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Variations of plasma distribution and/or wave spectral features in the ionosphere were suggested by
many authors as possible earthquake precursors, and the change of plasma density and temperature
above seismic regions were reported in the literature. These quantities are known to influence the lower
hybrid resonance (LHR) frequency profiles in the upper ionosphere and the magnetosphere, which, in
turn, strongly affects the propagation of quasi-resonance VLF waves with frequencies f close to the
maximum of the LHR frequency on the propagation path. This makes the VLF signals a tool of registration
of ionospheric perturbations. Using the measurements from the DEMETER satellite for 3 yr we have
calculated the maps of LHR frequency over the globe, and the maps of VLF spectral intensity at the
frequencies of Alpha navigation transmitters. These maps demonstrate a significant dependence of the
spectral intensity in the transmitter conjugate region on the relation between the signal frequency and
the LHR frequency above the observation point. Then, using the DEMETER data and the earthquake
database from the US geological survey server we have performed statistical analysis of the LHR
frequency over seismic regions and found an appreciably different behaviour of the LHR frequency before
earthquakes, as compared to its regular behaviour, for several seismic regions. Although this difference is
statistically significant, in each particular case the ionospheric perturbations may be related to different
processes in the Earth's atmosphere, ionosphere, and the magnetosphere, other than gathering earth-
quakes. Thus, the unexpected variations in the LHR frequency profile, revealed from the variations of VLF
transmitter signals, should only be considered as one indicator in a list of possible earthquake precursors.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

phase and amplitude registered by ground-based receivers, and in
signal amplitude measured onboard the DEMETER satellite have

Ionospheric perturbations prior to earthquakes have been in
the focus of seismo-electromagnetic studies since their beginning
in the 1970s (Larkina et al., 1984, 1989; Parrot and Lefeuvre, 1985;
Serebryakova et al., 1992; Chmyrev et al., 1997). Many results on
this subject obtained by the end of the last century were
summarised in a comprehensive collection “Seismo Electromag-
netics: Lithosphere-Atmosphere-lonosphere Coupling” edited by
Hayakawa and Molchanov (2002). The analysis of the VLF signals
radiated by ground transmitters and received onboard the French
DEMETER satellite revealed signal dropoffs connected with the
occurrence of large earthquakes (the so-called scattering spot,
Molchanov et al., 2006). Earthquake related drops in VLF signal
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been indicated by Rozhnoi et al. (2007). VLF transmitter signal
decreasing during a month before the earthquake near Sumatra
has been reported by Solovieva et al. (2009).

It has soon been recognised that indirect effects of earthquake
preparation processes on plasma distribution and wave spectrum
registered above seismic region may be more pronounced than
direct ones (Boskova et al., 1993). In particular, it has been shown
that earthquake related plasma density perturbations in the iono-
sphere are essential for producing observable spectral peculiarities
(Chmyrev et al., 2008). Physical mechanisms responsible for earth-
quake related wave and particle disturbances above seismic
regions constitute the most important problem related to our
study, which, however, is out of the scope of the present work. Yet,
we should mention that gravity waves can be the “end” cause of
ionospheric variations which transfer various kinds of distur-
bances from their origin into the ionosphere (and references
therein Francis, 1975; Grigor'ev, 1999; Lee et al., 2008).
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In this study, we suggest and substantiate a new indication of
anomalous variations in the ionosphere. This indication consists in
unusual change of VLF transmitter signal amplitude observed in
the hemisphere opposite to that of the transmitter location, and
serves as a warning of anomalous processes in the ionosphere
above the observation region, of which a gathering earthquake can
be one of the possible causes. In the next section we shortly
describe some features of VLF transmitter signal propagation in
the magnetosphere, which are essential for the monitoring that
we suggest. In Section 3, we discuss the dependence of LHR
frequency on the parameters of ionospheric plasma. Section 4
describes data acquisition and data analysis. Section 5 presents the
maps of the LHR frequency and the maps of VLF spectral intensity
at the frequencies of Alpha navigation transmitters obtained from
DEMETER data. The LHR frequency above seismic regions, together
with the method of estimation of its variations, are discussed in
Section 6 based on the performed statistical analysis. Section 7
contains the discussion and the conclusions from the
present study.

