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Abstract

The electron density recorded onboard the DEMETER satellite was analyzed to search for possible

anomalies before earthquakes both in space and time. To distinguish pre-earthquake anomalies from the other
anomalies related to geomagnetic activity, data were filtered using the K}, index. The analysis is based on the
comparison of data recorded closely to earthquakes in space and time and past data for the same area. In analyzing
data around the time and location of the Pu’er and Wenchuan earthquakes, obvious anomalies in electron density
were found close to the epicenters, and some remarkable disturbances were detected before the earthquakes

occurred. The results were finally compared with those of previous works that used the same data but employed
different analysis methods. Good agreement was found which suggests that these anomalies have a close relation

to the earthquake preparation.

Key words: Wenchuan earthquake; Pu’er earthquake; electron density; DEMETER satellite; anomaly

CLC number: P315.72"1 Document code: A

1 Introduction

In recent decades, ionospheric data have been
used to investigate the earthquake precursors. Many pa-
pers and monographs have been published on seismo-
ionospheric phenomena, and most of them were direct-
ly or indirectly concerned with ionospheric data (Lark-
ina et al., 1983; Chmyrev et al., 1989; Parrot and
Mogilevsky, 1989; Molchanov, 1993; Pulinets and Leg-
enka, 2003). Widespread research on earthquake pre-
diction has shown that earthquake precursors may ex-
ist not only in the lithosphere, but also in the atmo-
sphere and the entire ionosphere from 100 km to 1 000
km through a coupling mechanism (Hayakawa, 1999;
Hayakawa and Molchanov, 2002).

In recent years, as satellites for earthquake moni-
toring have been launched by many developed countries,
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an increasing number of seismo-ionospheric coupling
phenomena have been reported. Since the launch of the
first satellite dedicated to earthquake studies, there have
been numerous reports on earthquake precursors (e.g.,
Parrot et al., 2006; Sarkar et al., 2007; Ouyang et al.,
2008; Zhu et al., 2008; Nemec et al., 2008; He et al.,
2009; Zhang et al., 2009; Rozhnoi et al., 2008, 2010;
Akhoondzadeh et al., 2010). Lithosphere-atmosphere-
ionosphere coupling has become a new field of theoreti-
cal research, and many hypotheses and much modelling
have been published, however, some scientists did not
agree on the interpretation of this coupling mechanism
(e.g., Parrot and Mogilevsky, 1989; Parrot and John-
ston, 1993; Gokhberg et al., 1983; Hayakawa, 1999; Pu-
linets and Boyarchuk, 2004). As a sophisticated geo-
physical phenomenon, earthquakes have dynamic pro-
cesses that are irregular and nonlinear. This means that
earthquake precursor parameters have high uncertain-
ties. Therefore, to clarify the relation between an ab-
normality in the ionosphere and an earthquake, more
case studies and analysis methods need to be explored.
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The DEMETER satellite has operated continuous-
ly for many years, accumulating abundant observation
data to explore possible electron density anomalies both
in space and time prior to earthquakes. To detect the
possible precursors, the analysis method employed in
this paper is based on a comparison of data recorded
close to earthquakes in space and time and past data for
the same area. Two famous earthquakes, the Pu’er and
Wenchuan earthquakes, are analyzed in a case study.
The electron density N, recorded onboard the DEME-
TER satellite is briefly described in section 2. The anal-
ysis method is presented in section 3. Results are pre-
sented in section 4 and conclusions are given in section
5.

