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Abstract. Tectonomagnetic field observations from abso- are generally attributed to piezomagnetic and electrokinetic
lute magnetic field levels have been collected in Central Italyeffects, assuming that rocks change their magnetization un-
since 1989 by means of a network of four absolute magnesder stress or thermal solicitations and under variation of con-
tometer stations, including the geomagnetic observatory otentration gradients of electrolytes and flow of pore fluids
L'Aquila (42°23 N, 1319 E) used as reference for differenti- in fractured rocks. All these mechanisms are strongly sup-
ation; also electromagnetic variations from VLF signals haveported by laboratory tests, and at present, variations of few
been recorded in the last years by means of VLF search coihT have been claimed by observers, both in the case of earth-
wide-band antennas. guake and volcanic events (see for example: Johnston, 1997,

Many reports proved the occurrence of electromagnetic2002; Del Negro and Currenti, 2003). Electromagnetic field
effects clearly related to tectonic events (seismic and vol-emissions at low frequencies can be generally attributed to
canic activity) in active areas of our planet. In this paper piezoelectric effects or charge redistributions.

we show the variation of some electromagnetic parameters Iso higher f | ic ph .
which could be related to local and regional seismic activity Also higher frequency electromagnetic phenomena associ-

for the most recent years 2002 and 2003. We also report th@ted with earthquakes have been extensively studied in recent

seismic activity recorded in this area by the Italian seismicY€ars- In th's paper we refer to measurements In th? VLF
national network. band only; in this frequency band, electromagnetic signals

Some tentative analysis (in the wavelets and statistical ap®3" be ger}ergft'ed by varlouz Qaturall ang artllf'lcr|1al 'sou:jc_es,
proach) on the historical and recent dataset allow a bettefn® Most significant source being related to lightning dis-

characterization of electromagnetic properties of the studfhar?es_ E]s_eer;[he revr:ew by Bharr etal, 20(_)((1))' V]!IF W‘ZVSS
area, at different temporal and spatial scales. travel within the Earth-ionosphere wave guide, reflected by

the lowest ionospheric region (the D-region during daytime
and the E-region at night); in this sense, VLF phenomena can
provide useful information on ionospheric conditions. Sev-
eral studies have analysed VLF radio transmitted signals and
Several studies related ground-based observations of electrcr)?.ported perturbations of phase and amplitude in association
magnetic variations, over a very wide frequency range toWIth earthquakes (Gokhberg etal., 1989; Hayakawa and Fu-
' . jinawa, 1994; Morgounov et al., 1994; Parrot, 1995; Nagao

. . . |
tectonic events, such as earthquakes or volcanic eruptlonlgt al., 2002: Shvets et al., 2004). Another physical quantity

(see for example the monograph by Hayakawa and Fujinaw: . ! : . . ?
1094, and the review by Johnston, 1997). In this paper Wz}hat provides information on ionospheric long-term changes

. . . .. s the terminator time (TT), i.e. the time of the daily varia-
focus in particular on observations of tectonomagnetic field, . . . .
tion of VLF signals in the morning and evening, related to

and natural VLF waves (Parrot and Johnston, 1993; Melonisunrise and sunset, respectively; recent studies have shown
et al., 2001; Hayakawa and Molchanov, 2002). : fesp Yy

o . eviations of the TT (a decrease in the morning and an in-
Tectonomagnetic field observations are measurements o . .
. o . S crease in the afternoon) which appear some days before large
the Earth’s magnetic field slow time variations related to

changes of the physical properties of the uppermost crusta‘f’lrthquakeS and disappear a few days after (Hayakawa etal.,

materials in association with tectonic activity; these changes 996 a, b; Molchanov and Hayakawa, 1998; Molchanov et
Y 9 al., 1998; Rozhnoi et al., 2004); the observed features could

Correspondence tdS. Lepidi be explained in terms of a drop in the VLF reflection height
(lepidi@ingv.it) by a few kilometres.

1 Introduction
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Table 1. List and geographic location of earthquakes with >4.0 occurred in the target area of Central Italy during 2002 and 2003. Source:
INGV Seismic Bulletin (2004).

