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Abstract. Using IAP (plasma analyzer) and ISL (Langmuir prediction. Therefore, it is necessary to find more reliable
probe) experiments onboard DEMETER (Detection of Elec-methods to closely study the process and its relevant param-
tromagnetic Emissions Transmitted from Earthquake Re-eters. During earthquake preparation, a dynamic process in-
gions) satellite and GPS (Global Positioning System) meavolves an energy transfer due to crust displacement and, at
surements, we have statistically analyzed the variations othe time of the shock a break down between the source and
the electron and ion densities to search for disturbances ithe environment occurs. This change prior to the earthquake
the vicinity of four large earthquakes prior to events. Theor along with it, may have different physical and chemical
indices Dst and Kp were used to distinguish pre-earthquake effects on the lithosphere, atmosphere and ionosphere, and
anomalies from the other anomalies related to the geomagaccordingly makes it possible to be detected. These varia-
netic activities. For each studied case, a very good agreetions of lithosphere, atmosphere and ionosphere parameters
ment was found between the different parameters estimatedefore the main earthquakes are considered as hint of im-
by DEMETER and GPS data in the detection of pre-seismicpending earthquakes (earthquake precursors).
anomalies. Our statistics results show that the anomalous de- Widespread researches on earthquake prediction over the
viations prior to earthquakes have different sign from casdast decades have resulted in the recognition of many earth-
to case, and that their amplitude depends on the magnitudguake precursors in the lithosphere, atmosphere and iono-
of the earthquake. It has also been found that the electrosphere. The effects of the pre-seismic activity on the iono-
density measured by the ISL experiment at night detectsphere can be investigated using the ionospheric electron and
anomalous variations significantly before the earthquakesion densities. Perturbations of the ionospheric plasma with-
The appearance of positive and negative anomalies in both adut significant solar and geomagnetic disturbances may be
DEMETER and TEC (Total Electron Content) data during 1 attributed to earthquakes. These anomalies usually happen
to 5 days before all studied earthquakes during quiet geomagn the E-layer and F-layer and may be observed 1-10 days
netic conditions indicates that these anomalous behaviors angrior to the earthquake and continue a few days after it (see
highly regarded as seismo-ionospheric precursors. references below). It is difficult to extract the variations con-
nected with the earthquakes particularly for the equatorial
and low latitudinal ionosphere, which is highly dynamic and
1 Introduction unpredictable (Sharma et al., 2008). Daily variations of the
ionosphere depend on solar and geomagnetic activities, sea-
Scientists acknowledge that a seismic electromagnetison, latitude and longitude and other unknown parameters.
anomaly is a climax of some process which begins a fewin the minimum solar cycle in the north hemisphere during
days before the main event and stay until a few days affoontime the maximum and minimum of the annual varia-
ter it. But, earthquakes as geophysical phenomena involv&ions of the electron concentration are observed around the
processes which are irregular, non-linear and complicatedequinoxes and in the summer, respectively (Pulinets et al.,
These events are so sophisticated that the dynamic relatiord003). Equatorial anomaly is seen as two peaks of electron
between their parameters result in high uncertainties in theidensity on each side of the Equator when, near the geomag-
netic equator, the vertical movement which results from an
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of the geomagnetic field produces this equatorial anomaly. In contrast with methods that assume the Earth’s crust has
According to satellite measurements the equatorial anomalyan ideal homogeneous structure and disregard the physical
also appears during nighttime in high solar activity condi- and chemical changes occurring inside the earth, there ex-
tions (Pulinets et al., 2003). ist hypothesis to explain the seismic electromagnetic mecha-
Recently various ground-based and satellite observationgism based on geophysical and geochemical processes:
have shown the possibility of ionospheric disturbances gen- . L )
eration by earthquake preparation processes. There is a lack ~ diréct wave production in a wide band spectrum by
of extensive ground experiments to monitor geophysical and ~ COmPression of rocks close to earthquake epicenter
geochemical parameters in most areas. But satellite exper- could be likely related to piezo-electric and tribo-
iments due to the vast coverage of the seismic zones of the  €l€ctric effects;
Earth along with other sources of information are regarded
as suitable means for earthquake study. They allow perform-
ing meaningful statistical studies with a much larger number
of recorded events. Many papers and special monographs - activation of positive holes that can reach the ground
have been published on satellite observation of electromag-  surface;
netic and ionospheric perturbations associated with seismic o ) . o
activity (Hayakawa and Molchanov, 2002; Pulinets and Bo- emissions of_ radioactive gas or metallic ions such as
yarchuk, 2004). Russian scientists suggested the possibil- radon which increase the Earth surface potential.

