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1. Introduction

Research into the interaction between seis-
mic activity and disturbances in radiobroad-
casts has been carried out for many years.

Mainly, pre-seismic disturbances in radio
waves that lie in the VLF (3-30 kHz) frequency
band have been presented (Hayakawa and Sato,
1994; Hayakawa et al., 1996, 2002; Molchanov
and Hayakawa, 1998). Recently, Rozhnoi et al.
(2004, 2005, 2006) revealed a convincing con-
nection between the nightime anomalies in a LF
(40 kHz) radio signal and the earthquakes that
occurred with M≥5.0 nearby the radio paths.
Moreover, Molchanov et al. (2006) have pre-
sented possible seismic disturbances in VLF ra-
dio signals radiated by powerful transmitters lo-
cated on the ground but recorded on board of
the DEMETER satellite. The VLF-LF (10-60
kHz) radio signals are used for time standard
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signal and worldwide navigation support and
propagate in  the earth-ionosphere wave-guide
mode along great circle propagation paths. The
analysis is based on the amplitude and the
phase variations of  the radio signals propagat-
ing from different transmitting stations. The
anomalous variations  in the radio signals  are
produced by perturbations in the ionosphere.
These are related to the particles/gas/water re-
lease from the ground surface during the prepa-
ration phase of large earthquakes. The subse-
quent changes in the atmosphere are usually
supposed to take place in a thin near ground
layer with a thickness of several hundred me-
ters. According to the most recent and convinc-

ing model (Mareev et al., 2002; Molchanov,
2004) the extension of the effect up to the ion-
osphere is due to atmospheric gravity waves of
low amplitude generated during the quoted
ground processes. These waves propagate up to
the ionosphere, penetrate inside and interact
with the ionosphere turbulence producing dis-
turbances in the propagation of the VLF-LF ra-
dio waves. 

In 1995 some of the authors designed and
built a receiver able to measure the electric field
strength of LF broadcasting stations. The re-
ceiver was put into operation at the entrance of
a natural cave located in Central Italy (AS) and,
on the basis of the best reception, the transmit-
ting stations MCO (France, f=216 kHz) and
CZE (Czech Republic, f=270 kHz) were select-
ed. The respective transmitter-receiver distances
are 518 km and 818 km. In 1996 the measure-
ments started, with a sampling frequency of ten
minutes. Figure 1 shows the location of the
transmitters and the receiver.

Looking for anomalous patterns in the raw or
filtered data of both the radio signals, several
anomalies were obtained (Bella et al, 1998; Bia-
gi et al., 2001a,b; Biagi and Hayakawa, 2002;
Biagi et al., 2003). Their features are decreases
or increases in the electric field amplitude and
they could be related to the seismic activity.
Then, since the LF radio signals are strongly
changeable during the day and during the cycle
of the seasons, a different approach of analysis
(Biagi et al., 2005; Biagi et al., 2006a,b) was car-
ried out: after separating each data set of MCO
and CZE radio signals in nighttime data and day-
time data (in winter and summer), they were
processed by means of the wavelet analysis. 

Here we present an overview of the results
obtained using the quoted technique of analysis
to investigate the background of the signals and
to detect possible anomalies. The  MCO and
CZE data sets collected from February 1996 to
December 2004 were used. 

2.Theoretical computation and data 
analysis.

It is well known that the LF radio signals are
characterised by the ground wave and the sky

Fig. 2. Map showing the location of the receiver
AS and of the two transmitters MCO and CZE. The
two radio-paths are indicated by dotted lines. The lo-
cation of the Reatini mountains seismogenetic area
is shown by a black triangle. The black square rep-
resents the location of  the Slovenia seismic se-
quence, and the black circle indicates the location of
the M=5.6 and M=5.9 Umbria-Marche earthquakes. 