2. Some propagation properties of VLF transmitter signals

Propagation of fixed frequency VLF signals in near-Earth space
possesses features similar to those of lightning-induced whistlers
(Helliwell, 1965). A signal from a ground-based VLF transmitter
initially propagates in the Earth-ionosphere waveguide partly
leaking into the ionosphere. Due to a sharp increase of the wave
refractive index at the upper boundary of the waveguide, the wave
normal is almost vertical at the ionospheric level where the wave
mode changes distinctly from free space mode to whistler mode in
collisional plasma. Starting from the heights ~500-1000 km, the
wave propagation is well described in the frame of geometrical
optics.

Depending on the presence or absence of a duct, the wave
propagation is quite different. The features of non-ducted propa-
gation, which we consider as a more common case (see for
example, Walter and Angerami, 1969; Cerisier, 1973; Collier et al.,
2011), consist in a tendency of the wave normal to bend towards
90° with respect to the geomagnetic field, and transition to quasi-
resonance regime of propagation which is characterised by an
essential increase of the wave refractive index (Walker, 1976;
Alekhin and Shklyar, 1980). As it is well known (Kimura, 1966),
such waves cannot propagate in the region where the wave
frequency f is below the lower hybrid resonance (LHR) frequency
fiar- Thus, if a signal from ground-based VLF transmitter situated,
say, in the Northern hemisphere propagates in non-ducted mode,
and if the maximum of LHR frequency profile in the Southern
hemisphere is above the wave frequency, then the wave will be
magnetospherically reflected from the region where f = fp

NZ
N +f3/f?

(see Shklyar et al., 2004 for details). Here N is the wave refractive
index, f, is the electron plasma frequency, and large refractive
index assumes N2>f12,/f2. On the contrary, if the frequency of
transmitter signal f is above the maximum of LHR frequency
profile, then the signal will not be reflected and will reach
the lower ionosphere. We thus see that the relation between
transmitter signal frequency f and (fiyr)max above the satellite is
crucial in determining whether or not the signal will be observed
on a satellite like DEMETER orbiting between the upper-
ionospheric and lower-ionospheric maxima of LHR frequency
(Shklyar et al., 2010). Further on, we speak about the upper-
ionospheric maximum of the LHR frequency which is essential in
our consideration. Even if f<(fiyr)max SO that wave effects prevent

2 2
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the total reflection, the signal amplitude below the LHR maximum
will be smaller than in the case f>(fiyr)max- This feature constitu-
tes a key point in the monitoring idea that we suggest. We should
stress that even quasi-resonance low-frequency (f< f., where f is
the electron cyclotron frequency) whistler-mode waves propagate
(in the group sense) almost along the ambient magnetic field
(Storey, 1953). Thus, the main property of non-ducted waves that
we use is the LHR reflection, but not the deviation of trajectory
from the magnetic field line.

3. Modification of LHR frequency profile in response to
variations of ionospheric parameters

Earthquake related variations of ionospheric plasma density
and temperature have been reported by many authors (see e.g.
Gokhberg et al., 1983; Afonin et al., 1999; Hayakawa et al., 2000;
Pulinets et al., 2003, 2004, and references therein). Of particular
interest for the present work are the observations by BoSkova et al.
(1993) showing: (1) an increase in the light ion concentration over
a narrow latitudinal region above the focus of the forthcoming
earthquake and (2) a general increase in the light ion density in
the relevant latitudinal region as a whole, at longitudes close to
the future epicenter, as compared to other longitudes. Thereafter,
Shklyar and Truhlik (1998), in terms of a simple qualitative model,
have demonstrated that light ion profiles in the ionosphere are
over-responsive to small variations of plasma parameters. Let us
analyse how the variations of light ion distribution affect the LHR
frequency profile in the upper ionosphere in more detail. To this
end, we write the well known expression for the LHR frequency

1 fi

for= 10—
LHR — >
Mest f2 1 f?