ity of observing seismo-electromagnetic by satellites in thepye_geismic electric field and its polarity cause the electrons
1980s. In the past, data recorded by many different sately, yhe F-jayer to penetrate to lower layers and therefore to

lites (Alouette, GEOS 1 and 2, Cosmos 1809, OGO 6, AU-¢reate anomaly in the ionospheric parameters. The thin layer
reol 3 IK Bulgaria 1300, IK 19 and 24, AE_'C’ IS'_S 2, Topex- particles created before earthquakes due to ions radiation
Poseidon, DE 2, DEMETER, GPS Satellites, Mir, etc.) havegom the earth has a main role in transferring electric field

begn .used for understanding of the pre'-seismic ionospherigy spove atmosphere and then to the ionosphere. The pen-
variations. Gokhberg et al. (1983) studied on local plasmagation of this electric field to the ionosphere was first an-
density and temperature variations measured onboard AE5ysically calculated in Park and Dejnakarintra (1973) and

C and ISIS-2 satellites. Depuev and Zelenova (1996) 0bynen applied to the seismo-electromagnetic process by Kim
served that during a pre-earthquake period while the subg; 5 (1994) and Pulinets et al. (2000). The vertical elec-

peak electron content remains almost unchanged, foF2 is ingic field on the ground surface is transformed into an elec-
creased and hmF2 decreased at night. In another study, Pysc field perpendicular to the geomagnetic field lines. This

linets et al. (2003) used data of ground-based ionosondes ang) | component leads to plasma density anomalies, which
topside sounding from onboard Alouette-2 and Intercosmos-

) : are observed in the earthquake area (Parrot, 1995; Tronin et
19 satellites together with local plasma measurements ong; 5qq2- Hayakawa and Molchanov, 2002; Pulinets et al.
board the AE-C satellite to classify the main features of 55 Na;mgaladze et al., 2009). In ilicinity, of the equato-,
ionospheric variations associated with pre-seismic activity. | anomaly, a zonal component can be generated using the
Their work was based on hundreds of cases processed anflochanism proposed in Pulinets (2009).
also based on the knowledge of the ionospheric behavior |, spite of several reports published before launch of

under both quiet and geomagnetically disturbed conditionshEMETER satellite, the database collected was not acces-

as a background for seismo-ionospheric variability separagipnie and sufficient to be used as ionospheric earthquake

tion. Parrot et al. (2006) and Sarkar et al. (2007) described, ocyrsors.  Only single parameter measurements like the
examples of variation of plasma parameters recorded by.hanges in electron density, electric field or ion density prior
DEMETER data over epicenters of some earthquakes beg, oarthquakes have been taken into account. The electron

fore their occurrence. GPS (Global Positioning System) —yesjty measurements need to be accompanied with temper-
TEC (Total Electron Content) measurements have also madgyre and jon composition measurements to reveal the nature

a considerable contribution to the understanding of SeiSmoy¢ geismo-ionospheric variations. Therefore, it is necessary
ionospheric variations.

( Liu et al. (2004) statistically de- 1, carry out regular satellite observations in the ionosphere
scribed the temporal parameters of the seismo-ionospherig;ih highly sensitive measurements over seismically active

precursors detected during 1-5days prior to the earthquakeg,q quiet regions. This will lead to creating an appropriate
using TEC data for 20 major earthquakes in Taiwan. Devi elyaianase for statistical study of the seismo-ionospheric ef-

al. (2008) showed that electric field generated during earthtocts  In this regard, the French micro-satellite DEMETER

quake preparatory processes has a strong effect in shaping thie,q |aunched on 29 June 2004. Moreover, GPS satellites
TEC profiles of the northern crest of the equatorial anomaly., it high time resolution measurements can be included as a
Zhao et al. (2008) observed the anomalous enhancemeny,,sjementary way to study ionospheric variations over the

of the seismo-ionospheric electron content 3 days prior toregions supported by GPS ground stations.
12 May Sichuan earthquake using TEC variations.

- rising fluids under the ground would lead to the emana-
tion of warm gases;
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If it can be shown that ionospheric perturbations are realsatellite (in the range- +3 V). Variations of these param-
and systematic then they could be considered as short-termters are obtained with a time resolution of 1s (Lebreton et
precursors, occurring between a few hours and a few dayal., 2006). The main aim of IAP experiment is to measure the
before the earthquakes. It should be noted that it is not exmain parameters of the thermal population that is the densi-
pected that precursors can appear for any earthquake. Sindies of the major ionospheric ions'HHet and O" (in the
not any individual precursor can be used as an accurate stardnge 18— 5.10° ions cnt3), their temperature (range 500—
alone tool for the earthquake prediction, it is required to ex-5000°K) and the ion flow velocity in the Earth’s frame of
ploit and integrate different kinds of precursors from differ- reference (Berthelier et al., 2006).
ent experiments. In order to determine whether some of pre- Organized data and plots are available by half-orbits
cursors have characteristics uniquely related to seismic achrough a web servehftp://DEMETER.cnrs-orleans)fr In
tivity, this study examines variations of electron density, ion this study based on the time, geographic location and magni-
density, electron temperature and total electron content meaude of each earthquake the closest satellite approaches from
sured by DEMETER and GPS satellites several days beforabout 6 weeks before to 1 week after the earthquake were se-
and after some earthquakes. Section 2 will briefly explainlected and IAP and ISL physical data concerning these orbits
the DEMETER experiments used in this study, the method ofwere analyzed.

