Nat. Hazards Earth Syst. Sci., 12, 31819Q 2012 y -K
www.nat-hazards-earth-syst-sci.net/12/3181/2012/ Natural Hazards
doi:10.5194/nhess-12-3181-2012 and Earth
© Author(s) 2012. CC Attribution 3.0 License. System Sciences

B

lonospheric effects of earthquakes in Japan in March 2011 obtained
from observations of lightning electromagnetic radio signals

V. A. Mullayarov, V. V. Argunov, L. M. Abzaletdinova, and V. I. Kozlov
Yu. G. Shafer Institute of Cosmophysical Research and Aeronomy SB of RAS, Yakutsk, Russia

Correspondence toZ. A. Mullayarov (mullayarov@ikfia.ysn.ru)

Received: 25 May 2012 — Revised: 18 September 2012 — Accepted: 19 September 2012 — Published: 23 October 2012

Abstract. Manifestations of disturbances in the lower iono- Therefore, in our opinion, a short-term EQ prediction is
sphere caused by a complex series of earthquakes (the stropgssible only with a set of methods used simultaneously.
earthquakes withd =7.3 andM =9 — known as M9 To- These methods include monitoring of disturbances in the
hoku EQ — and the subsequent aftershocks) that occurretbwer ionosphere caused by seismic processes that precede
near the Japanese island of Honshu have been considerdide EQs. Due to small values of the electron concentration,
with the use of monitoring measurements of the amplitude ofit is difficult to register the disturbances in the lower iono-
lightning electromagnetic signals (atmospherics) received asphere (D-layer) with ionosondes, although the disturbances
Yakutsk. Some data of one-point lightning location systemsof the sporadic layers in the E-region are found in connec-
have been compared with the data of the WWLLN network. tion with the forthcoming EQ (Liperovsky et al., 2005; Liper-
The analysis of hourly values variation of the atmosphericovskaya et al., 2006). At the same time, as it is known, iono-
amplitude passing over the earthquake epicenters shows thapheric disturbances are well-manifested in variations of the
during the initial period (the strong earthquakes on 9 Marchparameters of the low frequency radio signals passing over
and 11 March) a typical pattern of variations was observedthe seismically active regions (Biagi et al., 2005; Rozhnoi
It was manifested in the increased amplitude after both earthet al., 2010). However, for more or less accurate determina-
quakes. There were also possible precursors in the forntion of the forthcoming EQ areas a wide-ranging network of
of the increase in amplitude 12-14 days before the eventsadio-receiving stations around seismically active regions is
Though the focuses of these earthquakes were very close t@quired. As an additional method, we propose monitoring
each other, the registration of both precursors may indicateseismic disturbances in the lower ionosphere through nat-
that both of the lithospheric processes developed to a certainral radio emissions, i.e. electromagnetic signals of light-
extent independently. ning discharges (atmospherics) (Mullayarov et al., 2007).
During all the days of the atmospheric amplitude enhance-The method allows for the carrying out the azimuthal scan-
ment the quasi-periodic variation trains were recorded. To-hing of the disturbances from a single receiving point, and
gether with the delay of earthquake effects relative to the timeduring the summer thunderstorm season there is a possibility
of the events, they may testify in favor of transferring the en-to roughly locate the disturbance area. The effects of EQs and
ergy of lithospheric processes into the lower ionosphere bytheir precursors are manifested in the increase of the average
means of atmospheric gravity waves. amplitude of atmospherics (AA). The strongest EQ near the
Japanese island of Honshu on 11 March 2011 with a mag-
nitude of 9.0 (known as M9 Tohoku EQ) was observed af-
ter a strong EQ of 9 March 2011 with a magnitude of 7.3
1 Introduction and approximately the same location (foreshock) and was ac-
companied by a long series of aftershocks with maximum
The search for earthquake (EQ) precursors is carried oufyagnitude values up to 7. The complexity of lithospheric
in many directions, but no method of confident prediction eyents was to be manifested in the complex sequence of dis-

for these catastrophic natural phenomena has been founghrhances in the lower ionosphere, so the effect it produced
yet. The reason for this is that each EQ is a unique event.
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though the distance estimation accuracy is very low (no bet-
ter than 25 % of the distance), the comparison with the data
of WWLLN given below shows that it allows rather confi-
dent detection of the amplitude variations of the atmospher-
ics, which can be associated with the manifestation of litho-
spheric processes. In winter the maximum distance to the
source of received signals (determined by the signal-to-noise ] X )
ratio) is about 12 000 km. However, the distance to the EQ 304 . o WiLEbite g |
epicenter confidently estimated through disturbances of the :
lower ionosphere on the atmospherics propagation path, as
previously shown in our studies (Mullayarov et al., 2007,
2011), is limited by the values of 3500__4000 km'_ A_t dis- Fig. 1. (a) the behavior of AA during the time interval of 02:00—
tances over 4000 km the number of amplitude variations ofp3:00 UT for 1-14 March 2011 (from the azimuthal sectd0 de-
the atmospherics increases. grees relative to the direction to the EQ epicentés);the spatial