@)
where M. is the dimensionless effective ion mass determined by
the relation

1 me na
M eff ne ions mgy
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Here n., m, are the electron density and mass, respectively, n,, m,
are the same for ions of species «, and summation is assumed over
all ion species. The characteristic scale of electron cyclotron
frequency variations in the upper ionosphere is of the order of
thousand kilometers. Formula (2) then shows that the LHR
frequency profile at the heights of low-orbiting (~500-1500 km)
satellites is mainly determined by the behaviour of electron
density necxff, and effective ion mass M. It is worth mentioning
that under condition fﬁ»ff, which is often fulfilled in the upper
ionosphere, the LHR frequency is determined only by Mg and f..

Above the maximum of electron density, which is reached in
the F region of the ionosphere, the electron and ion density
profiles can be qualitatively approximated by the model of
diffusive equilibrium (e.g. Angerami and Thomas, 1964). In this
model, electron and ion height distributions are mainly deter-
mined by ion composition at the “base level” (~500 km) and
electron and ion temperature profiles. As it has been underlined by
Shklyar and Truhlik (1998), in the model of diffusive equilibrium,
the light ion distribution is very sensitive to small variations of
plasma parameters. The same must be true for the LHR frequency
profile, since the light ion distribution affects most strongly the
distribution of effective ion mass Mg (see (3)), which in turn
determines f;;z according to (2). Thus, small variations of plasma
parameters in the lower ionosphere can lead to significant changes
in both the height and the magnitude of LHR maximum in the
upper ionosphere.
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4. Wave and particle experiments on DEMETER, and
description of data analysis

The present study is based on the DEMETER satellite measure-
ments. DEMETER was a French satellite designed to study iono-
spheric perturbations related to seismic and man-made activity. It
was launched in June 2004 and operated until the end of 2010,
orbiting on circular polar orbits, initially at the height of 710 km
and then, beginning from December 2005, at the height of 660 km.
Its payload consisted of wave and particle analysers. The satellite
measured electromagnetic waves all around the Earth except in
the auroral zones (Parrot et al., 2006). The frequency range for the
electric field was from DC up to 20 kHz, most of which falls into
the VLF band. Due to sun-synchronous type of DEMETER orbit, all
measurements correspond to two local times: LT~10:30 and
LT~22 : 30. There were two scientific modes of operation: a survey
mode where frequency-time spectra of one electric and one
magnetic component were computed onboard up to 20 kHz, and
a burst mode when, in addition to the onboard computed spectra,
waveforms of one electric and one magnetic field component were
recorded, permitting spectrum evaluation up to 20 kHz. The burst
mode allowed a spectral analysis with higher time and frequency
resolution. During this mode of operation, the six components of
the electromagnetic field were also recorded in the ELF range up to
1.25 kHz, which permitted the determination of all wave charac-
teristics, and performing a wave propagation analysis (Santolik
et al., 2006). Details of wave and plasma experiments onboard
DEMETER can be found in Parrot et al. (2006) and Berthelier et al.
(20064, 2006Db).

The Demeter Langmuir probe experiment (ISL) has been
designed for in situ measurements of the bulk parameters of the
ionospheric thermal plasma. It was composed of two electrodes: a
cylindrical and a spherical electrode whose surfaces were divided in
segments electrically isolated from each other. This segmentation
was made for deriving the bulk velocity of plasma, in addition to the
routinely measured electron density and temperature. The principle
of the measurement technique is to vary the bias voltage applied to
the Langmuir probe and to measure the current collected as a
function of the applied voltage (i.e. to acquire the current-voltage
(I-V) characteristic of the probe). The analysis of the (I-V) char-
acteristic provides the following plasma parameters with their
expected values along the orbit: electron density in the range
(108=5 x 10'") m3, electron temperature (600-10 000 K), ion den-
sity (the same range as for electron density), and spacecraft potential
(43 V). A complete voltage sweep is performed in 1 s, thus allowing
to obtain the (I-V) characteristic every second providing 1 s time
resolution of plasma bulk parameters. The time resolution of 1s
corresponds to about 7 km spatial resolution on the 700 km altitude
DEMETER orbit (see Lebreton et al., 2006 for details).

