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[1] We use VLF electromagnetic wave data measured by the DEMETER (Detection of
Electro-Magnetic Emissions Transmitted from Earthquake Regions) satellite at an altitude
of about 700 km to check for the presence of statistically significant changes of natural
wave intensity (due to signals from lightning) related to preseismic activity. All the
relevant data acquired by DEMETER during almost 6.5 years of the mission have been
analyzed using a robust two-step data-processing schema. This enables us to compare
data from the vicinity of about 8400 earthquakes with an unperturbed background
distribution based on data collected during the whole DEMETER mission and to evaluate
the statistical significance of the observed effects. We confirm previously reported results
of a small but statistically significant decrease of the wave intensity (by ~2 dB) at
frequencies of about 1.7 kHz. The effect is observed for a few hours before the times of
the main shocks; it occurs during the night. The effect is stronger between March and
August, at higher latitudes and for the positions of hypocenters below the sea. We suggest
an explanation based on changed properties of the lower boundary of the ionosphere,
which leads to a decrease of the intensity of lightning-generated whistlers observed at the
spacecraft altitude. This effect might result from a lowering of the ionosphere associated
with an increase in the electrical conductivity of the lower troposphere due to an
additional ionization of air molecules at the Earth’s surface prior to earthquakes.

Citation: Pisa, D., F. Némec, O. Santolik, M. Parrot, and M. Rycroft (2013), Additional attenuation of natural VLF electro-
magnetic waves observed by the DEMETER spacecraft resulting from preseismic activity, J. Geophys. Res. Space Physics,

118, 5286-5295, doi:10.1002/jgra.50469.

1. Introduction

[2] Over the past 20 years, considerable progress has
been made in the field of seismo-electromagnetic effects.
The main aim of this study is to look for possible short-
term precursors of earthquakes (~hours) that would allow
us to predict these devastating events. Although various
types of possible ionospheric precursors have been reported
(e.g., changes in temperature, plasma density, or conduc-
tivity), electromagnetic perturbations are probably one of
the most promising candidates. These perturbations have
been observed both using ground-based measurements and
satellites. They are believed to occur over a wide range
of frequencies, from direct current to very high frequency
[Larkina et al., 1989; Tate and Daily, 1989; Serebryakova
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et al., 1992; Molchanov et al., 1993; Parrot, 1994a, 1994b;
Asada et al., 2001; Hattori, 2004; Hobara and Parrot,
2005; Bortnik et al., 2008; Nemec et al., 2008, 2009; Pisa
et al., 2012]. Nevertheless, it is very difficult to identify
these effects in the ionosphere, because the amplitude of
the earthquake-related perturbations is much lower than the
amplitude of natural variations due to other sources. In fact,
there is still a controversy concerning the very existence
of seismo-electromagnetic effects [Henderson et al., 1993;
Rodger et al., 1996; Clilverd et al., 1999; Thomas et al.,
2009a, 2009b]. On the other hand, there are many theories
that attempt to describe physical processes before earth-
quakes and which try to explain why these precursors may
occur. A review of these processes can be found in Pulinets
and Boyarchuk [2004], Freund [2011], and the references
therein. A process that can explain many observations is
based on the emission of a radioactive gas or metallic ions
before an earthquake [e.g., Sorokin et al., 2001], which may
change the distribution of electric potential above the sur-
face of the Earth and then up to the ionosphere. Penetration
of the electric field to the ionosphere could induce anoma-
lies in the ionospheric plasma density and/or conductivity,
which are observed above seismic zones [see e.g., Liu et al.,
2006; Kon et al., 2011]. Harrison et al. [2010] proposed
that radon emitted before an earthquake would increase the
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conductivity of air near ground level and that the ensuing
increase of current in the fair weather global circuit would
lower the ionosphere. However, Freund et al. [2009] have
demonstrated that even if radon is coming out of the ground
in seismic areas, its contribution to the air conductivity is of
minor importance relative to the air ionization rate which can
be expected from charge carriers from the rocks. They have
shown experimentally that these mobile electric charge car-
riers flow out of the stressed rocks [see Freund et al., 2009,
and references therein]. At the Earth’s surface, these cause
extra ionization of the air molecules. It has also been shown
by Kuo et al. [2011] that ionospheric density variations can
be induced by changes of the current in the global electric
circuit between the bottom of the ionosphere and the Earth’s
surface where electric charges associated with stressed rocks
can appear.

