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Abstract. Using IAP (plasma analyzer) and ISL (Langmuir

probe) experiments onboard DEMETER (Detection of Elec-

tromagnetic Emissions Transmitted from Earthquake Re-

gions) satellite and GPS (Global Positioning System) mea-

surements, we have statistically analyzed the variations of

the electron and ion densities to search for disturbances in

the vicinity of four large earthquakes prior to events. The

indices Dst and Kp were used to distinguish pre-earthquake

anomalies from the other anomalies related to the geomag-

netic activities. For each studied case, a very good agree-

ment was found between the different parameters estimated

by DEMETER and GPS data in the detection of pre-seismic

anomalies. Our statistics results show that the anomalous de-

viations prior to earthquakes have different sign from case

to case, and that their amplitude depends on the magnitude

of the earthquake. It has also been found that the electron

density measured by the ISL experiment at night detects

anomalous variations significantly before the earthquakes.

The appearance of positive and negative anomalies in both of

DEMETER and TEC (Total Electron Content) data during 1

to 5 days before all studied earthquakes during quiet geomag-

netic conditions indicates that these anomalous behaviors are

highly regarded as seismo-ionospheric precursors.

1 Introduction

Scientists acknowledge that a seismic electromagnetic

anomaly is a climax of some process which begins a few

days before the main event and stay until a few days af-

ter it. But, earthquakes as geophysical phenomena involve

processes which are irregular, non-linear and complicated.

These events are so sophisticated that the dynamic relations

between their parameters result in high uncertainties in their
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prediction. Therefore, it is necessary to find more reliable

methods to closely study the process and its relevant param-

eters. During earthquake preparation, a dynamic process in-

volves an energy transfer due to crust displacement and, at

the time of the shock a break down between the source and

the environment occurs. This change prior to the earthquake

or along with it, may have different physical and chemical

effects on the lithosphere, atmosphere and ionosphere, and

accordingly makes it possible to be detected. These varia-

tions of lithosphere, atmosphere and ionosphere parameters

before the main earthquakes are considered as hint of im-

pending earthquakes (earthquake precursors).

Widespread researches on earthquake prediction over the

last decades have resulted in the recognition of many earth-

quake precursors in the lithosphere, atmosphere and iono-

sphere. The effects of the pre-seismic activity on the iono-

sphere can be investigated using the ionospheric electron and

ion densities. Perturbations of the ionospheric plasma with-

out significant solar and geomagnetic disturbances may be

attributed to earthquakes. These anomalies usually happen

in the E-layer and F-layer and may be observed 1–10 days

prior to the earthquake and continue a few days after it (see

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

unpredictable (Sharma et al., 2008). Daily variations of the

ionosphere depend on solar and geomagnetic activities, sea-

son, latitude and longitude and other unknown parameters.

In the minimum solar cycle in the north hemisphere during

noontime the maximum and minimum of the annual varia-

tions of the electron concentration are observed around the

equinoxes and in the summer, respectively (Pulinets et al.,

2003). Equatorial anomaly is seen as two peaks of electron

density on each side of the Equator when, near the geomag-

netic equator, the vertical movement which results from an

imposed eastward electric field, is upward during the day. Its

combination with preferential diffusion along the direction
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of the geomagnetic field produces this equatorial anomaly.

According to satellite measurements the equatorial anomaly

also appears during nighttime in high solar activity condi-

tions (Pulinets et al., 2003).

Recently various ground-based and satellite observations

have shown the possibility of ionospheric disturbances gen-

eration by earthquake preparation processes. There is a lack

of extensive ground experiments to monitor geophysical and

geochemical parameters in most areas. But satellite exper-

iments due to the vast coverage of the seismic zones of the

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

have been published on satellite observation of electromag-

netic and ionospheric perturbations associated with seismic

activity (Hayakawa and Molchanov, 2002; Pulinets and Bo-

yarchuk, 2004). Russian scientists suggested the possibil-

ity of observing seismo-electromagnetic by satellites in the

1980s. In the past, data recorded by many different satel-

lites (Alouette, GEOS 1 and 2, Cosmos 1809, OGO 6, Au-

reol 3, IK Bulgaria 1300, IK 19 and 24, AE-C, ISIS 2, Topex-

Poseidon, DE 2, DEMETER, GPS Satellites, Mir, etc.) have

been used for understanding of the pre-seismic ionospheric

variations. Gokhberg et al. (1983) studied on local plasma

density and temperature variations measured onboard AE-

C and ISIS-2 satellites. Depuev and Zelenova (1996) ob-

served that during a pre-earthquake period while the sub-

peak electron content remains almost unchanged, foF2 is in-

creased and hmF2 decreased at night. In another study, Pu-

linets et al. (2003) used data of ground-based ionosondes and

topside sounding from onboard Alouette-2 and Intercosmos-

19 satellites together with local plasma measurements on-

board the AE-C satellite to classify the main features of

ionospheric variations associated with pre-seismic activity.