The IAP instrument onboard DEMETER provided a nearly
continuous survey of the main parameters of the thermal ion
population. The operation principle is based on the combination of
two different instruments. The first one is a retarding potential
analyser and performs the energy analysis of the rammed ions
from which one can retrieve the density and temperature of the
major ions O",He"™ and H", as well as the component of their
velocity along the line of sight of the analyser. The second one is an
ion drift analyser that allows to determine the velocity direction of
the rammed ions. Using the velocity value along the sight of the
analyser, together with the arrival direction of the rammed ions,
one can obtain the ion velocity vector in the satellite frame of
reference and, finally, by subtracting the orbital ram velocity
vector, the ion drift velocity vector in the Earth's frame of
reference. Depending on the mode of operation, time resolution
of the ion parameters is 2.317 s in Burst modes, 4.506 s in Survey
1 mode, and 4.429s in Survey 2 mode (IAP Survey 1 mode

corresponds to a medium energy resolution, and IAP Survey 2
corresponds to a high energy resolution). The ion densities are
measured onboard in the range (102-10°%) ions/cm? (see
Berthelier et al., 2006b for details.)

For calculating the lower hybrid resonance frequency, two data
sets were used: electron density measured by the Langmuir probe
(ISL experiment), and ion densities measured by the Ion Plasma
Analyser (IAP experiment). We should mention that for “ideal”
measurements, the total ion density would be equal (in experi-
ment, close) to electron density, which is the case for daytime
measurements. However, for night-time measurements, these
densities may disagree. Then, there are two ways for calculating
the LHR frequency. The first is to take the absolute ion densities as
the basic quantities, and to put electron density equal to the sum
of ion densities. The second possibility is to use electron density
and relative ion densities as the basic quantities. For ff,»ff, both
ways lead to the same result provided that relative ion densities
are measured correctly. For fﬁsfﬁ, the difference between the
results depends on the discrepancy in measurements. Fig. 7
(discussed in more detail below) shows (among other things) a
fairly good agreement between LHR frequency values calculated
by using two different ways of electron density evaluation.

To obtain “along the orbit” values of f;;z, we had to interpolate
the values of two data sets from different instruments onto the
same time scale. We treated IAP data timing as a basis and used
linear interpolation of two electron density values adjacent to each
ion density measurement. Having the electron and ion density
values at the same place, we calculated f};;z along all orbits during
Demeter operation (about 34 000 orbits) using the expression (2).

Ionospheric plasma parameters are highly sensitive to solar
activity. Therefore we have eliminated the data which correspond
to periods of high solar activity, namely, when K}, index was greater
than 3. All f};;x measurements have been arranged in a 180 x 120
matrix that corresponds to a global map 180° x 360° with 1° x 3°
resolution, separately for day/night and for every month of Demeter
operation. Then, a certain number of fj,z falls within each bin.
Thereby, we have 5-dimensional matrix: the 1st and the 2nd
positions correspond to geomagnetic latitude and longitude of the
bin {i,j}, respectively, the 3d index gives Local Time LT (10:30/22:
30—day/night), the 4th corresponds to month number (7 x 12
months of DEMETER operation from January 2004 to December
2010) {month}, and the 5th index refers to a given f};;z value that
falls within this bin {N}. One month of averaging is chosen to
provide more or less uniform coverage of the data (which still have
blank spaces due to the very small bin size). Having monthly maps,
we are able to accumulate the f;z values in the seasons over several
years. For example, to present a global distribution of f;;;z over spring
night, one must accumulate within every bin all f;;z values from
March, April and May for certain years of interest and calculate the
quantity

((Fum)i ) 4)

where (...) stands for the median value over {month} and {N}. Due to
the solar activity cycle, yearly variation of ionospheric plasma
parameters does not replicate from year to year. In order to take
into account these yearly variations, only “similar” years have been
considered for such an accumulation. It means that during these
years, ionospheric plasma parameters (for example, electron density)
vary in quite a similar way. A three year period from 2007 to 2009
has been chosen to represent f;,;z global distribution in different
seasons, in the daytime and in the nighttime. Global maps of f;uz
above seismic regions were created in a similar way. Only data that
fall in the area near the gathering earthquakes (square area around
an earthquake 6° x 6°), 5 days before up to the earthquake occur-
rence were included. The corresponding values of |, are called here
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Fig. 1. Map of LHR frequency for winter.

