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Abstract. In this study, we report on Total Electron Content magnetic signal received during the period just prior to EQs.
(TEC) and Very Low Frequency (VLF) space measurementsThose anomalies also affected the Earth’s ionosphere as re-
derived from Global Positioning System (GPS) and DEME- viewed by Pulinets and Boyarchuk (2004) who summarized
TER satellites, respectively. These measurements are assotie major characteristic parameters of the observed effects on
ated with the earthquake (EQ) of a magnitude of 6.3, whichthe basis of hundreds of seismic cases.

occurred on 6 April 2009, in L'Aquila (Italy). Anomaly fea-

tures are derived from the analysis of TEC and VLF observa-1.1 lonospheric electron density anomalies

tions recorded two weeks before and after the seismic event )
occurrence. A TEC map with an interpolated regional pixel At the end of the 1900s, space observations showed the

resolution of 2 x 1° x 15 min in latitude, longitude and time  Presence of electron density anomalies of the ionospheric

was generated, allowing for the checking of a possible presE region a few days before some strong EQs using top-

ence of disturbances over the L'’Aquila region. This analysisSid€ sounder installed on board orbiting satellites (Pulinets,
is combined with the study of the time profile associated to1998). This relation has been confirmed by Hayakawa et
the VLF flux density variations recorded by the Instrument &l- (2000) and Liu et al. (2000) using INTERCOSMOS-

Champ Electrique (ICE) experiment on-board DEMETER 24 sate_lllte and grognd-.based local ionosonde Qbservatlons,
satellite. We discuss, on the one hand, the combination effi’f@SPectively. Investigations reported a correlation between
ciency of the electronic density and the VLF electromagnetic9!0Pal distribution of seismic activity and ion density vari-

measurements and, on the other hand, the difficulty to distin@ons in the ionosphere. The correlation is found only for

guish between global effects and regional ones related to thdaytime (10:00-16:00LT), quiet magnetic conditions and
earthquake. altitude range 500-700km. The main weakness of the

ionosonde technique has been the limited spatial and tem-
poral coverage (Davies, 1990).
The deployment of thousands of ground-based GPS re-

1 Introduction ceivers allows us to monitor the Earth’s surface deformation

rates (Calais and Amarjargal, 2000) and to monitor simul-
Electromagnetic phenomena associated with EQs haveaneously and continuously the ionospheric TEC. The TEC
been extensively discussed in the literature as reported iparameter represents the sum of electrons pdyatween the
Molchanov and Hayakawa (2008). Investigations havealtitude of the satellite and the ground. Therefore, it leads, in
shown anomalous increases in the intensity of the electroparticular, to estimating the density in the F layer which is

much larger than in the others.
Correspondence td. Stangl
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The GPS observations have been used to study the varidefore earthquake occurrences. Models deal with the inter-
tion of TEC before and after EQs. Combining the data of theactions between the acoustic and gravity waves due to ther-
GPS receivers network, time and spatial variations of TECmodynamical processes in the Earth’s crust.
prior to the earthquakes have been examined and found that Sources such as sub-surface and nuclear explosions, large
ionospheric disturbances of the TEC were triggered by seisvolcanic eruptions, strong earthquakes and rocket launches
mic events. Hence, scientists have reported an apparent rare known to excite atmospheric waves (Blanc, 1985). They
duction in GPS TEC a few days prior to some strong EQsgenerate acoustic and gravity-acoustic waves that propagate
(e.g., Calais and Minster, 1995; Liu et al., 2001, 2002). Morelaterally and upward, away from the source. These perturba-
recently Akhoondzadeh et al. (2010) and Zhao et al. (2008}ions eventually reach the ionospheric layers. Aerosols and
reported TEC investigations where the anomalous enhanceametallic ions emitted in the atmosphere may have affected
ment occurred in the ionosphere a few days before earththe ionosphere above the seismic regions (Pulinets and Bo-
quake occurrences. yarchuk, 2004).