[3] A statistical study of the seismo-electromagnetic
effects observed in the data from the French microsatel-
lite DEMETER (Detection of Electro-Magnetic Emissions
Transmitted from Earthquake Regions) is presented in this
paper. The instrumentation used and the method of analysis
are presented in section 2. Section 3 contains the observed
results, and sections 4 and 5 are devoted to a discussion of
the results and to the conclusions, respectively.

2. Data Set and Processing

[4] DEMETER (Detection of Electro-Magnetic Emis-
sions Transmitted from Earthquake Regions) was a low-
altitude satellite (altitude ~710 km) launched in June 2004
into a circular polar orbit. The altitude of the satellite was
decreased to ~660 km in December 2005. The satellite
science mission came to an end in December 2010, pro-
viding about 6.5 years of continuous data. The orbit of
DEMETER was nearly Sun synchronous. The up-going half
orbits corresponded to nighttime (22.30 LT), whereas the
down-going half orbits corresponded to daytime (10.30 LT).
Instruments aboard this satellite measured electromagnetic
waves and plasma parameters all around the globe except in
the auroral zones (geomagnetic latitudes >65°) [Parrot et al.,
2006]. Among all these instruments, we have focused only
on wave electric field data. There were two different modes
of operation of the satellite, called Burst and Survey. Dur-
ing the Burst mode, more detailed data were collected, but
this mode was active only above limited (mostly seismically
active) areas. As our study requires global data coverage,
we used the low-resolution Survey mode data instead. The
ICE (Instrument Champ Electrique) provides us, within the
VLF range (20 Hz-20 kHz), which is the frequency range in
which we are interested, with frequency spectra of one elec-
tric field component calculated on board with a frequency
resolution of about 19.53 Hz and a time resolution of about
2 s. A more detailed description of the ICE instrument can
be found in Berthelier et al. [2006]. We limit our analysis
to the frequency range below 10 kHz in order to avoid the
frequencies of man-made terrestrial VLF transmitters used
for long-distance communications. Following Némec et al.
[2008], we have selected 16 frequency bands (each with a
bandwidth of ~117 Hz) in such a way that they exclude
spacecraft interferences and cover the entire frequency range
studied as uniformly as possible. All the appropriate data
recorded during the lifetime of the DEMETER mission, i.e.,

from September 2004 to December 2010, were included in
the study.

[s] The US Geological Survey earthquake catalog
(http://earthquake.usgs.gov) was used for the earthquake
data. Altogether, about 12,000 earthquakes with magnitudes
>5.0 occurred all over the world during the period ana-
lyzed. All of these were included in the study. Additional
analysis was done using a larger data set of about 153,000
earthquakes with magnitude >3.

[6] We used a modification of the data-processing method
developed and described by Nemec et al. [2008, 2009].
The basic idea of the method is to collect all available
data observed in the vicinity of earthquakes and to interpret
them in the context of long-term distributions obtained for
similar ionospheric conditions. In the first step of the data
processing, it is therefore necessary to describe the distribu-
tion of the intensities of electromagnetic waves observed by
DEMETER using all of the available data. This long-term
distribution of intensities is calculated separately for each
combination of parameters, i.e., geomagnetic latitude and
longitude, geomagnetic activity described by the Kp index,
year, and season of the year. We constructed a multidimen-
sional array with the number of dimensions equal to the
number of parameters. In each bin of this array, we stored a
histogram of the wave intensities observed during the appro-
priate ionospheric conditions. Each histogram represents a
probability density function f(E), where E is a power spec-
tral density of the electric field fluctuations. The histograms
were then used to calculate an experimental cumulative dis-
tribution function (CDF) of the wave intensity for each of
the bins, using