“with EQ” (fipreq )- The maps of fiy that were constructed from all
data except those related to earthquakes are called as “background”.
The earthquake database was taken from the US geological survey
server http://earthquake.usgs.gov/earthquakes/eqarchives/epic/. Only
the earthquakes with magnitudes 5 and greater were considered.
The maps of LHR frequency and its variations related to earthquakes
are discussed in the next section.

5. Maps of LHR frequency and VLF transmitter signal intensity:
DEMETER observations

The main idea behind our suggestion on earthquake warning
consists in the following. The amplitude of transmitter signal
observed in the opposite hemisphere depends crucially on
whether the frequency is higher or lower than the maximal LHR

frequency above observation regions. This notion follows from
theoretical consideration of LHR reflection of non-ducted signals,
while its experimental proof is presented below. Figs. 1 and 2
show the maps of LHR frequency over the globe calculated from
DEMETER data for winter (day and night) and summer (day and
night), respectively. These and the following maps are plotted in
geomagnetic coordinates. We should underline that the seasons
indicated in the figures refer to the Northern hemisphere, but,
when discussing seasonal variations of LHR frequency, we refer to
the seasons in the hemisphere under discussion. According to the
measurement, the LHR frequency varies in a wide range from few
kHz up to 16-18 kHz. In general, LHR frequency is larger in winter
than in summer, and also, it is larger during the night-time than
during the daytime.

Further on, we will discuss the observations of VLF signals from
Alpha transmitters, which are situated close to Krasnodar,
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Fig. 2. Map of LHR frequency for summer.

Novosibirsk, and Komsomol'sk-na-Amure, each operating at three
frequencies: 11.9, 12.6, and 14.9 kHz. Figs. 3 and 4 show maps of
spectral intensity in narrow bands around transmitter signal
frequencies 11.9 and 14.9 kHz, for winter day and winter night,
respectively. The maps were obtained in the same way as the maps
of LHR frequency with the exception that 1° x 1° grid over latitude
and longitude was used in this case. For the sake of definiteness,
let us consider Novosibirsk transmitter. Its magnetically conju-
gated region is situated in the S hemisphere and has geomagnetic
coordinates (47°S, 160°E). The LHR frequency is ~(5-6) kHz (north-
ern winter, day), ~(10-11)kHz (northern winter, night),
~(6-7) kHz (northern summer, day), and ~(12-13) kHz (northern
summer, night), as it is seen from Figs. 1 and 2. We notice that, in
both winter and summer, the day values of f;,z are below all
frequencies of Alpha transmitters, while during the night time,
11.9 kKHzS(fLur)max < 14.9 kHz. Thus, during the day time, neither
11.9kHz nor 149 kHz wave suffers LHR reflection, and their

amplitudes in the conjugated region should be close, which is
confirmed by Fig. 3. On the contrary, during the night-time,
11.9 kHz waves do, while 14.9 kHz waves do not suffer LHR
reflection, thus, the amplitudes of 14.9 kHz waves should be larger
than the amplitudes of 11.9 kHz waves. Fig. 4 provides the
experimental proof of this relation. For summer time, electric field
intensity at two chosen frequencies shows similar behaviour.
Before proceeding to further discussion of the experimental
data, an important remark is in order. We treat VLF transmitter
signals as a diagnostic tool which presumably does not modify the
medium properties, at least those of them which we use, namely,
the LHR frequency profile in the hemisphere opposite to that of
the transmitter site. At the same time, VLF transmitter signals can
potentially modify the ionospheric plasma and cause man-made
effects that should be distinguished from natural ionospheric
disturbances. The most obvious way by which a transmitter signal
can modify the ionosphere is wave induced precipitation of
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Fig. 3. Maps of electric field spectral intensity at about 11.9 and 14.9 kHz for winter day.

energetic particles caused by their resonant interaction with the
whistler-mode wave (transmitter signal) in the magnetosphere
(see e.g. Shklyar, 1986, the review by Shklyar and Matsumoto,
2009, and references therein). For energetic electrons near the
loss-cone boundary, this interaction can scatter (or diffuse) them
into the loss cone with subsequent precipitation into the atmo-
sphere creating new free electrons (e.g. Karpman and Shklyar,
1977; Imhof et al,, 1983; Pradipta et al., 2007). However, as it has
been shown by Bell et al. (2011) on the basis of DEMETER data,
even the most powerful VLF transmitters such as Australian NWC
and American NAA do not produce significant large-scale varia-
tions of plasma density and temperature in the conjugate region.

