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Abstract. As the target earthquake we have taken a hugen the VLF data. So, it is elucidated with the use of subiono-
earthquake (EQ) named Miyagi-oki earthquake on 16 Au-spheric VLF/LF propagation that the lower ionosphere (D/E
gust 2005 (with magnitude of 7.2) and we have analyzed theegions) is extremely sensitive to an EQ (Hayakawa, 2007).
4 month period including the date of this EQ. In addition There have been recently published a lot of subionospheric
to our previous analysis on the nighttime average amplitude/LF/LF works on this subject by means of (i) case studies
(trend) and nighttime fluctuation, we have proposed the uséstudies for any specific and huge EQs including relatively
of fluctuation power spectra in the frequency rage of atmo-recent EQs such as Niigata-chuetsu EQ (Hayakawa et al.,
spheric gravity waves (period=10 min to 100 min) as a third 2006), Sumatra EQ (Horie et al., 2007a) and so on) and (ii)
parameter of subionospheric VLF/LF propagation characterstatistical studies on the correlation between VLF/LF prop-
istics. Then it is found that this third parameter would be of agation anomalies and EQs (Rozhnoi et al., 2004; Maekawa
additional importance in confirming the presence of seismo-et al., 2006). By making full use of the advantage of VLF/LF
ionospheric perturbations. Finally, we have discovered ammethod as integrated measurement, the latter papers have
important role of lunar tidal effect in the VLF/LF data, which confirmed statistically that there exists a significant correla-
appears one and two months before this large EQ. tion between the VLF/LF propagation anomalies (that s, per-
turbation in the lower ionosphere) and EQs with magnitude
greater than 6.0 and with shallow depth (less than 100 km).
The lead time is a few days to one week. Later numer-
ous works have followed on the EQ effects onto the upper
ionosphere (like F region) by means of bottomside sounding,

: . . TEC (total electron contents) measurement etc. (Pulinets and
presence of precursory seismogenic phenomena not only i .
the lithosphere, but also in the atmosphere and ionospher%oyamhm' 2004) and a recent paper l_)y L_|u et a_I. (.2007) has
(Molchanov and Hayakawa, 2008). Gokhberg et al. (1989)concludeq that the F region perturbat_lon is statistically cor-
found the nighttime perturbations in the amplitude (and/orr(alat('}d with larger EQs, and the lead time is 3-5 days.
phase) of subionospheric VLF propagation in association Because we understand that the whole ionosphere (not
with earthquakes (EQs). Hayakawa et al. (1996) then obOnly lower part, but also upper part) is disturbed before an
tained a very convincing evidence of ionospheric perturba-EQ, the next problem we have to solve, is to elucidate the

tions for the Kobe EQ by means of shifts in terminator times mechanism how and why the ionosphere is disturbed due
to the precursory process of the lithosphere. We have al-

ready proposed a few possible mechanisms of lithosphere-

Correspondence tdvl. Hayakawa atmosphere-ionosphere coupling (Hayakawa, 2004, 2007;
BY (hayakawa@whistler.ee.uec.ac.jp) Hayakawa et al., 2006); (i) chemical channel, (i) acoustic

1 Introduction

There have been accumulated a lot of evidences on th
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and gravity wave channel and (iii) electromagnetic channel. 125 130 135 140 145 150 155 160
Simple explanation for each channel is given here. As for ) . >
the first chemical channel, we expect the emanation of radon — L0 KK

or so, leading to a change in atmospheric electricity and then 0 20 40 80 40,100 g3 ( /

to the re-distribution of ionospheric plasma. As for the 2nd depth Pl " w0
channel, the atmospheric waves play an important role in the y ‘ N
coupling, while the electromagnetic wave (like seismogenic T A A

ULF and VLF/ELF wave) is the agent to induce an iono-
spheric perturbation due to the direct heating/ionizaion or
due to the particle precipitation from the wave-particle in-
teraction in the magnetosphere in the case of 3rd electro-g
magnetic channel. Molchnov et al. (1993) found that the %40
seismogenic ULF/ELF wave is too weak to induce the iono- § |
spheric perturbation in the 3rd channel, so that the remaining” "%~ £~ lvi40kHz,50kW)
two mechanisms (chemical and acoustic and gravity wave 5| & . e &7
channels) should be studied extensively.
There have been reported rather a large number of obser