E

F;= AE)E, (D

where E; is the measured power spectral density. In the
second step of the data processing, the data related to the
earthquakes (i.e., the data acquired close to earthquake epi-
centers both in space and time) are considered. These data
were evaluated using the CDFs obtained in the first step
of the data processing, and it was determined whether they
were different from the expected distributions for seismi-
cally unperturbed conditions. To do so, we organized the
data related to earthquakes into a grid as a function of the
frequency, the time relative to the main shock (2 days before
and 1 day after, with a resolution of 4 h), and the distance
of the satellite footprint from the earthquake epicenter up to
440 km (resolution 110 km). We have analyzed both daytime
and nighttime data from the entire lifetime of the DEMETER
mission [Pisa et al.,2012]. The daytime data show no signif-
icant effect, probably because the ionospheric conditions are
generally more disturbed and then the detection of seismo-
electromagnetic effects is less likely. In this paper, we will
therefore focus only on the nighttime data. Data belong-
ing to more than one earthquake (typically the main shock
and aftershocks) were excluded from the analysis in order
to avoid the mixing of preseismic and postseismic activity.
Otherwise, a single measurement might be used more than
once, and it would be impossible to specify to which earth-
quake the observed data should be attributed. This condition
reduces the number of earthquakes considered to ~8400
events. The corresponding CDF was evaluated for each mea-
surement using the results of the above described first step
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Figure 1. Frequency-time dependence of the probabilis-
tic intensity (see text) obtained from the nighttime electric
field data measured within 440 km of the epicenters of
earthquakes with magnitudes >5.0.

of our analysis. In this way, we obtain a large set of values
which, in the absence of seismic influences, should be uni-
formly distributed between 0 and 1. Afterwards, we define
a probabilistic intensity / in each bin of the grid as a mean
value of the CDFs in a given bin. Namely, for a bin b,

_XHF
Iy M, 2
where M, is the number of cumulative probabilities F; col-
lected in a given bin b. According to the central limit
theorem, the values of the probabilistic intensity should
approximately follow the normal distribution with a mean
value of 0.5. The value 0.5 is therefore subtracted to obtain
a mean value equal to 0. Values lower than 0 mean that the
emissions in a given bin are less intense than normal, while
values larger than 0 mean that the emissions in a given bin
are more intense than normal.

3. Results

[7] We have parameterized the background activity with
a different set of parameters, compared to Némec et al.
[2008, 2009] and Pisa et al. [2012]. The main aim was
to characterize the natural seasonal and annual variations
of VLF wave intensity more precisely. We use a mov-
ing frame of 3 months (December—February, March—-May,
June—August, September—November) covering the complete
DEMETER mission. On the other hand, we parameterize the
geomagnetic activity, reflecting the solar wind input and the
magnetospheric response, by the Kp index, in a reduced set
of two bands (<30;>30). We have also increased the resolu-
tion of the wave intensity to 160 bins between 10 and 10*
uV*m2Hz! equidistantly distributed in a logarithmic scale,
to enable a more detailed inspection of the wave intensity
variation. In the contrast with a previous analysis, we have
ensured that for each relevant earthquake, the same amount
of data contributes to the individual time bin. For each
earthquake, only eight values closest to the epicenter were
selected. Given the time resolution of the measurements and
the spacecraft orbital velocity, these eight values approxi-
mately correspond to a spatial scale of 100 km (calculated
from the time resolution and satellite velocity). The idea

is to select the same amount of data for each contributing
earthquake in a given temporal bin.

[8] Figure 1 shows the frequency-time dependence of the
probabilistic intensity obtained for distances <440 km from
the epicenter of earthquakes with magnitudes >5. The min-
imum of probabilistic intensity is observed at frequencies of
about 1.7 kHz shortly (0—4 h) before the time of the main
shock. The minimum value of the probabilistic intensity is
equal to about —0.044. It corresponds to an attenuation of
wave intensity by about 2 dB. This means that the decrease
of wave intensity related to the seismic activity is rather
small as compared to normal variations of about +7.5 dB.