A more subtle mechanism of ionospheric plasma modification
by VLF transmitter signal has been put forward by Labno et al.

(2007). It includes the parametric process in which a whistler-
mode wave (transmitter signal) excites two quasi-resonance
whistler-mode waves (often called lower hybrid resonance (LHR)
waves, although their frequency may be much larger than the LHR
frequency, as it is the case under conditions considered by Labno
et al,, 2007), and a zero frequency plasma mode. The excited LHR
waves can, according to Labno et al. (2007), interact and accelerate
suprathermal electrons in the region over the transmitter. The
parametric process described above operates when the corre-
sponding matching relations together with dispersion relations
for all modes involved are satisfied. In an inhomogeneous plasma
these conditions cannot be fulfilled throughout an extended
interaction region, which makes the process under discussion
important only for a very large amplitude of pumping wave, which
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Fig. 4. Maps of electric field spectral intensity at about 11.9 and 14.9 kHz for winter night.

is hardly achieved for Alpha transmitters that we use in our study.
We should mention that excitation of LHR waves due to VLF
transmitter signal scattering on small scale plasma density irre-
gularities in the ionosphere has been considered, e.g. by Bell and
Ngo (1990) and Shklyar and Washimi (1994). In all cases, the
processes mentioned above take place permanently, together with
the operation of Alpha transmitters, independently of other
possible processes related to gathering earthquakes. Thus, the
corresponding variations are included in the “background” state.

6. LHR frequency above seismic regions

A matter of principle is the behaviour of the LHR frequency
before an earthquake. Here we present for the first time an

experimental study on this matter. Using the DEMETER data, we
have calculated relative variations X of the LHR frequency in
relation to earthquakes

(fLHREQ >_ (fLHR )
(fLHR) ’

where freq is the quantity defined above (see the end of Section 4),
fiur is the LHR frequency excluding the periods before earthquakes,
and ¢...) stands for median values of the corresponding quantities for
3 yr from 2007 to 2009. The quantity X which is associated with the
place of earthquake occurrence is visualised on the maps by colours
according to the colour bar. The corresponding map is shown on the
lower panel in Fig. 5, while the upper panel displays the background
LHR frequency above the same regions, which we denote by “f;r
above seismic region.” To facilitate the observation of seismically

X= (5)
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Fig. 5. Maps of the quantities f;;;z above seismic regions (upper panel) and X (bottom panel) for summer night periods. (For interpretation of the references to color in this

figure caption, the reader is referred to the web version of this article.)

active regions over the globe, we use geomagnetic coordinates with
marked contour of continents. The analysis of data has shown that
during night-time the quantity X may have a significant value up to
0.6, while in the daytime the quantity X is close to zero. That is why
hereinafter we discuss only night-time maps. We see that both blue
colours (corresponding to a decrease of the LHR frequency before
earthquakes) and red colours (corresponding to an increase of the
LHR frequency before earthquakes) are present on the bottom panel
in Fig. 5, thus, a definite variation of this quantity is not revealed.
Despite the absence of a regular variation of the LHR frequency

before earthquakes, its essential change in the night-time indicates
the influence of gathering earthquakes on plasma distribution in the
night-time ionosphere.

For quantitative characterisation of the relation between the
LHR frequency over seismic region and its variations before
gathering earthquakes, we have carried out a statistical analysis
of the measurements of f,z above few regions known to be
seismically active. Specifically, we have considered five 20° x 20°
square areas around Chile (20°S, 0°E), Japan (30°N, 150°W),
Philippines (10°S, 160°W), Solomon Islands (20°S, 125°W), and
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Sumatra (10°S, 170°E), examining only those measurements of fyr
that fell into these areas.