Date and time MagMd Lat., Long. Marks

01 June 2003 15:45:17 4.2 41.68 14.80 Campobasso Eq.
01 June 2003 01:46:00 4.0 43.19 15.43

05 May 2003 06:16:00 4.2 43.1315.38

02 May 2003 03:53:07 4.0 41.73 14.82 Campobasso Eq.
26 April 2003 08:21:00 4.1 43.20 15.45  Adriatic sea sequence
31 March 2003 19:36:28 43 43.0915.38 7

30 March 2003 11:10:00 4.4 43.1015.40 "

30 March 2003 00:56:22 4.0 43.1915.43 "

29 March 2003 17:42:00 5.4 43.1315.41

27 March 2003 16:14:00 4.0 43.2015.49 "

27 March 2003 16:10:00 47 43.2015.49 "

12 November 2002 09:27:48 4.2 41.68 14.79  Molise Eq. and sequence
04 November 2002 03:26:00 4.1 41731480 "

04 November 2002 00:35:00 4.2 41671482 "

01 November 2002 17:21:00 4.3 41711482 7

01 November 2002 15:20:00 4.1 41741485 "

01 November 2002 15:08:00 5.3 41691483 "

31 October 2002 10:32:00 5.4 41761494 7

18 April 2002 20:56:00 4.1 40.65 15.58 Potenza earthquake

This work follows previous papers concerning tectono- together with their acronyms, is shown in Fig. 1. At each sta-
magnetic and VLF observations in Central Italy (Meloni et tion the total magnetic field intensity is recorded by means
al., 2001, 2004; Di Mauro et al., 2005 of a proton procession magnetometer, with a sampling rate

We show the whole dataset of tectnonomagnetic obserof 15min. Measured values are averaged and differentiated
vations, which covers about fourteen years, with a partic-with respect to L'Aquila geomagnetic observatory data, in
ular attention to 2002 and 2003; in particular, we analyzeorder to filter out contributions from external sources, from
the absolute magnetic field variations measured by means gkgional inhomogeneities of the Earth’s magnetic field and
a network of magnetometers, whose data are differentiatetbng term contributions of internal origin. The seismomag-
with respect to the Italian magnetic observatory of L'Aquila netic stations are operating since 1989, with some data lacks
(42°23 N, 1319 E), used as reference to reject non local vari-due to instrumental failures; due to a technical problem, in
ations on the dataset. August 2002 data acquisition at RIT station was interrupted.

We also analyze VLF signals recorded in L'Aquila by |p the last years, natural signals in VLF band are moni-
means of VLF search coil wide-band antennas, working intgred in L'Aquila observatory by means of two search coil
two different frequency bands; in this case, the data set covyide band antennas, operating in the range 15-40kHz. The
ers periods of several months during the last years. system measures the signal RMS integrated over two fre-

We also report on seismic activity recorded in the areaguency bands, centered at 20 and 40 kHz, respectively. Ra-
by the seismic national network during 2002 and 2003 andgiometer sensitivity is 200 fT at 40 Hz and data are sampled
show some tentative correlation between tectonomagnetigt 1 Hz frequency, and stored at 1 min, with a 16 bit resolu-
and VLF signals and local and regional seismic activity.  tjon, after averaging 60 values each. The area surrounding

the observatory is characterized by a low level of local arti-

) ] ficial electromagnetic noise; in the frequency band of inter-

2 The network and instrumentation est, we receive radio signals from several VLF radio stations.
The VLF data time periods with a better data coverage are

In Central ltaly, in the area between latitudeS Rland 43N \;5rch_September 2001 and August 2002—March 2003 (this
and longitudes IE and 13 E, magnetic signals possibly re- |45t qata set is continuous for 220 consecutive days).
lated to earthquake occurrence are monitored by means of

a network of four stations, including the national geomag-
netic observatory of L'Aquila; the location of the stations,

Central Italy is a seismically active area, with earthquakes
mainly occurring along the NW-SE axis of the Apennine
mountain belt. Events occurred in recent years, like the

1Di Mauro, D., Lepidi, S., Meloni, A., and Palangio, P.: Update Molise sequence with magnitude up#d=5.4 in October—
on monitoring of magnetic and electromagnetic tectonic signals inNovember 2002 and the Adriatic sea sequence, also with
Central Italy, Annals of Geophysics, submitted, 2005. magnitude up taMd=5.4, in March 2003. In Table 1 all
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Fig. 3. Enlarged window of time variations of total magnetic
field (F) at L'Aquila (AQU) and at tectonomagnetic stations (CVT,
MDM, RIT) for the years 2002 and 2003.