[o] This attenuation is small but, taking into account the
large volume of data, it can still be statistically significant.
To evaluate its significance, only the data measured shortly
(0—4 h) before the times of the main shocks at distances
<440 km from the earthquake epicenters and at frequen-
cies of about 1.7 kHz have been used. The total number of
2952 values (369 earthquakes) has been analyzed. We have
normalized the appropriate mean value by its standard devi-
ation. The standard deviation has been estimated by taking
into account the uniform distribution of the cumulative dis-
tribution values and by assuming that all of these values
are independent. As this is not exactly the case, the upper
estimate of standard deviation based on the number of indi-
vidual half orbits that can be considered as independent has
been used. This upper estimate can be then calculated for
each time bin as

1

7T N ®)
where N is the number of individual half orbits. Figure 2
presents the probabilistic intensity obtained in the time inter-
val 0—4 h (black line) and 24-28 h (gray line) before the
times of the main shocks at frequencies of about 1.7 kHz
as a function of the number of analyzed earthquakes; these
are accumulated from July 2004 to December 2010. The
dates by which the given numbers of earthquakes have been
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Figure 2. Probabilistic intensity obtained in the time inter-
val 0—4 h (black line) and 24-28 h (gray line) before the
times of the main shocks at frequencies of about 1.7 kHz as
a function of the number of accumulated independent earth-
quakes during the DEMETER mission. Blue, green, and red
lines, respectively, show 1o, 20, and 30 levels of the statis-
tical significance (see equation 3). The dashed orange line
represents the probabilistic intensity equals to zero.
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Figure 3. Time-frequency dependence of the probability of random occurrence of results using (a) the
classical ¢ test and (b) the binomial distribution. A more detailed explanation is given in the text.

accumulated are shown on the bottom. Three different lev-
els of statistical significance are represented by the colored
lines: o (blue), 20 (green), and 30 (red). The decrease of
probabilistic intensity measured in the time interval 0—4 h
below zero tends to the 30 significance level after ~125
analyzed earthquakes, and then oscillates around that level.
A value of the normalized probabilistic intensity calculated
using the whole available data set of 362 independent earth-
quakes corresponds to about —2.9 standard deviations. The
statistical significance of this result is very high, with the
probability of it arising by chance being only ~0.3%, assum-
ing that the values obtained conform to a normal distribution
of obtained values. The probabilistic intensity obtained in
the time interval 24-28 h before the main shocks fluctuates

above lo significance and corresponds to a situation of no
seismic-related effect. Figure 2 also shows that the prob-
abilistic intensity corresponding to the effect was slightly
increasing for the number of earthquakes larger than 150.
This may explain why Nemec et al. [2008, 2009] and Pisa
et al. [2012] have reported lower values of probabilistic
intensity. Nevertheless, the effect is always observed at the
same time and frequency.

[10] To verify these results, the significance can now be
evaluated not only for the strongest effect but for all the time-
frequency variations of the probabilistic intensity shown in
Figure 1. Two different methods are used. First, we use the
classical ¢ test [Press et al., 1992]. The results obtained
are shown in Figure 3a. This is a statistical test designed
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Figure 4. Time-frequency dependence of the probabilistic intensity (a) for earthquakes with the time of
the main shocks shifted 10 days into the past and (d) for earthquakes with positions shifted 25° westward.
Time-frequency dependence of the probability of random occurrence of results calculated using the clas-
sical ¢ test (b) for earthquakes with the time of the main shocks shifted 10 days into the past and (¢) for
earthquakes with positions shifted 25° westward. Time-frequency dependence of the probability of ran-
dom occurrence of results calculated using the binomial distribution (c) for earthquakes with the time of
the main shocks shifted 10 days into the past and (f) for earthquakes with positions shifted 25° westward.
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Figure 5. Frequency-time dependencies of the probabilistic intensity obtained for the nighttime elec-
tric field data measured within 440 km from the epicenters of earthquakes with magnitudes >5.0 for
the seasons (a) between September and February and (b) between March and August; positions with
geomagnetic latitudes (c) <20° and (d) >20°; and hypocenters located (e) below land and (f) below

the sea.