To determine the effects of seismic activity, we have ana-distribution of lightning discharges in the maximum of thunder-
lyzed diurnal variations of the AA calculated for the hourly storm activity (15:00-18:00 LT) on the day of the strongest EQ
interval. The methods of determination of average amplitude(11 March 2011) by the network WWLLN data(is a epicenter
are as follows. As is known, the changes in the amplitudeof M = 9 Tohoku EQ).
of signals should be expected if the area of disturbances on
the signal path is located in the ellipsoids of the first Fres-
nel zones. Therefore, the atmospherics with the paths lycharacter of the amplitude variations, diurnal variations of
ing within the indicated zones centered in azimuth towardsthe amplitude determined during the daytime are addition-
the EQ epicenter are selected for the analysis. The averagally considered. However, in comparison with the night con-
amplitude is calculated for the atmospherics whose sourceditions, the flux of atmospherics noticeably decreases during
(lightning) are located behind the epicenter. In this case, thehe daytime, and the errors in determining the average am-
amplitude of a single atmospheric is preliminarily corrected plitude increases accordingly. As an example, Fig. 1a shows
by taking into account an attenuation of the signal along thethe behavior of AA (along the x-axis — the ordinal number)
path from the lightning to the EQ epicenter and assuming arrecorded during the time interval of 02:00-03:00 UT (11:00-
inversely proportional dependence on the distance as a rough2:00 LT) for 1-14 March 2011 and received from the az-
approximation. In other words, the AA is recalculated to oneimuthal sector:10 degrees relative to the direction to the EQ
distance, i.e. the distance between the receiving point and thepicenter on 11 March 2011. The amplitudes of atmospherics
epicenter. are recalculated to a one-distance amplitude in order to take

The analysis of EQ manifestations in the atmospheric sig-into account the attenuation during propagation. In Fig. la
nals is usually carried out for night conditions, when the at-the AA number 972 exceeds the average value by a factor of
tenuation in the “earth-ionosphere” waveguide is the small-more than 15565 relative units). The account of this atmo-
est. At the same time, taking into account the interferencespheric will lead to the increase in the average amplitude by a
of signal modes during night hours, which complicates thefactor of~ 8. Consequently, given a small amount of daytime
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Fig. 2. The variations of the AA for the monthly period (February—March) obtained usinthe methods of one-point lightning location
finding and with(b) a correction of the distance to the lightning using the data of the WWLLN network. The variations of the AA at hours
of maximum thunderstorm activity 16:00-17:00 LT frqo) advanced azimuthal sector corresponding to the fifth Fresnel zone.

atmospherics<£100), it is necessary to exclude atmosphericssame: 32 and 30 km. The daytime difference between these
with the extremely high values of amplitudes when determin-events is 3h. These EQs were followed by a long series of
ing the average amplitude. Other characteristics of the averaftershocks. The distance to the mentioned epicenters was
age amplitudes of atmospherics, i.e. quartiles and geometriabout 2800 km; the azimuth (relative to the northward di-
mean, have also been considered for statistical analysis. Agection) was 155 In accordance with the sizes of the area
is known, the quartiles are not sensitive to extreme values obf seismic activity during the EQs of 9 March 2011 and
data series. 11 March 2011 and subsequent aftershocks, the “center” of
The flux of atmospherics received in the evening couldthis area with coordinateg. = 38.44 N, 1. =142.84 E was
be sufficient for the analysis, because the daily maximumintroduced into the analysis. The azimuthal scanning of the
of thunderstorms for each longitude usually falls on eveningdimensions of ionospheric disturbances was carried out with
hours. In this case, it is necessary to keep in mind that theegard to this center. In the direction of the EQ epicenters
distant atmospherics have greater Fresnel zones, so the diduring the considered period there were two major thunder-
tant centers will provide the main contribution into the flux of storm centers located behind the seismically active area: the
atmospherics. It should be also noted that the signal propagateighboring center — at distances of 2500-3000 km and the
tion paths over the seismically active area considered furthedistant one (or rather, the distant centers) — at a distance of
are close to the southern direction, i.e. longitudes of the re6000—-8000 km. As is seen in Fig. 1b, which presents the spa-
ceiving point and the signal sources differ slightly, and all thetial distribution of lightning discharges in the maximum of
paths are almost in the same lighting conditions. thunderstorm activity (15:00-18:00 LT) on the day of the
strongest EQ (11 March 2011) by the network WWLLN data
(http://webflash.ess.washington.@dthe main contribution
into the flux of atmospherics was made by the distant cen-
ters .