Vol51,1,2008_DelNegro  16-02-2009  21:28  Pagina 238



239

An overview on preseismic anomalies in LF radio signals revealed in Italy by wavelet analysis

Fig. 2a,b. a) From the top reading downwards, the MCO electric field strength at night time (9.00-12.00 p.m.,
local solar time), at daytime (9.00 a.m.-2.00 p.m., local solar time), at winter daytime and at summer daytime,
from February 1996 to December 2004. The dashed horizontal lines represent the mean values (table I) of the
relative data set. The gaps in the trends correspond to interruptions in the data collection. b) The same of Fig-
ure 2a but with reference to the CZE electric field strength.
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wave propagation modes. The ground wave
provides a rather stable signal, while the sky
wave varies widely from day to night and, at
daytime, from winter to summer. The amplitude
recorded by the receiver is the superimposition
of the two waves but, for distances greater than
300-400 km, the recorded electric field strength
can be considered a simple addition of the two
waves (CCIR, 1990a). So it was assumed that
the MCO and the CZE amplitude is the addition
of the ground wave and the sky wave contribu-
tions. To evaluate the two different contribu-
tions, the theoretical amplitudes of the ground
wave and the sky wave have been calculated.
Details of the theoretical computations are pre-
sented in Biagi et al. (2006a). As for the ground
wave, the propagation of this wave over a
smooth, homogeneous, curved Earth, with ex-
ponentially decreasing refractive index
(Rotheram, 1981a,b) was considered; for the
sky wave, using the wave hop model (Knight,
1973; CCIR, 1990b), the sky wave signal was
supposed as a ray starting from the transmitter
and reflected, with one or more hops, by the
lower ionosphere and by the ground. Both the
distances transmitter-receiver (MCO-AS and
CZE-AS) are consistent with only one hop,

whose reflection point on the ionosphere is in
the middle of the radio path. Then, the follow-
ing step of the analysis was carried out on the
experimental data, by separating the daytime
data from the nighttime ones for each radio sig-
nal. In order to obtain data sets related to day-
time and to nighttime regardless of the season
and with the same number of data per day, the
range 09.00 a.m.-02.00 p.m. (local solar time)
for the daytime and the range 09.00-12.00 p.m.
(local solar time) for the nighttime was select-
ed. This last choice is also due to an interrup-
tion of 3-4 h in the radio broadcasts for both
MCO and CZE transmitters after midnight (lo-
cal solar time = UT + 1 h). Then, only for the
daytime data, the data collected in winter (De-
cember 21-March 21) were separated from the
ones collected in summer (June 21-September
21). Figure 2 shows the nighttime, daytime,
winter daytime and summer daytime trends of
the MCO and the CZE electric field strength,
from February 1996 to December 2004. The
mean value for each data set is indicated by a
horizontal dashed line. Finally, theoretical and
experimental values resulting from this analysis
are reported in table I. The mean experimental
values of the sky wave have been obtained  re-

Table I. Experimental (Exp) and theoretical (Theo) values of the electric field strength (mV/m) for the MCO
(216 kHz) and CZE (270 kHz) radio signals at AS receiver.

Electric field strength (experimental values)

Transmitter Day winter Day summer Night

MCO 0.79 0.52 3.65
CZE 0.31 0.21 1.65

Sky wave 

MCO Theoretical values 0.50 0.02 3.10
Experimental values 0.25 - 3.11

CZE Theoretical values 0.40 0.016 1.62
Experimental values 0.23 - 1.57

Ground wave (theoretical values)

MCO 0.54
CZE 0.08
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Fig. 3. Normalized wavelet power trend from February 1996 to December 2004 of the MCO electric field
strength at daytime and at nighttime for the period 50 days that corresponds to the maximum power. The dashed
vertical line indicates the time occurrence of the Reatini mountains main shock (M = 4.6). 

moving the theoretical value of the correspon-
ding ground wave from the experimental values
of the electric field strength.

