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Abstract.lonospheric  TEC (Total Electron Content) variatiomerived from GPS
measurements recordedat 7 GPS stationsin Nort@emiraland Southern Italy before and
after the 2009Abruzzo earthquake (EQ) of magnitMde.3 were processed and analyzed.
The analysis included interpolated and non-interfgal TEC data. Variationsin the TEC of
both regional andlocal characteristics were revkdbeveral regional changes were observed
in the studied period: 1 January-21 April 2009.eAfanalyzing non-interpolated TEC data
of5GPS stations in Central ItalyJpg (Perugia),Untr(Terni), Aqui (Aquila), MOse (Rome)
andPaca (Palma Campania, Naples)),a local disturbanceE Was also found. This local
TEC disturbancearisespreparatory to the EQ maicksuourred at 01:32 UT on 06 April
2009, maximizes its amplitudeof ~ 0.8 TECu after shock moment and disappears after it.

The localTEC disturbance was confined at heightsvib@60 km, i.e. in the lower ionosphere.
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1. Introduction

Electromagnetic perturbations due to seismic dghave been known for a long time (Milne,
1890). Variations in ionospheric parameters abmisnsically active regionsare one of the
most actual aspects of these perturbations. She@ibneering investigations devoted to the
ionospheric effects caused bythe powerful Alaskéhgaake occurredon March 28, 1964 (

= 9.2), extensive research of seismic-related afmmaeffects in different ionospheric
parameters has been carried out for a few decddimgegs and Baker 1965, Leonard and
Barnes 1965, Datchenko et al. 1972, Larkina el@83, Gokhberg et al. 1983, Parrot and
Mogilevsky 1989, Hayakawa 1999, Hayakawa and Moaioka 2002, Strakhov and
Liperovsky 1999, Pulinets and Boyarchuk 2004). Agati the ionospheric parameters being
sensitive to strong earthquakes (EQs)the oneseofF thregion and theTotal Electron Content
(TEC) are those for which the earthquake inducediatilans are studied the
most.VariationsintheF2 regionparametershavebeeamdraty revealed a few days before
strong EQsby means of ground-based vertical sogndi@okhberg et al. 1988,
Gaivoronskaya and Zelenova 1991, Pulinets 1998 00ri®98, 2000, Liu et aP000, Silina

et al. 2001, Rios et al. 2004). A decrease of tiizal frequency of the F2 layef,E2) from

its monthly medianat single ionosonde station Wakkavasobserved within £3 days around
the strongEQwith M=7.8 in Japan (Ondoh, 1998, 20D@rcreases dfF2observed one, three,
and fourdays before the main shock of the poweti#Chi EQat single ionospheric station
in Taiwan (M=8.2) also have been recordedby Liuakt(2000).They have found that
thecorresponding electron density decrease is d@i®from its normal value obtained from
15-day medianprocess. Very close similarities inrstrmarameters describingthe precursory
anomalies (leading time, sign &fF2 andvalue of electron density depletion, duratxdn
eachanomaly, and time period in LT) have been densd by Hobara and Parrot (2005).

Simultaneous records from 60 different ionosphstations have enabled Hobara and Parrot



(2005) to separate the global events from thelowslp and to find that theHachinohe
EQevent (M=8.3)was characterized bigg@ decrease of 3MHz 4 days beforeand 2 days after
the EQ, this decrease maximizing.This in the attem(15:00 LT) hours.Statistical analyses
have been also conducted by Liu et al., 20060onilples®lationships between tifg2 effects

and 184 EQswith M>5.0 occurring during years HIBD9 in the Taiwan area. They have
revealed that the effect ¢§F2 decrease (more than25% lower than the mediarerefe
curve) takes place in the afternoon time and withidays before the EQ. Moreover, they
have also found that this effect increases withB@enagnitude, decreaseswith the distance of
the ionospheric station from the epicenter (onditishs within a distance of 150 km from the
epicenter can show this EQinduced variations), amatonly the M>5.4 EQshave a

significantchance to cause suchfgf?2 decrease.

Statistical analyses on ionosphericchanges prioisttongEQsshow that abnormal TEC
disturbances occur aroundthe epicentral area(adredis and even thousand km) several days
before the occurrence of EQs (Liu et al, 2000, 2@004). It is not surprising that the vertical
TECobtained using GPS (dual frequency measuremangs$o very sensitive to changes in
thef,F2electron density measured by ionosondes. AcogitdirHouminer and Soicher (1996)
the correlation between TECand foF2can reach theevaf 0.9. In that way, the anomalous
ionosphere modification before some strong EQshamenb found using GPS
TECmeasurements in the recent years (Calais ansté#it995, Liu et al. 2002, 2004, Plotkin
2003, Pulinets et al. 2005, Krankowski et al. 20d6kharenkova et al. 2006, 2007a,b,
Ouzounov et al (2011)). Results from TEC measurémeund Chi—Chi earthquakeby Liu et
al. (2001) showedsevere depletion of TEC arouncephieenter (with a radius 0f100—-200 km)
some days before the EQ. A 15-day running mediathefTEC and the associated inter-
quartile range have been utilized as a referenceéntifying abnormal TEC signals during

20M>6.0 EQsin the Taiwan area from September 1999 wedber 2002 (Liu et al, 2000,



2004). Their results show that the pre-earthquak€ Tanomalies appear during 18:00—
22:00LT within 5 days prior to 16 of all the 26#8.0 considered EQs. The study
performedby Pulinets et al. (2001) for severalre@sventslocated at various latitudes show
instead either a localizedenhancement or a dect#adectron density witha spatial extent of
about 20 in latitude and longitude.One day before the Kl{Southern Greece) EQoccurred
on 8 January 2006, a significant increase of TEGatnearest stations, up to values 50%
greater than the background condition, in the tinterval between 10:00 and22:00 UT has
been recorded.The area of this significant TECeodiaent had a size of about 4000 km in
longitude and 1500 km in latitude (Zakharenkova aét 2007a). Seismo-ionospheric
anomalies in GPS TECover European andJapan regieelsbenanalyzedby Zakharenkova et
al.(2007b) and letthem conclude that the occurrericguch variations may be registered in
Europe 1-2 days before theEQs, while for very girdapanese EQsthis temporal interval can
reach 5 days.