The results for Chile region corresponding to summer night
periods are shown in Fig. 6. The upper panel shows the back-
ground distribution of fyz values (blue line) and the distribution
of f1yreq values before earthquakes as described above (red line).
As one can see, the distributions of both quantities cover very wide
frequency bands and are significantly different from normal
distribution, which is not surprising because the measurements
cover wide intervals in both latitude and time. The median value
in the background distribution is shown by dashed blue line. The
median frequency in this case is equal to ~9.3 kHz. Two solid blue
lines comprise 80% of cases in the background distribution, with
10% of cases outside of each line. For quantitative characteristic of
differences between two distributions, we have examined the

Chile, summer night
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Fig. 6. Statistical analysis of fiz distributions relation to earthquakes above Chile
region. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

Table 1

value g, which is the relative number of cases from fiygreq
distribution below the p-quantile (0 <p < 1) of the f;g distribu-
tion. In these terms, the median for the f;,;z distribution is
0.5-quantile, and two solid lines described above are 0.1- and
0.9-quantiles. The values of g, for the given example shown in
Fig. 6 are By =0.1, By5=0.7, fp9= 1.0, which suggests that the
probability of observation of low fyz values before earthquakes
remains the same as in the background distribution, while the
probability of observation of high f;;;z values decreases.

The lower panel shows the empirical cumulative distributional
functions (CDF), F,(f) and Gn(f), derived from two distributions
shown on the upper panel, namely, of f;yr (blue) and frgq (red),
respectively. The numbers of measurements in these distributions
are denoted by n and m. CDF is, in fact, the relative number of
cases (y-axis) in which f;yz is below the given value (x-axis).
Analysis of CDF allows us to track the portion of measurements of
finr below the given level, and to evaluate deviation of “disturbed”
distribution from the background one.

To test whether these distributions differ, we apply the Kolmo-
gorov-Smirnov test. In two-sample case, the Kolmogorov-Smir-
nov statistic is

Dobs = Sl}lp|Fn(f)—Gm(f)|~ (6)

The significance level of an observed value of D (as a disproof of
the null hypothesis that the distributions are the same) is given
approximately by the formula (see e.g. Stephens, 1970)

P(D > Dobs) = QKS([ V Neff +0.12 + 0~]]/ V Neff]Dobs)’ (7)
where
Qs=2 F -1ye ¥,

j=

and

nm
n+m’

Neff =

For the given case shown in Fig. 6, null hypothesis is rejected at the
level less than 107>, while the Kolmogorov-Smirnov statistic
Dyps = 0.267, meaning that two distributions differ significantly.
The results of statistical analysis for all five considered
regions are summarised in Table 1. The numbers given for each
region and each season indicate, quite approximately, the quantity
8(fLur)=Gm(fLur)—Fn(fiur), Which characterises the deviation of the
CDF before earthquakes from the background CDF, and the interval
of frequencies where this deviation is observed. A dash means that
16(fir)| < 0.1, which is observed in more than ~50% of cases. As
one can see, in most cases where the difference between the
distribution functions is significant, the quantity 5(f;;;z) is positive,
reaching the values up to 0.35. We should stress that the
difference between two CDFs pointed out above reveals only in
specific frequency intervals that, in turn, depend on the region and

Results of statistical analysis of the CDF before earthquakes deviation from the background CDF.

Seasons\Regions Chile Japan Philippines Solomon Isl. Sumatra
Winter 0.25 - - 0.1-0.2 -
f~3kHz 4kHz < fiyr <5kHz
Spring 0.15-0.2 - - - -
5kHz < fir < 8 kHz
Summer 0.15-0.25 - - 0.15-0.2 -
8 kHz < fiyr < 11 kHz 15 kHz < fiyr <17 kHz
Autumn 0.15-0.35 -0.1--0.2 - ~0.1 -

3 kHz < fiyr <7 kHz

10 kHz < fiyr < 15 kHz

5 kHz < fiyr < 10 kHz
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Local and maximum LHR frequency
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Fig. 7. Local (red lines) and maximum (black line) LHR frequency along the DEMETER orbit 15000_0. The data were taken on 24 April 2007. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this article.)

season. Another interesting observation consists in that [5(f;g)| iS
negligible for equatorial latitudes (Philippines, Sumatra) and is
significant for higher latitudes (Chile, Solomon Islands).

