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Abstract. The electron density data recorded by the Lang-
muir Probe Instrument (ISL, Instrument Sonde de Lang-
muir) onboard the DEMETER satellite have been collected
for nearly 4 yr (during 2006–2009) to perform a statistical
analysis. During this time, more than 7000 earthquakes
with a magnitude larger than or equal to 5.0 occurred all
over the world. For the statistical studies, all these events
have been divided into various categories on the basis of the
seismic information, including Southern or Northern Hemi-
sphere earthquakes, inland or sea earthquakes, earthquakes
at different magnitude levels, earthquakes at different depth
levels, isolated events and all events. To distinguish the pre-
earthquake anomalies from the possible ionospheric anoma-
lies related to the geomagnetic activity, the data were fil-
tered with theKp index. The statistical results obviously
show that the electron density increases close to the epicen-
tres both in the Northern and the Southern Hemisphere, but
the position of the anomaly is slightly shifted to the north in
the Northern Hemisphere and to the south in the Southern
Hemisphere. The electron density related to both inland and
sea earthquakes presents an anomaly approximately close to
the epicentres, but the anomaly for sea earthquakes is more
significant than for inland earthquakes. The intensity of the
anomalies is enhanced when the magnitude increases and is
reduced when the depth increases. A similar anomaly can
also be seen in the statistical results concerning the isolated
earthquakes. All these statistical results can help to better un-
derstand the preparation process of the earthquakes and their
influence up to the ionospheric levels.

Correspondence to:D. Yang
(ydmgeomag@263.net)

1 Introduction

In the last decades, widespread researches on earthquake pre-
diction have shown that earthquake precursors exist not only
in the lithosphere, but also in the atmosphere and the iono-
sphere (Hayakawa, 1999; Hayakawa and Fujinawa, 1994;
Hayakawa and Molchanov, 2002; Hayakawa et al., 2004;
Parrot and Johnston, 1993; Pulinets, 2007, 2009). Therefore,
the use of ionospheric data to investigate earthquake precur-
sors has become a new approach to consider this complex
problem. In recent years, many papers and special mono-
graphs have been published on seismo-ionospheric phenom-
ena and most of these were directly or indirectly related to the
variation of the ionospheric electron density (Ne). Some au-
thors reported that disturbances can be found in the vicinity
of earthquakes, using the TEC (Total Electron Content) data
calculated from the GPS (Global Position System) observa-
tions (e.g., Calais and Minister, 1995; Zaslavski et al., 1998;
Liu et al., 2004; Lognonńe et al., 2006). Other authors anal-
ysed the data recorded by ground-based vertical sounding
stations and claimed that the variation of foF2 or the spread-
Es effects have some relation with earthquakes (e.g., Liper-
ovskaya et al., 2008; Liperovsky et al., 2005, 2008). While
others stated that the anomalies can be detected by studying
the data recorded by instruments onboard satellites (Parrot
and Mogilevsky, 1989; Parrot et al., 2006; Hayakawa et al.,
2000; Molchanov et al., 2006; Sarkar et al., 2007; Zhu et al.,
2008; Rozhnoi et al., 2008; Ouyang et al., 2008; He et al.,
2009; Zhang et al., 2009; Akhoondzadeh et al., 2010). But,
as many geophysical phenomena, earthquakes are sophisti-
cated and many factors, including magnitude, depth, loca-
tion, mechanism and so on, are needed to describe one event.
This gives a high uncertainty to the earthquake precursors.
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Furthermore, the dataset used in each study may derive from
different experiments. It makes that the precursor parame-
ters are dissimilar from one case to another. So it is neces-
sary to find an effective method and enough data to extract
characteristics which may connect with each earthquake. In
this regard, scientists have also done some statistical works
on the seismo-ionospheric precursors. Afonin et al. (1999)
used the Intercosmos-24 satellite data (∼7000 h) to analyse
the correlation coefficients between the variation of the ion
density and the earthquake events, and they discovered a
reliable correlation between the global distribution of seis-
mic activity and ion density variations (at 500–700 km alti-
tude), especially in the longitude range from 110◦ to 190◦.
The correlation coefficients is better than 0.6–0.8. Nemec et
al. (2008) studied more than 2 yr of electric field data and
observed a statistically significant decrease by 4–6 dB of the
measured wave intensity shortly before (0–4 h) surface earth-
quakes. Shimpei Kon et al. (2010) performed a statistical test
using TEC at the time ofMs > = 6.0 earthquakes during the
12-yr period of May 1998–May 2010 around Japan. They
found significant positive TEC anomalies 1–5 days before
earthquakes within 1000 km from the epicentres.