TEC calculation by GPS data and the geomagnetic data. The

applied method for anomaly detection is shown in Sect. 3.2.2 GPS satellite data

The seismo-ionospheric anomalies observed for four earth-

guakes are described in Sect. 4. Section 5 presents the striRecently the extending network of GPS receivers has gener-
ing findings observed by DEMETER and GPS data beforeated an increasing amount of data regarding the ionosphere

events and Sect. 6 is for conclusions. state. TEC is the integrated number of the electrons within
the block between the satellite and receiver or between two

2 Data satellites. The GPS satellites transmit two frequencies of
signals (f1=1575.42 MHz andf>=1227.60 MHz). The re-

2.1 DEMETER satellite data ceived signals in ground stations contain many effects such as

ionosphere, troposphere, hardware and random errors. lono-
The top part of ionosphere can be screened by some remotphere on the contrary of the troposphere is a dispersive
sensing satellites such as DEMETER. One of DEMETERmedium and its effects can be evaluated with measurement
scientific objectives is to detect anomalous variations of elec-of the modulations on the carrier phases recorded by dual-
tromagnetic waves, particle fluxes and thermal plasma pafrequency receivers (Sardon et al., 1994). To study TEC vari-
rameters which could be related to seismic activity. The orbitations, data of GIM (Global lonospheric Map) provided by
of DEMETER with an altitude of 710km is polar, circular NASA Jet Propulsion Laboratory (JPL) were used. The GIM
and nearly sun-synchronous and measurements are done igtconstructed into5x2.5° (Longitude, Latitude) grid with a
two different Local Time (LT): at 10:30 and 22:30. DEME- time resolution of 2 h. GIM data are generated on a daily ba-
TER experiments provide a nearly continuous survey of thesis using data from about 150 GPS sites of the IGS (Interna-
plasma, waves and energetic particles. The electric field extional Gnss Service) and other institutions. The Vertical Total
periment ICE uses four electric probes to measure the threg€lectron Content (VTEC) is modeled in a solar-geomagnetic
components of the electric field in a frequency range fromreference frame using a spherical harmonics expansion up to
DC up to 3.5MHz; The search-coil magnetometer IMSC degree and order of 15. Instrumental biases, so-called dif-
measures the three components of the magnetic field in a freferential P1-P2 code biases (DCB), for all GPS satellites and
quency range from a few Hz up to 20kHz; The plasma an-ground stations are estimated as constant values for each day
alyzer IAP measures the ion density, composition, and tem{Mannucci et al., 1998). To convert line-of-sight TEC into
perature and flow velocity; The ISL, a set of two Langmuir vertical TEC, a modified single-layer model mapping func-
probes, gives access to the electron density and temperaturgon approximating the JPL extended block model mapping
and the solid state energetic particle detector IDP, measurefsinction is adoptedhttp://www.gsfc.nasa.go)/ In this re-
the high energy electrons and protons. There are two modesearch, TEC data based on the date and geographic location
of operation: (i) a survey mode to record low bit rate data of each earthquake from about 6 weeks before to 1 week after
all around the Earth at invariant latitudes less thd@%°, and  the main event were processed.
(i) a burst mode to record high bit rate data above seismic
regions. 2.3 Geomagnetic data

In this study, data of IAP and ISL experiments in both sur-

vey and burst modes concerning each earthquake have bedine ionospheric parameters are affected by solar geophysical
analyzed. ISL is designed to measure the electron densitgonditions and geomagnetic storms especially in the equa-
of plasma (in the range $0-5.10''m~3), electron temper- torial and polar regions. Also, auroral activity has an im-
ature (in the range 600—-10 00K) and the potential of the portant role in the mid-latitude ionosphere perturbations. In

www.nat-hazards-earth-syst-sci.net/10/7/2010/ Nat. Hazards Earth Syst. Sci.18R0L0
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other words, the ionosphere current and equatorial stormguakes. But our experiments show that the results of these
time ring current in periods of solar-terrestrial disturbancesmodels are not in good agreement with measurements even
produce significant geomagnetic field disturbances observeduring quiet conditions. This contradiction can be vindicated
on the ground. Accordingly, the measured parameters mapy the low sensitivity of these models to detect fast changes
display variations in absence of seismic activity. Therefore,in ionosphere during solar and geomagnetic activity. Bolzan
it is difficult to separate pre-seismic ionospheric phenomenaet al. (2009) used the wavelet transform to obtain the time
from the ionospheric disturbances due to the solar-terrestriavariability of the main periodicities of intermittent phenom-
activities (Ondoh, 2008). Consequently, to discriminate theena during a geomagnetic storm to increase the efficiency of
seismo-ionospheric perturbations from geomagnetic disturthe models. It appears that there is a necessity for more de-
bances, the geomagnetic indicBg; and Kp (http://spider.  tailed studies of intermittent and non intermittent phenomena
ngdc.noaa.ggvwere checked. Th&, index monitors the inionosphere that affect variations caused by a seismic elec-
planetary activity on a worldwide scale while th; in- tric field.

