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ABSTRACT 
To detect seismic disturbances in the lower io- 
nosphere, we have used the signals of very-low- 
frequency radio transmitters and natural radio 
signals—electromagnetic emission of lightning 
discharges—atmospherics. On earlier results of 
observation of atmospherics, it was obtained 
that the earthquake effects are displayed as 
weight-hourly amplitude increases on the day of 
event or within 3 days after them. Possible 
earthquake precursors are also manifested as 
one-day (within one to several hours) increases 
in the amplitude of atmospherics on average 5 - 
12 days before the event. Analysis shows that 
seismic effects in the amplitude of atmospherics 
have been observed in the case of sufficiently 
strong (magnitude M > 4.5) and not very deep 
(usually no deeper than 50 km) earthquakes. The 
effects of the events of the earthquake with mag- 
nitude of 8.2 occurring in the Sea of Okhotsk on 
24.05.13 not far from the Kamchatka Peninsula 
at a depth of 609 km considered in this work 
have shown that even deep earthquakes may 
have precursors in the form of disturbances in 
the lower ionosphere. 
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1. INTRODUCTION 
The investigation of manifestations of lithospheric  

processes in the lower ionosphere is usually done using 
the signals of very-low-frequency (VLF) or low-fre- 
quency (LF) radio transmitters [1-6]. The presence of 
disturbances in the ionosphere caused by seismic events 
is confirmed in a number of papers (see, e.g. [7-9]). As it 
is known, the most sensitive parameter of VLF signal is 
its phase. Amplitude measurements refer to the rougher 
methods, although it should be noted that in a number of 
papers [4,5], the amplitude measurements are used in the 
search of ionospheric precursors of strong earthquakes 
(EQs), but those measurements are based on the interfe- 
rence (though on the phase relations) of electromagnetic 
waves in the vicinity of the terminator. 

As an alternative, or supplementing method for detec- 
tion of seismic disturbances in the ionosphere, the use of 
natural radio-electromagnetic emission of lightning dis- 
charges—atmospherics can be considered [10-12]. Al- 
though, unlike radio signals, the atmospherics allow us-
ing only amplitude detection methods for ionospheric 
disturbances, at the same time they allow azimuthal scan- 
ning at a single receiving station in a wide sector (in a 
broad seismic area). From observations of atmospherics 
passing within the first Fresnel zone over EQ epicenters 
in Yakutsk (φ = 62.1˚N, λ = 129.7˚E), it is found that EQ 
effects were expressed as an increase of hourly average 
amplitude of atmospherics on the same day or within 3 
days after the event. It is noted that due to an unsteady 
flow of atmospherics, the amplitude averaging should be 
carried out at least in one-hour interval. Possible precur-
sors of EQ also appeared in one-day (within one to sev-
eral hours) increases in the amplitude of atmospherics 
mainly 5 - 12 days before the event. The preliminary 
analysis shows that the seismic effects in the amplitude 
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of atmospherics are observed in the case of sufficiently  
strong (magnitude M > 4.5) and not very deep EQs 
(usually no deeper than 50 km). Destructive EQs corres-
pond to the specified conditions (as an example of using 
the atmospherics for the analysis of disturbances in the 
ionosphere during strong EQ, we may note the EQ in 
March 2011 in the vicinity of Honshu island (is known 
as M9 Tohoku EQ)) [12]. Conditions of not deep and 
strong magnitude are necessary to transfer sufficient 
energy of the seismic processes to ionospheric heights 
that can cause detectable perturbation. At the same time, 
there can be deep EQs related, of course, to the unique 
events that may occur in ionospheric disturbances and, 
consequently, in the amplitude variations of atmospher-
ics. As such events, we consider EQ with magnitude M = 
8.3 occurring on 24.05.2013, in the Okhotsk Sea (φ = 
54.755˚N, λ = 153.785˚E), not far from the coast of the 
Kamchatka Peninsula. The depth of the EQ was great— 
608.9 km [13]. After 14 minutes, the EQ was accompa-
nied by a weak EQ with М = 5.3, which occurred 300 
km to the north. At 14:56:29.760 UT, a rather strong EQ 
with М = 6.8 occurred 320 km to the south. 

