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Abstract In this paper, we present the result of a statistical study performed on the ionospheric ion
density variations above areas of seismic activity. The ion density was observed by the low altitude
satellite DEMETER between 2004 and 2010. In the statistical analysis a superposed epoch method is used
where the observed ionospheric ion density close to the epicenters both in space and in time is compared to
background values recorded at the same location and in the same conditions. Data associated with
aftershocks have been carefully removed from the database to prevent spurious effects on the statistics. It is
shown that, during nighttime, anomalous ionospheric perturbations related to earthquakes with magnitudes
larger than 5 are evidenced. At the time of these perturbations the background ion fluctuation departs from
a normal distribution. They occur up to 200 km from the epicenters and mainly 5 days before the earthquakes.
As expected, an ion density perturbation occurring just after the earthquakes and close to the epicenters

is also evidenced.

1. Introduction

This paper deals with a statistical analysis of the ionospheric ion density observed by the satellite DEMETER
above areas of seismicity. DEMETER was a quasi-polar low altitude satellite (660 km) in operation between
2004 and 2010 with a nearly Sun synchronous orbit (10.30 and 22.30 LT) and equipped with a payload to
measure ionospheric waves and densities (Parrot, 2006).

In the past, some statistics have already been done with different ionospheric parameters. Variations have
been observed a few days before the earthquakes. Hayakawa et al. (2010) have reported on the statistical cor-
relation, based on their VLF measurements during 7 years, of lower ionospheric perturbations with earth-
quakes with magnitude (M) larger than 6 and with shallow depth. Then the first attempt on the statistical
association of ionospheric electron density perturbations with earthquakes was done on the basis of a rather
long database by the satellite Intercosmos 24 (Afonin et al., 1999). Liu et al. (2004) performed a statistical ana-
lysis of global ionosphere map (GIM) total electron content (TEC) during the 20 earthquakes with M larger
than or equal to 6.0 in Taiwan from September 1999 to December 2002. Later on, using the same parameter,
they have shown that the GIM TEC above the epicenter decreases 3-5 days before 17 earthquakes with M
larger than or equal to 6.3 during the 10 year period from 1 May 1998 to 30 April 2008 (Liu et al., 2009).
Using TEC data recorded in Japan, a superposed epoch analysis has been done by Kon, Nishihashi, and
Hattori (2011) to check anomalies associated with earthquakes with M larger than or equal to 6.0 during
12 years (1998-2010). Their statistical results indicate that positive TEC anomalies can be observed from 1
up to 5 days before earthquakes at a distance up to 1,000 km from the epicenters.

Statistical analyses have been also done with the DEMETER data during many earthquakes. A statistical
study on the variations of the electric field up to 10 kHz has been performed (Némec et al, 2008;
Némec, Santolik, & Parrot, 2009). About 2,000 earthquakes with M larger than or equal to 4.8 have been
taken into account. This study has shown that, during the night, there is a statistically significant decrease
of the wave intensity several hours before earthquakes. The results of Némec et al. (2008, 2009) were con-
firmed by Pisa et al. (2012, 2013) using the complete DEMETER data set at the end of the mission (9,000
earthquakes). In fact, the decrease of the wave intensity occurs close to a frequency (1.7 kHz) during the
nighttime. This frequency is inversely proportional to the height of the Earth-ionosphere waveguide. The
cutoff frequency is found to be increasing, so that the height of the ionosphere is statistically lower above
epicenters. These studies show statistically that there may be an excess of ionization at the bottom of the
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ionosphere above epicenters of future earthquakes. This satellite result is likely to be consistent with the
VLF finding by Hayakawa et al. (2010). Another statistical study of ionospheric perturbations in relation
with equatorial anomalies observed by DEMETER has been done by Hobara et al. (2013) using the electric
field measurement, who have shown a weak correlation between nighttime ionospheric perturbations
and land earthquakes. A similar work by Ryu et al. (2014) investigated the correlation between seismic
activity and equatorial plasma density variations. They indicate that equatorial ionization anomaly (EIA)
enhancements can be correlated with earthquakes of large magnitude (M > 5.0), which seems to support
the early work by Molchanov et al. (2002).