The peculiarity of the event s the fact that two strong EQs oc-  Firstly, let's consider the variations of hourly average AA
curred one after another (9 March 2011 and 11 March 2011fléfined at 16:00-17:00 LT (this hourly interval is within
practically at the same place — not far from the coast of Hon-the usual time of maximum thunderstorm activity during
shu, Japandi = 38.42 N, A1 = 142.84 E, ¢» = 38.297 N, the day). Figure 2 shows the variations of the AA for the
X2 = 142.372 E, the distance between the epicenters is aboufnonthly period (February-March). Atmospherics were re-
40km). The magnitude of the first EQ was 7.3, and theceived from the direction of the epicenter from the strongest

second one 9.0. The depth of EQ centers was almost thEQ on 11 March 2011 wit/ =9, i.e. from the azimuth of

3 Results
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(with the numbers 1 and 2) and interpreted by us as EQ pre-

cursors. Assuming that the firstincrease of the amplitude cor-

responds to the first EQ of 9 March 2011, and the second

increase to the EQ of 11 March 2011, we concluded that the

first precursor was observed 12 days before the event, and the
second precursor 11 days before the event. Thus, in spite of
the fact that the two EQs proceeded one after another with a

small time gap, the effects of EQs and their precursors turned

out to be typical for each event.

Figure 2c presents the variations of the AA recorded at
hours of maximum thunderstorm activity (16:00-17:00 LT).
The advanced azimuthal sector corresponding to the fifth
Fresnel zone was used for statistical reliability. The average
amplitude was calculated using different methods. The lower
three curves represent the quartiles (the second quartile Q2,
as it is well known, corresponds to the median), above there
are variations of the arithmetic meaméan(but with the ex-
ception of extreme values above 3wheres is a standard
deviation) and the geometric meagem(increased by a fac-
tor of 2 for the comparability of plots). In all the plots we see
no effects of EQs, which are shown in Fig. 2a by the peaks of
10 March and 13 March. Consequently, the effects of EQs in
Fig. 2a and b are connected with the high-amplitude part of
distribution. The EQ precursors of 25 February and 28 Febru-
ary in the median and the lower quartile are weak. It indicates
that the precursors are also manifested in the high-amplitude
part of distribution. What stands out in Fig. 2b is the high
peak of 25 March 2011, manifested in all the plots includ-

Fig. 3. The picture of seismic events withf > 5 occurring near
Japan in the angular sector of atmospheric observati@@® rela-
tive to the direction of the “virtual center” from 9 March 2011 to the
end of April 2011(a) and the variations of average AA at all hours
of the day for the interval from 21 February to 16 April 20(b).

