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Abstract

This paper is related to study of the ion density recorded by the low altitude satellite DEMETER.

It will present ionospheric perturbations observed during large seismic events. As the ionosphere is highly variable,

the paper will show a statistical analysis performed on the plasma parameters during night time. An algorithm

has been implemented to detect crests and troughs in the data before world-wide earthquakes. The earthquakes

have been classified depending on their magnitude, depth, and location (land, below the sea, close to a coast).

Due to the orbit, DEMETER returns above the same area every day (once during day time, once during night

time) but not at the same distance of a given epicenter. Then, for each earthquake, data have been checked

until 15 days before the shock when the distance between the trace of the orbit and the epicenter is less than

1500 km. The results of the statistical analysis are presented as functions of various parameters. A comparison

is done with two other databases where, on one hand, the location of the epicenters has been randomly modified,
and on the other hand, the longitude of the epicenters has been shifted. Results show that the number and the
intensity of the ionospheric perturbations are larger prior to earthquakes than prior to random events, and that

the perturbations increase with the magnitude.
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1 Introduction

During more than 30 years, attempts have been
made to attribute some ionospheric perturbations to the
preparation of earthquakes, and then to claim that this
could be a very efficient short-term precursor. A lot of
works also deal with the possible mechanisms to explain
these perturbations in the ionosphere. Many hypothe-
ses and modelling have already been published and they
can be found for example in monographs published
by Hayakawa and Fujinawa (1994), Hayakawa (1999),
Hayakawa and Molchanov (2002), Hayakawa (2009), in
books by Gokhberg et al. (1995), Pulinets and Bo-
yarchuk (2004), Molchanov and Hayakawa (2008), in
special issues of different journals (Parrot and Johnston,
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1989, 1993; Hayakawa, 1996, 2002; Hayakawa et al.,
2004), in reviews by Molchanov (1993), Hayakawa
(1997), Tronin (2006), Pulinets (2007, 2009), Freund
(2009), Harrison et al. (2010), and references there-
in. In the past, many ionospheric perturbations have
been detected in relation with seismic activity either
from ground or onboard satellites, and see for exam-
ple, Hayakawa et al. (2000), Liu et al. (2006). DEME-
TER was the first satellite with a complete payload
specially dedicated to this scientific objective (Parrot,
2006). With its data, many ionospheric perturbations
have been observed in relation with earthquakes and
examples can be found in Parrot et al. (2006), Sarkar et
al. (2007), Ouyang et al. (2008), Zhu et al. (2008), Zeng
et al. (2009), Zhang et al. (2009a, b, ¢, 2010a, b, 2011),
Akhoondzadeh et al. (2010), Bankov et al. (2010), He
et al. (2010), Zlotnicki et al. (2010). But the point is
that these ionospheric perturbations can be triggered
by other natural phenomena, the main one being the
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solar activity. It is necessary to search for a possible re-
lation between the ionosphere and the seismic activity
using a statistical analysis with a lot of events. This is
possible with the DEMETER data because the lifetime
of the mission was more than six years.

A statistical analysis with the electric field data
recorded by DEMETER has already been undertaken
(Nemec et al., 2008, 2009). In this paper a different
statistical analysis with the ion density will be shown.
The DEMETER payload is briefly described in section
2. In section 3, individual events which occurred before
the main shocks are shown. The results of the statisti-
cal analysis are presented in section 4. Discussion and
conclusions are provided in section 5.

2 The DEMETER satellite

DEMETER is a low-altitude satellite (710 km)
launched in June 2004 onto a polar and circular or-
bit which measures electromagnetic waves and plasma
parameters all around the globe except in the auroral
zones (Parrot, 2006). The altitude of the satellite was
decreased to 660 km in December 2005. The satellite’s
science mission has come to an end in December 2010.
Due to technical reasons, data are only recorded at in-
variant latitudes less than 65°. The orbit of DEMETER
is nearly sun-synchronous and the up-going half-orbits
correspond to night time (22:30 LT) whereas the down-
going half-orbits correspond to day time (10:30 LT).
Nearly sun-synchronous means that, everyday, the satel-
lite does not return exactly above the same point but
above the same area (it could be at more than 1 000 km
from the point flew over the days before). To study the
variations of the ion density, the payload of DEMETER
includes an instrument named IAP (Instrument Anal-
yseur de Plasma) which gives ion density with a 4-sec
time resolution. Details of the IAP experiment can be
found in Berthelier et al. (2006).