Recent analyses of ionosonde and/or TEC obsergatiomund strong earthquakes that have
recently occurred at Wenchuan (2008), Haiti (201@)d Tohoku (2011) confirmed the
appearance of large-scale TEC variations centdose ¢o the earthquake epicenters (Zhao et
al, 2008; Liu et al, 2009; Xu et al, 2010; Xu et2011; Liu et al, 2011; Akhoondzadeh and
Saradjian, 2011; Xu et al, 201Hle et al, 2012;Le at al, 2013).

On 9 May, 2008(a geomagnetic quiet day, Kp2), 3 days prior to the Wenchuan
earthquakethe averaged value of the maximum iomogplelectron density at F2 peak
(NmF2), measured by two Chinese ionosondes closeet&@ epicenter, was about 2 times
higher than the median value (Zhao et al, 2008)s Tihding (positive increase of F2 region
electron density on 9 May) was verified later by &ual (2010) using hourly values RgF2
from ten ionosondes’ measurements. FurthermoraguSlobal lonospheric Map (GIM), Liu

et al (2009) have foundthat TECabove the Wenchui@reiicenter anomalously decreased in



the afternoon of days 6-4 and in the late evenihglay 3 before the earthquake, but
increasedin the afternoon of day 3 before the gaeke. These results were supplemented by
F3/C satellite data that showed that the ionosphEf# peak electron dendityF2, and
heighh,,F2, decreased approximately 40% and descended 86680 km, respectively(Liu
et al, 2009). These findings indicate a sequencEe® reductions (lasting several days) and
an enhancement of TEC (in the afternoon hours pf3jgrior to the Wenchuan earthquake.
Xu et al (2011) have tried to model analyticallg thuasistatic electric field,one of the most
reasonable mechanism of generation of seismo4arer& variations. Based on five out of
ten ionosonde measurements, the authors succeegieahtifying the quasistatic electric field
magnitude as 2 mV/m, that is one order higher tharbackground electric field values.

TEC enhancements over the epicenter were alsowazsen 11 January 2010, a day prior to
theHaiti earthquake (Liu et al, 2011). Applyingearmethods (interquartile method, wavelet
transformation and Kalman filter),Akhoondzadeh arfsaradjian (2011) have detected a
considerable number of anomalous TEC occurrencés avitime resolution of two hours
during the 15 days prior to the earthquakes ocduateSamoa (2009) and Haiti (2010) in a
period of low geomagnetic activity. The authors enmidedhow the TEC anomalies were

highly related to impending earthquakes.

When earthquakes occurred during periods of hidgr swtivity and/or geomagnetic activity
(e.g. Tohoku EQ), ionospheric anomalies were atteaded (Ouzounov et al, 2011; He et al,
2012; Le et al,2013).. After removing the influerafesolar radiation origin in GIM TEC, the
analysis results showed that TEC around the Tolepkeenter increased in the afternoon on
8 March 2011, 3 days before the earthquake (He 8042). Le et al (2013) have also shown
that only the solar radiation enhancement is naiugh to produce the observed TEC

enhancement on 8 March, i.e. the observed TEC eehant might be related to a combined



effect of the earthquake preparation process anchggnetic activity occurred on 7 March

2011.

Anotherform of enhancement of ionospheric TEC imiaieetly before the 2011 Tohoku-oki
earthquake (M9) has been reported by Heki (2011). The TEC erdrarat emerges ~ 40
minutes before the main shock. Heki and Enomotd.32thave scrutinized the nature of
characteristics of the TEC change preceding thd 2819 Tohoku earthquake. The authors
first have confirmed the reality of the enhancemesihg also ionosonde and magnetometer
data. The amplitude of the preseismic TEC enhanoemevithin the natural variability, and
its snapshot resembles to large-scale travelingsipneric disturbances. The authors have
shown that similar TEC anomalies occured befor¢hallM>8.5 earthquakes happened in this

century, suggesting their seismic origin (Heki &mbmoto, 2013).

In this paper using data from 5 GPS stationsin @értaly and some other stations in
Northern and Southernltaly we thoroughly analyzklietnporal and spatial characteristics of
ionospheric TEC variations in association with th@09 Abruzzo earthquake. We pay
attention on TEC changes around the main EQ shockreed on 6 April 2009. We will
differentiate regional changes from local ones #meh compare the observed local TEC
changes with the recent Heki’s findings.

2. Data and analysis

The very destructiveAbruzzo earthquakeoccurredechas L’Aquila on April06, 2009, at
01:32 UT;the latitude and longitudeof the epicenteere 42.33N and 13.33E,
respectively,and the correspondingmagnitude equall{=6.3 (M _=5.8). This earthquake
was classified by the Istituto Nazionale di Gecfise Vulcanologia as an/M5.8 event, with

a depth of 8.8 km. It was preceded by a persigeismic activity for approximately three
months: namely, between January 16 and April 592@@ seismic events with 2 < K3,

and 9 with M> 3wereregistered in the territory (Fig. 1). Thesgest event was followed by



a large numbers of aftershocks with remarkable tsven April 7, 17:47 UT (M = 5.3) and
on April 9, 00:52 UT (M= 5.1)(Fig. 2).
GPS system consists of more than 24 satellitejliigedin 6 orbits around the Earth at an
altitude of ~ 20000 km.Each satellite transmits Idwery high frequencies of signals,
1575.42and 1227.60 MHz.lonospheric TEC can be ctmapon the basis of phase delay
between Global Positioning System (GPS) stational dfrequencies while electromagnetic
wave propagatesthrough ionosphere. The slant THEQ$ i.e. the integral of the electron
density over a line ofsight from a ground receiteea satellite on the signalpropagation path,
can be estimated from the standard GPS observajisesido-range and phase), relative to
the two available carrieffs (1575.42 MHz) and, (1227.60 MHz). This is done forming the
differential delays of the pseudo-ranges (direcly)d phases (transformed into optical
pathd; and L) relative to the two carriers. Properly combinitite code and phase
differential delaysone getsthe STECbetween a GRHlisand a groundbased dual-frequency
receiver, which can be written as