Their work was based on hundreds of cases processed and

also based on the knowledge of the ionospheric behavior

under both quiet and geomagnetically disturbed conditions

as a background for seismo-ionospheric variability separa-

tion. Parrot et al. (2006) and Sarkar et al. (2007) described

examples of variation of plasma parameters recorded by

DEMETER data over epicenters of some earthquakes be-

fore their occurrence. GPS (Global Positioning System) –

TEC (Total Electron Content) measurements have also made

a considerable contribution to the understanding of seismo-

ionospheric variations. Liu et al. (2004) statistically de-

scribed the temporal parameters of the seismo-ionospheric

precursors detected during 1–5 days prior to the earthquakes

using TEC data for 20 major earthquakes in Taiwan. Devi et

al. (2008) showed that electric field generated during earth-

quake preparatory processes has a strong effect in shaping the

TEC profiles of the northern crest of the equatorial anomaly.

Zhao et al. (2008) observed the anomalous enhancement

of the seismo-ionospheric electron content 3 days prior to

12 May Sichuan earthquake using TEC variations.

In contrast with methods that assume the Earth’s crust has

an ideal homogeneous structure and disregard the physical

and chemical changes occurring inside the earth, there ex-

ist hypothesis to explain the seismic electromagnetic mecha-

nism based on geophysical and geochemical processes:

- direct wave production in a wide band spectrum by

compression of rocks close to earthquake epicenter

could be likely related to piezo-electric and tribo-

electric effects;

- rising fluids under the ground would lead to the emana-

tion of warm gases;

- activation of positive holes that can reach the ground

surface;

- emissions of radioactive gas or metallic ions such as

radon which increase the Earth surface potential.

Pre-seismic electric field and its polarity cause the electrons

in the F-layer to penetrate to lower layers and therefore to

create anomaly in the ionospheric parameters. The thin layer

of particles created before earthquakes due to ions radiation

from the earth has a main role in transferring electric field

to above atmosphere and then to the ionosphere. The pen-

etration of this electric field to the ionosphere was first an-

alytically calculated in Park and Dejnakarintra (1973) and

then applied to the seismo-electromagnetic process by Kim

et al. (1994) and Pulinets et al. (2000). The vertical elec-

tric field on the ground surface is transformed into an elec-

tric field perpendicular to the geomagnetic field lines. This

zonal component leads to plasma density anomalies, which

are observed in the earthquake area (Parrot, 1995; Tronin et

al., 2002; Hayakawa and Molchanov, 2002; Pulinets et al.,

2003; Namgaladze et al., 2009). In vicinity of the equato-

rial anomaly, a zonal component can be generated using the

mechanism proposed in Pulinets (2009).

In spite of several reports published before launch of

DEMETER satellite, the database collected was not acces-

sible and sufficient to be used as ionospheric earthquake

precursors. Only single parameter measurements like the

changes in electron density, electric field or ion density prior

to earthquakes have been taken into account. The electron

density measurements need to be accompanied with temper-

ature and ion composition measurements to reveal the nature

of seismo-ionospheric variations. Therefore, it is necessary

to carry out regular satellite observations in the ionosphere

with highly sensitive measurements over seismically active

and quiet regions. This will lead to creating an appropriate

database for statistical study of the seismo-ionospheric ef-

fects. In this regard, the French micro-satellite DEMETER

was launched on 29 June 2004. Moreover, GPS satellites

with high time resolution measurements can be included as a

supplementary way to study ionospheric variations over the

regions supported by GPS ground stations.
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If it can be shown that ionospheric perturbations are real

and systematic then they could be considered as short-term

precursors, occurring between a few hours and a few days

before the earthquakes. It should be noted that it is not ex-

pected that precursors can appear for any earthquake. Since

not any individual precursor can be used as an accurate stand

alone tool for the earthquake prediction, it is required to ex-

ploit and integrate different kinds of precursors from differ-

ent experiments. In order to determine whether some of pre-

cursors have characteristics uniquely related to seismic ac-

tivity, this study examines variations of electron density, ion

density, electron temperature and total electron content mea-

sured by DEMETER and GPS satellites several days before

and after some earthquakes. Section 2 will briefly explain

the DEMETER experiments used in this study, the method of

TEC calculation by GPS data and the geomagnetic data. The

applied method for anomaly detection is shown in Sect. 3.

The seismo-ionospheric anomalies observed for four earth-

quakes are described in Sect. 4. Section 5 presents the strik-

ing findings observed by DEMETER and GPS data before

events and Sect. 6 is for conclusions.