3 Examples of ionospheric pertur-
bations

The first example shows plasma density variations
observed by the DEMETER spacecraft in the vicinity of
a very powerful earthquake in Chile. This earthquake of
moment magnitude 8.8 occurred on February 27, 2010
at 06:34:14 UT with an epicenter located at 35.85°S,
72.72°W. The ion and electron densities shown in Fig-
ure 1 have been recorded by the satellite along an orbit
close to the epicenter on February 26, 2010, i.e., one day

before the earthquake. From the top to the bottom, the
panels show the electron density and the electron tem-
perature measured with Instrument Sonde de Langmuir
(ISL) (Lebreton et al., 2006), the O" ion density and
the ion temperature both from IAP. The bottom panel
indicates the satellite closest approach of past and fu-
ture earthquakes epicenters that are within 2 000 km
from the DEMETER, orbit. The y-axis represents the
distances D between the epicenters and the satellite,
from 750 km up to 2 000 km. The symbols are filled
green squares for post-seismic events, filled red trian-
gle for pre-seismic events. The colour scale on the right
represents the time interval between the earthquakes
and the DEMETER orbit with a colour gradation from
>30 days up to a 0-6 h interval. The empty symbols
have similar significations except that they are related
to the conjugate points of the epicenters (the distance
D is then the distance between the conjugate points
of the epicenters and the satellite). The symbol sizes
correspond to earthquakes of magnitude 5-6, 6—7, and
>7. The numerous red triangles are related to the main
shock and to the aftershocks. Their elongated positions
indicate that the DEMETER orbit is almost parallel to
the rupture fault. It is shown that the electron density
and the O density have the same variation. These den-
sities present a clear fluctuation when the satellite ar-
rives above the future epicenter. Other ionospheric per-
turbations concerning this earthquake have been pub-
lished by Pisa et al. (2011). Checking the three preced-
ing years they have also shown that these perturbations
are very uncommon in this area.

A second example of ionospheric variations is
shown in Figure 2. It concerns two shallow earthquakes
(depth=10 km) which occurred close to this DEME-
TER orbit of November 23, 2009. The red triangle at
09:32:27 UT corresponds to an earthquake of magni-
tude 6.1 which would occur on November 28, 2009 at
09:21:15 UT, whereas the red triangle at 09:34:33 UT
corresponds to an earthquake of magnitude 6.8 which
would occur on November 24, 2009 at 12:47:15 UT.
The locations of these two earthquakes are (29.28°S,
182.98°E) in the Kermadec Islands area and (20.64°S,
185.93°E) in the Tonga Islands area, respectively. Each
time when the satellite is close to the epicenters a varia-
tion of the electron density (top panel) and the ion O
density (middle panel) is observed.

A last example is shown in Figure 3. From the top
to the bottom, the panels show the electron density, the
ion density, and the positions of the epicenters along the
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Figure 1 Data recorded on 26 February, 2010 between 03:12:00 UT and 03:21:00 UT. From the

top to the bottom the plots represent the electron density, the electron temperature, the ion density,
the ion temperature, the distance and magnitude of coming earthquakes as function of the time. The
density of the O ion is only shown because the two other densities (H" and He™) are out of the scale.
In the bottom panel, the red triangles are related to the future main shocks and aftershocks, whereas
the green symbols are related to past earthquakes. Fluctuations of the density are observed between
03:15:10 UT and 03:19:00 UT. The parameters below the plots indicate that the observation took place

during night time along the rupture zone of the earthquakes in Chile.
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top to the bottom the plots represent the electron density, the ion density, the distance and magnitude
of coming earthquakes as function of the time (same symbols as in the bottom panel of Figure 1).
Perturbations of the density are observed at 09:32:20 UT and around 09:34:30 UT. The parameters
below the plots indicate that the observation took place during night time in the Pacific Ocean.

orbit. It can be seen that both ion and electron densi-
ties have a perturbation at the location of the closest
approach to the epicenter (red triangle in the bottom
panel).