ing those in the bottom quartile. It is also seen that after
the effects of the first EQs the background values of the am-
plitude of atmospherics decreased (in the first quartile from
10 March 2011), which may indicate the turbulence in the
lower ionosphere. The analyzed amplitude variations belong
to the atmospherics observed during the maximum thunder-
storm activity in terms of the local time (the time interval
155°. Figure 2a was obtained using the methods of the oneof 16:00-17:00 LT), i.e. with a quantity of daytime atmo-
point lightning location finding described above, and Fig. 2b spherics sufficient for the analysis. At night, due to the bet-
with a distance correction to the lightning using the data ofter conditions of signal propagation in the earth-ionosphere
the WWLLN network. The vertical lines indicate the r.m.s. waveguide, the number of registered atmospherics increases,
values of errors in the determination of average values. Fronwhich raises the probability of revealing the seismic effects.
a comparison of Fig. 2a and b it is seen that the character Figure 3a shows a picture of seismic events with> 5
of variations is almost the same with the exception of smalloccurred near Japan in the angular sector of atmospheric ob-
differences after 16 March 2011. Therefore, in this case, theservation+2(° relative to the direction of the “virtual cen-
methods of one-point monitoring of seismic disturbances inter” from 9 March 2011 to the end of April 2011. This lower
the lower ionosphere, despite large errors in determining thevalue of magnitude is taken in view of the fact that the ef-
distance to the lightning, reveal the effects of disturbancedects in variations of the AA were observed in the case of
confidently. strong EQs, i.e. with magnitudes greater than 5. The seismic
The first EQ of 9 March 2011 was hardly manifested in activity that continued almost all day long was observed un-
the amplitude variations (the peak was on 10 March 2011)til 17-18 March 2011. Then an increased frequency of events
but the second EQ was followed by a two-fold increase ofwith maximum magnitudes of 6.4 and 6.5 was observed on
amplitude on 13 March 2011. According to our previous re- 22 March 2011. Further, the frequency of severe daily events
sults (Mullayarov et al., 2007, 2011), such behavior consist-decreased (one can note only 11 April 2011, when the se-
ing in a 1-2 day delay of response of the ionosphere to thejuence of EQs was registered with maximum magnitudes of
EQ is almost typical. The peaks of 25 February 2011 and6.2 and 6.6). Among the single (one-day) large events an EQ
28 February 2011 preceding the EQs are marked in Fig. 2a
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with a magnitude of 7.1 recorded on 7 April 2011 can be of the strong EQ within the 2nd Fresnel zone are consid-
noted. ered. Figure 4a is based on the data of the signals in Yakutsk
Figure 3b shows the variations of average AA (with the for a monthly interval before the EQ of 11 March 2011, and
exception of only extreme values, less than 3% of points)Fig. 4b on the data of the WWLLN network for thunderstorm
at all hours of the day for the interval from 21 February sources at distances of 6000—10 000 km in azimuth range,
to 16 April 2011. It is evident that the effects of EQs and corresponding to the 2nd Fresnel zone at a distance to the
their precursors were observed almost throughout the dayEQ of 11 March 2011. The analysis reveals that the change
(for example, 25 February and 13 March 2011) with a max-in the exponential dependence is connected with the transi-
imum at late-evening-night hours (11:00-17:00 UT). Ontion from the amplitudes of negative discharges to those of
17 March 2011 there is one more enhancement of the amplipositive discharges, which are known to have higher values
tude after 12:00 UT which coincides with the end of the first of currents running in the lightning channel. The data of the
long series of EQs that began with the EQ on 9 March 2011 WWLLN network, obtained by the method of Hutchins et
However, the higher values of amplitude were registered dural. (2012), are used to estimate the signal amplitudes in thun-
ing the period from 25 March to 3 April 2011, when the daily derstorm centers. Thus, in search of the EQ effects and their
frequency of EQs substantially subsided. At the same time, iprecursors in the amplitude variations of atmospherics, it was
should be noted that on 7 April 2011 a strong EQ with a mag-necessary to choose the signals with an amplitude lower than
nitude of 7.1, and on 11 April 2011 a series of daily eventsthe transition area, but close to it. Especially since the atmo-
with maximum values of magnitude of 6.6 and 6.2 were reg-spherics with extreme amplitude would crucially determine
istered. Then, these high values of the AA during the periodthe average amplitude of atmospherics, if their number was
from 25 March to 3 April 2011 may probably be regarded small. Indeed, the effects of the strong EQ considered in the
as precursors. Moreover, just four hours before the EQ orwork are revealed in the variations of the upper quartile and
7 April 2011, with a magnitude of 7.1, one can see a stronghigher of the atmospheric amplitude distribution (Fig. 2c).
short-term (hourly) increase in the amplitude, which can alsoThe absence of effects in the amplitudes of the lower quar-
be considered as a precursor but quite a short one (Fig. 3b)tile is connected with the presence of noise variations of the
signal amplitude.
The character of thunderstorm centers may change from
4 Discussion day to day, but we can assume that in the given case such
changes are balanced, because the amplitude is calculated
The analysis of variations of hourly amplitude values of the using both time averaging (hourly interval) and large area av-
atmospherics passing above the area of EQ epicenters nearaging (including tens of thunderstorm centers). For exam-
the Japanese islands in March 2011 shows that during thple, as the mean dimension of thunderstorm cells is approxi-
strong EQs on 9 and 11 March a typical pattern of varia-mately 30 km, the cross-section dimension of the whole thun-
tions, which we associate with seismic events, was observederstorm area contains about 50 thunderstorm cells, which
12 days before them (Mullayarov et al., 2007, 2011). The ef-corresponds to the 2nd Fresnel zone for sources at a dis-
fects of EQs in the form of increase in the amplitude weretance of 10 000 km and to the case when ionospheric distur-
observed for each of the following events: for the first EQ, bance lies in the middle of the path (5000 km). It is shown in
one day later, during certain hours, and for the second, thé&ig. 4c, which presents the behavior of the average amplitude
strongest EQ, two days later (13 March), practically all day of atmospherics calculated from the data of the WWLLN
long. The amplitude increases, which occurred on 25 Februnetwork during strong EQ in March 2011 for the areas cor-
ary and 28 February, are considered as precursors. The regisesponding to the first two Fresnel zones. According to the
tration of both precursors may mean that the EQs developedriteria considered above, Fig. 4c shows the signal variations
to a certain extent independently, though their centers werén the amplitude interval near the area of violation of the ex-
located very close to each other. ponential dependence. It can be seen that the variations of the
As shown above, the intensity of EQ manifestation in the amplitude lie within the range af10 % of the average value,
signals passing over the EQ epicenters depends on the rangénile the EQ effects can be manifested in the amplitude that
of atmospheric amplitudes. It is known that atmosphericincreased more than 1.5 times (in Fig. 2a the amplitude in-
amplitudes are distributed according to the log-normal law,creased by 2.6 times on 13 March (EQ effect) and by 1.6
i.e. the amplitude dependence of the number of atmosphertimes on 25 February (precursor effect)). It should also be
ics can be approximated by an exponential dependencaoted that during the days with considerable increases in sig-
(Remezov, 1985). However, in the area of large amplitudesal amplitude at the receiving point (Yakutsk), which we as-
this dependence is broken, which can be seen both in the ansociate with EQ effects, no corresponding variations of signal
plitude distribution of the received signals (Fig. 4a) and in theamplitude have been registered in the thunderstorm sources.
signals in thunderstorm sources (Fig. 4b). If the ordinate axidt allows us to suppose that the increases in the amplitude of
has a logarithmic scale, the log-normal law can be shown astmospherics considered in the work were caused by the pe-
aline (Fig. 4). In Fig. 4 the signals passing over the epicenterculiarities of propagation (i.e. the ionospheric disturbances).