Also the penetration of an electrostatic field, from a source
located in the lithosphere into the ionosphere, has been in-
vestigated. The electrostatic problem is solved numerically
for a medium with an inhomogeneous anisotropic conductiv-

. . . . ity coupled to an effective upper boundary condition. The
;h?n(zzﬁg\/;rguo;_'igggzp?]2:2 sir;u;:)::i?gr?nfor(;h: ;?:viaEgresults show that the electric field in the ionosphere’s D-
aly 1996) indicated thart)t the ionosphere is gxtrerﬁely Sensi[ayer can effectively change the parameters of the lower iono-
tiv”e 10 seismic activities. The French DEMETER mission sphere. It is concluded that the atmospheric conductivity

: " . . : at 60 km can change by 30-70% as a result of electrostatic
provides a new opportunity to investigate anomalies of theperturbations, created before the onset of earthquakes, and

|qnosphere _rglated to EQs. 'I_'h|s_ is the first satellite Ole'the penetration of an electrostatic field from the lithosphere
signed specifically for the monitoring of EQs. Molchanov

. . ) into the ionosphere above 60 km is much better at nighttime
e ey 2% Sl curng he day (Grimal e al. 2003, Hoveer e
9 9 l%cent studies by Ampferer et al. (2010) and Denisenko et

?yk';he elet_:tnc IleI(:ID(Be;thfllelr gtog:; 20%6) ag%g&%ﬁ;gal. (2008) showed the difficulty and the complexity in study-
rﬁcr:_)(zfémgn ﬁ-y(]earfrg r?d 21”dro r)1 (t)r?e \(;aL\Ir: transmitter ing the physical penetration mechanism of the electric field
micro-s Ie. y jound & P! ransmi from the Earth’s surface, through the atmosphere-ionosphere
Intensity Ieve_l abov_e E.QS regions in Europe af‘d n Asia. layers and to its detection in space by satellites.

Later.on, investigations confirmed _these findings as re- In Sect. 2 of this paper, we describe the total electron
Ft)ort%d \}TF‘j‘E;e“.il p?pers. dR(ojsz)nm et al. ((12807) dmc;n'content and the electric field measurements observed above
ltore signais recorded by a ground-based Sta-, . L'Aquila region in the time interval from 15 March to
tion (Kamchatka, Russia) and others by DEMETER micro- 12 April 2009. The main aim is to show the variations of

satellite. They considered EQs which occurred in the Japan;, :
o th h I ters bef d after th f
Kamchatka region in November—December 2004 and July— 0Se physical paramelers bEIore and after e oceurrence o

. . the earthquakes on 6 April 2009. In Sect. 3, the Ap index
September 2005, aqd showed clear anomalies both in thg, 4 g jon density are considered and the solar and geo-
ground and in satellite data. Muto et al. (2008) followed

i iviti I . We di findi
the method proposed by Molchanov et al. (2006) to analys magnetic activities are analysed. We discuss our findings and

Japanese EQs which happened from June to August 200 .e summarize our main results in the two last sections.
They found significant changes in the intensity and, in par-
ticular, in the signal-to-noise ratio before the EQ, which is

considered to be a precursory ionospheric signature of the
EQ. Boudjada et al. (2008, 2010) found a similar drop inthe, 1 TEC maps

natural whistler VLF intensity level a few days before the

EQs in the Adriatic region. Using different methods basedTEC is a descriptive quantity for the ionosphere of the Earth.
mainly on the processing of the recorded dynamic spectrumyt s defined as the total number of electrons present along
for each half orbit, authors lead to estimate the maximum ofihe path between two points. The ionospheric models are

the intensity level through the observed channel frequency ohased on the so-called Single Layer Model (SLM), which

1.2 Detection of VLF natural and transmitters signals
above seismic regions

Data investigation

ICE experiment. assumes that all free electrons are concentrated in a thin shell
of infinitesimal thickness at 450 km.
1.3 Nature of the lithosphere-ionosphere interactions The determination of the vertical TEC is based on spheri-

cal harmonics up to a degree and order 15 and is produced on
Several models have been proposed to explain the behavioarregional scale with 19 contributing GPS stations. The TEC
of the lithosphere-atmosphere-ionosphere coupled systemaps have an interpolated spatial resolution ok 1° and

Nat. Hazards Earth Syst. Sci., 11, 101024 2011 www.nat-hazards-earth-syst-sci.net/11/1019/2011/
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are produced every 15min. Figuteshows a time series of
the mean TEC values at 20h (UTC) for a period around the
EQ. Itis interesting to note the random variation of the mean
TEC from 15 to 29 March. From the beginning of April and i
until the earthquake occurrence, we find a clear progressive 1 L 5 . 55 o -
increase of the TEC values. A few days before the EQ, we poY - 2009
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Fig. 3. Variation of the whistlers VLF emissions observed daily

. . , . . above L'Aquila regions by ICE experiment on board DEMETER
2.2 lonospheric VLF sounding above L'Aquila region micro-satellite at a frequency of 5195.313 Hz.