4 The statistical analysis

It must be mentioned that variations of ionospher-
ic parameters are not only due to earthquakes. There
are numerous possibilities of ionospheric perturbations
which could come from other sources such as solar activ-
ity, acoustic gravity waves (AGW), travelling ionospher-
ic disturbances, plasma dynamics, large meteorological
phenomena. There are also many earthquakes, and peo-
ple thinking that seismic activity cannot influence the
ionosphere could say that it is not very difficult to as-
sociate an ionospheric variation with the occurrence of
an earthquake a few hours or a few days after. In the
examples which have been given in the past a great care

has been taken to show that these ionospheric variations
associated with seismic activity are uncommon at the
location and at the time when they are observed.

On the other hand, with satellite data we do not
find ionospheric perturbations for all earthquakes. It
could perhaps be due to the crust composition and soil
configuration. But also we do not expect to have contin-
uous ionospheric perturbations and with a single satel-
lite we are ‘above’ a given future epicenter only during
three minutes per day (night time half-orbit). Here the
term ‘above’ means at a distance less than 1 500 km.

For these two above-mentioned reasons we prefer
to search for a possible influence of the seismic activity
on the ionosphere with a statistical analysis. An auto-
matic software to detect density fluctuations has been
developed. The inputs are the earthquake list and the
DEMETER data. The earthquakes have been selected
with a magnitude larger than or equal to 4.8 and we
have associated for each of them a parameter related
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Figure 3 Example of density perturbation observed at 11:08 UT on November 27, 2007 when the

satellite is close to the epicenter of an earthquake of magnitude 6.6 which occurs 42 minutes after.

to the position of the epicenters: below the sea, close
to a coast, or inland. It is known that the number of
earthquakes decreases when their magnitudes increase,
and the choice of a low bound of 4.8 for the magnitude
of earthquakes is the result of a compromise: it is an
accepted fact that an earthquake with large magnitude
will produce a larger ionospheric perturbation if any,
but our statistical analysis needs enough events close
to the satellite orbit to be significant. During the con-
sidered period (August 2004 to October 2009) there are
17 366 earthquakes with magnitude larger than or equal
to 4.8. The software searches for the data of the orbits
which are close to the epicenters (less than 1 500 km)
between 0 and 15 days before each earthquake. It only
keeps one night time half-orbit per day. If there are two
orbits, it keeps the closest one. It is possible that for a
given earthquake there is no half-orbit for a given day
because the data have not been recorded or because the
half-orbit is too far. To detect a variation the software
considers the DEMETER ion density data during three
minutes around the closest approach to the future epi-
center of the earthquake. The data are smoothed and
a variation is evaluated by comparison with the back-

ground level along this part of the orbit. It is done using
the change of the derivative sign.

At the end the software produces a final database
with the results. For each earthquake, the first line of
the database gives information about it (date, time, lat-
itude, longitude, magnitude, depth, and position). The
following 15 lines give information on the data recorded
along the half-orbits. The second line is related to the
24 hours before the earthquake, then the third line to
the period (—48h, —24h), and so on. The informations
are the half-orbit number, the date and the time when
the half-orbit is closest to the epicenter, the date, the
time, and the position when the automatic software de-
tects a variation in the ion density, and a parameter A
which gives the percentage of this variation relative to
the background. It could occur that the software detects
no variation.

In order to evaluate the results of the automat-
ic detection software working with the earthquake list,
we have considered two other lists with random data.
First we have taken the list of earthquakes but we have
randomly changed their latitudes and longitudes (keep-
ing the same time). The resulting database after the
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software application is called RAND1. Second we have
taken the same list of earthquakes but we have only
shifted their longitudes 25° to the west (keeping the
same latitude and the same time). After the software
application this third database is called RAND2. Why
do we perform this shift of the longitude? When you
plot a histogram of the earthquake latitudes (see Fig-
ure 4) one can see that most of the earthquakes are
concentrated around the equator. On the other hand,
it is known that, during night time, natural occurrence
of ionospheric perturbations is also more concentrated
around the equator (see for example, Su et al., 1998; Su

500

w e
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AREEEE

Number of earthquakes
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Figure 4 Histogram showing the number of the
earthquakes as a function of their geographical lati-

tude.

et al., 2006; Burke et al., 2009; Kelley, 2009). Here, “nat-
ural” means not related to the seismic activity. Then
with RAND2 we have a database which fits more with
the reality for our comparison because we have kept the
latitudinal positions of the earthquakes. It must also be
noticed that events in RAND2 are not above seismic
areas (oppositely to RANDI1 where it is possible that
some events could be above seismic areas).