2. DATA AND MEASUREMENT 
TECHNIQUES 

The measurement procedure is sufficiently described 
in [11,12]. Here we should note a weak storm activity in 
the areas that lie farther off the epicenter of the EQ (the 
ocean surface in the vicinity of Hawaii and Midway isl- 
ands) and should “provide” a sufficient flow of atmos- 
pherics, which paths above the epicenter would lie within 
the first Fresnel zone [11,12]. This fact required mea- 
surements at two additional stations. One of these sta- 
tions is located southwest of Yakutsk in the distance of 
660 km (Neryungri), and the second point is on the Kam- 
chatka peninsula (Paratunka, 1960 km from Yakutsk), i.e. 
on the other side of the epicenter. Accordingly, sources 
of signals passing over the epicenter toward Paratunka 
were thunderstorms in Siberia and further westward. 
Calibration of the receiving devices was carried out ac- 
cording to the data of global registration of atmospherics 
by worldwide lightning location network WWLLN [14]. 

Additionally, analysis of seismic disturbances in the 
lower ionosphere has been made by measuring the signal 
amplitude of VLF radio transmitter located in Hawaii 
(Lualualei, frequency 21,400 Hz). The signals from the 
south were considered as the “background” radio signals: 
the transmitter in Japan (Ebino, 22,200 Hz) and trans- 
mitter in Australia (North West Cape, 19,800 Hz). 

3. RESULTS 
The epicenter of EQ of 24.05.2013 was located in the 

Okhotsk Sea, not far from the coast of the Kamchatka 
Peninsula. The distance from Yakutsk to the epicenter 

was 1580 km, and azimuth (from the North direction) is 
110 degrees, while azimuth of Paratunka is 107 deg., and 
the distance to Paratunka is 1980 km. Azimuth of the 
radio transmitter in Hawaii from Yakutsk is 95˚, and the 
distance—7000 km. The path of radio signal is at a dis- 
tance of 10 Fresnel zones from the EQ epicenter, that, in 
general, is beyond the confident detection of a possible 
region of ionospheric disturbances. The main paths of 
atmospherics and radio signal are shown in Figure 1. 

The day-to-day variations of the average amplitude of 
atmospherics in near-midnight hours at the receiving 
point (Yakutsk) are usually chosen to define the seismic 
ionospheric disturbances [11], because, as known, there 
is minimal attenuation of signal in the earth-ionosphere 
waveguide at that time of day. Figure 2(a) shows such 
variations at 14 UT (24 LT) in Yakutsk for atmospherics 
falling into the fifth Fresnel zone above the epicenter of 
EQ in the Okhotsk Sea. The effect of EQ (significant 
increasing of amplitude on the same day or 1 - 2 days 
after EQ, [11]) has not been observed. At the same time, 
in the period preceding the EQ two significant amplitude 
peaks were observed: on 21.05.13 the amplitude in- 
creased 4-fold relative to the background, and on 
05.21.13—6.6-fold. Such increases are considered by us 
as EQ precursors, provided that they were observed in 
the absence of geomagnetic disturbances. It should be 
noted that a 1.5 - 2.5-fold increase is normally observed. 
For comparison, Figure 2(b) shows variation of the sig-
nal amplitude of VLF radio transmitter in Hawaii, but at 
another time (in the evening). The picture of variations 
of radio signal amplitude is almost the same as for the 
atmospherics; the degree of increase in the amplitude of 
the signal coincides almost exactly with the increase in 
the amplitude of atmospherics. However, more detailed 
analysis showed that the most significant peak (10.05.13) 
in the amplitude of atmospherics is not statistically justi- 
fied, since during that hour only a few atmospherics were 
registered from the necessary direction.  

The same amplitude peak in the radio signal was reg- 
istered almost exclusively at 09 UT. Thus, an abnormally  

 

 
Figure 1. The main paths of atmospher- 
ics (path SF) and radio signal (path R1, 
R2, R3). P—is a Paratunka location. 
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high increase in the amplitude of atmospherics and the 
signal of radio transmitter in the same time interval rec- 
orded on 10.05.13 cannot be considered with certainty as 
a precursor. In this regard, we should consider a more 

general picture and pay particular attention to the second 
increase of the amplitude with a maximum on 21.05.13. 
A more complete picture of amplitude variations (at all- 
hours of the day) is shown in Figure 3. It should be  

 

 
(a)                                                           (b) 

Figure 2. (a) The day-to-day variations of the average amplitude of atmospherics at 14 UT (24 LT) at the receiving point (Ya-
kutsk); (b) The variation of the signal amplitude of VLF radio transmitter in Hawaii at 09 UT (in the evening in Yakutsk). 