STEC =a [fy* £/(f.* - £AI(Li-L)~(B +5) - tiard (1)
where a = 1/40.33 +fare the differential hardware biasesfor received aatellite,
respectively ands an additional term, variable from arc to arc, defweg on the way the
receiver processes the pseudo-range. For the dagtd m present work, a calibration
technique estimated, cumulatively, the hardwaresdsiaplus the terrufor each arc. It is
worth noting that the presence of gaps in the daty severely affect the calibration.
Unfortunately, recording of TEC data from tlAgui (L'’Aquila) station (the closest to the
earthquake epicenter) was interrupted around the $BQck, and this unfortunately
constrained us to neglect these data. Another arautomes from the fact that each
satellite-receiver pair has a different measurement biasefine only their temporal changes

are meaningful and analyzed further.



The STECcan be convertedto vertical TEC (VTEC),alhis the projectionof oblique TEC
on the thin-shell, using an elevationmapping functiDautermann et al, 2007).The location
of a recorded VTEC is defined as the intercepthef tay path of the GPS signal and the
ionospheremodeledas a thin shell at a height of WD Thisintercept is named as:
ionospheric piercepoint (IPP). The VTECs can berjlated in order to estimate the vertical
TEC in locations different from the IPP’s, in padiar along the vertical over the TECGPS
station. Further in the text, only VTEC is analyzatl hence, the standardacronym TEC is
used for VTEC.

Time resolution of the set of interpolated TECdatauseis5 min, i.e.288 values per day for
each TEC station. GPS datafrom January 1 to Apr2R09 of 17 stations(in Italy mainly and
Greece)are processed and then corresponding TECsgnes obtained. These time series are
given in TEC units (TECu), where 1 TECu ZiGlectrons/mBecause of satellite and
receiver biasesf and £, and y, the calculated interpolated TEC data from diffieére
satellitescan differ and the TEC difference carched-2 TECu. For non-interpolated TEC

dataonly temporal changes are meaningful and hiake®a into account.
2.1. Interpolated TEC data

In statistics,envelope method is mostly used tdiflepossible significance of disturbances.
Under the assumption ofnormal distribution with mea and standard deviatienof
TECsandif an inter-quartile range is assumed (duy.et al, 2004), the expected values of
upper bound and lower bound of envelopeaté.34%. If the observed TECfalls out of either
the associated lower or upper bounds of such ael@pw,it is declared at confidence level of
about 82% that alower or upper abnormal signaleteated. Li et al (2009) have used
boundg+2 ¢, and for that casethe confidencelevel is equab%Jhus, upper andlower
bounds of TEC variations can be determined atdiffeconfidence levels. The meanfor a

sliding window, which is 4 days long, is assume#iaskground TEC.Interpolated TEC



variationsand corresponding upper and lower boundsl at u+1.34wereinspectedfor 5
TEC stations, Unpg(43.1N,12,4E), Untr(42,6N,12.7E), Aqui (42.4N,13.4E), MOse
(41.9N,12.5E) anéPaca(40.9N,14.6E).For convenience only the interval@-A Apr 2009 is
illustrated(Fig. 3).The four TEC statiorisnpg, Untr, MOse andPaca, are the closest ones to
the EQ epicenter,with distances respectively of 0;1360, ~90 and ~180 km from
L’Aquila(Fig. 2).The actual TEC variations (in TECaf each TEC GPS station are in blue,
while the upper and lower bounds are marked resedetwith red and green lines. From
Figure3 it is possible to see that there are twonerds when the TEC value is below jhe
1.34 value (on 1-2 April) or exceedst 1.34(on 5-6 April).Inspecting the TEC variations
(not shown)for the whole interval, 04 Jan-21 Apf20one can see that there area lot of time
intervals on which the TEC values are definitelypwb the upper bound @ft+1.34 for all5
stations (such events are noticed on 24 Janua2y;1%; 21-22 and 27 February; 8-9, 21 and
24March; and 9 April 2009 implying thatpositive amaly variations occurred in these time
intervals). Variations at one TEC station only halso been observed: i) on 9 January at
stationMOse (close to Rome), ii) on 12 Januarylipg, and iii) on 5 Aprilat L’Aquila. TEC
spikes on 09 and 12 January are false signals dudata gaps. Anextremeanomalous
TECdisturbance of 3 TECuis recorded on 5 April catly’Aquila. Its duration is at least 11-

12 hours.

Looking at these TEC interpolated data (Fig.3)twmdk OfTEC disturbances were
discriminated: i) TECdisturbances of regional ch&athat appear simultaneously at all TEC
GPS stations in the L’Aquila area; and ii) disturbes of localcharacter that emerge at only
one TEC GPS station. The causes of disturbancekeofirst class need to be sought in
various regional and/or global factors,such as rigdamagnetic
activitymeteorological/lightning  activity, which pa significantly contribute to

ionosphereTEC variations. For the 1 January-2112009 the geomagnetic conditions were



pretty quiet with values ofthe geomagnetic index I§merthan 2 but, nonetheless, TEC
variations due to global and/or regional factoesf@wwever present.

Figure 4 illustrates interpolated TECdata from 3arth to 10 April 2009at L’Aquila area and
shows that regional TEC dataare by and large adémtiexcept for an interval of increased
dispersion on 3-6 April 2009. The geomagnetic a@gtifor the whole period was extremely
low (Kp < 3);hence, this unusual scattering isassgociated with the geomagnetic activity.
An operation failure of the GPS receiver at L’Aguffqui station) however occurred at 02:25
UT on the EQ day (6 April 2009) 53 minutes after the EQ shock moment.Because &f TE
data interruption around the EQ shock moment arbexjuent data calibration problems,
changes of TEC recorded at L’Aquila station (423\WE)wereclearly detached from the
TEC trends observed at the other TEC GPS statiotisei L’Aquila area;thus TEC changes
from Aqui around the EQ shockwere considered as fictiousande) will not be considered

further.