In order to reduce the effect of the solar activity
we have eliminated the data when the 3h K, index is
larger than 3.3. We have also not taken into account
the aftershock data when the time of the aftershock is
too close to the time of the main shock in order not to
mix pre and post seismic effects. It is known that at
the exact time of the earthquakes you have a propaga-
tion of an AGW which can perturb the ionosphere. For
example in Figure 2, one can observe at 09:35:57 UT a
variation of the densities when the satellite is above epi-
centers of past earthquakes (green symbols). Then, N
is the number of days between the main shock and the

aftershock, and if NV is less than 15, then we have only
considered aftershock data for the N—1 days before this
aftershock.

This automatic software to detect variations is
certainly not perfect because the shapes of the iono-
spheric perturbations could be very different. We have
examples with very sharp peaks or very smooth peaks
of the ion density. But we have run in the same way
the software on the three lists to search for ionospheric
perturbations and to produce three databases (earth-
quakes, RAND1, and RAND2). Then the databases
have been used and the results are shown in Table 1.
The table numbers represent the ratio between the to-
tal number of perturbations when the parameter A is
above a given threshold and the total number of cases.
Checking the first line it can be seen that, as it was
expected, there are perturbations when events with
random positions are selected (RAND1) and there are
more perturbations when these random events are close
to the equator (RAND2). This corresponds to the nat-
ural fluctuations in the ionosphere. When we consider
the earthquake database, the number of perturbations
is larger than the one with RAND2. The other inter-
esting point is that more intense are the earthquakes,
more important is the number of perturbations. The
second and the third lines are related to earthquakes
with epicenters below the sea and inland, respectively.
Two remarks can be made. On one hand, the number of
perturbations for inland earthquakes is not very impor-
tant and one needs magnitudes larger than 6 to obtain
a number of perturbations larger than the background
(RAND2). Oppositely, the number of perturbations for
earthquakes with epicenters below the sea is much larg-
er than the background.

Table 1 The statistic results concerning the number of per-
turbations

RAND1 RAND2 M>4.8 M>50 M>55 M>6.0

All 21.3 23.8 242 247 252 257
(15 498) (5 954) (6 026) (3 502) (943)  (279)

Sea 239 254 305 304 309 314
(4114) (2666) (1797) (1097) (301)  (76)

Inland  18.7 215 200 205  21.6  22.7
(4956) (2551) (2001) (1157) (314)  (98)

Note: The two first columns are related to the random databas-
es RAND1 and RAND2. The other columns concern the earth-
quake database when we select the earthquake magnitude.
From the top to the bottom, the lines are related to all earth-
quakes, earthquakes with epicenters below the sea, and inland
epicenters. The numbers in parenthesis are the numbers of
events.
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This behaviour is confirmed in Tables 2 and 3.
In Table 2, we consider A the average value of A for
each earthquake (event) when this parameter exists
and whatever is its value, and we average A for all
earthquakes (events). In Table 3, we consider Apax
the maximum value of A for each earthquake (event)
when this parameter exists and we average Ap.x for all
earthquakes (events). One can see that the average in-
tensity of the perturbations and the maximum intensity
of these perturbations have similar features: (1) they
are more intense for the earthquake database than for
RAND?2, (2) they increase with the magnitude, and (3)
the intensity is larger when epicenters are below the sea.

Table 2 The statistic results concerning the average inten-
sity of the perturbations

RAND2 M>48 M>55 M>60 M>65
All 5.67 5.90 5.95 6.45 6.53
(11 009) (11 217) (1780)  (550) (144)
Sea 5.86 5.77 5.76 6.71 7.30
(5026)  (3214)  (523) (140) (32)
Inland 5.49 5.61 5.71 5.97 6.77
(4552)  (3336)  (517) (169) (44)

Note: The first column is related to the random database
RAND2. The other columns concern the earthquake database
when we select the earthquake magnitude. From the top to
the bottom, the lines are related to all earthquakes, earth-
quakes with epicenters below the sea, and inland epicenters.
The numbers in parenthesis are the numbers of events.