Fig. 1. Map of target area with location and geographic coordinates
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Fig. 2. Time variations of total magnetic field (F) at L'Aquila method, consisting essentially in the computation of a pure

(AQU) and at tectonomagnetic stations (CVT, MDM, RIT) from difference between signal strengths recorded at each station

July 1989 to 2003. with respect to a reference one (in our case L'Aquila), also
eliminates the long term contribution (large part of the non-

] ) _uniform secular variation) of internal origin, caused by the
earthquakes withi/d>=4.0 occurred in the study area in Earthys core electric currents. The remaining part is related to
2002-2003 are listed. _ _ local changes in crustal magnetization, and possibly related

More detailed information on the experimental equipment, seismic and tectono-magnetic effects. Daily averages of
characteristics can be found in previous papers (Meloni et al.gitferences of CVT, MDM, RIT and AQU datasets for 2002
2001, 2004). and 2003 are shown in Fig. 4. Black lines indicate the occur-
rence of the most intense earthquakes occurred in the study
area M d>=4.0), while grey bands indicate the occurrences
of the Molise seismic sequence of October—-November 2002
3.1 Magnetic observations and the Adriatic sea sequence of March—April 2003 (as re-

ported in Table 1).
The Earth’s magnetic field variations have been collected Some moderate seismicity and thrég/>5 events oc-
since late 1989 in three sites in Central ltaly, and at thecurred in the study area during 2002 and 2003, but no clear
national geomagnetic observatory of L'Aquila. Daily aver- evidence of possible correlations between magnetic data and
ages of the sampled datasets are shown in Fig. 2 (for statioseismic events were found. Two decreases of about 10nT
acronyms refer to Fig. 1). As known, solar cycles modulateand about 4 nT were recorded in the difference AQU-MDM
the planetary magnetic activity which had a minimum during at the beginning and at mid 2003, respectively. Such de-
the time interval between 1993 and 1998. Planetary stormsreases are persistent for the rest of the year and are not due,
appear as high frequency behaviour in each curve. Last twdo our knowledge, to instrumental failures nor to man made
years 2002 and 2003 of the presented data on which we fointerferences; these events need more investigation.
cused our interest are shown on a wider time window for a In Fig. 5, we show the results of wavelet analysis (Torrence
better visualization in Fig. 3. and Compo, 1998) applied to the differences AQU-MDM,

In order to reduce contributions due to the external elec-AQU-RIT and AQU-CVT for the whole available dataset; in
tric currents in the ionosphere and magnetosphere we apparticular we computed the dynamic power spectra by means
plied a differentiation procedure between station pairs. Suchof “Morlet” mother wavelet. It is evident that, as expected,

3 Data analysis
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Fig. 5. Dynamic spectrum in logarithmic scale of the daily differ- dicate the occurrence time of earthquakief&i&=4). Upper curves
ences AQU-CVT, AQU-MDM and AQU-RIT for the years 2002— show 40kHz data (upward shifted by 20 pT), lower curves show
2003. Black curves indicate the “cone of influence”, where edge20 kHz data.

effect becomes important. The lines in the lower border indicate the

occurrence time of earthquaked { >=4). Colour bars indicate the
power density in (NT/Hz. in the plots indicate the seismic events (see Table 1 for the
2002-2003 time period; no seismic events wittd >=4.0
occurred in 2001, Meloni et al., 2004). VLF data do not show
the power content is lower for the closest pair station AQU-any significant anomaly in correspondence to earthquakes;
RIT. An unusual power enhancement with period around 6moreover, in the whole analyzed time series, no anomalous
days occurs in the differences AQU-CVT and AQU-MDM in signal enhancement comparable to the one recorded in corre-
correspondence with the Potenza earthquake (18 April 2002)spondence with the 1997 seismic events (Meloni et al., 2001)
This seismic event, although just outside the network limits,is present.

