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Abstract. We present the results of an analysis of year-
long (2007) monitoring of night time data of the VLF signal
amplitude from the Indian Navy station VTX at 18.2 kHz,
received by the Indian Centre for Space Physics, Kolkata.
We analyzed this data to find out the correlation, if any, be-
tween night time amplitude fluctuation and seismic events.
We found, analyzing individual cases (with magnitudes>5)
as well as statistical analysis (of all the events with effective
magnitudes greater than 3.5), that night time fluctuation of
the signal amplitude has the highest probability to be beyond
the 2σ level about three days prior to seismic events. Thus,
the night time fluctuation could be considered as a precursor
to enhanced seismic activities.

1 Introduction

It has been pointed out almost two decades ago that night
time radio signals show anomalous fluctuations several days
before earthquakes (Gokhberg et al., 1989; Gufeld et al.,
1992; Rozhnoi et al., 2004; Maekawa et al., 2006; Horie
et al., 2007; Rozhnoi et al., 2009; Kasahara et al., 2010;
Hayakawa et al., 2010). There are several other methods
such as the terminator time method (Hayakawa et al., 1996;
Molchanov et al., 1998; Molchanov and Hayakawa, 1998,
2008; Hayakawa and Molchanov, 2000; Chakrabarti et al.,
2007; Sasmal et al., 2009 (Paper I); Molchanov, 2009) and
the D-layer preparation time and the D-layer disappearance
time (Chakrabarti et al., 2007, 2010 (Paper II)), which also
lend some support to the hypothesis that ionospheres are per-
turbed by seismic activities well before the earthquake is ac-
tually felt. Some theoretical models have been advanced and
numerical simulations carried out. Analyzing observations
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around 2005 earthquakes in Greece, Contadakis et al. (2008)
found that the total electron content (TEC) may have var-
ied over a month before the seismic activity. Naaman et
al. (2001) studied the correlation among the ionospheric total
electron content and geomagnetic fields that are associated
with strong earthquakes. Some of the strong contenders in
understanding the anomalies are the so-called acoustic mod-
els (Liperovsky et al., 1997) and the Lithosphere-Ionosphere
coupling model (see Pulinets and Ouzounov, 2011 and ref-
erences therein; Liperovskaya et al., 2010; Meister et al.,
2011). The turbulence generated in the ionosphere due to At-
mospheric Gravity Waves (the so-called AGW model) may
also be one of the causes of the lithosphere-ionosphere cou-
pling (Molchanov, 2009). Using some simple models, it was
shown that a lowering of the ionosphere by 1–2 km could
mimic the terminator time shift (Hayakawa et al., 1996;
Molchanov et al., 1998). However, others (Rodger et al.,
1999; Soloviev and Hayakawa, 2002; Soloviev et al., 2004)
showed that it would require a lowering of the ionosphere by
4–11 km, which would have other observational effects as in
the cases of solar flares (Rodger et al., 1999; Soloviev and
Hayakawa, 2002; Soloviev et al., 2004). The conclusions
of these authors were that the observed shifts in terminators
are possible only if the propagation path is short (<2500–
3000 km) (Yoshida et al., 2008). However, the subject is still
in a nascent stage, and the relationship between such anoma-
lies and seismicity is poorly understood up to now (e.g., Clil-
verd et al., 1999; Rodger et al., 1999; Hayakawa et al., 2002).

The Indian Centre for Space Physics has been monitor-
ing the VLF signals from various stations to look for such
ionospheric anomalies and to check if any correlations could
be found among them. The data was procured by the
AWESOME (Atmospheric Weather Electromagnetic System
for Observation Modeling and Education) receiver made by
Stanford University VLF Group. Our study is particularly
important since the Indian sub-continent is an earthquake
prone region and any reasonable prediction of earthquakes
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could save millions of lives. In the present paper, we report
results of our analysis of the data for year 2007. We find that
three days prior to major seismic activities, the night time
fluctuation of the signal amplitude is the most significant.
This is found to be the case for many individual earthquakes.
At the same time, when we compute the effective magnitudes
of the collection of earthquakes on each day and correlate our
computations with the night time fluctuations, we find that
this statistical correlation also peaks three days prior to the
event date. This result is consistent with the typical 1–5 days
of precursor time found in other methods (Molchanov and
Hayakawa, 2008; Hayakawa, 2009; Kasahara et al., 2010;
Liperovskaya et al., 2008, 2010, 2011; Contadakis et al.,
2008). In the next section, we present the methodology of
our analysis, namely, how we obtained the fluctuations from
the mean on a daily basis, and how we obtained the effective
magnitudes. In Sect. 3, we discuss our results. Finally, in
Sect. 4, we present the concluding remarks.