Table 3 The statistic results concerning the maximum in-
tensity of the perturbations

RAND2 M>48 M>55 M>6.0 M>6.5
All 8.74 9.28 9.40 9.98 10.3
(11 009) (11 217) (1780)  (550) (144)
Sea 9.18 9.53 9.44 11.0 125
(5066)  (3214)  (523) (140) (32)
Inland 8.21 8.61 9.02 9.22 9.64
(4552)  (3336)  (517) (169) (44)

Note: The first column is related to the random database
RAND2. The other columns concern the earthquake database
when we select the earthquake magnitude. From the top to
the bottom, the lines are related to all earthquakes, earth-
quakes with epicenters below the sea, and inland epicenters.
The numbers in parenthesis are the numbers of events.

Considering that the Chile is an important seismic
zone and that we have already observed in this area
numerous ionospheric perturbations in relation with
earthquakes, the software was implemented on this re-
stricted zone (geographical latitude between 50°S and
10°S, geographical longitude between 275° and 295°).
The results are in Table 4. Due to the shift of the earth-

quake longitudes to the west there is no inland event
in the RAND2 database. For earthquakes larger than 6
and with epicenters below the sea, the result was not
displayed because the number of earthquakes (indicat-
ed in parenthesis) is far too low. Table 4 displays the
results concerning the average intensity and it can be
compared with Table 2. It is seen that the ionospheric
perturbations before earthquakes are much more im-
portant above Chile than in the rest of the world.

Table 4 The statistic results for the Chile area concerning
the average intensity of the perturbations

RAND2 M>4.8 M>6.0
All 6.59 7.75 8.45
(564) (483) (29)
Sea 6.59 7.64
(564) (19)
Inland NaN 7.64 8.03
(0) (357) (25)

Note: The first column is related to the random database
RAND2. The two other columns concern the earthquake
database when we select the earthquake magnitude. From the
top to the bottom, the lines are related to all earthquakes,
earthquakes with epicenters below the sea, and inland epicen-
ters. The numbers in parenthesis are the numbers of events.

5 Discussion and conclusions

In the past literature, many examples of iono-
spheric perturbations prior to seismic activity have been
shown and, in addition, few events have been present-
ed in this paper. These perturbations occur in the close
vicinity of earthquake epicenters a few hours or a few
days before the shock. But many other phenomena can
perturb the ionosphere and, as people may have one’s
doubts about the relation between the ionosphere and
the Earth’s crust despite of the various mechanisms
briefly mentioned in the introduction, a statistical anal-
ysis has been performed with a huge number of events.

It shows that there are more ionospheric perturba-
tions close to the epicenters of future earthquakes than
prior to events at random positions. It also indicates
that the number and the intensity of the perturbations
are more important when the magnitude of the earth-
quakes increases.

One surprising result is that there are more pertur-
bations for earthquakes with an epicenter below the sea.
This could be linked to a possible mechanism of genera-
tion of these ionospheric perturbations. For instance, it
is known that the electrical conductivity is larger above
the sea. It is premature to attribute these perturba-
tions to a specific mechanism but it is known that, for
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example, radon emanation (Pulinets, 2007, 2009; Har-
rison et al., 2010) can change the atmospheric electrical
conductivity. It has also been shown that the Earth’s
crust of the Chile induces more perturbations prior to
earthquakes than in another seismic part of the world.

In the future, the earthquake database will be fur-
ther exploited. It is intended to study more carefully
the earthquakes which produce perturbations in order
to try to extract some common characteristics. At the
end, the last job will be to automatically:

— search for ionospheric perturbations in the com-
plete satellite data set of ionospheric densities,

— eliminate perturbations due to known iono-
spheric phenomena (for example, solar activity),

— eliminate perturbations not above a seismic
zone, and,

— check if each selected perturbation corresponds
to a future earthquake.

This attempt to predict earthquakes will of course
generate false alarms and wrong detections, but it is ex-
pected that the number of true detections will be larger,
at least for powerful earthquakes. Nevertheless it will
remain difficult to predict the exact position, time and
magnitude of the earthquakes. Concerning the position,
it will be useful to consider the fault system which is al-
ready known at the Earth’s surface. This will improve
the accuracy on the epicenter location. Concerning the
time and the magnitude, it will be difficult, facing to an
unusual ionospheric perturbation, to say if it is due to
a large earthquake occurring in a few days or to a small
earthquake occurring in a few hours.
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