dex records the equatorial ring current variations (Mayaud, The median and the inter-quatrtile range of data are utilized
1980). The ionospheric effect of a geomagnetic storm has @o construct their upper and lower bound in order to separate
global impact being observed all over the world while, the seismic anomalies from the background of natural variations
seismogenic effect is observed only by stations with distancéLiu et al., 2004). In calculation of statistical parameters, the
less than 2000 km from the potential epicenter (Pulinets etength of the period was selected as about 55 days in order
al., 2003). It should be noted that an ionospheric storm usuto avoid affects by the seasonal variations. The upper and
ally lasts 8-48h while the seismoionospheric disturbancedower bound of the mentioned range can be calculated using
have duration of 3-4 h, a few days before the earthquake (Puthe following equations:

linets et al., 2003; Pulinets and Boyarchuk, 2004; Gousheva

et al., 2008). Xhigh=M +k-IQR 1)

3 Applied method for anomaly detection Xow =M —k-IQR (2)
. . . x—M x—M

In each case study, using reported geographic latitude an@ow<x<xhigh = —k<IQ—R <k ; Dx= OR )

longitude concerning the earthquake epicenter, we have ana-
lyzed ionospheric parameters extracted from DEMETER and,herex . «

GPS satellites during abou_t 45 days before to 10 d.ays afteﬂpper bound, lower bound, median value, inter-quartile range
the event over area depending on earthquake magnitude. The,q giterential ofx, respectively. According to this, if the

radius of this area can be estimated using the Dobrovolsky,p«ute value abx would be greater thah, (| Dx| > k), the
_10p43M : - : *
formulaR = 10>#3" whereR is the radius of the earthquake penayior of the relevant paramete (s regarded as anoma-
preparation zone, and{f is the earthquake magmtude (Do- 1ous. According to Eq. (3)p = +£100 (|Dx| —k)/k indi-
brovolsky et al., 1979). Furthermore, studies show that thea4e5 the percentage of parameter change from the undis-
irregularities in the electron conce_ntratlon happen when t,heturbed state. The value must be proportional to the earth-
area on the ground surface occupied by the anomalous fielg . axe magnitude. Namely, for large earthquakes with magni-
exceeds 200km in diameter. Also, previous studies show,qe greater than 7.0,can be selected greater than 2.0. Vari-
that the maximum of the affected area in the ionosphereyiong of the ionosphere parameters depend on local time.
does not coincide with the vertical projection of the epicen-tharefore. in calculation of TEC. M and IOR values were

ter of the impending earthquake and is shifted towards the, 5 ated over the total time interval of interest for each pe-
Equator in high and middle latitudes (Pulinets et al., 2003).;i5d of 2 h in Local Time.

Therefore, it is preferable to process data recorded in satel-

lite orbits close to epicenter during days before earthquakes.

Accordingly, optimum value for distance between the satel-4 QObservations and case studies

lite and the epicenter was selected in terms of DEMETER

satellite altitude and earthquake zone radius. The same wa#s mentioned in the introduction section, in order to clear
was applied for analyzing TEC and data of GPS ground staup uncertainty to earthquake anomaly detection, our study
tions near to epicenter of earthquakes. In order to search fois based on a few types of precursors, sensors and case
earthquake anomaly from ionosphere variations a reasonablgtudies. Seismo-ionospheric disturbances within a few days
range for ionosphere regular variations must be determinedbefore earthquakes have been registered in 73% of earth-
Many semi empirical and empirical models (e.g. IRI-2000) quakes with magnitude 5.0, and in 100% of earthquakes with
have been developed for long- and short-term predictions ofnagnitude 6.0 (Pulinets, 2003). Using visual inspection in
the ionospheric parameters (Bilitza, 2001). It means thatseismic databasestfp://earthquake.usgs.gowttp://www.
discrepancy differences between predictions of these modelsmsc-csem.otghttp://iiees.ac.ir and http://geophysics.ut.
and measured data can be regarded as anomaly before eartie.it) and regarding the availability of DEMETER and

high: Xlow, M, IQR andDx are the parameter value,

Nat. Hazards Earth Syst. Sci., 10,18-2010 www.nhat-hazards-earth-syst-sci.net/10/7/2010/
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Table 1. List of the earthquakes selected in this study (reportekittpy//earthquake.usgs.gdv/