2 Data

2.1 DEMETER satellite data

The top part of ionosphere can be screened by some remote

sensing satellites such as DEMETER. One of DEMETER

scientific objectives is to detect anomalous variations of elec-

tromagnetic waves, particle fluxes and thermal plasma pa-

rameters which could be related to seismic activity. The orbit

of DEMETER with an altitude of 710 km is polar, circular

and nearly sun-synchronous and measurements are done at

two different Local Time (LT): at 10:30 and 22:30. DEME-

TER experiments provide a nearly continuous survey of the

plasma, waves and energetic particles. The electric field ex-

periment ICE uses four electric probes to measure the three

components of the electric field in a frequency range from

DC up to 3.5 MHz; The search-coil magnetometer IMSC

measures the three components of the magnetic field in a fre-

quency range from a few Hz up to 20 kHz; The plasma an-

alyzer IAP measures the ion density, composition, and tem-

perature and flow velocity; The ISL, a set of two Langmuir

probes, gives access to the electron density and temperature;

and the solid state energetic particle detector IDP, measures

the high energy electrons and protons. There are two modes

of operation: (i) a survey mode to record low bit rate data

all around the Earth at invariant latitudes less than ∼65◦, and

(ii) a burst mode to record high bit rate data above seismic

regions.

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

vey and burst modes concerning each earthquake have been

analyzed. ISL is designed to measure the electron density

of plasma (in the range 108 −5·1011 m−3), electron temper-

ature (in the range 600–10 000 ◦K) and the potential of the

satellite (in the range ∼ ±3 V). Variations of these param-

eters are obtained with a time resolution of 1 s (Lebreton et

al., 2006). The main aim of IAP experiment is to measure the

main parameters of the thermal population that is the densi-

ties of the major ionospheric ions H+, He+ and O+ (in the

range 102 −5·105 ions cm−3), their temperature (range 500–

5000 ◦K) and the ion flow velocity in the Earth’s frame of

reference (Berthelier et al., 2006).

Organized data and plots are available by half-orbits

through a web server (http://DEMETER.cnrs-orleans.fr). In

this study based on the time, geographic location and magni-

tude of each earthquake the closest satellite approaches from

about 6 weeks before to 1 week after the earthquake were se-

lected and IAP and ISL physical data concerning these orbits

were analyzed.

2.2 GPS satellite data

Recently the extending network of GPS receivers has gener-

ated an increasing amount of data regarding the ionosphere

state. TEC is the integrated number of the electrons within

the block between the satellite and receiver or between two

satellites. The GPS satellites transmit two frequencies of

signals (f1=1575.42 MHz and f2=1227.60 MHz). The re-

ceived signals in ground stations contain many effects such as

ionosphere, troposphere, hardware and random errors. Iono-

sphere on the contrary of the troposphere is a dispersive

medium and its effects can be evaluated with measurement

of the modulations on the carrier phases recorded by dual-

frequency receivers (Sardon et al., 1994). To study TEC vari-

ations, data of GIM (Global Ionospheric Map) provided by

NASA Jet Propulsion Laboratory (JPL) were used. The GIM

is constructed into 5◦×2.5◦ (Longitude, Latitude) grid with a

time resolution of 2 h. GIM data are generated on a daily ba-

sis using data from about 150 GPS sites of the IGS (Interna-

tional Gnss Service) and other institutions. The Vertical Total

Electron Content (VTEC) is modeled in a solar-geomagnetic

reference frame using a spherical harmonics expansion up to

degree and order of 15. Instrumental biases, so-called dif-

ferential P1-P2 code biases (DCB), for all GPS satellites and

ground stations are estimated as constant values for each day

(Mannucci et al., 1998). To convert line-of-sight TEC into

vertical TEC, a modified single-layer model mapping func-

tion approximating the JPL extended block model mapping

function is adopted (http://www.gsfc.nasa.gov/). In this re-

search, TEC data based on the date and geographic location

of each earthquake from about 6 weeks before to 1 week after

the main event were processed.

2.3 Geomagnetic data

The ionospheric parameters are affected by solar geophysical

conditions and geomagnetic storms especially in the equa-

torial and polar regions. Also, auroral activity has an im-

portant role in the mid-latitude ionosphere perturbations. In
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other words, the ionosphere current and equatorial storm-

time ring current in periods of solar-terrestrial disturbances

produce significant geomagnetic field disturbances observed

on the ground. Accordingly, the measured parameters may

display variations in absence of seismic activity. Therefore,

it is difficult to separate pre-seismic ionospheric phenomena

from the ionospheric disturbances due to the solar-terrestrial

activities (Ondoh, 2008). Consequently, to discriminate the

seismo-ionospheric perturbations from geomagnetic distur-

bances, the geomagnetic indices Dst and Kp (http://spider.

ngdc.noaa.gov) were checked. The Kp index monitors the

planetary activity on a worldwide scale while the Dst in-

dex records the equatorial ring current variations (Mayaud,

1980). The ionospheric effect of a geomagnetic storm has a

global impact being observed all over the world while, the

seismogenic effect is observed only by stations with distance

less than 2000 km from the potential epicenter (Pulinets et

al., 2003). It should be noted that an ionospheric storm usu-

ally lasts 8–48 h while the seismoionospheric disturbances

have duration of 3–4 h, a few days before the earthquake (Pu-

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

et al., 2008).