to assess whether the means of two normally distributed
populations are equal. We have tested the possibility that
the observed deviation of the mean from 0 is random (0
is the expected mean value if no seismic-related effects
were present). The resulting probability in the time interval
0—4 h before the times of the main shocks and at frequen-
cies of 1.7 kHz is about 0.5%, which again means that the
observed deviation of the mean value from 0 is unlikely to
be random. The probability is by at least 1-2 orders of mag-
nitude larger in all other time-frequency bins. The second
method that we use to estimate the statistical significance
of the observed effect is to determine the number of values
corresponding to a decrease of wave intensity and the num-
ber of values corresponding to an increase of wave intensity.
The probability that such a situation might occur randomly
was then evaluated using a binomial distribution with the
anticipated probability of a decrease being equal to the

anticipated probability of an increase. The results obtained
are shown in Figure 3b. The numbers of values correspond-
ing to a decrease of wave intensity (221) and the number
of values corresponding to an increase of wave intensity
(148) have been counted for data measured in time intervals
0—4 h before the times of the main shocks, and at frequen-
cies of about 1.7 kHz. The probability that the result might
occur by chance is only about 0.001%, which again means
that the observed decrease of VLF wave intensity is highly
unlikely to be random. Again, this probability is much higher
in all other time-frequency bins. Note that this test gives
the strongest effect at slightly higher frequencies (around
3 kHz), because at these frequencies, the decreases of the
probabilistic intensity are observed more often, but they are
weaker than at 1.7 kHz.

[11] On top of the tests of the statistical significance,
we have used two additional tests for the reliability of the
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Figure 6. The probabilistic intensity obtained between 2
days before and 1 day after the times of the main shocks
at frequencies of about 1.7 kHz with 1 h resolution. Sig-
nificance levels equal to +2¢ are represented by dashed
red lines. The dashed green line shows the time of the
main shock.

obtained results. Two different control sets, consisting of
modified earthquake data have been used. First, we have
used a set of earthquakes with the times of the main shocks
artificially shifted 10 days to the past. Then we have used a
set of earthquakes with the positions of the epicenters arti-
ficially shifted 25° westward which is the distance between
two neighboring half orbits. Figure 4 shows the results. The
color scales are the same as in the original plots (Figures 1
and 3). It can be seen in Figures 4a and 4d that the analysis
of these control sets does not display any particular varia-
tion of the probabilistic intensity. This is further confirmed
by the tests of statistical significance, which show that the
observed fluctuations of probabilistic intensity are likely to
be caused by random variations. In Figure 4b and 4e, there
are no blue portions as there are in Figure 3a; similarly, in
Figures 4c¢ and 4f, there are no blue parts as in Figure 3b.

[12] Having demonstrated the existence of a definite
seismic-related decrease of 1.7 kHz wave intensity shortly
(0—4 h) before the times of the main shocks, we continue by
investigating possible controlling parameters, i.e., we try to
determine under which conditions the effect is strongest. The
time-frequency dependence of the probabilistic intensity is
shown in Figure 5 for two different seasons: (a) September—
February and (b) March—August. Again, all available data
measured within 440 km of earthquakes with magnitudes
>5 were used. The probabilistic intensity in the time bin
0—4 h before the times of the main shocks and at frequen-
cies of about 1.7 kHz is equal to —0.019 for the season
between September and February, while it is —0.067 for the
season between March and August. This apparent seasonal
variation correlates with the seasonal variation of lightning
activity, which is on average globally larger between March
and August [Christian et al., 2003].