Other statistical analyses have been performed with the DEMETER density data recorded at the altitude of the
satellite. Using a superposed epoch method, He et al. (2011) have compared the electron density close to epi-
centers between and 1 and 30 days before the earthquakes with the electron density recorded at the same
location between 31 and 75 days before. They have statistically demonstrated that there is an increase of the
electron density close to the epicenters during nighttime. This increase depends on M and on the depth of
the earthquakes. Statistical analyses have been performed using the automatically determined ion density
peaks in the complete DEMETER data set (6.5 years) (Li & Parrot, 2012, 2013; Parrot, 2011, 2012). The occur-
rence of the peaks (time and position) is then compared to the occurrence of earthquakes. They have shown
that the number of good fits increases with the earthquake magnitude and that the number of perturbations
is higher on the day of the earthquakes, and then slowly decreases on the days after them.

The mechanisms to explain these ionospheric perturbations are described and discussed with Lithosphere-
Atmosphere-lonosphere Coupling (LAIC) models by Hayakawa and Molchanov (2004), Pulinets (2009),
Freund (2011), Pulinets et al. (2015), and De Santis et al. (2015). The ionospheric density variations can be trig-
gered by change of the electric field and the current in the global electric circuit between the bottom of the
ionosphere and the Earth’s surface where electric charges associated with the stressed rocks can appear
(Kelley, Swartz, & Heki, 2017; Kuo et al., 2011). Other hypotheses and modeling can be found in monographs
(Hayakawa, 2009, 2012; Hayakawa, 2015; Sorokin, Chmyrev, & Hayakawa, 2015), in reviews by Pulinets (2009,
2012), Pulinets and Ouzounov (2011), and references therein. At the same time, gas release before earth-
quakes (Baragiola, Dukes, & Hedges, 2011; Harrison, Aplin, & Rycroft, 2010; Omori et al.,, 2007; Pulinets,
2007; Sorokin, 2007) and atmospheric heating, which can be observed with infrared experiments onboard
satellites (Ouzounov et al,, 2007, 2011), have been considered. Furthermore, atmospheric gravity wave is also
a possible candidate for the LAIC (Molchanov & Hayakawa, 2008).

The work presented in this paper has some similarity with the study of He et al. (2011). But in our study,
the ion density is used instead of the electron density, the method to compare the density at the time of the
earthquakes with the background density is different. Besides the distance occurrence of the perturbations,
there is a study about their time occurrence, and the problem of aftershocks is carefully considered. Section 2
is related to the data: (i) the ion density given by the experiment IAP onboard DEMETER and (ii) the
earthquakes. The statistical method is described in section 3. Section 4 presents the results with all events
occurring during the DEMETER mission between 2005 and 2010. They are discussed in section 5. Finally,
section 6 presents some conclusions.

2. The Data
2.1. The IAP Data Used for This Study

The details of the IAP experiment can be found in Berthelier et al. (2006). Only nighttime data are used
because detection of ionospheric perturbations related to earthquakes is not expected during daytime
when the density variation is strongly dominated by the Sun. The data are selected from 2005 to 2010.
Data recorded during 2004 are not considered here for the following two reasons: (i) the solar activity
was very active during 2004, and (i) the satellite was often either in commissioning phase or safe mode.
The IAP instrument was operated in two scientific modes (burst and survey) with different time resolution.
For this study, the burst mode data are averaged to have the same time resolution as in the survey mode
(4 s). With information about the orbitography and the magnetic activity, an ionospheric ion density data-
base is built where each record contains the date, the time, the latitude, the longitude, the densities of
the main ions (H*, He®, and O"), the total ion density (obtained by adding the contributions of H¥,
He*, and OY), the ion temperature, the half-orbit number, and a K, value. The K, values in the
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database are the ones for which the difference between the half-orbit end time and the K, time is mini-
mum. In this paper we restricted our analysis to data with K, smaller than or equal to 3 to avoid density
perturbations due to magnetic activity.

2.2. The List of Earthquakes

The considered earthquake database includes 20,547 earthquakes occurring from 2005 to 2010, with M larger
than or equal to 4.8 (U.S. Geological Survey: http://www.usgs.gov), which are listed in chronological order.
The parameters present in the list are the date, the time, the position (latitude and longitude), the magnitude
(M), and the depth.

It is well known that an ionospheric perturbation is generated right after the shock due to the propagation of
an acoustic-gravity wave (see for example, Astafyeva et al., 2013, and references therein). This aftershock
effect can severely alter the meaning of the statistic study performed in the frame of this study.
Accordingly, before performing the statistical analysis, we have preprocessed the data to carefully remove
both the aftershocks in the list of earthquakes and the corresponding data in the database. Practically, this
is done by associating an area of 2° x 2° centered on the epicenter of all earthquakes in the list. The list is then
processed in chronological order as follows: for a given earthquake, characterized by its occurrence time and
its associated area, any other earthquake occurring inside the area up to less than 15 days after the occur-
rence time is systematically removed from the list and the corresponding IAP data removed from the data-
base. Fifteen days is the largest time period where anomalies before earthquakes are considered in the
frame of our statistical study (see next section for more details about this point). Moreover, if aftershocks
occurred during the 15 day interval, data corresponding to the days of the aftershocks are removed. After this
preprocessing 10,320 earthquakes are remaining in the list.