Area Date Time Geographic latitude, Magnitude Focal depth
(UTC) longitude M) (km)
Samoa Islands 29 Sept 2009 17:48:10.99 15.49S,172.10W 8.1 18.0
L'Aquila, Italy 6 Apr2009 01:32:39.00 42.33N, 13.33E 6.3 8.0
Sichuan, China 12 May 2008 06:28:01.57 31.00N, 103.32E 7.9 19.0
Hormozgan, Iran 28 Feb 2006 07:31:02.65 28.12N, 56.87E 6.0 18.0
DTEC Dst index (nT)
0 T T T T T -
3 3: I i Il 120
) & ool | I ul ! |j 10
]2 v 3TN | , o b ]
] -] i A
E o E:gj | _ Edrthg akeTi:ne 1t 10
. s ) ]
221 !
2 [F] i ; : : ‘ !
e 54 44 =34 -24 -14 -4 6
Kp index TEC anomaly
0 0
2 2
4 4
6 6
o 8 o 8
5% 51
£ 14 21
P16 £ 16

£4 44 34 24 -14 -4 6

Day relative to the Samoa earthquake day Day relative to the Samoa earthquake day

Fig. 1. Results of analysis for the Samoa earthquake (29 September 2009) from 28 July to 6 October 2009. The earthquake time is indicated
by an asterisk. The x-axis represents the day relative to the earthquake day. The y-axis represents the time UTC (LT=UT@)11:00).
DTEC variations.(b) Variations of Ds; geomagnetic index(c) Variations ofKp geomagnetic index(d) TEC anomaly detected based on:

IDTEC| > 2.5, Kp < 2.5 andDst > —20 (nt).

GPS data, four earthquakes which happened in Samoa Isturing days prior to the earthquake. TKg index shows a
lands, Sichuan (China), L'Aquila (Italy) and Hormozgan sudden magnetic activity on 30 August 2009, 30 days before
(Iran) have been incorporated in this analysis. Table 1 in-the earthquake from 04:00 to 14:00 LT.

dicates some characteristics of these earthquakes. After integration of these three information layers, the
TEC anomaly was derived during quiet geomagnetic con-
4.1 Samoa Islands earthquake ditions. In other words, anomalous TEC is only depicted

at times whenDTEC|>2.5, Kp<2.5 and Dg> — 20 (nT).
In Samoa Islands, the largest earthquake so far, took plac&he TEC anomaly is represented as a function of the Uni-
at 06:48:11LT on 29 September 2009 with a magnitudeversal Time Coordinate (UTC) and number of days relative
Mw=8.1 (see Table 1). Figure la illustrates the DTEC val-to the main shock onset; an asterisk represents the time of
ues estimated according to Eqg. (3) from 28 July to 6 Octobetthe earthquake (Fig. 1d). As shown in Fig. 1d, strong en-
2009 using GPS ground stations close to the epicenter. Byhrancement of TEC anomaly can be seen during several time
visual inspection of DTEC variations, perturbations can beintervals (Table 2). Anomalous TEC variations of the order
seen near to the earthquake date. But to isolate earthqualkd +2% began on 24 September, 5days prior to the earth-
perturbations from solar and magnetic disturbances, variaquake. The TEC anomaly on 28 September, 1day before
tions of Dgt and K indices during the same time interval event, was expanded and amplified with a maximum value
were incorporated. Figure 1b and c illustrates, respectivelyreaching +49% at 03:00 LT. This anomaly continues some
the variations oDst and K indices that were relatively quiet days after the earthquake. Seismic reports related to this

www.nat-hazards-earth-syst-sci.net/10/7/2010/ Nat. Hazards Earth Syst. Sci.18R0L0
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Table 2. List of the earthquakes and detected anomalies. Day is relative to the earthquake day. Value calculatedhytQR: x, M and

IQR are parameter value, median of parameter values in defined period and inter-quartile range of parameter values in defined period, respec

tively. Values calculated in terms of the upper and lower bounds defined for each earthquake as follow: Samoa (DEMETBROR;
TEC: M+2.5IQR), Sichuan (DEMETERM+1.5-1QR; TEC: M+2.5.1QR), L'Aquila (DEMETER: M+1.5-1QR; TEC: M+1.5:IQR) and

Hormozgan (DEMETERM £1.8IQR; TEC: M+2:IQR).