Since the DEMETER satellite was continuously in opera-
tion for many years, it accumulates ample observation data
and a statistical study has been conducted with these data in
relation with global scale earthquakes withMs > = 5.0. The
aim of this paper is to explore the possible electron density
anomalies prior to earthquakes. The DEMETER experiment
which gives the electron densityNe is briefly described in
Sect. 2. The method of analysis is shown in Sect. 3. Results
are presented in Sect. 4 as a function of the different types of
seismic events, whereas conclusions are provided in Sect. 5.

2 The dataset

This study is based on the French DEMETER satellite. It
is the first satellite which is especially dedicated to earth-
quake studies and volcano monitoring. Its scientific goal is to
detect abnormality that might exist in the ionosphere before
an earthquake occurrence or volcano eruptions. This satel-
lite was launched on 29 June 2004. It has an almost circu-
lar sun-synchronous orbit (10:30 LT in day sector, 22:30 LT
in night sector). The orbital altitude is about 710 km (ad-
justed to 660 km at the end of 2005) and the orbital incli-
nation is 98◦. The scientific instruments perform measure-
ments between−65◦ and +65◦ in geomagnetic latitude (Cus-
sac et al., 2006). TheNe data used in this paper are recorded
by the ISL (Instrument Sonde de Langmuir) experiment on-
board the satellite. The time resolution is 1 s. Details about
ISL can be found in Lebreton et al. (2005). As the height
of the orbit was adjusted to 660 km from 710 km and the
variation characteristic ofNe changes with the altitude (He
et al., 2010), only the data from 2006 to the beginning of
2009 (more than 3 yr and about 30 000 half-orbits) were used
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Fig. 1. Research area centre around one earthquake.

here. Considering that the ionospheric ionization is signifi-
cantly larger during the day, any potential changes caused
by seismic activity may, therefore, be overwhelmed by this
stronger influence (Nemec et al., 2008). Then this study only
considers the nighttime data. According to the USGS cat-
alog (http://neic.usgs.gov/neis/epic/epicglobal.html), about
7000 earthquakes with a magnitude larger than or equal to
5.0 occurred all over the world during the analysed period.
Different parameters are considered in this paper: occur-
rence in the Northern or the Southern Hemisphere, occur-
rence on land or below the sea, magnitude and depth, iso-
lated events or not. To distinguish the pre-earthquake anoma-
lies from the other anomalies related to the geomagnetic ac-
tivity, the Kp indexes given by the World Data Center in
Kyoto (http://wdc.kugi.kyoto-u.ac.jp/index.html) were also
taken into account.

3 Method of analysis

After the collection of data from the micro-satellite DEME-
TER, a robust three-step data processing has been used. The
first step is to dispatch the data on a grid map. In this step,
the Earth surface is divided into cells with 2 degree resolution
both in latitude and longitude. Then, for a given time interval
(∼30 s) all the available data samples (∼30) were attributed
to the corresponding cell. At the end of this step, the data
base contains every 30 s, the date and the time, theNe values
in the corresponding cell, the cell latitude and longitude, the
Kp value at this time, and the column and the row indexes of
the grid. This is convenient in performing a statistical analy-
sis at a given place and under given conditions.
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The second step of data processing is to extract anoma-
lies at the time of each earthquake. As it is known, the im-
portant work to extract anomalies is to determine the normal
background. Previous research has shown that the variations
in the ionosphere are extraordinarily complicated and highly
dynamic (Sharma et al., 2008). It depends on solar and ge-
omagnetic activities, season, latitude, longitude, altitude and
other unknown parameters (Rishbeth, 1998; Zou et al., 2000;
Chen et al., 2009). In addition, earthquakes occur at different
times and different locations. Therefore, a background was
constructed for each earthquake event with a shorter time
span, a strict consideration of the geomagnetic conditions,
and a smaller research region. This may be a better way to
distinguish pre-earthquake anomalies from the anomalies re-
lated to other parameters.

As shown in Fig. 1, a square area centred around one earth-
quake and containing 121 cells in all, is considered as the
research zone. In order to explore the pre-earthquake phe-
nomena, only the data before the earthquake occurrence were
used. In each cell, the data withKp < 2+ and the time in-
terval 31 to 75 days before the earthquake were used to con-
struct the background, and the data withKp < 3+ and the
time interval 1 to 30 days before the earthquake were anal-
ysed for comparison. This time span ensures that each cell
has enough data, and that it, as much as possible, avoid the
influence of yearly and seasonal variations.