Then, because of the changing-in-time sta-
tistical characteristics of the signals, the
wavelet transform (Torrence and Compo, 1998)
on the nighttime data and on the daytime data at
winter and summer, was applied. In this way, it
has been possible to highlight the spectral com-
ponents of the signal by using variable-width
time windows, by considering that the frequen-
cy content of these windows is inversely related
to the time widths; so, the localization of the
signal is simultaneously obtained both in time
and in frequency (Daubechies, 1992; Strang
and Nguye, 1996). In the analysis, we adopted
as wavelet the «Morlet function» (Torrence and
Compo, 1998). In this case the wavelet trans-
form of a time signal is a complex series that
can be usefully represented by its square ampli-
tude, i.e. we consider the so called wavelet
power spectrum. The power spectrum is a 2D
plot that, once properly normalized with respect
to the power of the white noise, gives informa-

tion on the strength and precise time occurrence
of the various Fourier components which are
present in the original time series. Instead of re-
porting the entire 2D plot, we consider i in figs.
3 and 4 the wavelet power corresponding to the
Fourier  period  in which the maximum power
is found, and hence the plot is 1D representa-
tion of a single period with respect to time. Fig-
ure 3 makes reference to MCO radio signal and
shows a clear anomaly during May-August
1998, at daytime and at nighttime. Figure 4
makes reference to the CZE radio signal and
two main results stand up: the first one is an ev-
ident anomaly during August-September 1997
at summer daytime, as shown in fig. 4a; the sec-
ond one is an anomaly appearing during Febru-
ary-March 1998 mainly at nighttime as shown
in fig. 4b. 

We have named as (a), (b), and (c) the previ-
ous three anomalies, where (a) is the one revealed
in the MCO radio signal, (b) and (c) the anom-
alies pointed out in the CZE radio signal, oc-
curred in summer 1997 and in winter 1998, re-
spectively.
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It must be noted that none of the previous
anomalies ever appears in either the MCO or
CZE radio signals.

3. Discussion

Taking into account the results reported in
table I and considering that the receiver has an in-
strumental zero equal to 0.20 mV/m, it is possible
to make the following statements: 1) for both the
MCO and CZE radio signals, the sky wave at
nighttime and at winter daytime can be recorded;
on the contrary, at summer daytime its value is
below the instrumental zero; 2) the mean value of
the sky wave at nighttime is the same in winter
and summer; 3) for the MCO radio signal, the ex-
perimental value at summer daytime represents,
practically, the intensity of the ground wave; for

the CZE signal, the theoretical value of the
ground wave is below the instrumental zero, so
that the experimental value recorded at summer
daytime does not represent any signal, but only
some noise. Mainly its origin is anthropic be-
cause related to summer storms (lightnings).
Such an activity generally produces 0.4-0.6
mV/m spikes with some hour duration at most
and it can be checked by the data of a local mete-
orological station.

Now, the anomalies pointed out in the previ-
ous section will be examined.

3.1. Anomalies (a) and (b)

The radio anomaly (a) is represented (fig. 3)
by an increase in the electric field strength, both
at daytime and at nighttime, mainly in summer:

Fig. 4a,b. a) Normalized wavelet power spectrum from 1996 to 2004 of the CZE electric field strength in sum-
mer daytime (June 21-September 21 of every year) for the period 10 days that corresponds to the maximum pow-
er. The dashed vertical line represents the time occurrence of the two earthquakes (M=5.6 and M=5.9) happened
on September 26, 1997 in the Umbria-Marche region. b) Normalized wavelet power spectrum from February
1996 to September 2004 of the CZE electric field strength at nighttime for the period 20 days that corresponds
to the maximum power. The dashed vertical line represents the time occurrence of the first Slovenia earthquake
(M=5.2, March 13, 1998).
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so, from the previous considerations, the sky
wave cannot be involved. On the contrary, it
suggests the possibility that the anomaly is relat-
ed to an increase in the ground wave propaga-
tion mode and it can be investigated on the day-
time data. Looking at the summer daytime data
set (fig. 2a), large signals over 0.8-1.0 mV/m ap-
pear during summer 1998: their comparison
with the ground wave theoretical value at the AS
receiver (table I) shows a 50% increase of the
ground wave electric field intensity. 