Earthquake TEC DEMETER (Level 1)
Name Date Time Day Time Value Day Value Sensor Parameter Time
(LT) (LT) (LT)
Samoa 29Sep 2009 06:48:10.99 1 01:00 +2.78 +3.24 ISL Electron Temperature  22:30
Islands 1 03:00 +3.73 3 +2.12 IAP T0ODensity 22:30
1 05:00 +3.38 3 +2.08 |AP Total lon Density 22:30
1 07:00 +2.63 3 +2.28 ISL Electron Density 22:30
2 09:00 +2.73 4 +3.0 IAP Total lon Density 10:30
2 15:00 +254 4 +3.18 IAP © Density 10:30
3 15:00 +2.91 4 —-2.87 IAP lon Temperature 10:30
4 09:00 +260 4 +3.01 ISL Electron Density 10:30
4 13:00 +3.07 4 -1.82 ISL Electron Temperature  10:30
5 13:00 +2.55 5 +2.89 ISL Electron Density 22:30
6 +1.96 ISL Electron Density 22:30
8 +1.65 IAP Total lon Density 10:30
8 +2.24 1AP O" Density 10:30
8 +2.07 IAP O" Density 22:30
8 +2.04 IAP Total lon Density 22:30
8 +2.8 ISL Electron Density 22:30
11 +2.07 ISL Electron Density 22:30
L'Aquila, 6 Apr 2009 03:32:39.00 2 24:00 +192 O +1.72 IAP Total lon Density 10:30
Italy 4 24:00 +1.84 O +1.83 IAP Total lon Density 22:30
1 +2.58 IAP Total lon Density 22:30
1 +1.72 IAP Total lon Density 10:30
1 +2.21 ISL Electron Density 10:30
2 +1.65 ISL Electron Density 10:30
2 +2.64 IAP Total lon Density 22:30
2 +2.67 ISL Electron Density 22:30
3 +3.35 ISL Electron Density 22:30
3 +2.30 IAP Total lon Density 22:30
8 +1.93 ISL Electron Density 10:30
8 +1.44 |IAP Total lon Density 10:30
Sichuan, 12 May 2008 14:28:01.57 1 12.00 -2.59 +1.6 IAP lon Temperature 10:30
China 2 12:00 -03.10 2 -2.18 IAP fCDensity 10:30
2 14:.00 -03.07 2 -2.28 IAP Total lon Density 10:30
3 12:00 -03.10 2 —2.05 ISL Electron Density 10:30
3 14:00 -2.92 2 +1.98 ISL Electron Temperature  10:30
3 24:00 -2.50 3 +1.73 ISL Electron Temperature  10:30
4 02:00 -2.69 3 -1.86 ISL Electron Density 10:30
4 04.00 -2.87 3 -2.40 IAP DDensity 10:30
4 06:00 -2.69 3 -2.26 |AP Total lon Density 10:30
10 06:00 -2.55 3 -1.70 ISL Electron Density 22:30
9 +2.09 ISL Electron Density 22:30
10 +2.37 IAP O Density 22:30
10 +2.13 IAP Total lon Density 22:30
10 -3.22 ISL Electron Temperature  22:30
11 +2.5 ISL Electron Temperature 22:30
Hormozgan, 28 Feb2006 11:01:02.65 1 05:30 +2.43 +1.96 ISL Electron Density 22:30
Iran 2 +2.45 ISL Electron Density 22:30
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Fig. 2. Results of DEMETER data analysis for the Samoa earthquake (29 September 2009) from 1 August to 5 October 2009. Due to the
operation of satellite in safe mode a time gap is observed from 7 to 15 September 2009. The earthquake day is represented as vertical dotte
line. The green horizontal lines indicate the upper and lower bourdsl(8-1QR). The blue horizontal line indicates the median valug).(

The x-axis represents the day relative to the earthquake day. The y-axis rep¢aptottd ion density derived by the measurements of the

IAP experiment during day(b) electron density derived by the measurements of the ISL experiment durin¢cilalectron temperature

derived by the measurements of the ISL experiment during dayredectron density derived by the measurements of the ISL experiment
during night.

earthquake indicate several aftershocks registered with fairlceeds the upper bound of the order of 67%. Because of
high magnitudes. The largest aftershod#,£6.0) occurred the inverse relation between electron density and electron
at 12:45LT, about 6.0 h after the earthquake. temperature, observed anomaly in electron density can be
In order to confirm observed TEC anomalies, DEMETER acknowledged by the electron temperature variations. Fig-
data were used. Figure 2 illustrates variations of different pa e 2¢ illustrates that electron temperature has reached to its
rameters extracted from DEMETER experiments data ovefMinimum value Dx=-1.82) at~10:30 LT, 4 days before the

Samoa earthquake region from 1 August to 5 October 20098arthquake. Irregularities of electron density also occurred
It concerns electron density (crf) and electron tempera- at~22:30LT, 11, 8, 5 and 3 days before the earthquake that

ture (K) from ISL and total ion density (cn) from AP, among them, the maximum irregularity intensity (i.e. 60.5%) _
which were recorded when satellite orbits have been close t§bserved 5 days before the earthquake. Such anomalous vari-
the earthquake epicenter (i.e. less than 1500 km). The vertiations were also observed in other measured parameters at
cal dotted line in each panel shows the earthquake date andight before earthquakes (see Table 2).