In order to find local meaningfulchanges of TEQime, regular changes in the TEC (diurnal

ones) should be removed. Thefollowing quantityisthrtroduced:

DTEC = (TEC{,j) —~(TECK,)))/o(TECK,)), i-5 <ksi-1 )

where TECKjj)represents the TEC value function of the dgyand minute j(= 1 to
288)UTEC) and o(TEC) denote respectively the mean value and thadsrd variation
calculated over the previous 5 daiSsi-1. Our choice corresponds to a 5-day running mean,
which is enough to remove the variationslarger tbadays.It is worth noting that such a
choice is dictated by the 5 minutes resolution BCTdata. The diurnal TEC variations are
strongly dependent on and move forth/back with sharise/sunset time. The difference
TEC(,))-1(TEC(K,))) thus represents the TEC signal to be investibater its

possiblerelationship with earthquake activity. B) {t is evaluatedby comparison with the

10



corresponding natural/observational TEC noiseseprted byo(TEC(K,j)), which describes
the overall(local) variability of the signal inclug) all sources of its variability, observed at
daytime momenfin similar observationalconditions occurred on poask days. In this way,
the measured TEC signal can be quantified in terhesgnal to noise (S/N) ratio. DTEC (2)
is henceforth calledEC index (or TECi). Calculation of DTEC variations accorgito (2)
means that we consider the TEC variations as sgrfaGaussian distribution. For standard
Gaussian distributions of signal the mean of DTEBGu&d be zero. If an anomalous signal
however exists in the time series, it is expectedrmerge clearlydetached from the Gaussian
distribution. Consequently the mean of such a s$igheuld be away from zero. For
theoretical foundation of signal detection problewes refer to the Neyman-Pearson test of
statistical hypotheses (see Neyman and Pearso8).193

Further, daily TEC indices can be calculated. Ipésformed by averaging over the all 288
TEC index values per day. Applying daily TEC indgwean of (2)) we are thus able to
discriminate possible anomalous signal from TECadsdries. The determined daily TEC
index (TECI) variations for the four stations ireth’Aquila(Unpg, Untr, MOse, Paca) area
are disposed for the period 01 3ah April 2009 (Figure5).The mean (MEAN) and stamdar
deviation (STD) are determined and, of coursegediifit for each statiorJfpg, Untr, MOse
and Paca). In seeking anomalous signals it is assumed gheh signals should exceed the
MAX value of al 4 MEANs +2* MAX of all 4 STDs, e
max(mean(TECi)+2*max(std(TECi))),and inversely, to be lower
thanmin(mean(TECH2*max(std(TECIi))).This condition appears more liesitre ifcompared

to one station measurements.One sees that the TR/ indices behave similarly and
presentseveral coinciding extremes for all 4 TECSGRations indicating TEC anomalies of
regional type.In the studied period such eventgappt least on 1-2 February, 19-20 March

and 5-6 April 2009.
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In particular, on 5 April 2009 a distinct (regiopaicrease of TEC density covers all latitudes

from Tori (Torino) toCagl(Cagliari) at least (over 5 degrees in latitudeguFe 6).
2.2. Non-inter polated data

Interpolated TEC data do not help to identify TEStutbance of local extent. The main
reason is that the IPPs from one GPS station adelydistributed and are intermixed with
the [IPPs of other GPS stations. Therefore actuah-{nterpolated) GPS TEC data with
sampling frequency of 30 seconds from each GPSllisatare also examined. Non-
interpolated TEC data are obtained from all saésllivith a minimum elevation angle EL of
around 10. In our analysis we exploit TEC data of satedliwgith EL=>67°. Of course, during
the course of the day different satellites appéa given GPS receiver and corresponding
TEC data collected from each satellite with EL67° are of short duration (several tens of
minutes and less). Figure 7 sketches sample etevatigle, azimuth angle and TECchanges
over ~6 hours period observed at Aqui station whthsatellite #8 on 5 April 2009.In addition,
TEC data from satellite #8 &intr are overlappedon those recordeflati. The TEC shows
gentle curvatures due to satellite elevation chaidee TEC trends @qui andUntr (=55 km
distance between them) are practically coincident.

Figure 8 represents pierce points (IPPs) of GPSlisas referred tdJntr (in black) andAqui

(in blue) stations.The EQ epicenter is markedbgdastar. The pierce points on 6 April are
calculated for elevation angles exceeding 83 degree pieces of GPS satellite trajectories
projected/mapped as pierce points at 400 km hegghtsketched. A crossing of pierce points
of the two stations is observed. The TEC variatiahshe two stations might be identical
provided that the spatial scales of TEC exceediderably the distance betweé&mtr and
Aqui (an assumption).In order to avoid possible intisa of IPPs of the two GPS stations
(Figure 8), sayAqui andUntr, elevation angle (EL) should be increased,e.g=EH6°. Then

IPPs of given GPS station would lie within a cirdé radius less than 30 km centered

12



aroundthe GPS receiver. Choosing much higher etgvangles imply that non-interpolated
TEC data will not provide continuous set of datanfg Under this circumstance numerous
data gaps are expected. Such TEC data gaps ddlowtta record uninterruptedly the whole
evolution of the disturbance process occurred atoine earthquake moment above the
epicentre.As can be seen(Figures9a and 9b), thentenpolated TEC data are grouped and
each group (spot centered, or located in time)ainatdata (30 points in average) only from
one satellite being over the questioned GPS sttion

Figures 8a and 8bshowTEC(non-interpolated datasaadllite data) as recorded ltr and
Aqui on 5, 6 April 2009.TEC data are practically codwit except for the satellites #8, #9
and #29 for which differences of up to several T&€re detected around midnight(compare
TEC at midnight on 5 vs 6 April (of ~3 TECu) andla¢ beginning 00:00 UT on5 April(of ~ 2
TECu)). The differences aquihowever were not considered reliable because ofd#ta
interruption occurred on 6 April. Therefore, TEC ieases afquias recorded by satellites #8,
#9, #29are considered doubttuhtrTEC data arethen used as indicative of possiblal loc
TEC variations expected ovéntr andAquistations separated by a distance of ~55 km. On the
other hand,the twdJntr and Aqui GPS stations are at distances of ~ 80 and90 km fhe
MOseGPS station. Thus TECdifferences (of local charqctecurred between two GPS
stations in the L’Aquila areaMO0se andUntr are further analyzed.