Anomaly (b) observed in the CZE radio sig-
nal in summer 1997 discloses two large signals
with a duration of 10-20 days in the trend at the
bottom of fig. 2b; these signals start on July 30
and on September 14, respectively. Their am-
plitudes reach peak values up to 0.8 mV/m. In
those periods, summer storms (lightnings) were
not revealed by the data of a local meteorologi-
cal station. The anomaly revealed by the
wavelet analysis (fig. 4a) is produced mainly by
the quoted large signals. Taking into account
that the anomaly appears only at summer day-
time, the sky wave cannot be involved and so,
as for anomaly (a), a connection with an in-
crease in the ground wave propagation mode
can be proposed. Such an increase could pro-
duce a recordable signal at summer daytime,
when, normally, the elecric field strength can-
not be recorded, being below the instrumental
zero (table I). Otherwise, no anomaly can be re-
vealed at nighttime, when the ground wave is
superimposed on the sky wave that is much
more intense.

Now it is necessary to explain the processes
that can produce the quoted increases. Several
parameters control the ground wave propaga-
tion of a radio signal: the scale height of the tro-
posphere, its refractive index, the relative per-
mittivity and the conductivity of the ground.
The ground conductivity and the refractive in-
dex of the troposphere are the most influential
and the electric field strength of the ground
wave increases if the value of one or both the
previous parameters increases along the radio
path or in some zone of it. At first, the meteor-
ological conditions and the rainfall in the areas
of the radio paths were checked and no anom-
alous situations emerged during the two time
periods when the anomalies occurred. 

3.1.1. Connection of the anomalies (a) and (b)
with the seismic activity

From the Seismic Bulletins of the INGV
(National Institute of Geophysics and Volcanol-
ogy) it results that the anomaly (a) occurred be-
fore the start (August 15, 1998) of a seismic se-
quence with 17 earthquakes (M=2.2-4.6), in a
zone located 30 km far from the AS receiver,
along the MCO-AS radio path. The sequence is
located in the seismogenetic area of the Reatini
Mountains, in the central Apennines (Figure 1),
that is approximately a rectangle, with a diago-
nal 40 km long in the northeast direction. The
quoted seismic sequence is the only significant
event occurred in the first Fresnel zone of the
MCO radio signal, that is considered
(Hayakawa et al., 1996; Molchanov and
Hayakawa, 1998; Rozhnoi et al., 2004) the
zone sensitive to the seismo-atmospheric ef-
fects for earthquakes up to M=5.0. In the light
of these considerations, the anomaly (a) was
considered a precursor of the Reatini Moun-
tains seismic sequence. Looking at fig. 3, the
precursor started about 90 days before the oc-
currence of the sequence.

As regards anomaly (b), it occurred before
the two (M=5.6 and M=5.9) earthquakes hap-
pened on September 26, 1997 in the Umbria-
Marche (Central Italy) region. Their location is
indicated in fig. 1. These earthquakes started an
intense seismic sequence lasting more than six
months. From the Seismic Bulletins they result
the only strong and significant events that can
affect the CZE radio signal in 1997. So, we con-
sidered anomaly (b) as a precursor of the Um-
bria-Marche earthquakes. From fig. 4a a total
premonitory time of about 60 days can be as-
sumed. The following step of the study has
been performed to justify the connection be-
tween the quoted two radio anomalies and the
related seismic activity. As mentioned above,
the most influential parameters on the ground
wave propagation are the conductivity of the
ground and the refractive index of the tropo-
sphere. The first is strongly affected by the wa-
ter content and in many cases a small increase
in the percentage of water is enough to step up
the conductivity enormously (Telford et al.,
2002). The refractive index of the troposphere
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varies with the height, mainly, and particularly
we have to take into account the value of the re-
fractive index at the surface of the ground
(CCIR, 1990c): it is affected by the chemical
composition of the air and it changes when
variations, also the small ones, happen in this
composition. So, in the light of these consider-
ations, we propose that during the preparatory
phase of the earthquakes, an increase in the un-
derground waters in the surface layers and
emissions of gases, particles and so on (atmos-
phere-litosphere coupling) happened in a wide
zone, producing a consequent increase in the
local conductivity of the ground and of the re-
fractive index at the surface, respectively. Such
modifications produced anomalous zones along
the MCO-AS and CZE-AS paths able to in-
crease the electric field strength of the ground
wave at the AS receiver. In order to reproduce
the increase in the intensity of the ground wave,
as pointed out in anomalies (a) and (b), the the-
oretical intensity was evaluated using values for
the ground conductivity and the surface refrac-
tive index, realistic but larger than the normal
ones (CCIR, 1990c and 1990d). These values
were introduced in zones defined as it follows:
for the MCO radio signal, in a path 40 km long
in correspondence with the Reatini mountains
area (fig. 1); for the CZE radio signal, in the 75
km long radio path in Italy (fig. 1). 