the ordinate of each panel indicates day related to the earth-

quake day. Median and bounds (upper and lower) are seef.2 Sichuan, China earthquake

as blue and green horizontal lines, respectively. Due to oper-

ation of satellite in safe mode a time gap is observed fromOn 12 May 2008 at 14:28:01.57 LT a strong earthquake of
7 to 15 September 2009. In Fig. 2a, an increase in totaimagnitudeMw=7.9 occurred in southwest China (see Ta-
ion density is clearly observed atl0:30 LT, 4days before ble 1). Figure 3a displays the DTEC values during the
the earthquake. Variations of total ion density clearly ex-period 1 April-22 May 2009, derived from GPS stations
ceed the upper bound+ 1.8:IQR) of the order of 67%. close to the epicenter. Figure 3b and c illustrates that
Similar to this another unusual behavior is seen in electromquiet geomagnetic conditions exist around the earthquake
density variations (Fig. 2b), when it reaches a maximumdate. After fusion of DTEC,Dg and K, data, the TEC
value, at~10:30LT, 4 days before the earthquake and ex-anomaly map was derived at the region. Figure 3d clearly

www.nat-hazards-earth-syst-sci.net/10/7/2010/ Nat. Hazards Earth Syst. Sci.18R0L0
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Fig. 3. Results of analysis for the Sichuan earthquake (12 May 2008) from 1 April to 22 May 2008. The earthquake time is indicated
by an asterisk. The x-axis represents the day relative to the earthquake day. The y-axis represents the time UTC (LT=UT(C3%08:00).
DTEC variations.(b) Variations of Ds; geomagnetic index(c) Variations ofKp geomagnetic index(d) TEC anomaly detected based on:
IDTEC| > 2.5, Kp < 2.5 andDst > —20 (nt).

indicates the pre-earthquake ionospheric anomalies whed.3 LAquila, Italy earthquake

the observed TEC values fall below their associated lower

bound (4 —2.5:IQR). Some strong anomalies are observed!n Italy the deadliest earthquake (since the 1980 Irpinia earth-
10 (06:00LT), 4 (02:00, 04:00, 06:00 LTs), 3 (12:00, 14:00, quake) occurred fw=6.3) in the region of Abruzzo, in
24:00LTs), 2 (12:00, 14:00LTs) and 1 (12:00LT) days be- central Italy, at 03:32:39LT on 6 April 2009 (see Table 1).
fore the event. Among all above pre-earthquake anomalies-or this earthquake, the method already described was used
the anomalies observed 2 and 3 days before the main shockld TEC anomaly|PTEC| > 1.5) was derived using inte-

at 12:00 LT, were the strongest (the observed TEC exceedgration of DTEC and geomagnetic indices from 1 March to
the lower bound by —24%). The corresponding data with to-16 April 2009 (Fig. 5a). The anomalous TEC corresponding
tal ion and electron density changes recorded by DEMETERO this event is of the order of 28% and 23% at 24:00LT, 2
IAP and ISL sensors are shown in Fig. 4. After inspectionand 4 days before the earthquake, respectively. The moder-
of magnetic indices (Fig. 3b and c), the sudden variationsate geomagnetic activity around the date of this earthquake
related to magnetic activities are seen in different panels byloes not seem to modify the data recorded by DEMETER
an arrow. The transition in electron density value from lower €xperiments. By inspection of electron density variations ob-
bound (4 —1.5:IQR) occurs at-10:30 LT, 3days prior to the  tained from ISL, sharp increases of 123% and 78% from the
earthquake and is of the order of —24%. It reaches its mini-unperturbed state at22:30 LT, were observed 3 and 2 days
mum value of —37%, 2 days before the earthquake (Fig. 4a)before the earthquake, respectively. Simultaneously the to-
Such anomalies are also observed in electron temperatur@! ion density exceeds from the upper bound 3 days before
variations, when the magnitude of changes from the undisthe earthquake and reaches a maximum value of 76%, 2 days
turbed state reaches 15% and 29%, 3 and 2days prior t§efore the event and then starts decreasing to reach a normal
event, respective|y (F|g 4b) An unusual decrease of e|ecl/a|ue 1day after the earthquake. The variations of daytime
tron density (—~13%) is seen at22:30 LT, 3 days before the total ion density show similar anomalies as that of nighttime.
earthquake in Fig. 4c. This Figure also illustrates an increasét shows an increase from the undisturbed state (15%) 1 day
of the order of 39%, from the normal state 9 days before thebefore the earthquake. It is accompanied with electron den-
earthquake which is acknowledged by an anomaly in the totabity anomaly 47% observed &t10:30 LT, 1day before the

ion density of the order of 42%, at22:30 LT, 10days prior event. The details of other detected anomalies can be seen in
to the event (Fig. 4d). The characteristics of other detectedable 2.