We analyse the electric field intensity variations recorded

on board DEMETER micro-satellite by ICE experiment. It sty variation of the transmitter signal as recorded on board
was launched on 29 June 2004, with a synchronous solapEMETER micro-satellite. Each point indicates the aver-

qUﬁSi-CirCle Orbit, an inclination of 98 3&nd a low-altitude aged intensity derived from a cluster of measurements ob-
of about 710km (Parrot et al., 2006). The ICE experimentserved during 12 h. Afterwards, we compute the correspond-
is devoted to the investigation of the wave electric field in ing standard deviation obtained from a sample population of
four separate frequency channels: DC/ULF (0.15Hz), ELF5 elements around the interpolated point. Similar data pro-

(15Hz-1kHz), VLF (15Hz-17.4kHz) and HF (10kHz- cessing is performed in the case of the second frequefy (
3.175MHz). We use the so-called survey mode which leadsas displayed in Fig3.

to record low bit rate data all around the Earth at invariant - combining Fig.2 and 3 it is interesting to note that the

latitudes less than 65Berthelier et al., 2006). The spectral /| signals is decreasing a few days before the EQ occur-
pixel resolution is about 2.048 s and 19.53 Hz. rence. Itis mainly the case of the amplitude of the transmitter
The used method consists of selecting orbits whensignal where we note a drop of one order of magnitude.
DEMETER micro-satellite was above LAquila (Lati-
tude =42.38N, Longitude =13.32E). The period of inves-
tigation is from 15 March to 11 April 2009. During this 3 Geomagnetic variations
time interval, gaps occurred in the DEMETER data at two
occasions: (a) 23 and 24 March, and (b) 6 and 7 April. For arithmetical and statistical manipulations, a linear three-
A “rectangle” area centred on L'Aquila region is consid- hourly range Ap index has been derived Buartels et al.
ered with latitude and longitude intervals from 32.3® (1939 from the logarithmic Kp index describing the mag-
52.38 N and 8.32 to 18.32 E. This leads to daily collected netic activity (Jacobs, 1989). The Ap index ranges from O
measurements of ICE experiment mainly when the satelto 400, from quiet to severe storm. Figutg§upper panel)
lite is on the nightside of the Earth at about 22:00LT. In shows the Ap index during the investigation period, includ-
this study, we select two frequencigs = 166525Hz and  ing the day of the EQ. Small amplitudes of approximately
f2 =5195313 Hz and analyse the corresponding intensity15 before and 18 after the EQ can be observed on 27 March
levels above L'Aquila. The first frequency is the closest and 10 April, which indicate unsettled and active geomag-
frequency to the DFY-German transmitter emitting at a fre- netic circumstances, respectively. The Ap index is found,
quency of 16.56 kHz and localised at a longitude of E3  on average, of about 3 in the time interval from 1 to 6 April
and a latitude of 5239N. Figure2 shows the averaged inten- 2010. The geomagnetic activity was predominantly quite low

www.nat-hazards-earth-syst-sci.net/11/1019/2011/ Nat. Hazards Earth Syst. Sci., 1100312611
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Fig. 4. Ap index (top panel) and ion density (bottom panel) measurements recorded during the DEMETER orbital transition periods above
L'Aquila regions.

when it is compared to other periods, like the end of Marchto each frequency. In the case of DFY-German transmit-

and after EQ. Compatible to this, a time series of ion densityter frequency (i.e.f1), the intensity started to decrease on

recorded from the Advanced Composition Explorer (ACE) is 2 April (DOY =91) and reached its minimum on 6 April

shown in Fig.4 (lower panel). ACE is operating close to the (DOY =96) (see Fig. 2). The intensity level associated to the

L1 Lagrange point to study comprising energetic particlessecond frequency decreased a few days earlier, on 30 March

from the solar wind and interplanetary medium. (DOY =89) and attained minima on 5 April (DOY =95) (see
Fig. 3). The common period is found to be between 2 and
5 April 2009. During this period of 4 days the TEC progres-

4 Discussion sively increases and reaches maxima one day before and after
EQ. Probably the drop of the VLF signals is a consequence

We report on TEC and VLF measurements related toof the ionospheric disturbances.