3. The Statistical Method
3.1. The Background Maps

To determine whether or not an anomalous ion density perturbation is occurring at the time of the earth-
quakes and to quantify this perturbation, it is necessary to compare it to the ion density variation expected
in case of no seismic activity. To achieve this task we have built background maps including this information.
First, the Earth’s map is divided into cells with ALat = 2° and ALong = 4°. Then, for each cell, an average valuex
of the ion density data and its corresponding variance ¢ are calculated using all the available data with K, <3
as a function of the position around the Earth and by averaging data over a given time. The integration time
to calculate X and ¢ must be carefully selected because the ion density varies not only as a function of the
seasons but also as a function of the years due to the fact that our period of investigation corresponds to
the declining phase of the nontypical solar cycle 23 (Liihr & Xiong, 2010). To take into account the density
variation as a function of time (seasons and years), solstices, equinoxes, winter, and summer are all consid-
ered. In order to ensure that the obtained background maps are statistically significant, several months of
data are used to generate a single map. One must notice that the background maps include data that are
recorded above seismic zones as we do not know a priori the area that could be affected by each earthquake
and the time period when a precursor could occur.

To give an example concerning the period November 2006 to February 2008, four background maps
have been built as follows: (i) November-December 2006 and January-February 2007, (ii) March-April
2007 and September-October 2007, (iii) May-June-July-August 2007, and (iv) November-December
2007 and January-February 2008. In total, for the period 2005-2010, 19 background maps have been
generated. Examples of background maps showing the averaged ion density are given in Figure 1.
The top panel and the middle panel of Figure 1 display background maps calculated using the same
months but for years 2005 and 2007, respectively. Their comparison shows a significant decrease of
the averaged ion density between these two years. Similarly the comparison of background maps dis-
played in the middle and bottom panels of Figure 1 shows the important difference between the sea-
sons in 2007 as it is usual.

3.2. Characterization of lon Density Fluctuations Above Seismic Areas

As mentioned in section 3.1, we would like to compare the data related to earthquakes with those in the
background maps to evidence a possible ion density variation associated with seismic activity. To select

YAN ET AL.

IONOSPHERIC DENSITY AND SEISMIC ACTIVITY 12,423


http://www.usgs.gov

@AG U Journal of Geophysical Research: Space Physics 10.1002/2017JA024623

2005 (5-6-7-8)

&
= £
£ s
3 2
3 2
] ]
5 b
o c
£ 2
g 5
i= Q
$
0] o

>

<
_m 1 Il Il Il 1 1 1 1 Il Il Il 1 1 1 Il Il Il
~180 -160 -140 -120 -100 -80 -60 -40 -20 O 20 40 60 80 100 120 140 160 180
Geographic longitude (°E)
2007 (5-6-7-8)
20 S —

&
= £
£ s
o 2
E 2
g $
© 'c
£ K]
g K
= Q
$
0] [}

>

<

.90 i i i i 1 I i i i i i i I i I i i
-180 -160 -140 -120 -100 -80 -60 -40 -20 O 20 40 60 80 100 120 140 160 180

Geographic longitude (°E)

2007 (11-12) and 2008 (1-2)

Geographic latitude (°N)
Average of ion idensity (cm™)

I i 1 i I I i

-90 I
-180 -160 -140 -120 -100 -80 -60 -40 20 O 20 40 60 80 100 120 140 160 180
Geographic longitude (°E)

Figure 1. Examples of background maps: (top) May-June-July-August 2005, (middle) May-June-July-August 2007, and
(bottom) November-December 2007 and January-February 2008.

the earthquake related data we first need to define the time interval and the space area of interest for
our study. The time interval of interest was arbitrarily fixed to be from 15 days before the occurrence
time of earthquakes and until 5 days after. The space area of interest was taken as a disk with radius
of 1,000 km centered on the epicenter of earthquakes. Each ion density value N; of the ionospheric ion
density database that is both inside the time interval and space area associated with an earthquake is
considered. Taking into account both the time and the location of the measurement, each N; can be
related to one unique cell of a unique background map (see Figure 2). Each data point is normalized
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Figure 2. Sketch map showing the data point on the orbit (blue dots), earthquake epicenters (red star), and the areas
around epicenters (dashed circles) that are considered to select earthquake related data. The radius of the circles is not
at the scale of the map.