anomalies can be found in Table 2.
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4.4 Hormozgan, Iran earthquake detected about 18 days before the earthquake. Detected posi-
tive increase from upper bound in nighttime electron density,
Occurrence of more than 130 strong earthquakég £ 7.5) 9days before the earthquake, due to the negative observed
in the past centuries and almost daily earthquakes of magnivariations in TEC and DEMETER data a few days prior to
tude 3.0 in Iran makes it as a severe earthquake prone regiothis earthquake, has little chance to be related to the earth-
An earthquake of magnitude 6.0 occurred on 28 Februaryquake. For the L'Aquila earthquake, the results indicate that
2006 in south of Iran (see Table 1). DTEQs;andK, varia-  the observed anomalies by GPS and TEC data are positive.
tions were analyzed from 18 January to 8 March 2006. TECANn anomaly of the order of 28% is detected in DTEC data
anomaly variation$DTEC| > 2.0, corresponding to low ge- at~00:00 LT, 1 day before the earthquake. This perturbation
omagnetic activity Kp < 2.5 and Dst > —20 (nt)), indicate s in good agreement with noticeable observed anomalies in
an anomaly of the order of 21.5%-a05:30 LT, 1 day before  electron density (47%) and total ion density (15%), 1 day be-
the main shock (Fig. 5b). Among the measured parameterfore the event. Despite several gaps in DEMETER measure-
by DEMETER satellite, electron density variations recordedments during days before this earthquake, unusual variations
by the ISL experiment during night-22:30LT), agree with  in electron and total ion densities have been observed during
the results obtained by the TEC analysis, when it exceeds th&—3 days before this earthquake.
upper bound ¥ + 1.8-1QR) and reaches 36% and 9%, 2 and The Hormozgan earthquakeé\(y=6.0) has the lowest
1 days before the earthquake (see Table 2). magnitude among the studied earthquakes. An increase of
the order of 21.5% from the undisturbed state in DTEC vari-
ations at 05:30 LT was accompanied by a positive observed
5 Discussion anomaly (9%) in electron density at 22:30 LT, 1 day before
the earthquake. Concerning IAP and ISL measurements, an
Variations of plasma parameters obtained by DEMETER andanomaly is only observed in nighttime electron density vari-
GPS data clearly shows the anomalies a few days prior tations with ISL.
Samoa earthquake over the region of impending earthquake. Regardless of the magnitude of the earthquakes, our re-
These anomalous behaviors are seen in TEC, ISL (electrosults show the merit of the ISL experiment to detect anomaly
density, electron temperature and ion density) and IAP (totain nighttime electron density variations before the earth-
ion density and ion temperature) data a few days before thguakes (Fig. 2d). This is consistent with the fact that the
earthquake. Results are summarized in Table 2. An anomalgfficiency of the anomalous electric field penetration into the
(67%) is observed at10:30LT, 4days prior to the earth- ionosphere at night is higher than in daytime (Pulinets and
quake by DEMETER sensors. Analysis of TEC variations Boyarchuk, 2004). Our results also show that in each case
also agrees with this anomaly &t13:00LT on mentioned study, the unusual variations observed in the obtained pa-
date. One of the most interesting and promising results ofameters from the GPS and DEMETER data have a similar
this case study is the observed anomaly almost in all the measign. But the sign of the deviations of the aforesaid parame-
sured parameters that can be related to the magnitude of thigrs differs from case to case. As mentioned before, positive
strong earthquakeMw=8.1) and likewise, quiet geomag- anomalies were detected in Samoa, L'Aquila and Hormozgan
netic activities around the earthquake date that did not modearthquakes, while in Sichuan earthquake negative anoma-
ify the detected anomalies. Owing to the better time resoludies were observed before their occurrence. On the other
tion (every 2 h) of the GPS data in comparison with DEME- hand, the pre-seismic ionospheric anomalies can be posi-
TER data (two times by day 10:30and 22:30LT), it is found tive as well as negative. The sign of the anomaly could be
that the unusual DTEC variations last 8 h, 1 day before thegustified by the ionosphere large day-to-day variability ow-
earthquake. Positive anomalies detected by DEMETER andhg to the solar irradiation variability, meteorological influ-
GPS data about the Samoa earthquake is another interestirmgces and solar wind energy input (Rishbeth and Mendillo,
result. In contrast to Samoa earthquake, negative anomaly i2001). Pulinets et al. (2003) also indicated that the sign of
different derived parameters by GPS and DEMETER data ighe anomaly could be related to the sign of the anomalous
observed over the Sichuan earthquake region a few days belectric field at the ground surface and to the position of
fore. A dominant anomaly in total ion density of the order of the studied ionospheric regions in relation to the epicenter
—52% and also in the electron density of the order of —37%location (east or west). Another striking feature is the di-
is seen atv10:30 LT, 2 days before the Sichuan earthquake.rect relation between the earthquake magnitude and intensity
This anomaly in electron density has been detected by ISlof the observed anomalies. The anomalous behavior in the
at ~22:30 LT, 3days prior to the earthquake. There is alsoionosphere parameters can be seen in all measured data by
a TEC anomaly of the order of —24%, 2 and 3 days beforel AP and ISL in SamoaMw=8.1) and SichuanMw=7.9)
the earthquake which occurs-afi2:00 LT. Geomagnetic in- earthquakes a few days before the events. But concern-
dices imply the daytime low geomagnetic activity around theing the Hormozgan earthquak@/(y=6.0), an anomaly is
earthquake date. A sudden increase in nighttime total ioronly seen in the nighttime electron density variations mea-
density and electron density related to geomagnetic activitysured by ISL, 1 day before the earthquake. After processing
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