 

 
(a)                                                           (b) 

 
(c)                                                           (d) 

Figure 3. The amplitude variations of the average amplitude of atmospherics at all hours of the day (a), variations of the radio 
signal from Hawaii at all hours of the day (b), variations of radio signal of transmitter in Australia (c), and the variations in the 
frequency of sporadic E-layer fEs in Magadan (d).  
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noted that the contour interpolation of the values in con- 
structing the “three-dimensional” picture pattern of vari- 
ations additionally averages that pattern. Despite the 
“ragged” picture of amplitude variations of atmospherics, 
it is clear that on 09-10.05.13 increased amplitude was 
observed. It is confirmed by relevant variations in the 
amplitude of the radio signal, although of shorter dura- 
tion (Figure 3(b)). Recall that the path of the radio signal 
was somewhat away from the EQ epicenter. A longer 
increase in the amplitude of the radio signal was record- 
ed on 21.05.13. Also we can note a one-hour 6-fold in- 
crease in signal amplitude at 19 UT on 26.05.13. This 
increase in amplitude easily fits a usually observed 1 - 2- 
day lag of the EQ effect relative to the event [11]. 

4. DISCUSSION 
Analysis of the variations in the amplitudes of atmos- 

pherics passing within 5 Fresnel zone and radio signal 
that passes within 10 Fresnel zone relative to the epicen- 
ter of the EQ shows that there are two significant ampli- 
fications of the signal amplitude before the event, which 
presumably can be interpreted as ionospheric precursors 
of EQ. Of special interest is coincidence of the degree of 
increase in the signal amplitude of atmospherics and the 
radio signal in Figure 2. However, taking into considera- 
tion that both types of signals have been received by the 
same preamplifier, the same increase in the signal may 
be due to technical reasons. To exclude this possibility, 
we can consider the behavior of the signal amplitudes 
from other azimuthal direction. Azimuthal scan is addi- 
tional evidence that the increase in signals was connected 
with the influence of lithospheric processes on the io- 
nosphere (a maximum in the direction of the epicentral 
area, [11]). Unfortunately, as already noted, the thun- 
derstorm sources in the desired direction in the period 
under review were weak and could not provide statisti- 
cally sufficient flow of atmospherics, so let us consider 
the amplitude variation of radio signals from other azi- 
muths. The two south transmitters were selected: in Ja- 
pan, 22,200 Hz, and in Australia, 19,800 Hz (see Figure 
1). The variations of signal amplitude of Australian radio 
transmitters at all hours of the day are shown in Figure 
3(c). The first thing that draws attention is that the 
second of the above-mentioned increases in the ampli- 
tude, i.e. of 20-21.05.13, has been well manifested in 
these radio signals. For example, this increase in the 
range of 09 - 13 UT was 4-fold. As expected, the more 
significant first peak in the amplitude of the signal from 
the south transmitters is missing, and therefore, the in- 
crease in signals of radio transmitter and thunderstorms 
from the direction to the epicenter can be apparently in- 
terpreted as a precursor of EQ. At the same time, the 
second, more longer (almost throughout the day) in- 
crease in the amplitude of 20-21.05.13 observed in the 

radio signals received from both the east and the south  
directions may be attributed to other causes. As is known, 
one of the most likely causes of ionospheric disturbances 
can be geomagnetic disturbances. 

In VLF radio signals and atmospherics the distur- 
bances were manifested in the lowest layers of the iono- 
sphere: during the day it is a D-layer, and at night—the 
lower bound of the E-layer. Heterogeneity in the E-layer 
manifested in the form of sporadic Es-layer may also be 
due to seismic processes [7-9]. In the case under consid- 
eration, at the stations of ionospheric sounding in Para- 
tunka, Kamchatka, that are the nearest to the epicenter 
(the distance from the epicenter is 390 km), the varia- 
tions in the frequency of sporadic E-layer f0Es did not 
contain the effects of the precursor. However, in Maga- 
dan (the distance from the epicenter is 540 km) increases 
of f0Es were observed on 20-22.05.13 and during night 
hours UT from 08.05.13 to 09.05.13 (Figure 3(d)), 
which may be associated with the increase in amplitude 
of atmospherics received in Yakutsk (Figure 3(a)). A 
similar pattern of f0Es was also registered in Khabarovsk. 

Variations of Dst-index and Kp-index in May 2013 are 
shown in Figures 4(a), (b). Geomagnetic disturbances 
during the month under consideration were weak: Dst- 
index did not exceed −50 nT. These disturbances oc- 
curred on 16-19.05.13 and 24-30.05.13, and maximum 
values of Kp-index fell on 25.05.13. Taking into account 
that the second increase of the signal amplitude (20- 
21.05.13) was observed right after an increase in geo- 
magnetic activity and that it was manifested in radio 
signals received in Yakutsk from different azimuths, this 
increase could be associated with geomagnetic distur- 
bances. At the same time, in the period of the first and 
the greatest peak in the signals from the direction to the 
epicenter, a geomagnetic disturbance was minimal (on 
10.05.13 the daily Kp-index value was only 6). Therefore, 
the geomagnetic disturbances can hardly be the reason 
for the first peak in atmospherics and radio signals rec- 
orded in Yakutsk from the direction to the epicenter of 
EQ. 