[13] Next, we have calculated the probabilistic intensity
taking into account satellite measurements of at geomagnetic
latitudes <20°, and geomagnetic latitudes >20° shown in
Figures 5¢c—5d. The limit of 20° was set in order to obtain
two data sets of about the same size. The results obtained for
the time interval 0—4 h before the times of the main shocks
and at frequencies of about 1.7 kHz show that the proba-
bilistic intensity is equal to —0.041 for geomagnetic latitudes

<20° while it is equal to —0.050 for geomagnetic latitudes
>20°. This may be taken to be in agreement with the results
of Nemec et al. [2010], when the VLF waves intensity is
higher for higher geomagnetic latitudes.

[14] Then, we have divided the data into two groups,
depending on whether the hypocenter of the relevant earth-
quake was located below the sea or below land. The resulting
value of the probabilistic intensity obtained for the time
interval 0—4 h before the times of the main shocks and at
frequencies of about 1.7 kHz is equal to —0.109 for earth-
quake hypocenters below the sea, while for positions below
land, it is —0.018. Thus, the effect is stronger for earth-
quakes with hypocenters below the sea than for earthquakes
with hypocenters below land. This dependence can be
explained by the lower attenuation of VLF waves propagat-
ing in the Earth-ionosphere waveguide above the sea [e.g.,
Meyer et al., 2011]. The factor which plays a significant role
is the conductivity of the surface of the lower boundary of
the waveguide.

[15] Concerning the dependence on the depth of hypocen-
ters (not shown), the probabilistic intensity is equal to about
—0.059 for the depth <33 km while it is equal to about
—0.032 for the depth >33 km. The effect is stronger for
shallow earthquakes than for deeper ones. However, the
results may be biased by the effects of analysis: if it is not
possible to determine the depth of a hypocenter, then its
value is artificially set to 10 km.

[16] The most extreme value of probabilistic intensity is
always observed shortly (0—4 h) before the times of the main
shocks. Can the effect be attributed to a preseismic activ-
ity or is it more likely to be related to the main shock? The
dependence of the probabilistic intensity as a function of
time relative to the times of the main shocks at frequencies
of about 1.7 kHz obtained for distances < 440 km from the
epicenters of earthquakes is presented in Figure 6. The time
resolution is 1 h. Dashed red lines represent significance
levels equal to £20. It can be seen that the probabilistic
intensity which normally fluctuates between +20, decreases
3—4 h before the time of the main shock to less than —20.
There are about 90 events included in each of the bins. The
decrease at 3—4 h before the time of the main shock is formed

0.05

Probabilistic intensity

-0.15 1 1 1 1 1
3.0 3.5 4.0 4.5 5.0 5.5

Magnitude

Figure 7. Probabilistic intensity obtained in the time inter-
val 0—4 h before the times of the main shocks at frequencies
of about 1.7 kHz as a function of increasing thresholds of
earthquake magnitude. The error bars correspond to upper
estimates of standard deviations (see text). Dashed red line
represents the probabilistic intensity equal to 0 (see text).
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Figure 9. Frequency-time spectrograms of the power spectral density of electric field fluctuations mea-
sured in the Burst mode for typical whistler wave signatures. (a) Broadband signal of the fractional hop
whistlers from about 1 to 5 kHz with no Earth-ionosphere waveguide cutoff present measured on 24
November 2007. (b) Fractional hop whistler with a cutoff at about 1.7 kHz observed on March 23, 2007.
(c) The cutoff frequencies of the fractional hop whistlers at about 1.7 and 3.4 kHz observed on 26 October
2008.
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by 600 data points coming from 75 different events. The
mean value of probabilistic intensity in this bin is —0.065,
corresponding to a decrease of wave intensity equal to about
2.3 dB. The decrease is statistically significant at the 95%
level. The results show that the obtained effect is unlikely to
be attributed to coseismic activity.