A TEC difference method is suggested here basetbosecutive satellite TEC data of two
close GPS stations. Differences DTEC=T&E TECnwand DTEC=TEGny—TECnosof non-
interpolated TEC data on days 28 March - 07 AD2 are constructed for statidwgi and
Untr(not presented here) and for statithirandmOse. These TEC data (for each satellite)
at given timet with elevation angle exceeding a certain value Bhuftaneously at the two
stations are substracted to each other. This mgthpdnciple, will allow variations of TEC

along quasi-parallel line-of-sights (due to the seloess of the two stations)to be
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excluded.Except variations whose scales are corblgaaad/or less than the distance between
close stations.One sees that with one exception b@o examined later) the DTEC
variationbetween different satellites is rangedweein 0.2 TECu for much of the
time(Figures10a and 10b). The absolute error of TE€surements is 0.01 TECu Y10
electrons/rf). The standard deviation varies from case to easkin fact lies between 0.050
and 0.145. Note that this becomes possible forec{eBS stations (of distance less than 100
km). Unfortunately, GPS satellites with elevatiorgke EL > 88 were absent around the EQ
shock momentbetween 16:00 UT (on 5 April) and 0480(on 6 April) for the Aquila area.

In seeking non-interpolated TEC data that wouldecdhhe EQ shock moment the elevation
angles EL was reduced to %6¥hen, TEC differences from satellites with EL 67°
revealeddefinitely different behaviera hump-like distribution of the DTEC difference af
~0.4-0.5 TECu, well above the noise level and standasgiation that were already
determined,also emerges centered close to the &) shoment(Figures10a and 10b).

It is important to have in mind thatTEC observasiatrictly provide electron content along
the ray satellitereceiver. Due tothe proximity ofthe two stationgOée and Untr) the
corresponding rays from a satellite are nearly lfgréforming a pairof IPPs). At the same
time, the ray pair from another satellite will irdect the ionosphere somewhere else, forming
another paired IPPs. Assatellites move, their [RfIsform intersecting traces overthe two
close stations area.Usually, the TEC difference weeh two close stations
practicallyapproximatesthe noisy level providedttii®e STEC distribution in the area of
intersecting traces is uniform. On the contrarygdamnon-uniform STEC conditions, TEC
difference between two close stations maybe redifferent from noise. Furthermore, one-
polarizedstructure (above the noisy level) can appe the situation where the paired IPP
traces become detached, below some height as &dafdrred from Figure 11a), and TEC

disturbance of local extent (over either station)mappear (Figure 11a). Under the chosen
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elevation angle EL> 67°, the IPPs ofuntrandViOse stations become detached at heights
below 160 km (Figure 1la and 11b). Therefore, gitraat the positive perturbatiohTEC
was recorded atntr but not atMOse, and taking into account Figures 11 and the relate
considerations, the perturbatidmEC can be thought to be likely initiated in thevér part of

the ionosphere, that is below 160 km.

The hump-like distribution is of amplitude 60L5 TECu prior to the EQ shock, followed by
a jump increase immediately after the EQ shock 0f8~TECu (Figure 10b). This jump might
be caused by the EQ shock itself and was locatebhtastation. TEC difference between the
two close station&Jntr andUnpg (of distance ~60 km) also was tested and did eetal
similar anomaly (figure not shown here). This sugjgehat the TEC disturbance is extended
up toUnpg station, but not td/0se. The relativeincrease of TEC betwedntr (Unpg) and
M0Ose stations starts at the end of 5 April(~2 hoursokethe EQ shock) and persists around
the EQ shock. Thus, the observed TEC difference lmarconsidered as a positive TEC

disturbance (of 0:40.5 TECu) centered at the EQ shock overdhtr station.

The examined non-interpolated TEC data (with elemaangle EL>67°) reveal an existence
of positive TEC disturbance localizedat tetr area placed atdistance ~80 km friifise. |t

is worth noting that théqui area is placed also itself approximately at thatagice of 90 km
from MOse, and thatthentr(Unpg)—-Aquiline liesapproximately parallel to the Appenine’s

fault system.

3. Discussion

Using GPS TEC data from TEC GPS stationswe invatdyionospheric anomalies for the
period 1 January-21 April 2009, including the®843 Abruzzo earthquake on 6 April 2009. In
our analysis the TEC data from the TEC statopi (the closest to the EQ epicenter) were

not considered because of GPS data interruptiosirngugalibration errors. For the mentioned
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periodpositive TEC increases of regional characteswobserved on 1-2 February, 19-20
March, 2009. Positive TEC increase was also recbaite5 April with an amplitude peak
close to the EQ epicenter (between Perubiapg) and PalmaRaca)). This regional TEC
increase starts ~ 16 hours before the EQ shock mioarel covers a zone from Torino (at
North) to Cagliari (at South). Regional TEC dataravby and large coincident except for an
interval of increased dispersion starting on 3Apnd ending on 6 April, 2009.1t is worth
noting that the regional TEC increase recorded @pBl was preceded by a regional TEC
reductionduringnighttime hours on 2 Apr 2009.