www.nat-hazards-earth-syst-sci.net/12/3181/2012/ Nat. Hazards Earth Syst. Sci., 12, 3181199 2012
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Fig. 4. Amplitude distributions of the signals received in Yakutsk at 07:00-08:00 UT of 11 March(2Q1dnd registered by the WWLLN

system in that time interval at distances of 6000—10 000 km from Yakutsk and in the azimuthal sector corresponding to thg@nd hene
behavior of the signals amplitude calculated from the data of WWLLN network during the strong EQ in the area defined by distances of
6000-10 000 km from Yakutsk and the azimuthal sector corresponding to the 2nftzone

As it is known, geomagnetic disturbances are one of theHowever, as follows from our previous results (Mullayarov
main causes of disturbances in the ionosphere. In this conet al., 2007, 2011), the increases of the amplitude of atmo-
nection, let's consider what kind of geomagnetic situationspherics on the days after the EQs are registered without ac-
was observed during the EQ. Figure 5 presents the behawcompanying geomagnetic activity. But the question of con-
ior of Dst and three-hourly Kp indices during the considerednection between the EQs and the geomagnetic disturbances
period. Near-equatorial planetary disturbance was low — thas worth considering.
maximum negative values of Dst index§0) were achieved Thus, the considered variations of the AA are, with high
just on the day of the strongest EQ. Only on certain days wergrobability, caused by the influence of seismic processes on
mid-latitude geomagnetic disturbances moderate (Kp =4-5)the lower ionosphere, or changes in the lightning source.
including the fact that the value of Kp =5 took place just on In this connection, we made a selective amplitude analysis
the day of the strongest EQ. At the same time, the first con-of data obtained in the WWLLN network, which showed
sidered EQ (9 March 2011) occurred under the condition ofthat the main variations are associated with the changes on
weak disturbance. The almost complete absence of disturthe propagation path. It should be noted that the effects of
bances (total daily value atKp < 5) was observed during earthquakes were manifested not only in the amplitude vari-
the period of the increase in amplitude, considered as preations, but also in the number of atmospherics received in
cursors of EQs (25 February and 28 February 2011). Un-Yakutsk. Figure 5¢c shows the number of atmospherics re-
der the same conditions, a series of amplitude increases ineived in Yakutsk (in the time interval of 07:00-08:00 UT
the interval of 25 March—-3 April 2011 began, and only in on March 2011) and the number of atmospherics registered
the second part of the interval did the Kp values reach 4by the WWLLN system in the same interval within the area
Thus, practically only the sharp increase of the amplitudeof its sources (practically “in city”, at distances of 6000—
on 13 March associated with the main event, i.e. the EQLO0 000 km from Yakutsk) corresponding to the 2nd zone. As
on 11 March 2011, could be indirectly related to the mag-can be seen, there was a sharp drop in the number of received
netic disturbance during the previous days of 10—11 Marchatmospherics, while the minimal number of atmospherics
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the variations were mainly manifested in the high-amplitude
part of distribution of the AA. At the same time, in the sec-
ond series of strong increases of the AA (for the period
from 25 March to 3 April 2011) the effects were observed
all over the range of amplitudes including the lower quar-
tile (Fig. 3a). This could mean that either the seismic influ-
ence on the ionosphere was more significant, or there were
also some other causes of disturbances (for example, meteo-
rological and technogenic sources).