2 Data set

The dataset used is from the French DEMETER
satellite. It is the first satellite, which is especially de-
voted to the investigation of the Earth ionosphere dis-
turbances due to seismic and volcanic activities. Its sci-
entific objectives are to study the ionospheric distur-
bances in relation to the seismic activity, volcano ac-
tivity and anthropogenic activity, to contribute to the
understanding of the generation mechanism of these
disturbances, and to give global information on the
Earth electromagnetic environment. The satellite was
launched on June 29, 2004. It has a nearly circular Sun-
synchronous orbit (10:30 LT in the day sector, 22:30
LT in the night sector). The orbital altitude was ini-
tially about 710 km and then adjusted to 660 km at
the end of 2005, and the orbital inclination is 98°. The
onboard scientific instruments make measurements be-
tween —65° and +65° in geomagnetic latitude (Cus-
sac et al., 2006). The N, data used in this paper were
recorded by the ISL (Instrument Sonde de Langmuir)
experiment onboard the satellite. The time resolution is
1 second. Details of ISL were given by Lebreton et al.
(2006). Any potential changes due to seismic activity
may be overwhelmed by the stronger influence of iono-
spheric ionization during the day (Nemec et al., 2008).
Thus, this study only considers the nighttime data.
Two well-known earthquakes, the Wenchuan and Pu’er
earthquakes, with epicenters on the Chinese mainland,
are chosen from the China Earthquake Networks Center
catalog (http://www.csndmec.ac.cn/newweb/index.jsp)
as case studies. The K, index gives a good indication
which describes how the Earth’s magnetic field has been
disturbed during the most recent three-hour period. It
has been widely used in ionospheric and magnetospheric

studies and is generally recognized as an index of world-
wide geomagnetic activity. Therefore, to distinguish
pre-earthquake anomalies from other anomalies relat-
ed to geomagnetic activity, the K, indexes given by the
World Data Center in Kyoto (http://wdc.kugi.kyoto-
u.ac.jp/index.html) are also taken into account.

3 Method

3.1 Spatial studies

In spatial searching for possible anomalies occur-
ring before earthquakes, analysis is based on a com-
parison of data recorded spatially close to earthquakes
and past data for the same area. In this section, ro-
bust two-step data processing has been applied. The
first step is to divide the Earth’s surface into cells with
two-degree resolution both in latitude and longitude.
A single earthquake can then be assigned to a cell ac-
cording to its latitude and longitude, and a square area
comprising 121 cells and centered around this earth-
quake cell is considered as the research area, as shown
in Figure 1. The time resolution of the N, datais 1 s, so
about 30 s time interval and 30 data samples can con-
tribute to one corresponding cell for one satellite orbit
data.

Figure1l Research area centered around one earthquake.

The second step in data processing is to extract
anomalies at the time of each earthquake. It is known
that the important work in extracting anomalies is to
determine the normal background. Previous research
has shown that variations in the ionosphere are extraor-
dinarily complicated and highly dynamic (Sharma et al.,
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2008). The background depends on solar and geomag-
netic 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 in different locations. It is impossi-
ble to give a unified background for all earthquakes.
Therefore, a separate background was constructed for
each earthquake by considering a shorter time span, the
geomagnetic conditions and a smaller research region.
This may be a better way to distinguish pre-earthquake
anomalies from anomalies related to other parameters.
In this section, all the data assigned to each research
cells were collected during the given time interval. As
the orbital repeat period of the DEMETER satellite is
about 16 days, that is to say, an observation period of
at least 16 days is necessary to ensure there are observa-
tion data for each cell. Considering the constraint on the
K, index (K,<3+), an observation period of 30 days is
better for accumulating cell data. When the background
was expected to be quieter, a stricter constraint on the
K, index (K,<2+) was applied, and a longer time span
(31 to 75 days before the earthquake) is necessary to
accumulate enough data. This time span and the K
index constraint ensure that each cell has enough data
as much as possible, so the effects of yearly and sea-
sonal ionosphere variations and geomagnetic activities
are avoided. To explore the pre-earthquake phenomena,
only data for the period before the earthquake occur-
rence were used. For each cell, the data with K, <2+ in
the time interval of 31 to 75 days before the earthquake
were used to construct the background, and the data
with K,<3+ in the time interval from 1 to 30 days
before the earthquake were used for comparison. The
orbit altitudes of the DEMETER satellite stabilized at
around 660 km over four years, which reduced the effect
of height on the data. Additionally, only nighttime da-
ta were used, which efficiently reduces the disturbance
from solar activity.