TEC changesf local character centered in time at the EQ shock moment was alsorded.
This local TEC disturbance was of shorter time tlara(~ 3 hours) and localized in the EQ
area. More specifically, the observed TEC distudeampresents aspatial scale which is
shorterthan the distance betwb®)se and Untr stations. Usually, local TEC increase and
subsequent density gradient mechanism would prodecsity expansion with sufficiently
low velocity and should result in TEC differencevieeen two close TEC stations. The TEC
difference in our case disappears ~ one hour after EQ shock. Further, the
latitudinal/longitudinal position of th&ntr station (42.6N, 12.7E) (where the positive TEC
anomaly was observed) is in NW direction from tli@ &picenter and approximately overlaps

with the local faults (including the ruptured omelented in NW-SE direction.

The only previous finding of positive TEC anomaljieh appears immediately before the
EQ shock, is by Heki (2011), Heki and Enomoto (20I3e positive TEC anomaly appears
~ 40 minutes before the great (M9) Tohoku earthquak 11 March 2011. This transient
anomaly emerges and disappears simultaneously vatadeTEC GPS stations placed at
different distances from the EQ epicenter. Anotivarve-like TEC disturbances of smaller

amplitude appears some time earlier and propagatks speed close to the acoustic one far
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away from the epicenter (Heki and Enomoto, 2013kiH2011) however has found similar

positive TEC anomalies anticipating other strongsE@und the world.

Asopposed to the Heki's finding of positive TEC arady (Heki, 2011; Keki and Enomoto,
2013), the positive TEC difference recorded arotimel L’Aquila EQ shock presents the

following characteristics:

i) it retains its positive value for ~ 3 hours. Thiatiee amplitude (betweedntr and.
mOse) reaches a value of ~0.5 TECu before the EQ shack0.8 TECu after the
EQ shock. The local TEC disturbance around the LIRQEQ presented a hump-
like distribution and returned to the backgroundelewithin an hour after its

maximum;

i) it appears in a localized area close to the EQeepée(Untr station is placed at

~60 km from L’Aquila);

iii) it is likely located at low ionospheric heightsatiisat E layer heights. This finding
follows from a requirement of non-overlapping IRBk&ted to thentr and mOse

stations. Non-overlapping IPPs occur for height§G<&m (Figure 11a and 11b).

Note the Heki's finding refers to positive TEC clgas extended over wide region (hundreds
km) and occurred at ionospheric F2 layer heights.

Previous results on ionospheric variations (premsjsindicate that there are both positive

and negative deviations from undisturbed level whdt was revealed recently is that they are
not sporadic, on the contrary they are relatedh¢oday of earthquake. The specific day when
the precursory variations aredetected is alsoaraam and happens during the same interval
of the local time (LT), specific for different seigc zones. Further, i) ionospheric precursors
may last from 4 to 12 h, and can repeat the samatieas several consecutive days prior the

EQ; ii) the leading time of ionospheric precurserserging before the seismic shock is
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shorter for smaller and deeper earthquakes, evengkh the limiting time for them
statistically confident remains 5 days; iii) thenaspheric TEC anomaly does not necessary
characterize all the area of earthquake (PulinedsCavidenko, 2014). Concerning precursors
phenomena in different layers of the ionospheraethere: i) seismic related D-region
variability detected by anomalous effects in theP\iadio propagation; ii) intensification of
sporadic E-region (Es activity) before earthquaki@sn manifested by the excessghiis over
the f,F2 during earthquake preparation period;iii) inifidd to TEC variations itself, the
scale height and ion composition are also imporfactors to identify the ionospheric
precursors because their morphology is quite diffefrom the same parameters variations
during the geomagnetic storms (Pulinets and Boysd,c?004).

The observed features of TEC enhancements obsarve@entral Italy (Abruzzo) on 5 April,
2009 are in good agreementwith the statistical axttaristics of the seismic related TEC
variations cited above: first, the TEC enhanceniasiis for about half a day up to the EQ
shock, second, its leading time is one day,howekpected for earthquakes of magnitude
around 6, and third, its spatial scale occupiesgon of radius 150-200 km which is within
the earthquake preparation zone given by the Daltsky’'s formula.

Our findings of the height of the observed hume-lIKEC changes (below 160 km) might be
related to an enhancement of electron content enBiregion, similar to those previously
observed by other authors(e.g. Liperovsky et af52Nenovski et al, 2010), which is in
agreement with the following two circumstancesappears duringnighttime hours for low
geomagnetic activity conditions (Kp< 2). Hence, asnost probable source of such a
localized structure of electron density enhancepamemergence of quasistatic electric field
over the epicenter is suggested. Of course, acegitvity waves generated over the

epicenter by some mechanism (e.g. density/temperatariations at the Earth surface
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preceding the EQ shock) might be another sourdheobbserved local TEC enhancement at
the E-region heights.

Other geophysical evidences of the,&B 2009 Abruzzo earthquake have been
reported.Tsolis and Xenos (2010) have analigg@dsignals collected from Rome,San Vito
and Athens ionospheric stations, and have verifiedaistence of seismo-ionospheric
precursors prior tol6.3 L’Aquila earthquake.By applyinga cross corrielaianalysis method
they have found that the ionosphere over Rome wistsirded by a strictly local event,
suggested by the fact that the correspondingaioel coefficient was very similar to those
characterizing the other two stations, with theegation of distinguishable drops on 16 March
and 4 and 5 April, 2009.An existence of ionosphdrsturbances in F2 region over Rome on
4 and 5 April (Tsolis and Xenos, 2010) might besidared in accordance with the TEC data
dispersion which is observed on 3-6 April (see Fgd).The short-time TEC disturbance
describedin this work around the EQ shock momenitehver is a local event placed at heights
lower than 160 km and moreover, it was recordedrat andUnpg stations and not &il0se
station (Rome);hence, it could have been accidgraatitted by th&F2 analyses performed
by Tsolis and Xenos (2010).