3 Applied method for anomaly detection

In each case study, using reported geographic latitude and

longitude concerning the earthquake epicenter, we have ana-

lyzed ionospheric parameters extracted from DEMETER and

GPS satellites during about 45 days before to 10 days after

the event over area depending on earthquake magnitude. The

radius of this area can be estimated using the Dobrovolsky

formula R = 100.43M where R is the radius of the earthquake

preparation zone, and M is the earthquake magnitude (Do-

brovolsky et al., 1979). Furthermore, studies show that the

irregularities in the electron concentration happen when the

area on the ground surface occupied by the anomalous field

exceeds 200 km in diameter. Also, previous studies show

that the maximum of the affected area in the ionosphere

does not coincide with the vertical projection of the epicen-

ter of the impending earthquake and is shifted towards the

Equator in high and middle latitudes (Pulinets et al., 2003).

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-

lite and the epicenter was selected in terms of DEMETER

satellite altitude and earthquake zone radius. The same way

was applied for analyzing TEC and data of GPS ground sta-

tions near to epicenter of earthquakes. In order to search for

earthquake anomaly from ionosphere variations a reasonable

range for ionosphere regular variations must be determined.

Many semi empirical and empirical models (e.g. IRI-2000)

have been developed for long- and short-term predictions of

the ionospheric parameters (Bilitza, 2001). It means that

discrepancy differences between predictions of these models

and measured data can be regarded as anomaly before earth-

quakes. But our experiments show that the results of these

models are not in good agreement with measurements even

during quiet conditions. This contradiction can be vindicated

by the low sensitivity of these models to detect fast changes

in ionosphere during solar and geomagnetic activity. Bolzan

et al. (2009) used the wavelet transform to obtain the time

variability of the main periodicities of intermittent phenom-

ena during a geomagnetic storm to increase the efficiency of

the models. It appears that there is a necessity for more de-

tailed studies of intermittent and non intermittent phenomena

in ionosphere that affect variations caused by a seismic elec-

tric field.

The median and the inter-quartile range of data are utilized

to construct their upper and lower bound in order to separate

seismic anomalies from the background of natural variations

(Liu et al., 2004). In calculation of statistical parameters, the

length of the period was selected as about 55 days in order

to avoid affects by the seasonal variations. The upper and

lower bound of the mentioned range can be calculated using

the following equations:

xhigh = M +k · IQR (1)

xlow = M −k · IQR (2)

xlow<x<xhigh ⇒ −k<
x−M

IQR
< k ; Dx=

x−M

IQR
(3)

where x, xhigh, xlow, M , IQR and Dx are the parameter value,

upper bound, lower bound, median value, inter-quartile range

and differential of x, respectively. According to this, if the

absolute value of Dx would be greater than k, (|Dx| > k), the

behavior of the relevant parameter (x) is regarded as anoma-

lous. According to Eq. (3), p = ±100·(|Dx|−k)/k indi-

cates the percentage of parameter change from the undis-

turbed state. The k value must be proportional to the earth-

quake magnitude. Namely, for large earthquakes with magni-

tude greater than 7.0, k can be selected greater than 2.0. Vari-

ations of the ionosphere parameters depend on local time.

Therefore, in calculation of TEC, M and IQR values were

evaluated over the total time interval of interest for each pe-

riod of 2 h in Local Time.

4 Observations and case studies

As mentioned in the introduction section, in order to clear

up uncertainty to earthquake anomaly detection, our study

is based on a few types of precursors, sensors and case

studies. Seismo-ionospheric disturbances within a few days

before earthquakes have been registered in 73% of earth-

quakes with magnitude 5.0, and in 100% of earthquakes with

magnitude 6.0 (Pulinets, 2003). Using visual inspection in

seismic databases (http://earthquake.usgs.gov, http://www.

emsc-csem.org, http://iiees.ac.ir, and http://geophysics.ut.

ac.ir) and regarding the availability of DEMETER and
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Table 1. List of the earthquakes selected in this study (reported by http://earthquake.usgs.gov/).

Area Date Time Geographic latitude, Magnitude Focal depth

(UTC) longitude (MW) (km)

Samoa Islands 29 Sept 2009 17:48:10.99 15.49 S, 172.10 W 8.1 18.0

L’Aquila, Italy 6 Apr 2009 01:32:39.00 42.33 N, 13.33 E 6.3 8.0

Sichuan, China 12 May 2008 06:28:01.57 31.00 N, 103.32 E 7.9 19.0

Hormozgan, Iran 28 Feb 2006 07:31:02.65 28.12 N, 56.87 E 6.0 18.0

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=UTC-11:00). (a)

DTEC variations. (b) Variations of Dst geomagnetic index. (c) Variations of Kp geomagnetic index. (d) TEC anomaly detected based on:

|DTEC| > 2.5, Kp < 2.5 and Dst > −20 (nt).

GPS data, four earthquakes which happened in Samoa Is-

lands, Sichuan (China), L’Aquila (Italy) and Hormozgan

(Iran) have been incorporated in this analysis. Table 1 in-

dicates some characteristics of these earthquakes.