45 45

alitude [deg]
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vational facts in support of the 2nd channel, mainly based on 3o _:@_ 30
subionospheric VLF/LF propagation data. Molchanov and 0 °00
Hayakawa (1998) studied the terminator times in VLF sig- 125130 135 M40 145 150 155 160

nal, and found that the modulation of 2, 5, and 10days (the Geagraphic Longitude [degl

frequency range of atmospheric planetary waves) is greatl*

L ig. 1. Locations of our transmitter (wih a call sign of JJY) indi-
enhanced before an EQ. This finding has led us to CONated by a diamond and receiving stations (Moshiri (MSR), Kam-

c;lude that at.mospheric osciIIa'tions might.be invqlved in.this chatka (KCK) and Kochi (KCH)) indicated by stars (some other

lithosphere-ionosphere coupling. Terminator time (eitherinformations are also included, JJI transmitter (diamond) and TYM

morning or evening) (Hayakawa et al., 1996) appears once grateyama, Chiba) station, but not used in this study). EQs treated

day, so that the harmonic analysis of terminator times enablesre plotted as circles, for which the center is the epicenter, its radius

us to study the modulation with the order of days. Then,is proportional to magnitude, and its depth is indicated by color.

higher frequency modulations have been studied on the ba-

sis of nighttime data in subionospheric VLF/LF data. Miyaki

et al. (2002) found, for the first time, the enhancements inthis AGW influence on seismo-ionospheric perturbations. Fi-

the VLF fluctuation spectrum in the frequency range of at-nally, an additional new phenomenon of lunar tidal effect is

mospheric gravity waves (AGWSs) (the period of 10 min to recognized for the first time in our VLF/LF data.

1h), which are well correlated with EQs. Later, Rozhnoi et

al. (2004), Shvets et al. (2004), Hayakawa et al. (2005),

Horie et al. (2007a), and Rozhnoi et al. (2007a, b) have2 Analysis of VLF/LF data

provided more evidences on the importance of AGW effects,

and recently Horie et al. (2007b) have obtained a very con2.1 Analysis period, EQs and propagation paths used

vincing direct evidence of wave-like structures in the case of

Sumatra EQ as a strong support of the AGW effects. FurtheMVe have used the time period of 4 months from 1 June 2005

additional supports have been recently publishied by Mutoto the end of September, 2005 including the date of the fa-

etal. (2009), Korepanov et al. (2009), and Blaunstein andnous and large Miyagi-oki EQ.

Hayakawa (2009). These would lend us a further support to This Miyagi-oki EQ happened on 16 August 2005, its

the 2nd channel as the lithosphere-ionosphere coupling.  magnitude was 7.2 and its depth was 36 km, which is large
So the purpose of this paper is to deal with a big EQenough for us to expect any seismo-ionospheric effect (Muto

named Miyagi-oki EQ happened on 16 August 2005 (with et al., 2009). Table 1 summarizes the EQs (with magnitude

magnitude of 7.2 and with depth of 36 km) and to inves- greater than 5.5, depth smaller than 100 km) during the above

tigate further AGW effects in seismo-ionospheric perturba-period which might be relevant to the propagation anoma-

tions. We have already studied the ionospheric perturbationfies observed at different observing stations. Date, location,

extensively for this EQ by means of ground-based VLF ob-depth, and magnitude of those EQs are indicated in Table 1,

servation (Rozhnoi et al., 2007a; Muto et al., 2009) and alsdased on the information by Japan Meteorological Agency.

by Demeter satellite observation (Rozhnoi et al.,2007a, Muto Figure 1 illustrates an LF transmitter with call sign of JJY

et al., 2007). The main emphasis of this paper is to investi{40 kHz) located in Fukushima prefecture, as indicated by

gate the AGW modulation in VLF/LF data for this Miyagi- a diamond. The data from three observing stations (Kam-

oki EQ and to obtain further evidence on the importance ofchatka (abbreviated as KCK), Moshiri (MSR) and Kochi
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Table 1. EQs used in this paper, with their characteristics.