Thermal infra-red (TIR) emissions near tectonic riaries of Central Italy have been also
identified in space-time correlation with AbruzzQe&picenter between 30 March and 1 April
2009. The authors’ findings are that TIR anomabes indicative for seismic events of
medium and low magnitudeas foreshock with=¥.1 occurred on 30 March 2009(Lisi et al,
2010). Radon emission starting to be intensified30rMarch2009 as well as TEC(regional)
increase (on 5 April 2009) has been already reddsie Ouzounov et al (2009). The spatial
and temporal characteristics of both TIR anomadied radon emission however seem not to
be in compliance with local and temporal scalesheftransient TEC disturbances recorded

immediately before the Abruzzo earthquake.
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Various physical mechanisms have been suggestddrsim explainobserved ionospheric
variations associated withearthquakes. For exantplasi-electrostatic (QE) fields (Pierce,
1976)and electromagnetic fields (Molchanov et &bB95) penetration mechanisms have
beenproposed. Gravity waves (GW) asan agent ofsghreric variations (mainly in the low
ionosphere) areexamined by Molchanov and Hayake898&(1 as well. lonospheric variations
are also considered to be initiated by gas (radel®ase from thecrust above earthquake
preparation region (Pulinets etal., 1994). Alpheageof radon gas released from the crust can
also ionize the atmosphere. They may change tlutrieleesistivity of the lower atmosphere,
which could disturb the global electric circuit aredlistribute ionospheric electrons (Pulinets
and Ouzounov, 2011; Pulinets and Davidenko, 20148. the stress of therocks, electric
charges at the Earth’ssurface and electric curiieritse atmosphere-ionospheresystem could
appear (Freund, 2003, 2008; Freund et al.,2004n&slet al.,2003).1t is worth noting that
such electric charges and currents under stregsboratory conditions already have been
measured (Enomoto andHashimoto 1990, 1992; Fre0@d; Freund et al., 2004;Takeuchi et
al., 2006).Then electric field/current inthe ionlbepe and Joule heatingcould modify and/or
redistribute the electron concentration/temperatimeheight. A model of ionospheric
variations based on the effect of atmospheric eéectirrent flowing into the ionosphere was
proposed by Sorokin et al (2006).As a result pladerssity in the lower ionosphere increases
and formation of an anomalous, sporadic E lay@ossible (Sorokin and Chmyrev, 2010). A
sporadic E layer may be generated by dischargeepses (Ondoh and Hayakawa, 2002), as
well. It is worthnoting that sporadic E layers aheir dynamics successfully were studied
recently by TEC measurements (Maeda and Heki, 2014)

A promising hypothesisto explain the observed aroosadisturbances in TEC(even if they
occur at E heights) maythusbe related to a seismogdectric fields/currents action. More

efforts however would be desirable both inmodelargd in monitoring preparatory and
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seismogenic processes in the Lithosphere-Atmosgbemsphere (L-A-l) systemand their
effects not only in the ionospheric F2 region bistoain the lower ionosphere in order to

highlight and quantify the chain of processes tesyinanomalous TEC events.

4.Conclusion

In this paper we have examined temporal and spaktdnt of TEC changes around the
destructive Abruzzo earthquake occurred on 6 ApOI09. The observed changes in TEC
were of regional and local character. The formepeaped repeatedly on the EQ day and
before it. The regional TEC changes observed ol vas characterized by an amplitude
maximum in the EQ area and an enhanced dispergmispng on 4-6 April. A possible

association of these TEC changes of regional ctearadgth the EQ preparation mechanism

could not be excluded.

The paper was however mainly focused on the terh&& changes of local character. A
growth of positive TEC disturbance approaching 8@ shock moment attaining its
maximum value close or after the EQ moment wasrdezb A TEC difference method is
suggested, based on consecutive satellite TECadatao close TEC stations and requiring
that the corresponding pierce points are detacheellocal TEC disturbance was found to lie

likely at E layer heights (less than 160 km).

In conclusion,a preparatory nature of local TECngjes preceding and accompanying the EQ
shock moment is evidenced for thg,®843 Abruzzo earthquake, andthe analyses descnibed i
the papersuggest an admissible connection betvid(X shock process and the generation

of local TEC disturbances at lower ionosphere hsigh
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FIGURE CAPTIONS

Fig. 1.Earthquake activity in Central Italy during the ipéer 1 January6 April 2009.34
seismic events with 2 < M 3 (and 9 with M> 3) were registered in the territory.

Fig. 2Map of GPS stations (black triangles) located atyltEncircled arestationdnpg, Untr,
Aqui, mOse andPaca. Red circles highlight the epicenters of earttkgsaEQs) of magnitude
M >4 occurred in Central Italy for the period Olndary — 30 April 2009. Green circle
denotes the epicenter of the main EQ shock occumegi April 2009.

Fig. 3.Interpolated TEC variations (blue) and correspogdipper (red) and lower (green)
bounds fixed atu+1.34 are depictedfor 5 TEC stationstnpg(43.1N,12,4E),
Untr(42,6N,12.7E),Aqui (42.4N,13.4E),m0se(41.9N,12.5E) andPaca(40.9N,14.6E).The
arrow marks the EQ shock moment (01:32 UT) of theukzo earthquake (EQ) occurred on
6 April 2009.The dashed oval on the left indicates nighttime TEC decrease (well below
1—1.34 )on 1-2 April 2009 at all five stations.The daslwa@lon the right (around the EQ
shock moment) indicates: i) an artificial deviatiohinterpolated TEC values around the EQ
shock moment at statiohgui due to data gap;ii) an anomalous increase ofpotated TEC
values atUnpg,Untr, MOse andPaca above the upper bounds. It is visible that the dgatp at
Aquistarts on late 5 April and continues on early 6ilAgmd therefore the TEC data at station
Aqui on days 5-6 April are considered as not reliabidoanitted in our analysis.

Fig.4.TEC daily curvesin Central Italy for 31 MarebO April 2009. Note a good coincidence
of all TEC trends for two intervals, before 3 Apaihd after 6 April.A scattering of TEC data
starts on late 2 April and continues on 3-6 Apdtrbin night and day hours. This scattering
effect is highlightedby the dashed oval.