4.1 Samoa Islands earthquake

In Samoa Islands, the largest earthquake so far, took place

at 06:48:11 LT on 29 September 2009 with a magnitude

MW=8.1 (see Table 1). Figure 1a illustrates the DTEC val-

ues estimated according to Eq. (3) from 28 July to 6 October

2009 using GPS ground stations close to the epicenter. By

visual inspection of DTEC variations, perturbations can be

seen near to the earthquake date. But to isolate earthquake

perturbations from solar and magnetic disturbances, varia-

tions of Dst and Kp indices during the same time interval

were incorporated. Figure 1b and c illustrates, respectively,

the variations of Dst and Kp indices that were relatively quiet

during days prior to the earthquake. The Kp index shows a

sudden magnetic activity on 30 August 2009, 30 days before

the earthquake from 04:00 to 14:00 LT.

After integration of these three information layers, the

TEC anomaly was derived during quiet geomagnetic con-

ditions. In other words, anomalous TEC is only depicted

at times when |DTEC|>2.5, Kp<2.5 and Dst>− 20 (nT).

The TEC anomaly is represented as a function of the Uni-

versal Time Coordinate (UTC) and number of days relative

to the main shock onset; an asterisk represents the time of

the earthquake (Fig. 1d). As shown in Fig. 1d, strong en-

hancement of TEC anomaly can be seen during several time

intervals (Table 2). Anomalous TEC variations of the order

of +2% began on 24 September, 5 days prior to the earth-

quake. The TEC anomaly on 28 September, 1 day before

event, was expanded and amplified with a maximum value

reaching +49% at 03:00 LT. This anomaly continues some

days after the earthquake. Seismic reports related to this

www.nat-hazards-earth-syst-sci.net/10/7/2010/ Nat. Hazards Earth Syst. Sci., 10, 7–18, 2010
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Table 2. List of the earthquakes and detected anomalies. Day is relative to the earthquake day. Value calculated by: (x −M)/IQR: 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 (DEMETER: M±1.8·IQR;

TEC: M±2.5·IQR), Sichuan (DEMETER: M±1.5·IQR; TEC: M±2.5·IQR), L’Aquila (DEMETER: M±1.5·IQR; TEC: M±1.5·IQR) and

Hormozgan (DEMETER: M±1.8·IQR; TEC: M±2·IQR).

Earthquake TEC DEMETER (Level 1)

Name Date Time Day Time Value Day Value Sensor Parameter Time

(LT) (LT) (LT)

Samoa 29 Sep 2009 06:48:10.99 1 01:00 +2.78 2 +3.24 ISL Electron Temperature 22:30

Islands 1 03:00 +3.73 3 +2.12 IAP O+ Density 22:30

1 05:00 +3.38 3 +2.08 IAP Total Ion 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 Ion Density 10:30

2 15:00 +2.54 4 +3.18 IAP O+ Density 10:30

3 15:00 +2.91 4 –2.87 IAP Ion Temperature 10:30

4 09:00 +2.60 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 Ion Density 10:30

8 +2.24 IAP O+ Density 10:30

8 +2.07 IAP O+ Density 22:30

8 +2.04 IAP Total Ion 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 +1.92 0 +1.72 IAP Total Ion Density 10:30

Italy 4 24:00 +1.84 0 +1.83 IAP Total Ion Density 22:30

1 +2.58 IAP Total Ion Density 22:30

1 +1.72 IAP Total Ion Density 10:30

1 +2.21 ISL Electron Density 10:30

2 +1.65 ISL Electron Density 10:30

2 +2.64 IAP Total Ion Density 22:30

2 +2.67 ISL Electron Density 22:30

3 +3.35 ISL Electron Density 22:30

3 +2.30 IAP Total Ion Density 22:30

8 +1.93 ISL Electron Density 10:30

8 +1.44 IAP Total Ion Density 10:30

Sichuan, 12 May 2008 14:28:01.57 1 12:00 –2.59 0 +1.6 IAP Ion Temperature 10:30

China 2 12:00 –03.10 2 –2.18 IAP O+ Density 10:30

2 14:00 –03.07 2 –2.28 IAP Total Ion 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 O+ Density 10:30

4 06:00 –2.69 3 –2.26 IAP Total Ion 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 Ion Density 22:30

10 –3.22 ISL Electron Temperature 22:30

11 +2.5 ISL Electron Temperature 22:30

Hormozgan, 28 Feb 2006 11:01:02.65 1 05:30 +2.43 1 +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 dotted

line. The green horizontal lines indicate the upper and lower bounds (M±1.8·IQR). The blue horizontal line indicates the median value (M).

The x-axis represents the day relative to the earthquake day. The y-axis represents (a) total ion density derived by the measurements of the

IAP experiment during day, (b) electron density derived by the measurements of the ISL experiment during day, (c) electron temperature

derived by the measurements of the ISL experiment during day, and (d) electron density derived by the measurements of the ISL experiment

during night.

earthquake indicate several aftershocks registered with fairly

high magnitudes. The largest aftershock (Mb=6.0) occurred

at 12:45 LT, about 6.0 h after the earthquake.

In order to confirm observed TEC anomalies, DEMETER

data were used. Figure 2 illustrates variations of different pa-

rameters extracted from DEMETER experiments data over

Samoa earthquake region from 1 August to 5 October 2009.