Date Lat.[deg] Lon.[deg] Area Depth[km] Magnitude
2005.6.19 35.6 140.5 Chiba 48 5.7
2005.7.9 334 140.8 Coast of southern Chiba 55 5.8
2005.7.23 35.5 140.0 Tokyo Bay 61 6.1
2005.7.27 33.3 142.3 Coast of southern Chiba 55 5.8
2005.8.1 47.0 153.9 Russia 16 5.7
2005.8.7 36.3 141.4 Coast of Ibaraki 39 55
2005.8.10 48.7 158.1 Russia 31 5.5
2005.8.16 38.3 142.0 Coast of Miyagi 36 7.2
2005.8.24 38.6 143.0 Coast of Miyagi 10 6.1
2005.8.30 38.5 143.2 Coast of Miyagi 21 6.1
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Fig. 2. Temporal evolutions in August, 2005 of diurnal variation o R Teney, U205 » nomper mr
of signal intensity observed at three stations (left: Kochi (KCH),
middle: Moshiri (MSR) and right, Kamchatka (KCK)). Date goes Fig. 3. An example of estimating S( /) and the AGW modulation
upwards from 1 August (bottom) toward 22 August (top), with the (af) index by means of FFT analysis fdr (r). Top panel indi-
earthquake day indicated by EQ (16 August). Time is given in UT cates the diurnal variation afA(r) (FA(r)—<A()>) (in black)
(sothat LT in Japanis UT+9h). (where A(r) (in red) is the amplitude at a timeon a particular
day, and<A(r)> (in blue) is the mean amplitude averaged over
—30~—1day of the current day) and nighttime part (UT=12-16 h)
(KCH) indicated by stars) are analysed. The EQs in Table 1iS used for the estimation afS(f). The bottom panel indicates
are plotted in Fig. 1, and the center of each circle indicatedhe fluctuation spectrgm of nighttim&A (¢) (red curve: fluctuation
the epicenter, its radius, EQ magnitude and EQ depth is indi_spectrum on the particular day and blue curve, the average spec-
cated in color. As the wave sensitive area for each propaga"um over—30~—1day of the current day) and the difference (or

. residue)d S(f) is plotted by black bars. The range of AGW is in-
tion path, we have used the 5th Fresnel zone for each path. dicated with two limiting values{=100 m and 10 m as vertical red

. lines) (together with the range of acoustic waves (AW)), and we
2.2 LF data analysis method take the positive/S( f) to define the AGWM index.

Figure 2 illustrates the raw data on the observation of am-

plitude (intensity) of subionospheric LF propagation from previous statistical works (e.g. Maekawa et al., 2006), the av-
the JJY transmitter (40 kHz), which is received at above-erage nighttime amplitude (trend) decreases before the EQ,
mentioned three stations in Fig. 1. The left refers to JJY-KCHand also the nighttime fluctuation (NF) is greatly enhanced
path, the middle, JJY-MSR and the right, JJY-KCK. The datebefore the EQ. This is qualitatively consistent with our pre-
of Miyagi-oki EQ of our concern is 16 August as indicated by vious finding (Maekawa et al., 2006).

EQ in Fig. 2. The date goes upward from the bottom (1 Au- Here we define the two physical quantities for our analysis.
gust) to the top (22 August). As is already known from our We use the data during local night between the terminator
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time evening and terminator time morning in Fig. 2. First, . EARTHQUAKE PREDICTION 3 PARAMETERS (1Y-KCK, 2005) »
we estimate the value afA(1)=A(1)—<A()> as shownin £ : N Rl HL Y| I| rr 1165
the top panel of Fig. 3, wherg(z) is the nighttime amplitude g ; | O P — =—§
at a timer on a particular day (red curve) artA (¢)> is the . IF | o H
amplitude at the same time averaged ov&0~—1day of £ :;m L L L | L Al
the current day (blue curve) (all days in the period, are used= | H Pl P
equally for averageing). By using this residii&(r) (shown : idc2
by black curve in the bottom of the top panel of Fig. 3), we 5 °f *g
define the following two quantities. B2
1. nighttime average amplitude (trend) . e P i R H
- N R MR (LA -
dA (t)ds & I i5
treng=—J ¥ 4A (DAl 3 AHEEE | =
Nighttime period = . | | is]
G
2. nighttime fluctuation (NF) o o Date o
NF=/dA (1)?>dt (only dA (t) < 0) Fig. 4. Temporal evolutions of three physical parameters (nighttime
N o fluctuation (NF) (top), trend (nighttime average amplitude) (mid-