The analysis of the behavior of ionospheric parameters
during the considered earthquake has been made in a num-
ber of papers, see for example (Ouzounov et al., 2011; Heki,
o 10 20 0 15 5 %5 2011; Choi et al., 2011; Akhoondzadeh, 2012). Heki (2011)

February Mareh considered short-term precursors (about an hour before the
: ; ; : : ' ' \ EQ) in variations of the total electron content (TEC) in
61 r the ionosphere. Much earlier precursors (a few days prior
to the EQ) are discussed in Akhoondzadeh (2012). In
Akhoondzadeh (2012) it was found that 3 days prior to the

Dst-index

x 4 - EQ an increase of electron density was observed in the iono-
ES sphere. If we look at Fig. 4a in Akhoondzadeh (2012), we
< ‘ | i can see that in fact the growth of TEC started 8 days before

2 4 ‘ L the EQ, although the author suggests that the actual effect
was observed only one day (3 days before the event), and the

by I {1 | [ rest of the increase of TEC was associated with the solar and

geomagnetic effects. Such a result of the increase of TEC in

s Y , , . , , AL the interval of 6-10 March (with a peak on 8 March) was
1 10 20 2 12 22 1 1 21 30

Febmary March i obtained in Ouzounov et al. (2011). Besides, as follows from

our results presented in Fig. 3, beginning 5 March, a cer-

R I T T R ey e ‘ e tain increase in the amplitude of atmospherics shifted in time

4804 5 et on different days was observed. In addition, on 5 March we
400 4 ,"| o 3 observed a significant one-hour increase of the atmospheric

a
8 350 ,". ) ,"‘ 4 amplitude. Despite the absence of geomagnetic disturbances,
£ 3003 S g : o i ; E we did not consider it a precursor because of its brevity.
5 o] Ty =2 3 It should be noted that these studies examined the behavior
é 200 o .\\ ’f‘ h > i of the total electron density by using the GPS-receivers, and
2 1=Er ,/-,/ i X\A AT the ionospheric tomography data by using the signals from
150 / = o \y/ ~a 3 low altitude satellites. TEC variations are mainly determined
1004 € =1 | A 3 by the behavior of the electron density in the F2 layer of the
50 4 \-\,\ J \ A 3 ionosphere, while the method used by us reflects variations
E : : : : '/, ety of the electron density in the lower ionosphere. Variations
0 & 6 T of the parameters in the different layers of the ionosphere are
March 2011

not necessarily synchronous. In particular, if the transmission

Fig. 5. The behavior of Dsta) and three-hourly Kp indice®) dur- of seismic energy goes through the AGW, we should expept
ing the considered seismic period. The number of atmospherics re@ delay of effects in the F2 layer with respect to the effects in
ceived in Yakutsk in the time interval of 07:00-08:00 UT on March the lower ionosphere.
2011, and the number of atmospherics registered by the WWLLN Although several possible mechanisms of transferring the
system in that intervek). energy of lithospheric processes into the ionosphere are con-
sidered, the majority of experimental facts indicates that the
most probable mechanism is the effect on the ionosphere
registered by the WWLLN system remained at the sameproduced by means of atmospheric gravity waves (AGW)
level. (Molchanov et al., 2004). Particularly, in our case a slow ver-
A comparison with previous results gives us grounds totical propagation velocity of AGW can explain the 1-2 day
suppose that the increases in AA during strong EQs ordelay of EQs effects relative to the events. One can expect
9 March and 11 March (1-2 days after) and 12—-14 daysthe manifestations of AGW in the lower ionosphere (see, for
before are connected with the seismic events. In this casexample, Rozhnoi et al., 2007; Horie et al., 2007; Muto et

www.nat-hazards-earth-syst-sci.net/12/3181/2012/ Nat. Hazards Earth Syst. Sci., 12, 3181199 2012
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Fig. 6. (a) The variations of the amplitude of atmospherics from the filtered data fvith0.4 h—1; the results of calculations of the signal
spectra after passing the distance of 4000 km at nigth¢ height of the E-layer was given in the range of 88—94&pmgmplex change in
the ionospheric parametg@rand the height of the layer).