The mean values of the data during background and
seismo-active times are calculated and noted bybij andgij ,
respectively. Their formulas are given by Eqs. (1) and (2).

bij =

−31∑
t=−75

Nt∑
k=0

xij tk

−31∑
t=−75

Nt

(1)

gij =

−1∑
t=−30

Nt∑
k=0

xij tk

−1∑
t=−30

Nt

(2)

where the parametersx are theNe values,N is the num-
ber of values in one day,i and j are the column number
and the row number of the grid, respectively,t is related to
days before the earthquake (the negative numbers mean be-
fore earthquake) andk is the number of data in the cell (i,j ).
According to Fig. 1,i andj vary from−5 to +5.

At the same time, the standard deviation of the background
dataσbij collected in each cell was also calculated by the
following equation

σbij =

√√√√√√√√
−30∑

t=−75

Nt∑
k=0

(xij tk −bij )2

−31∑
t=−75

Nt

. (3)

Then the variation of the data before each earthquake, rela-
tive to the background data in each cell, can be denoted by
Eq. (4).

Rij =
(gij −bij )

σbij

(4)

The third step of data processing concerns the final statis-
tics with all seismic events. The anomaly extracted from
each earthquake in the second step is individual and special.
It cannot represent the common features of the precursors.
Therefore, all results calculated during the second step are
now collected, and the mean of all cells at the same posi-
tion is computed. A random anomaly may be reduced and an
earthquake anomaly may be strengthened by this way. The
formula is displayed in the following equation

<ij =

M∑
m=0

Rijm

M
(5)

whereM is the number of earthquakes and<ij is the mean of
all the results computed by the second step data processing.
At least, a relative variation can be obtained from this final
statistical result.

4 Results

The data processing method introduced above is applied to
different categories of seismic events. Considering the im-
portant variation of the density at higher latitudes near the
geomagnetic poles, only the middle and low latitude (lati-
tude between−50◦ and +50◦) satellite data are used in this
statistical research.

First, Fig. 2 shows the statistical analysis result of the seis-
mic events on a global scale with the magnitude greater than
or equal to 5.0. A maximum is observed close to the epicen-
tres.

Second, considering that the ionospheric disturbances in-
duced by the earthquakes may present some differences in
the Northern and Southern Hemispheres (Pulinets and Bo-
yarchuk, 2004), the earthquake database has been separated
according to the position of the epicentres. All earthquakes
with the magnitude greater than or equal to 5.0 were also
used in this statistic. The results are displayed in Fig. 3.
It can be observed that the maximum of the disturbances
is slightly shifted to the north for the earthquakes occurring
in the Northern Hemisphere, and to the south for the earth-
quakes occurring in the Southern Hemisphere.

Third, the statistic results concerning the inland and the
sea seismic events are displayed in Fig. 4. The left panel is
devoted to the inland earthquakes and the right panel to the
earthquakes occurring below the sea. All earthquakes with
a magnitude greater than or equal to 5.0 are used in these
statistics. One can see that the anomaly is more obvious for

www.nat-hazards-earth-syst-sci.net/11/2173/2011/ Nat. Hazards Earth Syst. Sci., 11, 2173–2180, 2011
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 Fig. 2. (Left panel) Statistical results concerning the seismic events on a global scale. (Right panel) Same information as in the left panel but
the results have been smoothed. The position 0 in latitude and in longitude corresponds to the location of the epicentres. The values of the
parameters given by Eq. (5) are colour coded according to the scale on the right of the panels. The information below the panels is related to
the values of the parameters in the earthquake database which have been selected for the current statistic.

 

 
Fig. 3. The plots are similar to the right panel of Fig. 2, but it concerns statistical results with seismic events occurring in the Northern
Hemisphere (left panel) and in the Southern Hemisphere (right panel).

sea earthquakes than for inland earthquakes. The different
conductivity and permeability between sea and land may be
the main reasons.

Fourth, the statistical results of the earthquakes with dif-
ferent magnitude levels, includingMs > = 5.0, Ms > = 5.5,

andMs > = 6.0, are shown in Fig. 5. It can be observed that
the intensity of the anomalies around the epicentres increased
with the magnitude. As it is normally expected, the pertur-
bation is the more important as the magnitude of the earth-
quakes is large.

Nat. Hazards Earth Syst. Sci., 11, 2173–2180, 2011 www.nat-hazards-earth-syst-sci.net/11/2173/2011/
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 Fig. 4. The plots are similar to the right panel of Fig. 2, but it concerns statistical results of seismic events located in mainland (left panel)
and below the sea (right panel).