actually occurred closer to CVT and MDM than to RIT and  In monitoring the ionospheric characteristics that could be
when the three stations were in operation. We note that durrelated in some way to tectonic events, useful parameters
ing 17-21 April 2002 an intense geomagnetic storm, withcould be the nighttime and daytime levels of VLF signals
Dst index reaching-150 nT, occurred. When only two sta- as well as their difference, which is independent on possible
tions MDM and CVT were correctly working, a clear power changes of the data offsets. We computed these parameters
enhancement is shown over a long period at the beginning o€onsidering as daytime and nighttime the 4-hour time inter-
2003. No strong magnetospheric origin perturbations are revals around local noon and midnight (i.e. 10:00-14:00 LT
ported for this period and the time window of interest is very and 22:00-02:00 LT), respectively. Results, shown in Fig. 7
close to the Adriatic sea seismic sequence of the late Marclonly for the 20 kHz signals (the results for 40 kHz are very
2003. similar), prove that in the two analyzed time periods the day-
time and nighttime VLF levels and their difference do not
exhibit clear irregularities in correspondence to the seismic
events (indicated in the plot by the arrows). Rather, the day-
Figure 6 shows the time variability of natural electromag- time level during 2002—2003 shows some evidence for a peri-
netic signals, along E-W direction, for the periods March— odic drop every 7 days (particularly evident around days 320,

September 2001 and August 2002—March 2003; the arrow2002; 20 and 60, 2003), occurring on Tuesdays; this feature,

3.2 VLF observations
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clearly of artificial origin, needs a more detailed analysis.

We also calculated the morning and afternoon terminatorrig. 9. Dynamic spectrum in logarithmic scale of the 20 kHz and
time (TT), defined as the time of the minimum and of the 40kHz VLF signals for the time period September 2002-March
maximum in the differentiated data, respectively; in order t02003. The lines in the upper border indicate the occurrence time
remove high frequency variations and noise which gave risef earthquakest >=4). Colour bars indicate the power density
to spurious minima and maxima, data have been previousiy? (pT)?/Hz.
averaged at 15min. The TT variation, during the analyzed
time periods, is shown in Fig. 8. The expected TT seasonal
variation, related to the change of sunrise and sunset times,
clearly emerges. Itis evident that the TT is better defined incoverage is continuous; the spectra have been obtained from
morning than afternoon and this feature is due to the fact thag-days consecutive spectra, calculated with the maximum en-
the afternoon VLF level increase is very smooth, expeciallytropy method, with a step of 1 day. A very evident power en-
during winter, while the morning decrease is more steep; orhancement corresponding to the 24-hour variation, together
the contrary, Molchanov et al. (1998), who determined thewith its harmonics, is shown. It is interesting to note that
TT from signal phase variations, found that results are morehe higher harmonics are not always present, and their rel-
clear for afternoon TT than for morning TT. Also in this case ative amplitude changes with time. In particular, we note
no clear correspondence between TT anomalies and reporta#iat around day 280, 2002, the odd harmonics emerge very
seismic events is found. clearly; they persist for more than 20 days and seem to disap-

In Fig. 9 we show the VLF signals dynamic spectra for pear in correspondence to the Molise seismic sequence (days
the time period September 2002—March 2003, when the dat804—316).
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4 Conclusions Hayakawa, M. and Fujinawa, Y.: Electromagnetic Phenomena Re-
lated to earthquake Prediction, Terra Sci. Pub. Comp., Tokyo,
677 p., 1994,

In order'to acquire a better knpwledge of the natural teptono—Hayakaway M. and Molchanov, O. A., (eds.): Seismo Electromag-
magnetic and electromagnetic phenomena observed in Cen- pegics: L ithosphere-Atmosphere-lonosphere Coupling, TERRA-
tral Italy, seismomagnetic and VLF data were recorded and pyg, 477 p., Tokyo, 2002.

analysed in the search of possible correlation to seismic acrayakawa, M., Molchanov, O. A., Ondoh, T., and Kaway, E.:
tivity. No evidence of magnetic time variations of crustal  The precursory signature effect of the Kobe earthquake in VLF
origin in association to earthquake occurrences was clearly subionospheric signal, J. Comm. Res. Lab., Tokyo, 43, 169-180,
found. Wavelet analysis was applied to seismomagnetic sig- 1996a.