[17] We have also analyzed a possible influence of earth-
quake magnitude on the effect. We have again used the data
measured shortly (0—4 h) before the times of the main shocks
at distances <440 km from the earthquake epicenters and at
frequencies of about 1.7 kHz. However, we have lowered
the magnitude threshold down to the earthquake magnitude
>3.0 in order to be able to analyze the dependence over a
larger range of magnitudes. We have applied the rule for
selection of data (to avoid measurements that occurred close
to more than one earthquake—see section 2) with this lower
magnitude. This selection procedure leads to removing more
data from the analysis compared to the case when the selec-
tion is done for higher magnitudes. However, it represents
the only possibility for doing the analysis consistently on
the same data set for different magnitude thresholds. The
results are shown in Figure 7. The horizontal axis represents
a magnitude threshold: all events with magnitudes larger
than or equal to this threshold have been used in the analysis.
The red line represents the probabilistic intensity equal to
0, i.e., the value expected if no seismic-related effects were
present. Values lower than 0 mean that the emissions are less
intense than normal, while values larger than 0 mean that the
emissions are more intense than normal. There is a clear cor-
relation between the earthquake magnitude and the strength
of the observed effect, with an obvious magnitude threshold
of M 4 required for the effect to occur. The effect seems to
increase with the earthquake magnitude. At the largest mag-
nitudes, above M 5.5, the number of analyzed data rapidly
decreases and hence the uncertainty of the results increases
and starts to mask possible effects.

4. Discussion

[18] As noted in recent studies [e.g., Harrison et al.,
2010], the frequency of about 1.7 kHz where the decrease
of wave intensity was observed corresponds approximately
to the low-frequency cutoff for propagation in the Earth-
ionosphere waveguide at night [Budden, 1961]. This fre-
quency is inversely proportional to the height of the lower
boundary of the ionosphere. Taking into account that the
electromagnetic waves generated by lightning in thunder-
storms are a crucial source of VLF radiation observed by
DEMETER during the nighttime [Némec et al., 2010], it can
be expected that the exact frequency of this cutoff can signif-
icantly affect the power spectrum of electromagnetic waves
observed by DEMETER at frequencies of about 1.7 kHz.
This is well illustrated in Figure 8, which shows an example
of the frequency-time spectrogram of power spectral densi-
ties (PSD) of electric field fluctuations observed during one
nighttime DEMETER half orbit in the time interval 0—4 h
before the main shock. The frequency cutoff at a frequency
of about 1.7 kHz can be clearly identified as the frequency
below which the power spectral density of the electric field
fluctuations drastically decreases. This example is related
to an earthquake with magnitude 5.0 that occurred on 26
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1 1 1 1
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1000 2000 3000 4000

frequency [Hz]
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Figure 10. Median frequency spectrum of PSD of electric
field fluctuations obtained for the nighttime electric field data
measured within 440 km from the epicenters of earthquakes
with magnitudes > 5.0. The results obtained for data mea-
sured 0—4 hours before the times of the main shocks are
shown in blue, while the results obtained for data measured
24-28 hours before times of the main shocks are shown
in black.

October 2008 at 09:27:22 UT. The epicenter was located at
40.34°N, 124.63°W, and the depth of hypocenter was 21 km.

[19] We have checked all burst mode data measured in
the time interval 0—4 h before the times of the main shocks
at distances less than 440 km from earthquake epicenters.
For each of the 70 events, we have calculated a detailed
frequency-time spectrogram of the power spectral density
(note that a waveform of one electric field component was
measured in the Burst mode, so that frequency-time spec-
trograms with sufficient frequency and time resolutions are
available). Whistler wave activity originating from lightning
strokes has been observed for all the analyzed events. These
lightning-originating electromagnetic waves are found to be
the most intense waves in the frequency range of interest
(~1.7 kHz) during the night. Three typical whistler wave
signatures were as follows: (1) When the satellite is almost
above a lightning flash, a broadband signal from about 1 to 5
kHz is observed. It means that there is no Earth-ionosphere
waveguide cutoff present in this case, shown for 1 s of data
in Figure 9a. (2) When the satellite is further from the flash,
a fractional hop whistler with a cutoff at about 1.7 kHz
is observed, see Figure 9b, or (3) fractional hop whistlers
are observed with dispersion signatures and partial or total
cutoffs at 1.7 and 3.4 kHz, see Figure 9c.