7. Discussion and conclusions

We have presented the maps of the lower hybrid resonance
(LHR) frequency, fiyr, over the globe for various seasons and time
of the day based on DEMETER data for 3 yr. Special consideration
has been given for the corresponding quantity over seismic
regions and its variations before gathering earthquakes using the
earthquake database from the US geological survey server. We
found that the distributions of f;z with and without earthquakes
are meaningly different above several seismic regions. This sug-
gests a new method of monitoring unusual variations of plasma
parameters in the lower ionosphere, possibly related to gathering
earthquakes. The method relies upon peculiarities of quasi-
resonance whistler-mode wave propagation in the magnetosphere
and upper ionosphere, in the LHR frequency band. VLF transmitter
signals propagating over magnetospheric trajectories in non-
ducted regime are known to fall into this category of whistler-
mode waves. Such a wave cannot propagate in the region where its
frequency f is below the LHR frequency fyg, thus, if the wave
propagates from the magnetosphere to the ionosphere, i.e. in the
direction of increasing fiyg, it will be reflected from the region
where f<fiyr provided that f < (fiyr)maxr Where (fiyr)max iS the
maximum LHR frequency in the upper ionosphere along the wave
path. This wave will not be registered on the ground or/and on a
low-altitude satellite like DEMETER orbiting below the LHR max-
imum; at least the amplitude of the signal will be very low. On the
contrary, if f> (fiyr)max» the signal will be registered on low-
altitude satellites, and its amplitude on the ground should be
higher than in the case f < (fiyr)max, Provided that the conditions
of wave exit to the ground exist at all. This conception has been
verified on the basis of the LHR maps and spectral maps (related to
Alpha transmitters) calculated from the DEMETER data.

Since the LHR frequency, even for given region, season, and
time of the day varies in a wide range, and since the character of
its variation is not unique, the method of monitoring its variations
should include multiple measurements during an extended period
of time. The performed study gives us the probability (related to
unperturbed conditions) of observation of fixed frequency signal
from a VLF transmitter situated in the region magnetically con-
jugated to the observation point, i.e. the probability that the
maximum of the LHR frequency above the observation point is
less than the transmitter frequency. If for the same region, season,
and time of the day the relative number of cases when the
transmitter signal is observed differs essentially from the “unper-
turbed” probability, it means that during the observation period
the LHR frequency suffers unusual variations. Needless to say that
a gathering earthquake is only one possible cause of such
variations.

We should mention that DEMETER measurements which con-
stitute the basis of the present study give us a local but not the
maximum values of the LHR frequency. In our arguments we
assume that the maximum LHR frequency varies synchronously
with the local one, and their seasonal, diurnal, and pre-earthquake
variations are similar. The reasonableness of these assumptions is
illustrated by Fig. 7, which shows the graphs of local (red) and
maximum (black) LHR frequency along one orbit, calculated with
the help of diffusive equilibrium model. The calculations use the
concentrations of various ion species at the base level (DEMETER
altitude) and ion temperature measured by IAP, and the measured
electron temperature, of course. The values of local LHR frequency
calculated by using two ways of electron density evaluation are
shown by solid (n.=Yn;) and dashed (n. obtained from ISL
measurements) red lines, which are quite close.

The second key point in our consideration refers to significant
modification of LHR frequency profile, including the value of LHR
maximum, in response to relatively small variations of ionospheric
parameters, in particular, absolute and relative contents of ion
species on a “base level” in the ionosphere. In this way, the
amplitude of VLF transmitter signal, which is very sensitive to
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the relation between f and (fiyr)max, becomes very sensitive to
variations of ionospheric parameters.

Since there were no convincing evidences in the literature
concerning the variations of the LHR frequency before earth-
quakes, we have undertaken a research into this subject based
on DEMETER data. The results have shown that the LHR frequency
before earthquakes can both decrease and increase. The performed
statistical analysis has shown that the distributions of the LHR
frequency with and without earthquakes over certain seismic
regions are significantly different.

In sum, the results of this study suggest a method of revealing
unusual variations of ionospheric parameters possibly related to a
gathering earthquake, by monitoring the amplitudes of VLF
transmitter signals with specially chosen frequencies and loca-
tions. Since these variations may be caused by reasons other than a
gathering earthquake, they should only be considered as an
additional indicator to be weighed along with other earthquake
precursors.
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