 

 Fig. 5. The plots are similar to the right panel of Fig. 2, but it concerns statistical results of seismic events at different magnitude levels
(left panelMs> = 5.0, middle panelMs> = 5.5, and right panelMs> = 6.0). The left panel is similar to the one in Fig. 2 and is just here to
facilitate the comparison.

Fifth, Fig. 6 illustrated the statistical results of the earth-
quakes with different depth levels (0∼ 30 km, 0∼ 60 km and
60∼ 500 km). The statistic here uses earthquakes with a
magnitude greater than or equal to 5.0. As shown in the
figure, the intensity of the anomaly around the epicentre de-
creases when the depth increases. That is to say, anomalies
are more easily observed during shallow earthquakes than
during deep earthquakes.

Sixth, in order to not mix pre- and post-seismic effects, the
aftershock data which are too close to the time of the main
shock are not taken into account. It is known that, at the time
of the shock, the earthquakes induce an Acoustic Gravity
Wave (AGW) which can propagate upwards and perturbs the
ionosphere. The duration of the effect of this AGW is only a
few hours. Therefore, the data recorded above a seismic area,
which followed an earthquake occurrence by 1 day, were left
out in this sixth part of the statistic. The corresponding result

www.nat-hazards-earth-syst-sci.net/11/2173/2011/ Nat. Hazards Earth Syst. Sci., 11, 2173–2180, 2011
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Fig. 6. The plots are similar to the right panel of Fig. 2, but it concerns statistical results with seismic events at different depth levels (the
depth was 0∼ 30 km in the left panel, 0∼ 60 km in the middle panel and 60∼ 500 km in the right panel). The middle panel is similar to the
one in Fig. 2 and is just here to facilitate the comparison.

 

 

 

Fig. 7. The plots are similar to those of Fig. 2, but it concerns statistical results when the post seismic effect is suppressed.

is presented in Fig. 7. An anomaly similar to the one ob-
served before can be found around the epicentres too. This
demonstrates that the anomaly looks like a real pre-seismic
effect.

5 Discussions

In this paper, the electron density data recorded close to the
time of earthquakes (up to 30 days before) have been com-
pared with the same data recorded well before (from 31 up

to 75 days before). The statistical study on all events shows
that there are anomalies near the epicentres prior to the oc-
currence of earthquakes. This conclusion is consistent with
many previous studies using other datasets. It is found that
the spatial scale of the anomaly is approximately 350 km.
This agrees well with the size of the earthquake prepara-
tion zone estimated by Dobrovolsky et al. (1979). It also
corresponds relatively to the statistical results of Nemec et
al. (2008, 2009) which are related to a different ionospheric
parameter (ELF/VLF wave).

Nat. Hazards Earth Syst. Sci., 11, 2173–2180, 2011 www.nat-hazards-earth-syst-sci.net/11/2173/2011/
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The other statistical results show that obviously increased
anomalies close to epicentres can be found both in the
Northern and Southern Hemispheres, but the position of the
anomaly is slightly shifted to the north in the Northern Hemi-
sphere and to the south in the Southern Hemisphere. Pre-
vious studies show that the maximum affected area in the
ionosphere does not coincide with the vertical projection of
the epicentre of the impending earthquake (Pulinets et al.,
2003) and is shifted towards the equator in high and middle
latitudes (Pulinets, 2004).

Both land and marine earthquakes had anomaly approxi-
mate to epicentre, and the anomaly of sea earthquakes was
more significantly than inland earthquakes. The intensity of
the anomalies increased with the magnitude rising and de-
creased with the depth increasing. A similar anomaly can
also be seen in the statistical result with the isolate earth-
quakes. All the results confirm that the anomaly near the
epicentres has some relation with the earthquake prepara-
tion. As a number of corresponding coupling mechanisms
have been proposed, including geochemical process, acoustic
propagation, electromagnetic radiation and so on (Hayakawa
et al., 2004), these results may help us to better understand
these coupling mechanisms and the earthquake preparation
process.

In spite of these statistical results showing that the
anomaly is obvious and its position is remarkable, one should
keep in mind that every earthquake does not present an
anomaly prior to events at right position, and it is difficult
for us to predict an earthquake depending on any changes in
independent parameters. In other words, it is not possible to
fully handle this point because the survey of a given seismic
area is not complete twenty-four hours a day with a single
satellite. However, there is some distance away from earth-
quake prediction. In the future, further researches based on
more data and more parameters will be done to try to under-
stand the nature of these short-term seismic precursors statis-
tically revealed.
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