In such a way, for the MCO intensity of the
ground wave, a value of 0.80 mV/m was ob-
tained, i.e. an increase of about 50% with re-
spect to the standard value reported in table I;
this value is consistent with the anomalous sig-
nals revealed on summer data in 1998, i.e. with
the anomaly (a). 

For the CZE intensity of the ground wave
the value 0.34 mV/m was obtained. Such a val-
ue is a recordable value with respect to the neg-
ligible theoretical one (table I), but much less
than the intensity of the signals responsible for
the anomaly (b). So, in this case, a second mod-
el was proposed. The ground wave propagation
of a radio signal can be affected by ducts, re-
flecting layers, scattering zones and so on in the
troposphere (CCIR, 1990d; Crane, 1981; Rue,
1987) as a consequence of emissions of gases,
particles and so on, during a preseismic phase.
So, if a tropospheric reflecting layer or a tro-

pospheric duct is supposed to lay in the zone of
the Umbria-Marche earthquakes, then reflected
rays can arrive in the different zones and they
can interact with each other producing interfer-
ence. So, the radio signal level is very high in
the constructive interference areas, while in the
destructive ones is very low. If the formation of
an area of constructive interference nearby the
AS receiver is assumed, the existence of the
large CZE signals appeared in summer daytime
data in 1997 can be justified. This last model
rather than the previous one, could be taken in-
to account to justify the anomaly (b). This
anomaly seems to be formed by two successive
phases (fig. 4a) and it means that the irregulari-
ties (ducts, reflecting layers, scattering zones)
in the troposphere claimed by the model, oc-
curred twice, each about 30 days long, rather
than only once but with a longer duration (60
days). It must be noted that taking into account
the atmospheric circulation and the currents, a
short duration of the quoted irregularities in the
troposphere is more realistic respect of a long
duration.

3.2. Anomaly (c)

The last anomaly (c) under study appeared
in the CZE radio signal, in winter 1998, mainly
in nighttime data. So, on the basis of the first
statements of the discussion, it is related to the
sky wave, showing exaggerated intensity. 

The anomaly is an increase in the intensity
of the radio signal (fig. 4b) and at its end a
strong seismic sequence (M=5.1-6.0) started in
Slovenia, about in the middle of the transmitter-
receiver path (fig. 1). So, the radio anomaly can
be considered a precursor of these earthquakes
and a premonitory time of about 50 days (fig.
4b) can be assumed. It must be noted that this
anomaly was also pointed out with a different
methodology presented in Biagi and Hayakawa
(2002). 

According to the wave hop theory, the exag-
gerated intensity of the sky wave may be ex-
plained by a 2-3 fold increase in the reflection
coefficient of the ionosphere, just in the zone
lying above the middle point of the CZE-AS
path. This increase should be a consequence of
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the emission of radon, ions, electromagnetic
waves, etc. (Biagi and Hayakawa, 2002;
Hayakawa et a., 1996; Morgounov et al., 1994)
from the focal zone of the forthcoming earth-
quake. Also a different model, claiming an ex-
aggeration of the atmospheric tides as conse-
quence of gravity changes in the focal zone has
been proposed (Biagi et al., 2003)

4. Conclusions

This study disclocled that the LF radio sig-
nals can supply two different types of informa-
tion related to the ground wave and to the sky
wave. In particular, anomalies appearing main-
ly in the ground wave could be related to varia-
tions in some parameters of the ground and/or
of the troposphere, which control the ground
wave propagation mode. On the other hand,
anomalies mainly appearing in the sky wave
seem to be connected with disturbances in the
ionosphere. In both cases, such variations can
be produced by the processes that take place
during the preparatory phase of earthquakes,
according to the atmosphere-litosphere cou-
pling model.
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