Fig. 5.Daily TECivariations for L’Aquila and the four siahs Unpg, Untr, mOse, andPaca)

in the L’Aquila area for the period 01 J&ti April 2009.TECi is calculated by averaging
over the all 288 TEC index values per day. TECidwels similarly at all stations and presents
several coinciding extremes. The daily TEC indexgutarly bounds between
mean(TECix2*std(TECI). There are peaks of regional increasdkEC on 1-2 Feb, 19-20
March and 5 April 2009.

Fig.6.TEC data from GPS stations spanning North (onéostaTorino), Central (5 stations)
and South (Cagliari) Italy are displayed.The latl@yosition of each GPS stations is named
and indicated by vertical dashedlines. TEC distidng in latitudeatevery 6hours on 5
April,are shown. TEC trends in latitude at 22 UT4and 9 April (see brown and blue thick
lines) are also drawn being used as referencedrextd22 UT on 5 April a regional increase
of TEC of amplitude ~2 TECu (see violet line) withspect to the 22 UT TEC data on 4 and
9 April was clearly observed. At 10 and 16 UT oAggil only slightincreases of TEC at Aqui
station were registered.These TEC increases weoeded only at Aqui station and might be
guestioned because of the GPS data interuptior@ztaround the EQ shock. It seems that a
TEC maximum is really present between Unpg (Pejumyia Palma (Paca). The same seems
to happen also at 00 and 02 UT on 6 April;thisfeiired by theTEC increase from Torino to
Perugia and the TEC decrease from Rome to Paln®® a&nd 02 UT, which suggests a
possible TEC maximum between Perugia and Romeid@&st Note that the Aqui TEC data
for the time interval: 22 UT, 5 ApD2 UT, 6 Apr are consciously/tentatively cancel(see
ellipse), because considered as fictious.

Fig.7.Elevation angle, azimuth angle and TEC data takem fatellite #8 at Aqui station on
5 April 2009. For comparison TEC data from sal#8 at Untr are overlappedon those
recordedat Aqui. The TEC trends at Aqui and UntiSGfations (~55 km distance between
them) are practically coincident.

Fig. 8.GPS satellite trajectories projected/mapped ag@ipoints at 400 km heighton 6 April
2009 are sketched. Pierce points of Untr and Agptellite line-of-sighttrajectories are given
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in black and blue, respectively. The EQ epicentéemiarkedby a red star. Note that pierce
points refer to elevation angles, EL,greater thash@§ees.

Fig. 9a. All satellite TEC data on 5 and 6 April at Aqunda Untr stations. The two
dashedvertical lines (left panel) indicate data gap satellites with elevation angle greater
than84 degrees). Note that at Untr on 6 April ab0QJT there is an increase of TEC till ~3
TECu (see satellite #29,right panel), while theTBIQe recorded on 5 April 00:00 UT was of
~ 2 TECU.TEC increase at Aqui (satellites #8, #Z9)#sconsidered doubtful and therefore,
isnot used in our analysis.It is worth noting th&C data are practically coincident at Aqui
and Untr except for satellites #8, #9 and #29.

Fig. 9b. All satellite TEC data recorded on 5 April 2000Agui and Untr stations. Twin
dashedvertical lines indicate data gap (no sasllitith elevation angle exceeding 70 degrees)
at the GPS station. TEC data are practically cdemi except the time interval 18-24 UT. The
corresponding TEC increases at Aqui (in red) aredver considered doubtful.

Fig. 10a. Non-interpolated vertical TEC difference TEC(JRTIEC(mOse) for 28 MarcH/
April 2009 taken from all satellites crossing GR&isns in Central Italy with elevation angle
greater than 67 degrees at the two stations. Tiiggehce is close to 0, with a mean value of
0.024 TECu. The only exception is a time intenafl feveral hours) around the EQ shock
moment (highlighted by a dashed ellipse). In tiraetinterval, the TEC difference becomes
positive and reaches amplitude of ~0.8 TECu justrahe EQ shock moment.

Fig. 10b. Non-interpolated TEC difference TEC(umMFEC(mOse) for 5-8 April 2009 taken
from all satellites crossing GPS stations in Céntedy with elevation angles greater than
67(blue) and 86 (red) degrees. Note that aroun&@ehock moment there were no satellites
with elevation angles greater than 86 degrees.TH@ anomaly is ‘caught’ by satellites of
less elevation angles (between 67 and 86 degmees).ltime intervalof several
hours(highlighted by a dashed ellipse),the TEC ed#iice represents a hump-shaped
distribution and reaches amplitude of 0.4-0.5 TE€ntered at the EQ shock moment, except
an outlier of ~0.8 TECu just after the EQ shock ream

Fig. 11a.Cones ofline-of-sights trajectories centered at Tk GPS stationdviOse andUntr,

EQ epicenter (marked with a star) and concentoatf of seismogenic disturbances above
the EQ epicenter are illustrated. Disturbanceshim ibnosphere within the cones become
detached to each other only for heights less tlé@nkin. Above these heights the cones and
associated disturbances become overlapping ane lzamnot be easily separated.

Fig. 11b. Pierce points ob/ntrandViOsesatellites line-of-sight at 100 km height around BEQ
shock moment are illustrated.PPdftr andMOse stations are detached to each other. Note
that few satellites of elevation angles exceediigdégrees are visible aintr and MOse
stations for the time span of 6 hours centerethiét8Q shock moment.Note that the area of
Untr is closer than the area bl0se to the EQ epicenter.
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Earthquake activity, Central ltaly, 1 Jan-6 April 2009
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TEC wariations, L'Aquila area
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TEC index , L'Aguila area, 01 Jan-10 Apr 2009
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TEC variations in latitude, 05-06 2009
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Aqui station, Satellite #3, 05 April, 2002
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Untr, 5-6 Apr 2008

Aquila, 5-6 Apr 2009
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