It concerns electron density (cm−3) and electron tempera-

ture (K) from ISL and total ion density (cm−3) from IAP,

which were recorded when satellite orbits have been close to

the earthquake epicenter (i.e. less than 1500 km). The verti-

cal dotted line in each panel shows the earthquake date and

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

quake day. Median and bounds (upper and lower) are seen

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

ation of satellite in safe mode a time gap is observed from

7 to 15 September 2009. In Fig. 2a, an increase in total

ion density is clearly observed at ∼10:30 LT, 4 days before

the earthquake. Variations of total ion density clearly ex-

ceed the upper bound (M + 1.8·IQR) of the order of 67%.

Similar to this another unusual behavior is seen in electron

density variations (Fig. 2b), when it reaches a maximum

value, at ∼10:30 LT, 4 days before the earthquake and ex-

ceeds the upper bound of the order of 67%. Because of

the inverse relation between electron density and electron

temperature, observed anomaly in electron density can be

acknowledged by the electron temperature variations. Fig-

ure 2c illustrates that electron temperature has reached to its

minimum value (Dx=–1.82) at ∼10:30 LT, 4 days before the

earthquake. Irregularities of electron density also occurred

at ∼22:30 LT, 11, 8, 5 and 3 days before the earthquake that

among them, the maximum irregularity intensity (i.e. 60.5%)

observed 5 days before the earthquake. Such anomalous vari-

ations were also observed in other measured parameters at

night before earthquakes (see Table 2).

4.2 Sichuan, China earthquake

On 12 May 2008 at 14:28:01.57 LT a strong earthquake of

magnitude MW=7.9 occurred in southwest China (see Ta-

ble 1). Figure 3a displays the DTEC values during the

period 1 April–22 May 2009, derived from GPS stations

close to the epicenter. Figure 3b and c illustrates that

quiet geomagnetic conditions exist around the earthquake

date. After fusion of DTEC, Dst and Kp data, the TEC

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., 10, 7–18, 2010
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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=UTC+08:00). (a)

DTEC variations. (b) Variations of Dst geomagnetic index. (c) Variations of Kp geomagnetic index. (d) TEC anomaly detected based on:

|DTEC| > 2.5, Kp < 2.5 and Dst > −20 (nt).

indicates the pre-earthquake ionospheric anomalies when

the observed TEC values fall below their associated lower

bound (M −2.5·IQR). Some strong anomalies are observed

10 (06:00 LT), 4 (02:00, 04:00, 06:00 LTs), 3 (12:00, 14:00,

24:00 LTs), 2 (12:00, 14:00 LTs) and 1 (12:00 LT) days be-

fore the event. Among all above pre-earthquake anomalies,

the anomalies observed 2 and 3 days before the main shock

at 12:00 LT, were the strongest (the observed TEC exceeds

the lower bound by –24%). The corresponding data with to-

tal ion and electron density changes recorded by DEMETER

IAP and ISL sensors are shown in Fig. 4. After inspection

of magnetic indices (Fig. 3b and c), the sudden variations

related to magnetic activities are seen in different panels by

an arrow. The transition in electron density value from lower

bound (M−1.5·IQR) occurs at ∼10:30 LT, 3 days prior to the

earthquake and is of the order of –24%. It reaches its mini-

mum value of –37%, 2 days before the earthquake (Fig. 4a).

Such anomalies are also observed in electron temperature

variations, when the magnitude of changes from the undis-

turbed state reaches 15% and 29%, 3 and 2 days prior to

event, respectively (Fig. 4b). An unusual decrease of elec-

tron density (–13%) is seen at ∼22:30 LT, 3 days before the

earthquake in Fig. 4c. This Figure also illustrates an increase

of the order of 39%, from the normal state 9 days before the

earthquake which is acknowledged by an anomaly in the total

ion density of the order of 42%, at ∼22:30 LT, 10 days prior

to the event (Fig. 4d). The characteristics of other detected

anomalies can be found in Table 2.

4.3 L’Aquila, Italy earthquake

In Italy the deadliest earthquake (since the 1980 Irpinia earth-

quake) occurred (MW=6.3) in the region of Abruzzo, in

central Italy, at 03:32:39 LT on 6 April 2009 (see Table 1).

For this earthquake, the method already described was used

and TEC anomaly (|DTEC| > 1.5) was derived using inte-

gration of DTEC and geomagnetic indices from 1 March to

16 April 2009 (Fig. 5a). The anomalous TEC corresponding

to this event is of the order of 28% and 23% at 24:00 LT, 2

and 4 days before the earthquake, respectively. The moder-

ate geomagnetic activity around the date of this earthquake

does not seem to modify the data recorded by DEMETER

experiments. By inspection of electron density variations ob-

tained from ISL, sharp increases of 123% and 78% from the

unperturbed state at ∼22:30 LT, were observed 3 and 2 days

before the earthquake, respectively. Simultaneously the to-

tal ion density exceeds from the upper bound 3 days before

the earthquake and reaches a maximum value of 76%, 2 days

before the event and then starts decreasing to reach a normal

value 1 day after the earthquake. The variations of daytime

total ion density show similar anomalies as that of nighttime.