The mean values of the background and analytical
data are calculated and denoted by b;; and g;;, respec-
tively. They are expressed as

—-31 N
Z Z Tijtk
t=—75 k=0
bij = a1 ; (1)
> M
t=—75
-1 N
Z Z Tijtk
t=—30 k=0
gl] = —1 ) (2)

where the parameters x are the N, values, N is the num-
ber of values in one day, ¢ and j are the column number
and row number of the cell respectively, ¢ is the number
of days before the earthquake (negative numbers refer
to days before the earthquake), and k is the number
of data in cell (¢, 7). According to Figure 1, i and j
vary from —5 to +5. At the same time, the standard
deviation of the background is calculated by

30 N, )
> (@ijen — big)
t=—T75 k=0
Obij = a1 ; (3)
> M
t=-T5

where 04,5 is the standard deviation of the background
data collected for each cell. The variation in the data
before each earthquake relative to the background data
in each cell is then

R (gzj - bl]) (4)

Y owy

Finally, the relative variation for each cell is obtained
from equation (4) and the anomaly distribution is pre-
sented.
3.2 Temporal studies

This section investigates the appearance time of
possible anomalies. Analysis is based on the comparison
of data recorded on one day and past data recorded over
several days. The research area for each earthquake is
the same as that in section 3.1, and the difference is that
the entire research area is considered as one large cell
(22-degree resolution both in latitude and longitude).
The area is large enough for the satellite to pass over
once a day. For the current day, the mean value of the
data assigned to this large cell was calculated to rep-
resent the measurement value for the zone, denoted as
b,. The mean value and standard deviation of all da-
ta recorded in the time interval from 1 to 15 days be-
fore the current day in the same zone were calculated
as the relative background and variation range, denoted
respectively as g; and ;. These quantities are expressed
as

Ny
thk
k=0
=" (5)
-1 N
thk
t=—15 k=0
9= ) (6)
> N
t=—15

and
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The data series for a long period around an earthquake
occurrence is then analyzed to determine a possible
anomaly.

Table 1 Investigated earthquakes

4 Results

The data processing method introduced above was
applied to the analysis of two earthquakes. Detailed in-
formation of the earthquakes is listed in Table 1. The
analysis results for the two earthquakes are presented
as follows.

Origin time (UTC)

o o H
No. amod bemin:s Lat./°N Long./°E Depth/km Mg Location
1 2007-06-02 21:34:56 23.0 101.1 33 6.4 Pu’er, Yunnan
2 2008-05-12 06:28:04 31.0 103.4 14 8.0 Wenchuan, Sichuan

The first earthquake is the Pu’er earthquake with
a magnitude Mg6.4. The earthquake occurred at 21:34
(UTC) on June 2, 2007 and located in Yunnan province
(23.0°N, 101.1°E). The analysis result is presented in
Figure 2. Figure 2a is obtained for the spatial domain
from equation (4). It shows the comparison between the
data immediately before the event time and earlier data
for the same cells. The center of the rectangular zone
is the position of the epicenter. As shown in Figure 2a,
there are two significant increases in density close to the
epicenter, one to the north of the epicenter and the oth-
er to the south-east. Additionally, there is an obvious
decrease in density at a relatively distant location to
the south-west. There are no other anomalies in the re-
search region. Figure 2b is a time series of the variation

(a)

Ne/(10% em™)

Normalized latitude/®
T T T
(=]

Ratio

10 -8 -6 1 20 2 1 6 8 10

Normalized longitude/

Figure 2
the earthquake.

w

in electric density. The black dots indicate the average
value calculated from the data collected for the rectan-
gular zone in one day, and they are joined with a black
line. A point where the line is broken indicates that
data are missing for that day. The red line shows the
background obtained from equation (6), and the broken
red line indicates the one-standard-deviation range. The
color bars indicate earthquakes with magnitude. The
green line shows the position of the current earthquake.
As displayed in Figure 2b, the days before this event
were not quiet and there was disturbance from other
three earthquakes as listed in Table 2. There are distur-
bances beyond the one-standard-deviation range before
each earthquake.

M5. 64 M6. 1 | V6. 6 |
.