2 Methodology of our analysis

Our receiving station is situated at the Indian Centre for
Space Physics (ICSP) located in the south side of Kolkata
(22◦34′ N, 88◦34′ E) city. We use the AWESOME receiver,
which receives signals from several stations. In particular,
we concentrate on the Indian Navy VLF transmitter sta-
tion VTX, which is located at Vijayanarayanam (8◦26′ N,
77◦44′ E). This station transmits the VLF signal at 18.2 kHz.
In an AWESOME receiver, the antenna has two cross-loops
capable of detecting fluctuating magnetic field components
in the VLF signals. After receiving the data by this antenna,
first it is pre-amplified and time stamped by a GPS unit. The
data is automatically stored in the computer. As a backup,
we also have our Gyrator-III type receiver capable of tuning
into a single transmitter. For this receiver there is a single
loop antenna. However, in the analysis below we used only
AWESOME data.

For the present analysis, we consider only the data of
local (IST = UT+5:30 h) night time beginning at 19:30 h
(14:00 UT) and ending at 04:30 h (23:00 UT) of the (local)
next day with a one hour gap just prior to midnight for data
analysis. We stayed away from sunrise and sunset termi-
nators by at least an hour to avoid contamination from the
D-layer formation or disappearance effects. Using the data
set on each day (denoted byi), we compute the mean and
the standard deviation (6i), which is our fluctuation mea-
sure. In the lower panel of Fig. 1, we plot6i (marked with
“+” signs) in dB as a function ofi. In order to quantify
some fluctuations as anomalous, we need to know what the
mean and standard deviation of quiet day fluctuations are.
We are assuming that the following is a reasonable proce-
dure to define the mean and the standard deviation of quiet
days: we first take the mean and the standard deviationσ out
of all 6is and eliminate those fluctuations which are beyond

Fig. 1. In the upper panel we plot the effective magnitude (>3.5)
of the seismic event on each day. The lower panel shows the vari-
ation of6i (marked with a “+” sign), the standard deviation of the
nighttime fluctuation of signal amplitude oni-th day, as a function
of day numberi for the year 2007. The curve in the center is the
mean drawn through these6i and the curves above and below are
for ±σ , ±2σ variations around the mean. The circles represent the
earthquakes having effective magnitudesMeffi > 3.5 on each day
(shifted suitably) just to show the possible association of the earth-
quake with an observation.