It shows an increase from the undisturbed state (15%) 1 day

before the earthquake. It is accompanied with electron den-

sity anomaly 47% observed at ∼10:30 LT, 1 day before the

event. The details of other detected anomalies can be seen in

Table 2.
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Fig. 4. Results of DEMETER data analysis for the Sichuan earthquake (12 May 2008) from 1 April to 16 May 2008. The earthquake day is

represented as vertical dotted line. The green horizontal lines indicate the upper and lower bounds (M±1.5·IQR). The blue horizontal line

indicates the median value (M). The sudden variations related to the magnetic activity are indicated by an arrow. The x-axis represents the

day relative to the earthquake day. The y-axis represents (a) electron density derived by the measurements of the ISL experiment during day,

(b) electron temperature derived by the measurements of the ISL experiment during day, (c) electron density derived by the measurements

of the ISL experiment during night and (d) total ion density derived by the measurements of the IAP experiment during night.

Fig. 5. Results of TEC anomaly analysis. (a) Detected TEC anomalies for the L’Aquila earthquake (6 April 2009) from 1 March to 16

April 2009 based on |DTEC| > 1.5, Kp < 2.5 and Dst > −20 (nt). The y-axis represents the time UTC (LT=UTC+02:00). (b) Detected

TEC anomalies for the Hormozgan earthquake (28 February 2006) from 18 January to 8 March 2006 based on |DTEC| > 2.0, Kp < 2.5 and

Dst > −20 (nt). The y-axis represents the time UTC (LT=UTC+03:30).

www.nat-hazards-earth-syst-sci.net/10/7/2010/ Nat. Hazards Earth Syst. Sci., 10, 7–18, 2010
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4.4 Hormozgan, Iran earthquake

Occurrence of more than 130 strong earthquakes (MW>7.5)

in the past centuries and almost daily earthquakes of magni-

tude 3.0 in Iran makes it as a severe earthquake prone region.

An earthquake of magnitude 6.0 occurred on 28 February

2006 in south of Iran (see Table 1). DTEC, Dst and Kp varia-

tions were analyzed from 18 January to 8 March 2006. TEC

anomaly variations,|DTEC| > 2.0, corresponding to low ge-

omagnetic activity (Kp < 2.5 and Dst > −20 (nt)), indicate

an anomaly of the order of 21.5% at ∼05:30 LT, 1 day before

the main shock (Fig. 5b). Among the measured parameters

by DEMETER satellite, electron density variations recorded

by the ISL experiment during night (∼22:30 LT), agree with

the results obtained by the TEC analysis, when it exceeds the

upper bound (M +1.8·IQR) and reaches 36% and 9%, 2 and

1 days before the earthquake (see Table 2).

5 Discussion

Variations of plasma parameters obtained by DEMETER and

GPS data clearly shows the anomalies a few days prior to

Samoa earthquake over the region of impending earthquake.

These anomalous behaviors are seen in TEC, ISL (electron

density, electron temperature and ion density) and IAP (total

ion density and ion temperature) data a few days before the

earthquake. Results are summarized in Table 2. An anomaly

(67%) is observed at ∼10:30 LT, 4 days prior to the earth-

quake by DEMETER sensors. Analysis of TEC variations

also agrees with this anomaly at ∼13:00 LT on mentioned

date. One of the most interesting and promising results of

this case study is the observed anomaly almost in all the mea-

sured parameters that can be related to the magnitude of this

strong earthquake (MW=8.1) and likewise, quiet geomag-

netic activities around the earthquake date that did not mod-

ify the detected anomalies. Owing to the better time resolu-

tion (every 2 h) of the GPS data in comparison with DEME-

TER data (two times by day 10:30 and 22:30 LT), it is found

that the unusual DTEC variations last 8 h, 1 day before the

earthquake. Positive anomalies detected by DEMETER and

GPS data about the Samoa earthquake is another interesting

result. In contrast to Samoa earthquake, negative anomaly in

different derived parameters by GPS and DEMETER data is

observed over the Sichuan earthquake region a few days be-

fore. A dominant anomaly in total ion density of the order of

–52% and also in the electron density of the order of –37%

is seen at ∼10:30 LT, 2 days before the Sichuan earthquake.

This anomaly in electron density has been detected by ISL

at ∼22:30 LT, 3 days prior to the earthquake. There is also

a TEC anomaly of the order of –24%, 2 and 3 days before

the earthquake which occurs at ∼12:00 LT. Geomagnetic in-

dices imply the daytime low geomagnetic activity around the

earthquake date. A sudden increase in nighttime total ion

density and electron density related to geomagnetic activity

detected about 18 days before the earthquake. Detected posi-

tive increase from upper bound in nighttime electron density,

9 days before the earthquake, due to the negative observed

variations in TEC and DEMETER data a few days prior to

this earthquake, has little chance to be related to the earth-

quake. For the L’Aquila earthquake, the results indicate that

the observed anomalies by GPS and TEC data are positive.