[20] The height of the lower boundary of the ionosphere
exhibits a seasonal variation, and it also depends on the
position of observation [7Toledo-Redondo et al., 2012]. 1t is
therefore hard to compare observations of absolute values
of VLF wave intensity, which depend on the positions and
on season. Nevertheless, we selected earthquakes for which
data measured within 440 km of earthquake epicenters
0—4 h and 24-28 h before the times of the main shocks were
available. We have visually checked the earthquake orbits
for the presence of changes in the cutoff frequency. How-
ever, no clear change in the cutoff frequency was identified.
Nevertheless, the variations of the cutoff frequency can be
identified by analyzing a larger number of events. Figure 10
shows the corresponding median spectra. These spectra were
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calculated using all available data for the time interval
0—4 h (blue line) and 24-28 h (black line). Altogether, more
than 2000 spectra from 58 earthquakes (M>5) were used. It
can be seen that the wave intensity at frequencies between
about 1.5 and 4.0 kHz is lower at times shortly (0—4 h) before
the times of the main shocks (blue line) than more than one
day before the times of the main shocks. The frequency of
the minimum wave intensity is slightly shifted from about
1.66 kHz (black line) to 1.73 kHz (blue line). Nevertheless,
it is necessary to keep in mind that the wave intensity is very
variable, and that the number of events taken into account
is quite small. However, this result clearly demonstrates
the additional attenuation of wave intensity shortly (0—4 h)
before the times of the main shocks.

[21] The observed dependence of the effect on geomag-
netic latitude, on the positions of the hypocenters and on
the season of the year appears to be consistent with the
suggested explanation based on the attenuation of elec-
tromagnetic waves caused by lightning propagating in the
Earth-ionosphere waveguide.

5. Conclusions

[22] We have presented a detailed analysis of a previ-
ously reported decrease of electromagnetic wave intensity
observed by the DEMETER spacecraft at frequencies of
about 1.7 kHz in the vicinity of imminent earthquakes
[Némec et al., 2008, 2009; Pisa et al., 2012]. We have used
all of the nighttime data collected during the DEMETER
mission (~6.5 years). We confirm the existence of a weak,
but statistically significant (at 2.3 standard deviations),
decrease of wave intensity observed within 440 km from the
epicenters of earthquakes with the magnitudes >5 shortly
(0—4 h) before the times of the main shocks. Two statistical
tests and the analysis of two control data sets show that the
observed effect is unlikely to be due to chance. Our results
also show that the effect is stronger: (i) during the most
active thunderstorm season (March—August); (ii) at higher
geomagnetic latitudes; (iii) for earthquakes with hypocenters
below the sea; and (iv) for shallower earthquakes (<33 km).

[23] This effect could result from an increase in the
electric conductivity of the lower troposphere possibly
due to an increase of charge carriers emanating from the
stressed rocks prior to a major earthquake. This causes
the air conductivity to increase; the electric current down
from the ionosphere also increases, by Ohm’s law [Rycroft
and Harrison, 2012], which manifests itself as a slight
lowering of the nighttime ionosphere, at about 88 km, by ~2
km [Harrison et al., 2010]. Therefore, VLF radio waves
originating from lightning and propagating in the Earth-
ionosphere waveguide at night are cut off at a slightly higher
frequency than usual, 1.74 kHz rather than 1.70 kHz. This
means that there is additional attenuation of signals from
lightning propagating in the Earth-ionosphere waveguide,
so that the intensity of fractional hop whistlers received at
DEMETER is less than usual. It is important to note that this
effect is very small (a decrease of ~2 dB), as compared to
usual variations in the background activity (7.5 dB), and it
will therefore be very difficult to observe it directly in indi-
vidual cases. A large number of events (>1000) is necessary
to show a statistically significant (>20) effect; this has been
clearly demonstrated here.
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