the 2σ level. This way we remove “significantly” anoma-
lous data from our collection of6is to obtain the profile of
the mean fluctuation throughout the year, possibly in the ab-
sence of seismic events. After this, we compute the mean
and then compute the standard deviationσ once more. This
σ would naturally be smaller. The solid curve in the cen-
ter represents the mean curve. The solid curves above and
below are at±1σ and±2σ levels, respectively. We clearly
see many night time fluctuations of the amplitudes which are
beyond the 2σ level. On certain days, there were seismic
activities. The upper panel shows the effective magnitudes
Meff by a star symbol (∗). These are obtained by using a pro-
cedure described later in this section. In the lower panel we
show the activities by open circles. They were placed adja-
cent to the data suspected to be associated with that quake,
just for reference. However, true association would automat-
ically be determined from computation of the correlations
(see below). The effective magnitudes (Meffi ) of the activ-
ities on each day were computed using the following pro-
cedure: We consider the seismic events which occurred in
the neighborhood of the GCP (Great Circle Path defined as
the shortest path between two geo-coordinates.) between the
transmitter and the receiver and compute the effective mag-
nitudes. For this purpose, we collect the latitudes and longi-
tudes of the earthquakes, their magnitudes, the depths of the
epicenters, etc. from the Indian Meteorological Department
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(http://www.imd.gov.in). We calculate the energy of the
earthquake by using the equation log10E = 4.4+1.5Ms, (for
earthquakesM < 5) and log10E = 5.24+1.44Ms, (for earth-
quakesM > 5), whereE – energy of the earthquake in Jules
andMs – surface wave magnitude (Lowrie, 2007). TheseMs
were converted toM by the formula:Ms = −3.2+1.45M
(Tobyas and Mittag, 1991). These are empirical relations and
thus do not match exactly forM = 5.0. However, this does
not affect the result. On days when more than one earthquake
occurs, we use the following procedure to obtain the effec-
tive magnitudeMeff for that date: To obtain the energy depo-
sition by the earthquakes at middle point (i.e., sub-reflection
point [SRP] of the first hop) between the transmitter and the
receiver, we divide the energies of the earthquakes by the
GCP distance between the mid reflection point and the epi-
center of the earthquakes. Here we assume that the wave
is propagating as a Rayleigh wave, though for earthquakes
with epicenters deep inside, there may be deviation from this
consideration. After adding all of these energy contributions
on a given day, and using the above formulas in reverse, we
calculate theMeffi = Ms for each day. Finally, we converted
this Ms into M. To avoid clumsiness, we choose only the
earthquakes having effective magnitude>3.5. As discussed
above, this effective magnitude is a measure of the amount
of energy deposition at the mid reflection point, and its ma-
jor contribution comes from the strongest seismic activities.

It is to be noted that Fig. 1 is for illustration purpose only.
While computing the correlation between the standard devia-
tion and the effective magnitude, we used all the data and not
just those which appear to be anomalous. Second, we do not
consider only those earthquakes that are within a few Fres-
nel zones (Molchanov and Hayakawa, 1998; Rozhnoi et al.,
2004). Computation of the Fresnel zones from the epicenters
indicate that the Fresnel zone radii are only about a hundred
kilometers. This is because in the statistical analysis, we are
considering the correlation with the effective magnitude aris-
ing out of all earthquakes occuring within 3000 km of the
SRP on a given day, and not just a single earthquake.

3 Correlations of the night time fluctuations and
seismic activities

In Fig. 2, we present two typical examples of the night
time amplitude variation of the VTX signal as a function of
time (UT). To cross-check, we calculate the mean night time
VTX signal amplitude in Kolkata using LWPC software and
find it to be∼ 80 dB. This is consistent with our observation.
The “normal” data (dashed curve) of 15 February 2007 with
fluctuation below 1σ (Fig. 1) is compared with “anomalous”
data (solid curve) of 16 February 2007 with higher night time
fluctuation. On 19 February 2007 there was a moderately
strong earthquake (M = 5.4) at Southern Sumatra, Indone-
sia. The anomalous fluctuation of 16 February 2007 could
be the precursor of this earthquake.

Fig. 2. An example of a quiet night time (15 February 2007) data
as compared with an anomalously fluctuating night time (16 Febru-
ary 2007) data. High fluctuations in the signal amplitude on the
16 February 2007 is evident.

Fig. 3. Examples of some cases where the fluctuation measure6i

became anomalously high three days prior to the seismic activi-
ties. (a) 18 January 2007 (M = 5.8) at Southern Sumatra, Indone-
sia; (b) 29 January 2007 (M = 5.2) at north of Camorta, Nicobar;
(c) 11 January 2007 (M = 5.6) at off-coast of Sumatra;(d) 19 Jan-
uary 2007 (M = 5.4) at southern Sumatra;(e) 20 April 2007 (M =

6.2) at Southwestern Ryukyu Islands, Japan and(f) 24 July 2007
(M = 5.4) at northern Sumatra.

First we show that when we consider a case-by-case ba-
sis, many of the strong quakes show a correlation with6i .
In Fig. 3a–f, we plot6is for a few days around six promi-
nent earthquakes: (a) 18 January 2007 (M = 5.8) at Southern
Sumatra, Indonesia; (b) 29 January 2007 (M = 5.2) at north
of Camorta, Nicobar; (c) 11 February 2007 (M = 5.6) at off-
coast of Sumatra; (d) 19 February 2007 (M = 5.4) at south-
ern Sumatra; (e) 20 April 2007 (M = 6.2) at Southwestern
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Fig. 4. Correlation between the effective magnitudeMeffi of the
earthquake at the middle point between the transmitter and the re-
ceiver, and the deviation of the fluctuation measure6i . Note that
the correlation peaks three days before the event days.