considering the average and the standard deviation values in the corresponding cell of the background
map. Then, for the earthquake j, the new calculated quantity (D)); is given by

(N;(Al At))j —Xj

(Do, At ===

M

(Dj); is a function of the distance (Al) between the location where the data are measured projected on the
Earth’s surface and the epicenter of the considered earthquake j and function of the time difference (At)
between the measurement time of the data and the occurrence time of the earthquake j. If earthquakes
would have no effects on the ionospheric ion density, then the statistics of N; should be similar to the statis-
tics of the ion density measurements used to build the background maps and, in such a case, the averaged
(Dj); distribution should be Gaussian like. The histogram of the (Dj); values obtained when all earthquakes are
considered is presented in Figure 3. This distribution is very asymmetric, which strongly suggests a very dif-
ferent behavior depending on whether we are considering positive or negative (Dj);. For negative (D)), noted
hereafter (D;"); the distribution is roughly Gaussian, whereas for positive (D)), noted (D,+),-, the distribution is
obviously not Gaussian.

Some LAIC models suggest that the ionospheric effect can be positive or
negative. It can be explained by either positive or negative direction of
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Figure 3. The histogram of the (D)); values obtained when all earthquakes

are considered.
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anomalous electric field on the ground surface (Pulinets, 2009).
Regarding the ion density measurements performed onboard DEMETER,
1 the obtained (D)); distribution is clearly in favor of an anomalous statistical
increase in the ionospheric ion density above earthquakes. The asymmetry
of the (D)); distribution and the lack of features for the (D;); distribution are
the reasons justifying the approach adopted in this paper where positive
and negative (D); are studied separately with a focus on the
D;* distribution.

3.3. The Superposed Epoch Method

The superposed epoch method is a statistical method to highlight a weak
but a significant signal from noisy data. This technique can reveal typical
characteristics, precursors, time schedules, periodicities, and conse-
quences of a special event (see for example Adams, Mann, & Ammann,
2003; Hayakawa et al., 2010; Hocke, 2008; Kon et al,, 2011). In our super-
posed epoch method a grid is considered where the horizontal axis is
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related to time (before/after earthquakes) and the vertical axis to the dis-
tance from earthquake epicenters. It is assumed that all earthquake epi-
centers have the same location (distance = 0) and all earthquakes occur
at the time equal to 0. For each earthquake the data are cumulated in
appropriate cells. It means that all D; values are allocated to cells that are
a function of the distance from the epicenters and a function of the time
before/after the earthquakes (see Figure 4). The time interval is ranging
from 15 days before to 5 days after the earthquakes, and the epicenter dis-
tance is ranging from 0 up to 1,000 km. In this grid, each cell has a dimen-
sion of 200 km x 12 h. Finally, taking into account all earthquakes an
average value D'~ of all positive (D,-+)j or negative (D;"); values is calcu-

Average value of Di

514431211109 87 654 82 1EQ1 2 3 45 lated. The D;* in each cell of the grid is plotted in Figures 4 and 5 according

Time beforefafter the earthquakes (day)

to the color scale on the right. The obtained D;" values are ranging from

Figure 4. Grid showing the result of the superposed epoch method as a  0.898 to 1.0827 (Figure 4), whereas the D;” values are ranging from
function of distance from the epicenters and as a function of the difference  —0.7058 to —0.6217. If we select earthquakes with magnitude greater than

between the time of the data registration along the orbits and the occur-
rence time of the earthquakes. The vertical red line corresponds to the
occurrence time of the 10,320 earthquakes with M > 4.8 considered in this

5 (Figure 5), then D;* is now ranging from 0.8283 to 1.1434, whereas D;” is
ranging from —0.73 to —0.5953.

study. The dimension of a cell is 200 km x 12 h. The value inside each cell Assuming that the background ion fluctuations are following a Gaussian

corresponds to the average value of D;* and is coded according to the color
scale on the right. This color scale is adapted to emphasize the variation of

D,~+ (see text).
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distribution characterized by an average value X, and a standard deviation
o, we can estimate the value of D;* if the earthquakes have no effects on
the ionospherioc ion density. In such a case D;~ is then defined as

D,f/* — M 2)
o

where <N,+> (<N,-‘>) has to be calculated considering only ion density values larger (smaller) than the averaged
background ion density. Using a Gaussian distribution <N,*> can be estimated as

2 .
<Nfr>:mjyxe W dx =X+o0y/2/x 3)

Consequently, if the N;* values behave just like background fluctuations, we should have using equations (2)
and (3) D;" = 0.8. Similarly, we should have D;” ~ —0.8.