5-10 05-21 06-01 06-11 06-22

Analysis result for the Pu’er earthquake. (a) Anomaly distribution. (b) Time series of N, during
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Table 2 The earthquakes occurred before Pu’er earthquake

Origin time (UTC)

No. . Lat./°N Long./°E Depth/km Mg Location
a-mo-d h:min:s
1 2007-05-05 08:51:41 34.3 81.9 33 6.1 Tibet
2 2007-05-07 11:59:49 31.5 97.8 33 5.6 Tibet
2007-05-16 08:56:16 20.6 101.0 33 6.6 Laos
As previous works on precursors have shown  studies.

anomalies appeared prior to earthquake occurrence and
located near the epicenter (Zaslavski et al., 1998; Liu et
al., 2004; Kon et al., 2010). Meanwhile, previous studies
on the Pu’er earthquake using a different method found
that the spatial images of N, exhibited high values near
the epicenter for 30 days before the earthquake and
there was good correlation between an anomaly and dis-
tribution of earthquakes in space and time (Ouyang et
al., 2008; Zhu et al., 2008). This result in this study
shows good consistency with the conclusions of those

E
Zz

B B S e B S i S e e e |

Normalized longitude/®

Similarly, the two analysis methods mentioned
above are applied to the second event, the Wenchuan
Mg8.0 earthquake. This earthquake occurred at 06:28
(UTC) on May 12, 2008 in Sichuan province (31.4°N;
104.1°E). Similar increases and decreases in density
are seen close to the epicenter, as presented in Figure
3a. Additionally, there was a disturbance beyond one-
standard-deviation before the Wenchuan earthquake
(Figure 3b).

. 21
) 3.0

=
Ratio
)

(b)

04-07 01-29 05-10 05-21

2008

01-18 06-01

Figure 3  Analysis result for the Wenchuan earthquake. (a) Anomaly distribution; (b) Time series of N,

during the earthquake.

Abnormalities before the Wenchuan earthquake
were also reported in previous papers. Zhang et al.
(2009) reported a position where the ion temperature
increased before the Wenchuan earthquake. This shows
good consistency with the position where the N, has an
increasing anomaly in this paper. They also calculat-
ed the daily averaged values of N; (ion density) during
the local nighttime from May 1 to 12 on the scale of
20°N—40°N and on up-orbits within 2 000 km of the
epicenter, and found the lowest value three days be-
fore the Wenchuan earthquake. The variation trend is
the same as that of the N, in time series. Zeng et al.

(2009) indicated that N, decreased three days before
the Wenchuan earthquake, and the oxygen ion densi-
ty increased seven days before the earthquake. As the
tracks of DEMETER orbits passing through the south-
west research region three days before the earthquake
and through the northeast seven days before the earth-
quake, and the balance existing between N, and Nj,
the results agree well with the results of the present
study. In addition, there are no other earthquakes be-
fore the Wenchuan earthquake. All evidence demon-
strates a close relationship between the disturbances
and the earthquake preparation.



554

Earthq Sci (2011)24: 549-555

5 Discussion

The spatial studies of the two events showed that
there were positive anomalies near their epicenters prior
to the earthquake occurrences, sometimes accompanied
by a negative anomaly. The position of an anomaly is
uncertain, as the anomaly is sometimes to the north of
the epicenters and sometimes to the south. The differ-
ence in position may be due to the different earthquake
types; in any event, the anomaly is close to the epicen-
ter. Anomalies are located close to the preparation zone
estimated by Dobrovolsky et al. (1979).

The time-series studies indicate that there are
disturbances prior to earthquake occurrence. However,
there were other earthquakes during the analysis period
for the Pu’er earthquake in the research area. Therefore,
the post-seismic effects may be considered as pre-seismic
effects. It is thus difficult to distinguish the source of the
anomalies. However, this problem of aftershocks is only
minor because we understand the physical phenomena
that occur at the time of earthquakes, e.g., the propaga-
tion of an acoustic-gravity wave (which can perturb the
ionosphere), the effect of which lasts only a few hours.

Both the spatial and temporal results show good
consistency with those of previous works. This suggests
that these anomalies have a close relation with earth-
quake preparation. As an earthquake is a sophisticated
geophysical phenomenon, it has many factors such as
magnitude, depth, location and mechanism. Therefore,
to determine whether anomalies are a common feature
of most earthquakes, more case studies and statistical
works are needed. With further research, the relation
between these anomalies and earthquakes will be clari-
fied.
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