al., 2009) and, correspondingly, in the variations of the am-rate is given by Sukhorukov (1993):

plitude of atmospherics. However, in our case one can see

variations only with the frequency > fmin = 0.5 't (his

an hour interval) as a result of averaging the data for hourlyywheres, = sin@,) = sqrt(1 -C?) is the sine of the eigenangle

intervals. Such variations can be seen in Fig. 3b (13, 17 anggor then-th mode;C, =co0s§,) is the cosine of the eigenangle
26 March 2011) and in the filtered data with> 0.4h~1 in

Fig. 6a.

an = 0.286f(C2/S,)/(Bhy),d B/ Mm, ®)

for then-th mode;p, is the eigenangle of the-th mode.
In Eg. (2) the altitudé:,, corresponds to equatien(i,) =

Let's consider what variations of the AA can be expected s, wherew is angular frequency. In Eq. (3) the altitude

under perturbations of the lower ionosphere. We used a simjs the height at which the local wave number becomes equal
ple but realistic model of electromagnetic wave propagationt the reciprocal of the local scale height of the refractive
in the waveguide “earth-ionosphere”, taking into account thejndex (i.e. 4opoo (h1)H? = 1), whereu, = 47 x 10 'H/m
damping of waves. The model is discussed in several paperss the permeability of free space. The usual variatios iat

see for example (Sukhorukov, 1992; Porrat et al., 2001). Theyight is 0.28 to 0.7 km?.

conductivity of the ionosphere above altitudeiz described
by a single scale height exponential profile:

0(z) = 2.5x 10,eC2/H = 2 5 10%¢,# %) Siemens/m(1)

wheree, =8.85x 10712, F/m is the free space permittivity,

H is the scale height an@lis the inverse scale height.

Only the modes of order up ta =3 are considered.

The attenuation rate for the TEM mode=£ 0) is given by

Greifinger and Greifinger (1979):
a, =0.286f/(Bh,),dB/Mm.

)

For the QTE modes, in the frequency ranfe- \/2f,

(wheref, is the cutofi frequency of mode), the attenuation

Nat. Hazards Earth Syst. Sci., 12, 31813190 2012

Figure 6b shows the results of calculations of the signal
spectra after passing the distance of 4000 km at night (the
height of the D-layer (E-layer) was given in the range of
88-94 km, the paramet@r= 0.3). Figure 6c presents the re-
sults of calculations of the spectra in the case of complex
change in the ionospheric parameters: the parangeterd
the height of the layer increases simultaneously. For the fre-
quency of 12 kHz (near the spectrum maximum), when the
height increases from 88 km to 94 km (dashed and dash-dot
line), the signal amplitude increases by 1.4 times. In the case
of combined change in the parameters of the layer (height
from 88 km to 92 km, and the paramejgifrom 0.3 to 0.4),
the increase in the signal amplitude is greater (1.7 times).

www.nat-hazards-earth-syst-sci.net/12/3181/2012/
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Our calculations show that during the observation quasi-References
periodic oscillation trains of 10-15 % of the average level
can be provided by variations in the height of the E-layer upAkhoondzadeh, M.: Anomalous TEC variations associated with the
to 2km. The same values of oscillations can be provided by Powerful Tohoku earthquake of 11 March 2011, Nat. Hazards
variations of “steepness” of the vertical profile of electrons Earth Syst. Sci., 12, 1453-14680i:10.5194/nhess-12-1453-

. 2012 2012.
(by changing the parametgrfrom 0.3 to 0.33). Biagi, P. F., Castellana, L., Maggipinto, T., Piccolo, R., Minafra,

A., Ermini, A., Martellucci, S., Bellecci, C., Perna, G., Capozzi,

V., Molchanov, O. A., and Hayakawa, M.: A possible preseismic
anomaly in the ground wave of a radio broadcasting (216 kHz)
during July—August 1998 (ltaly), Nat. Hazards Earth Syst. Sci.,
5, 727-732¢0i:10.5194/nhess-5-727-200805.