If the increase in the amplitude of the signals received 
in Yakutsk on 10.05.13 was associated with seismic io- 
nospheric disturbances above the epicenter, the increase 
in the amplitude of atmospherics received in Paratunka, 
Kamchatka region, from the same thunderstorm cells in 
general should be absent. Indeed, in the variations of am- 
plitude of atmospherics in Paratunka received from the 
same azimuth as in Yakutsk (110˚), on 10.05.13 ampli-
tude increases were not registered. At the same time, in 
the average amplitude of atmospherics received in Para- 
tunka in the interval 11 - 16 UT (night) from the azimuth 
of 305˚ corresponding to the azimuth to the epicenter of 
the EQ, an increase was registered on 09.05.13 (Figure 
4(c)). This confirms a possible connection of the increase  
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(a)                                                           (b) 

 
(c)                                                           (d) 

Figure 4. Variations of Dst-index (a) and Kp-index (b) in May 2013. The day-to-day variations of the average amplitude of atmos-
pherics at 11 - 16 UT received in Paratunka from the azimuth to the epicenter of the EQ (c) and the azimuthal scan of amplitude vari-
ations of the atmospherics in the 12-deg. azimuthal sector centered to the epicenter direction (d). 
 
of amplitude signals received in Yakutsk on 09-10.05.13 
with lithospheric processes manifested later in the EQ of 
24.05.13. Also, an increase in the amplitude of atmos- 
pherics in Paratunka was observed on 20-21.05.13. In 
addition, as seen in Figure 4(d), which shows the results 
of the azimuthal scan of amplitude variations of the at- 
mospherics in the 12-deg. azimuthal sector centered to 
the epicenter direction, the increase of the amplitude on 
09.05.13 has a focal character, but on 20-21.05.13 the 
amplitude increase was observed in the entire azimuth 
sector, though there was also maximum in the direction 
to the epicenter. It is noteworthy that in Paratunka the 
amplitude of atmospherics was not reduced to a single 
distance as in Yakutsk (attenuation of signal in the earth- 
ionosphere waveguide was not taken into consideration). 

Taking into account the observations in Yakutsk, the 
focal disturbance near the direction to the epicenter al- 
lows us to associate it with great certainty with the li- 
thospheric causes of disturbances in the ionosphere. A 
wide region of the amplitude disturbances of 20-21.05.13 
corresponds to the results of observations of radio signals 
and atmospherics in Yakutsk and can apparently be ex- 
plained by geomagnetic disturbances. At the same time, 
it is noteworthy that in the azimuthal scan of 20-21.05.13 
(Figure 4(d)) there was a narrow sector of increased 

amplitude corresponding exactly to the direction to the 
epicenter. We can suggest that, in general, there were 
two precursors: on 09-10.05.13 and 20-21.05.13, but in 
the second precursor there probably was an effect of 
geomagnetic disturbances. 

5. CONCLUSION 
To detect seismic disturbances in the lower ionosphere, 

we have used the signals of very-low-frequency radio 
transmitters and natural radio signals—electromagnetic 
emission of lightning discharges—atmospherics. On ear- 
lier results of observation of atmospherics, it was ob- 
tained that the EQ effects are displayed as weight-hourly 
amplitude increases on the day of EQ or within 3 days 
after the events. Possible EQ precursors are also mani-
fested as one-day (within one to several hours) increases 
in the amplitude of atmospherics on average 5 - 12 days 
before the event. Analysis shows that seismic effects in 
the amplitude of atmospherics have been observed in the 
case of sufficiently strong (magnitude M > 4.5) and not 
very deep (usually no deeper than 50 km) EQs. The ef- 
fects of the events of the earthquake with magnitude of 
8.2 occurring in the Sea of Okhotsk on 24.05.13 not far 
from the Kamchatka Peninsula at a depth of 609 km con- 
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sidered in this work have shown that even deep EQs may  
have precursors in the form of disturbances in the lower 
ionosphere. EQs are often observed during periods of 
relatively strong geomagnetic disturbances. In the second 
precursor of the EQ under consideration, there probably 
was an effect of geomagnetic disturbances. 
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