nals in order to better characterize the behaviour of each stddayakawa, M., Molchanov, O. A., Ondoh, T., and Kaway, E.:
tion response, with hidden discontinuities and spikes into the Anomalies in the sub-ionospheric VLF signals for the 1995
signal. This analysis has shown the existence of some power nggg'ke“ Nanbu earthquake, J. Phys. Earth, 44, 413-418,
enhancements in the dynamic spectra in correspondence '

fi iods of seismi tivity. | ticul ?l(IGV (Istituto Nazionale di Geofisica e Vulcanologia): Seismic
Ime periods of seismic activity. In particular, a power en- Bulletin (Rome), 2004.

hancement emerges in correspondence of the Potenza earthsnsion, M. J. S.: Review of electrical and magnetic fields ac-

quake in April 2002. In the case of the Adriatic sequence, companying seismic and volcanic activity, Surv. Geophys., 18,

when no indication of unusual external magnetic perturba- 441-475, 1997.

tions is present in the data, a long duration power enhancejohnston M.: Electromagnetic fields generated by earthquakes, in:
ment shows up at the beginning of 2003. International Handbook of Earthquake and Engineering Seismol-
ogy, part A, edited by: Lee, W., Kanamori, H., Jennings, P., and

In the assessment of earthquake electromagnetic related Kisslinger, K., 621-634, Academic Press, 2002.

phenomena, continuous VLF observation seems to have @Ieloni, A., Patella, D., Vallianatos, F., and Zolesi, B. (eds.): Mag-

promising role. In our case, VL_F wave plots for 20 and netic, Electric and Electromagnetic Methods in Seismology and
40kHz signal levels in their 1-min averages do not reveal \jgicanology, Chania Greece, Annali di Geofisica, 44, 2, 474 p.,
significant variations comparable to those recorded in the 2qo1.

1997 event (Meloni et al., 2001). Data achieved in theMeloni, A., Di Mauro, D., Lepidi, S., Mele, G., and Palangio,
following years have shown that evident variations are P.: Tectonomagnetic and VLF electromagnetic signals in Cen-
not frequently recorded at L'Aquila and moreover at the tral ltaly, Annals of Geophysics, 47, 29-34, 2004.

same time no other significant earthquakes were recordedvieyer, Y.: Wavelets: Algorithms and Applications, Society for
However, the connection between VLF signals perturbations !ndustrial and Applied Mathematics, Philadelphia, 13-31, 101~
and earthquake occurrence is reported in literature for events 105, 1993. ) i ,
with Md>5.5. Statistics on data also showed that some™°/chanov, O. A. and Hayakawa, M.: Subionospheric VLF signal

ionospheric parameters helo us to find some peculiarities perturbations possibly related to earthquakes, J. Geophys. Res.,
P P P P 103, 17 489-17 504, 1998.

which give a distinctive identity to the mgagurement po_int. Molchanov, O. A., Hayakawa, M., Oudoh, T., and Kaway, E.: Pre-
More data are needed to reach convincing conclusions cyrsory effects in the subionospheric VLF signals for the Kobe
but continuous monitoring of tectonomagnetic and VLF  earthquake, Phys. Earth Planet. Inter., 105, 239—248, 1998.

integrated averages time variations will be continued in thiSMorgounov, V. A., Ondoh, T., and Nagai, S., Anomalous varia-

area of Central Italy. tion of VLF signals associated with strong earthquakés-€7),
in: Electromagnetic Phenomena Related to earthquake Predic-
Edited by: P. F. Biagi tion, edited by: Hayakawa, M. and Fujinawa, Y., Terra Sci. Pub.

Comp., Tokyo, 409 p., 1994.

Nagao, T., Enomoto, Y., Fujinawa, Y., Hata, M., Hayakawa, M.,
Huang, Q., lzutsu, J. Kushida, Y., Maeda, K., Oike, K., Uyeda,
S., and Yoshino, T.: Electromagnetic anomalies associated with
1995 Kobe earthquake, J. Geodyn., 33, 401-411, 2002.
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