The comparison with the experimental D; distribution (Figure 3) leads to the following conclusions: First,
the D;~ distribution is Gaussian like, it has an average value close to —0.7 not too far from the theoretical
result in case of no effects from the earthquakes, and presents small fluctuations around the average
value. Second, the D;* distribution is not Gaussian, with an average value close to 1 and fluctuations
around the average twice larger than for the negative D;. The significant departure of D;" with respect
to the Gaussian situation is of special interest for our study, and the
main features of this distribution are discussed in the next section.

4. The Results

Figure 4 represents the final result of the statistical analysis when all earth-
quakes with M larger than or equal to 4.8 are considered. In Figure 4 a den-
sity perturbation is observed close to the epicenters (less than 200 km) and
just after the earthquakes.

Average value of Di

More interesting results are obtained when earthquakes with larger M are
considered. Figure 5 is the result related to earthquakes with M larger than
5. The appearance of the anomaly just after the earthquakes remains as it

1SS A10°0 8.7 0: 54 8 2 L EQN R 4 B is in Figure 4 but with a significant intensity. The more important fact is

Time before/after the earthquakes (day)

that another perturbation is observed mainly 5 days before the earth-

Figure 5. Same as in Figure 4 but for earthquakes with magnitude >5 (5,426  duakes at less than 200 km from the epicenters with a value that can reach

earthquakes).

1.15. This quantity is statistically significant because it corresponds to the
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average of 2,048 D; values related to 185 different earthquakes. It can be shown that these 185 earthquakes
do not have a particular location.

5. Discussions

It is generally accepted that the radius of seismic area where changes can be expected is given by the
Dobrovolsky’s formula

R= 100.43/\4 (4)

where R is the radius of the earthquake preparation zone in kilometers and M is the earthquake magnitude
(Dobrovolsky, Zubkov, & Myachkin, 1979). For M equal to 5, R is equal to 141 km, which is in relatively good
agreement with the results of our analysis. We must consider that an average value of the earthquake mag-
nitudes in our statistical study is close to 5 because the number of earthquakes decreases a lot with an
increase in M. Then it is likely that ionospheric observations are mainly observed up to 200 km (the dimension
of our cell).

The time occurrence of the ionospheric perturbations before the earthquakes is a little bit different from the
previous works mentioned in section 1 because those anomalies were mainly observed just before the earth-
quakes (—1 to —5 days). In our case it is mainly at —5 days, and there is really a gap just before the earth-
quakes where no anomaly is observed. This can be due to the fact that the previous analyses were done at
different locations in the ionosphere by sounders or using the TEC, which is an integrated parameter.
However, Ryu et al. (2014) have shown that EIA was enhanced from approximately 2 weeks before to a
few days after the occurrence of very large earthquakes.

The distance occurrence of the ionospheric perturbations before earthquakes is consistent with the statistical
study by He et al. (2011). In their analysis, the result shows that there are anomalies close to the epicenters prior
to the occurrence of earthquakes. When the distance increases, the intensity of the perturbations decreases.

A very interesting point that consolidates the validity of our results is that an effect is observed just after the
occurrence of the earthquakes. The earthquakes can be compared to explosions, and it is well known that the
induced acoustic gravity waves or the tsunamis that could occur for earthquakes below the sea can perturb
the ionosphere (see, for example, Rolland et al,, 2011, and references therein). One cannot also rule out the
hypothesis that processes occurring during the preparatory phase of the earthquakes are valid even after
the shock when the Earth’s crust returns to equilibrium along the fault.

6. Conclusions

A statistical analysis has been done with the ion density recorded by the low-altitude satellite DEMETER dur-
ing several years to check if there are ionospheric perturbations prior to earthquakes. The ion density regis-
tered at the time of earthquakes was compared to that averaged over a long time period. To take into
account all earthquakes a superposed epoch method was considered, and the following results based on
nighttime data have emerged:

1. Some significant ionospheric anomalies where the ion density distribution differs from a normal distribu-
tion can be observed 5 days before earthquakes with M larger than 5 at distances up to 200 km from their
epicenters;

2. A postseismic effect is observed in the ionosphere after the earthquakes.

The observed perturbations are real but can be evidenced only statistically. Consequently, ionospheric ion
density measurements alone cannot be used for earthquake forecasting, but an earthquake warning based
on this study might be plausible.
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