L'Aquila earthquakes. In both cases, we have found a par-

ticular variations of those parameters before and after the oc4-2  Unlike VLF signal behaviour in the disturbed

currence of the seismic events. In the following section, we ionosphere

discuss our outcomes and their relations to particular effects o
which took place in the ionosphere. We find that the drop in signals needs shorter and a longer

time intervals for VLF 1 and f> frequencies, respectively.
The behaviour of each frequency is not alike. On the one
4.1 VLF anomalies as a consequence of TEC side, the signal of the transmittefy), emitted from the Ger-
ionospheric disturbance man ground-based station, is “damped” in 5days reaching
minima one day before the EQ. On the other side, the so-
The combination of GPS and DEMETER space observationga|ied whistler emissionfp), generated mainly in the mag-
enables us to check the behaviour of the ionosphere abovgetosphere, decreased in 7 days and attained minima the day
the L'Aquila seismic regions. of the L'Aquila seismic event. This indicates that the whistler
First the GPS satellites provide electronic density con-emissions suffer the earthquakes ionospheric disturbance two
tent above the L'Aquila region. In normal cases, the TEC days before the transmitter signals. Since the whistler are
values are correlated to the geomagnetic variations and thgmagnetospheric emissions, they propagate along the Earth’s
ACE data, because all of them are triggered by solar eventsmagnetic field at altitudes higher than the D- and E-layers.
However, we find that before the L’Aquila earthquake OCCUI-In this case the TEC measurements may not be adapted to
rence the TEC increased but the two other parameters (Apemote layers higher than D-E ionospheric layers.
and ACE) do not show similar variations. Itis supposed that However, the TEC and VLF transmitter measurements
the electron number enhancements must have another sourggowed increase and decrease variations in the same time
than the sun and might be a regional phenomenon related tiyterval (i.e., from 2 (DOY =92) to 5 (DOY = 96) April), re-
the EQ. spectively. This suggests that the TEC measurements of D-
Secondly DEMETER micro-satellite leads us to measureand E-layers can be considered as a map out of the iono-
the electric field variation during its orbital transits above spheric activity. Despite the fact that the electronic density
the L'Aquila region. We find that the VLF amplitude sig- of GPS satellites indicates the sum of electrons between the
nal showed a drop in the intensity level at two frequencies, DEMETER micro-satellite and the ground.
f1=166525Hz andf> =5195313 Hz. It is noted that the
decreases are different when we combine the signal related

Nat. Hazards Earth Syst. Sci., 11, 101024 2011 www.nat-hazards-earth-syst-sci.net/11/1019/2011/
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5 Conclusions Boudjada, M. Y., Schwingenschuh, K., 6er, R., Rohznoi,

A., Parrot, M., Biagi, P. F., Galopeau, P. H. M., Solovieva,
We analyse the Total Electron Content (TEC) and Very Low M., Molchanov, O., Biernat, H. K., Stangl, G., Lammer, H.,
Frequency (VLF) space measurements derived from Global Moldovan, 1., Voller, W., and Ampferer, M.: Decrease of VLF
Positioning System (GPS) and DEMETER satellites, respec- transmitter signal and Chorus-whistler waves before I'Aquila
tively. We show anomaly enhancements in TEC measure- earthquake occurrence, Nat. Hazards Earth Syst. Sci., 10, 1487—
ment a few days before the L'Aquila earthquakes. Drop ofC 14.94,201:13.i/ll'94/nheJSSE31(_)-(1;|;8S7-§OHMO. . heric TEC
intensity levels of VLF electric field occur in quasi-similar apaelrsthrt;a?izns f(l)rlllsotv?/ﬁwg.thé. Januaryer;cnlcggz ll\loc?r?r?rpi) dgecgcearth
time intervals, i.e., from 2 to 5 April. The TEC enhancement ‘ ’ ’

. . . . gquake, Geophys. Res. Lett., 22(9), 1045-1048, 1995.
is at the origin of the drop of both VLF intensity levels. The Calais, E. and Amarjargal, S.: New constraints on current de-

ray paths of VLF emissions are deviated during their prop-  tormation in Asia from continuous GPS measurements at Ulan
agations in the turbulent ionosphere. The VLF signal level Baatar, Mongolia, Geophys. Res. Lett., 27(10), 1527-1530,
drops because it only occasionally reaches the DEMETER doi:10.1029/1999GL005442000.

satellite. Further investigations should provide a quantitativeDavies, K.: lonospheric Radio, Peter Pergrinus, London, 1990.
description of the VLF wave propagation through enhancedDenisenko, V. V., Boudjada, M. Y., Horn, M., Pomozoy, E. V., Bier-

plasma due to seismo-ionospheric disturbance. nat, H. K., Schwingenschuh, K., Lammer, H., Prattes, G., and
Cristea, E.: lonospheric conductivity effects on electrostatic field

penetration into the ionosphere, Nat. Hazards Earth Syst. Sci., 8,
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