Ryukyu Islands, Japan; and (f) 24 July 2007 (M = 5.4) at
northern Sumatra. In all of these cases, we find that three
days prior to the earthquake,6i became around 30 dB or
more. Clearly, this is not the case for all the earthquakes.
That is why we carry out the statistical analysis. In Fig. 4,
we plot the correlation coefficients between the deviation of
the 6i andMeffi . The histograms are drawn at one day in-
terval. Here too, we find that the peak of the correlation is
located at three days before the event day. The peak is not
unity, since the correlation is not certain. There are signif-
icant correlations in other nearby days also. However, we
could interpret these coefficients as the un-normalized prob-
ability for seismic events after the corresponding number of
days. Our prediction of an earthquake within three days is in
line with the 2 to 5 day pre-cursors discussed in other works
(Rozhnoi et al., 2004; Maekawa et al., 2006; Molchanov and
Hayakawa, 2008; Kasahara et al., 2010).

In order to see if the deviation of6i from its mean value
is related to the effective magnitude of the earthquake, in
Fig. 5 we plot the deviation of6i of all available data ex-
actly three days before seismic events. We clearly note that
for Meffi < 1.5 the deviation is negligible. However, beyond
that the deviation generally increases withMeffi . The solid
line is the best fit of all the points for which the earthquakes
are at low depths. The grey line is the best fit of all the points
for which earthquakes are at high depths. Considerable scat-
ter on both the sides of the lines are seen.

4 Concluding remarks

It has long been recognized that the prediction of earth-
quakes is one of the most difficult tasks faced by the scientific

Fig. 5. Variations of the deviation of6i from the mean value as a
function of the effective magnitudes of the earthquake are plotted.
Here we plot the deviation of6i of all available data exactly three
days before seismic events. The dark circles are for epicenters less
than 30 km and open boxes are for epicenters above 30 km. The
solid line is the best fit of all the points for which the earthquakes
are at low depths (i.e. epicenters less than 30 km). The grey line is
the best fit of all the points for which earthquakes are at high depths
(i.e., epicenters above 30 km). ForMeffi < 1.5, the deviation is neg-
ligible and it monotonically increases with the effective magnitude.
A considerable scatter is seen on both sides of the line fitted taking
all the points.

community throughout the world. Any new input, findings,
or correlations could add to our understanding. While the
night time fluctuations were thought to be precursors of an
earthquake event, very few studies have been made on this
phenomenon (Rozhnoi et al., 2004; Maekawa et al., 2006;
Molchanov and Hayakawa, 2008; Kasahara et al., 2010). In
this paper, we present the analysis of our results. Unlike
others, we do not quantify the fluctuations by Fourier analy-
sis, but we simply measure the deviation from the mean sig-
nal amplitude. We show both by the case-by-case analysis
of several major earthquakes and by a statistical analysis of
all the events in a year that there are hints of significantly
large fluctuations in the night time data three days prior to
earthquake activities. There are significant fluctuations be-
fore and after, since the correlation coefficient variation with
time lag does not follow a sharp curve. Figure 4 can thus be
interpreted as un-normalized probability of an earthquake oc-
currence within next few days. However, the appearance of
the peaks seems to be robust in both the case-by-case anal-
ysis and in the statistical analysis. Because there are seis-
mic events every after few days (especially when strong af-
ter shocks are present), it is difficult to compute the correla-
tions for a very long time since the effect would be due to
multiple seismic events. We believe that our results may be
treated as the strongest ever evidence of correlations between
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the ionospheric anomalies and the seismic events. However,
pre-event pinpointing the location of the epicenter is still a
distant goal. In future, we will analyze data of other stations
and from the fluctuations of amplitudes from several stations
at a given time, it may be easier to narrow down the location
of future seismic activities.
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