An anomaly of the order of 28% is detected in DTEC data

at ∼00:00 LT, 1 day before the earthquake. This perturbation

is in good agreement with noticeable observed anomalies in

electron density (47%) and total ion density (15%), 1 day be-

fore the event. Despite several gaps in DEMETER measure-

ments during days before this earthquake, unusual variations

in electron and total ion densities have been observed during

1–3 days before this earthquake.

The Hormozgan earthquake (MW=6.0) has the lowest

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

anomaly (9%) in electron density at 22:30 LT, 1 day before

the earthquake. Concerning IAP and ISL measurements, an

anomaly is only observed in nighttime electron density vari-

ations with ISL.

Regardless of the magnitude of the earthquakes, our re-

sults show the merit of the ISL experiment to detect anomaly

in nighttime electron density variations before the earth-

quakes (Fig. 2d). This is consistent with the fact that the

efficiency of the anomalous electric field penetration into the

ionosphere at night is higher than in daytime (Pulinets and

Boyarchuk, 2004). Our results also show that in each case

study, the unusual variations observed in the obtained pa-

rameters from the GPS and DEMETER data have a similar

sign. But the sign of the deviations of the aforesaid parame-

ters differs from case to case. As mentioned before, positive

anomalies were detected in Samoa, L’Aquila and Hormozgan

earthquakes, while in Sichuan earthquake negative anoma-

lies were observed before their occurrence. On the other

hand, the pre-seismic ionospheric anomalies can be posi-

tive as well as negative. The sign of the anomaly could be

justified by the ionosphere large day-to-day variability ow-

ing to the solar irradiation variability, meteorological influ-

ences and solar wind energy input (Rishbeth and Mendillo,

2001). Pulinets et al. (2003) also indicated that the sign of

the anomaly could be related to the sign of the anomalous

electric field at the ground surface and to the position of

the studied ionospheric regions in relation to the epicenter

location (east or west). Another striking feature is the di-

rect relation between the earthquake magnitude and intensity

of the observed anomalies. The anomalous behavior in the

ionosphere parameters can be seen in all measured data by

IAP and ISL in Samoa (MW=8.1) and Sichuan (MW=7.9)

earthquakes a few days before the events. But concern-

ing the Hormozgan earthquake (MW=6.0), an anomaly is

only seen in the nighttime electron density variations mea-

sured by ISL, 1 day before the earthquake. After processing
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TEC and DEMETER data for four strong earthquakes, our

results indicate that the highest intensity of pre-earthquake

anomaly appeared within the time interval 1–5 days before

the earthquakes. Variations of geomagnetic indices illus-

trated that the time interval selection for each earthquake

case, especially near to the earthquake date, was suitable for

studying pre-seismic ionosphere phenomena. It should be

pointed out that the earthquake anomaly can be hidden in

the high magnetic activity periods. Consequently, we inves-

tigated only the pre-seismic plasma anomalies in geomag-

netic quiet periods. Also, it should be noted that in the de-

termination of the reference level, the k value differs from

case to case. In this study, in order to detect TEC anomaly,

M±2.5·IQR and M±1.8·IQR selected as permissive bounds

at the Samoa (MW=8.1) and Italy (MW=6.3) earthquakes, re-

spectively (see Table 2). It means that for anomaly detection

in weaker earthquakes (MW <6.0) due to the lower magni-

tude and anomaly strength, k value can not be selected such

high but in large earthquakes owing to the sharp variations,

k value can be selected greater than 2. An automatic method

was used to select optimum k value in order to better detect

anomalies in each case study.

6 Conclusions

Ionospheric data measured at the altitude of the satellite have

been processed together with TEC data (density integrated

along the total ionosphere) at the time of large earthquakes.

We have shown in this study, efficiency of DEMETER IAP

and ISL sensors to detect striking anomalies in electron tem-

perature, total ion and electron density parameters and also

GPS data to observe anomalies in total electron content vari-

ations, in the vicinity of strong earthquake epicenters several

days before their happenings. ISL experiment of DEME-

TER satellite can sufficiently detects unusual features in

nighttime electron density variations before earthquakes of

magnitude greater than 6.0. It could be seen that during the

four earthquake periods, the DEMETER and GPS measure-

ments yield similar tendencies. It should be pointed out that

the pre-seismic ionospheric anomalies which appeared 1 to

5 days before earthquakes can be positive as well as nega-

tive. Because geomagnetic activity was very quiet during

the days around the studied earthquakes date, the detected

anomalies can be interpreted as the pre-seismic ionospheric

variations. However, it is necessary to take into account that

the ionosphere has complicated behavior even under quiet

geomagnetic condition and the measured parameters some-

times display variations in quiet seismic condition that can be

associated to other unknown factors. The seismo ionospheric

anomalies represented in this paper are promising for the

short term prediction but attention has to be paid that further

investigation is required to obtain a very accurate regional

model of quiet time for ionosphere to discriminate seismic

precursors from the background of daily variations.
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