5 Conclusions

The disturbances of the lower ionosphere caused by a com-

plex series of EQs (the strong EQs witd =7.3 (fore- Choi, B. K., Park, J. U., and Lee, S. J.: lonospheric anomalies ob-
shock) andV =9 (M = 9 Tohoku EQ) and the ;ubsequent served over South Korea preceding the Great Tohoku earthquake
aftershocks) that occurred near the Japanese island of Hon- ¢ 2011, Adv. Space Res., 50, 311-317, 2012.

shu have been considered with the use of monitoring meagreifinger, C. and Greifinger, P.: On the ionospheric parame-
surements of the amplitude of lightning electromagnetic sig- ters which govern high-latitude ELF propagation in the earth-
nals (atmospherics) received at Yakutsk. ionosphere waveguide, Radio Sci., 14, 889-895, 1979.

The analysis of variations of hourly values of the AA pass- Heki, K.: lonospheric electron enhancement preceding the 2011
ing over the area of EQ epicenters shows that during the ini- Tohoku-Oki earthquake, Geophys. Res. Lett, 38, L17312,
tial period (the strong EQs on 9 March and 11 March) there d0i:10.1029/2011GL047908011.
was a typical pattern of variations manifested in the increasediorie: T.. Yamauchi, T., Yoshida, M., and Hayakawa, M.: The
amplitude after both EQs and possible presence of precur- wavelike structures of ionospheric perturbation associated with
sors, as well as in the form of the increase in amplitude 12— Sumatra eart.hqu.ake of 26 Decem.ber 2004, as revealed from

! VLF observation in Japan of NWC signals, J. Atmos. Solar-Terr.
14 days before the events. The focuses 0}‘ the;e EQs were lo- Phys., 69, 1021-1028, 2007.
cated very close to each other, but the registration of both pregytchins. M.. Holzworth, R., Rodger, C., and Brundell, J.: Far-field
cursors may indicate that both of the lithospheric processes power lightning strokes as measured by the World Wide Light-
developed to a certain extent independently. ning Location Network, Atmos. Oceanic Technol, 29, 1102—

Despite the almost continuous series of EQs in the con- 1110,doi:10.1175/JTECH-D-11-00174.2012.
sidered period (9 March to 15 April 2011), after the effects Kozlov, V. I., Mullayarov, V. A., Laptev, A. D., Valkov, S. P., and
of initial strong EQs, some more peak enhancements of the Gromov, B. N.: Thunderstorm activity in Yakutia on observation
amplitude of atmospherics 4 days later (17 March 2011) and by means of one-point lightning location system, Izvestiya, At-
the strongest increase of amplitude during the period from  Mos- Ocean. Phys., 32, 216-221, 1996. .

26 March to 5 April 2011 were registered. Theoretically, -PE"0VSKy. V. A., Meister, C.-V., Liperovskaya, E. V., Vasileva,
" . . . N. E., and Alimov, O.: On spreafiy effects in the ionosphere
these variations can be associated with the next series of EQs

. . . . . before earthquakes, Nat. Hazards Earth Syst. Sci., 5, 59-62,
with a higher magnitudeM > 6) on a certain day, i.e. con- doi:10.5194/nhess-5-59-200E005.

sidered as precursors, though it is difficult to say it with a Liperovskaya, E. V., Meister, C.-V., Pokhotelov, O. A., Parrot, M.,
high degree of confidence. Probably, a short-term (hourly) Bogdanov, V. V., and Vasil’eva, N. E.: Qi -spread effects in the
precursor in the form of a strong hourly increase in the AA  jonosphere connected to earthquakes, Nat. Hazards Earth Syst.
with a magnitude of 7.1 was registered four hours before the Sci., 6, 741-744d0i:10.5194/nhess-6-741-200006.
EQ of 7 April 2011. Molchanov, O. A., Akentieva, O. S., Afonin, V. V., Mareey, E. A.,
During all the days of the enhancement of the amplitude of and Fedorov, E. N.: Plasma density-electric field turbulence in
atmospherics, quasi-periodic variation trains were registered. the low-latitude ionosphere from the observation on satellites;
Together with the delay of EQ effects relative to the time of possible connection with seismicity, Phys. Chem. Earth, 29, 569—

e . 577, 2004.
the events, they may testify in favor of transferring the energyMuIIayarov, V. A, Karimov, R. R., and Kozlov, V. |.: Variations

of “thOSphe”C. proce_sses into the lower ionosphere by means in thunderstorm VLF emissions propagating over the epicen-

of atmospheric gravity waves. ters of earthquakes, J. Atmos. Sol.-Terr. Phys., 69, 1513-1523,
doi:10.1016/j.jastp.2007.06.002007.
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