . the spectral component where maximum peak power appears.
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Fig. 6. (a)Normalized wavelet power spectrum from 13 to 16 Au- Fig. 8. (a) Normalized wavelet power spectrum for August 2005
gust 2005 for FR radio signal intensity in the range 64—128 min; thefor FR radio signal phase in the range 64-128 min; the left axis
left axis is the Fourier period (in minute), the bottom axis is time is the Fourier period (in minute), the bottom axis is time and the
and the wavelet power level (arbitrary scale) is represented with avavelet power level (arbitrary scale) is represented with a colour
colour scale from dark blue to dark regh) Plot of the intensity of  scale from dark blue to dark redb) Plot of the intensity of the
the spectral component where maximum peak power appears.  spectral component where maximum peak power appears.

example of analysis on the GE signal is shown in Fig. 7;tensity signals. Nonetheless also the wavelet analysis of the
daily, in the signal, a power spectrum increase in the band”R pPhase signal shows an anomaly during 19 August 2005.

not be considered anomalies (note that the intensity scale gfmoothed data have been considered; this allows to compute
GE signal is not comparable with that of FR signal). at the same time an entire month of data. In Fig. 8 the results

8f the wavelet analysis applied on the FR phase data dur-
ing August 2005 are shown; the presence of the mentioned
anomaly is evident

Also the phase data have been analyzed with the sam
methodology. First of all, it must be noted that the phase
signal itself is of a poor quality; it is much more affected by
noise and shows much less regularity with respect to the in-
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Fig. 9. (a) Boxplot of variance percentage explained by the first three principal components for the FRojldtagust 2005 original FR

data mapped into the new coordinate system defined by the first and second intraday principal components. Two outliers are evident and the)
are related to the 19 August, at 4 a.m. and at 6 a.m., respecffeeintraday eigenvectors associated to the first eigenvalues explaining the
maximum variance percentagel) Intraday principal components from days 10, 19 and 25 August 2005.

5 Principal component analysis by the sample correlation matrRx=(XX)/M. To obtain

the whole set ofv different principal components, the fol-
As further investigation, the principal component analysis/OWing eigenvector/eigenvalue problem needs to be solved:
(PCA) has been performed. This is a statistical techniqudXxW=2w, subject to the constraiffw||=1, wherew is the
whose purpose is to condense the information of a large sef!9envector and. is the eigenvalue associated. It is well
of correlated variables into a few variables (principal compo-Known that the correlation matrix is real, symmetric and pos-
nents), while not throwing overboard the variability present Ve Semi definite, so it can be factored into:
in the dataset (Joliffe, 2002). The principal components ar w = wAwT @)
derived as a linear combination of the variables of the dataset,

with weights chosen so that the principal components beyyith the orthonormal eigenvectors W and the eigenvalues
come mutually uncorrelated. Each component contains new, A that are all grater than or equal to zero. The factorization

information about the dataset and it is ordered so that the, the relation (2) is provided by a singular value decompo-
first few components account for most of the variability. In a gjtion.

dataset processing, PCA takes its starting point from analyz- Here, on the basis of how long the raw anomaly under
ing the length of the samples located in some suitable part ofyyestigation lasted, the PCA analysis was applied setting the
the set. By varying the length of the samples, the resolutiony,ration of each interval equal to 2 h, that mearsl2. So
of the analysis varies. the signal sample ; is a column vector of 12 components
The radio signals sample is represented by the column vecand X is a 12x336 matrix. It is worth noting that a month
tor x ;=[x ;(1), x;(2), ..... ,xj(N)]T, whereN is the num-  of 28 days (by leaving the first and last/second last day in
ber of intervals investigated in one day; in such wayMif  the month) was considered in order to avoid edge effect that
is the ensemble of observations collected in one month, theould bias the analysis.
entire radio signal monthly collected is represented by the The data of the FR signal were examined choosing the first
N x M data matrixX=[x1, x2, ..... ,xy]. The derivation of  three principal components; as shown in Fig. 9a these com-
the principal components is based on the assumption that thponents explain 96.34% of variance. It is possible to observe
signalX is a zero-mean random process being characterizethe degree of morphologic day-by-day variability, looking at

www.nat-hazards-earth-syst-sci.net/8/1041/2008/ Nat. Hazards Earth Syst. Sci., 8 %2008
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Fig. 10. (a) June 2004 original FR data mapped into the new coordinate system defined by the first and second intraday principal components.
No outliers stand up and the data appear like a compact cloud of pditdune 2004 original GE data mapped into the new coordinate
system defined by the first and second intraday principal components. No outliers appear and the data appear like a compact cloud of points
(c) Boxplot of variance percentage explained by the first five interday principal components for the FRd)iathe first three interday
eigenvectors observed during 24(k) The first three interday principal components observed during August 2005.

the plot in Fig. 9b that represents the first principal com-components were selected. These components reported in
ponent (PC1) versus the second one (PC2). Here two outFig. 10e, show a clear anomaly in the FR data occurring on
liers appear and they define an anomaly occurring on 19 Au49 August. In this case, PC1 seems to take into account the
gust 2005 between 4 and 6 a.m. This behaviour is anomalousend of the signal anomaly and PC2-PC3 seem to follow the
both respect to the FR data and to the data of the other radinight-day time variations, as Fig. 10d shows.

signals collected. To this end, as an example, Fig. 10a related

to FR June 2004 data and Fig. 10b related to GE June 2005

data, bqth projected on PC1 and.PCIZ can be observ_eq Ig Discussion

these Figures no outliers appear like in Fig. 9b; the original

data, mapped into the new coordinate system defined by th . .
first two principal components, are displayed like a compact‘?‘he wavelet and PCA analyses presented in the previous ses-

o o - : sions have clearly confirmed the result of the raw analysis,

cloud of points in the direction of maximum variance. i.e. on 19 August 2005 one anomaly exists in the FR radio

The trend of eigenvectors associated to the three most ingignal collected by the Bari receiver. Both these analyses
formative eigenvalues is reported in Fig. 9c. The first angh@ve proved useful to point out the anomaly and no particu-
third eigenvectors seem to follow the night-day time vari- lar advantage of one tool respect the other one was revealed.
ations; the second eigenvector, instead, seems to take into The characteristics of the mentioned anomaly are: a) its
account the trend of the signal anomaly. Finally, it's worth appearance only on the FR signal, b) its existence both in the
noting that by analyzing all the principal components from intensity and the phase data, c) a duration of few hours.
each day (Fig. 9d) it is possible to see that a strong variation No connection of the anomaly with the geomagnetic ac-
comes out the day 19 August, confirming the presence of divity or the meteorological condition stands up. On the con-
signal anomaly with respect to the other days. The presentettary, the radio anomaly appears three days prior the occur-
results characterize the “intraday” correlation obtained by therence of the 22 August earthquakd€4.7) and from Fig. 1
sample correlation matriRy, as defined before. Also an- itis evident that the FR radio path is the nearest to the epicen-
other correlation matriR’x=(X” X)/N characterizing the tre. More precisely, it was verified that the epicenter is inside
“interday” correlation, was defined and used. On the ba-the 5th Fresnel zone of the FR-Bari path. It must be noted
sis of 89.31% variance explained (Fig, 10c), three principalthat the quoted zone is considered to be the most sensitive
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