dle), and AGWM index (bottom)) during four months including the
where N means the nighttime period (UT=226 h (indi- date of Miyagi-oki EQ on 16 August 2005 for the path of JJY-KCK.
cated by two grey lines in the bottom of the top panel of All of the three quantities are normalized by their corresponding
Fig. 3) because this period is definitely local night for all of standard deviations:( (during —30 to —1 day of the current day).
the three propagation paths) Downward red bars in each panel indicate the times of EQs with
In addition to these physical quantities as used before i ength indicating the magnitude. You notice one red box and four
. . lue dotted boxes. In the red box you can find two red vertical bars
our many papers (Rozhnoi et al.,, 2004; Maekawa et al.,

" . and red means that all of three physical quantities satisfy their crite-
2006), we propose an additional use of the AGW |nf|uenceria, suggesting that these peaks are seismogenic as a precursor and

as a third physical quantity. Figure 3 shows an example Ofy after-effect of the EQ. Boxes in dotted blue line mean that there
how to estimate the fluctuation spectra. First, we performeyist an anomaly indicated by vertical yellow bars, but two of the 3
the FFT analysis o/ A(¢) and we obtain the fluctuation parameters satisfy thes2criteria (unsatisfaction of one parameter
spectrum in a wide frequency range of AGW and acousticis shown by a full blue box). Gray zone means the period of no
wave (AW) in the bottom panel of Fig. 3. We then define observation.

dS(f)=S(f)—<S(f)>, in which S(f) is the fluctuation

SpeCtrum for one partICL”ar day (red Curve) aﬂﬂ(f)> IS EARTHQUAKE PREDICTION 3 PARAMETERS (JJY-MSR, 2005)

the average spectrum averaged ova0 to —1day of the S TITTT TTHTTT T i

current day (30 to 1 day before the current day) (blue curve). g T i : L R I Eg

dS(f) are indicated by black bars in the bottom of the bottom = T H i

panel of Fig. 3, and we take only positide& () (dS(f)>0) £ ! i

for our interest and the AGW modulatian) is defined as 2w | £ owm o | w01 B

follows. . i

AGW M= JaowdS () df E

Range(in frequency of AGW & :

whered S( f) is plotted against frequency in Fig. 3, and AGW ™™ : KA A o P

range is limited by two vertical red lines (left, AGW period ; 5 | ' T é

(T)=100m and right, 10 m). 5 : s
Finally we impose the normalization for these three physi- 2 i 1

cal quantities (trend, NF and AGW M), in order to delete any & -1 . ,

long-term (e.g. seasonal) effects in the following way. e oo Dt oot

DATA*:DATA_DATA Fig. 5. Same as Fig. 4, but for the propagation path of JJY-MSR.

o

where DATA will be one of the three quantities (trend, NF
and AGWM), andDATA indicates the corresponding mean current day (one day to 30 days before the current day), and
value of each quantity averaged ovetl~—30days of the o isthe corresponding standard deviation.
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b, EARTHQUAKE PREDICTION 3 PARAMETERS (LIY-KCH, 2005) .2 significantly (well above the criterion) on the same day.
g Y 0 TIIET T 2 sothat this anomaly one day before the EQ is indicated by a
I . — bl -z vertical red bar. A few more days before the EQ we find an-
E ‘WMW other anomalous peak (very close to tlke @iteria for both
g;ﬁlm" . Fal . B trend and NF, but AGW/ index is approaching +2 crite-

ria). These two anomalous behaviors are considered to be a
precursor to this EQ.

Figure 6 for the third propagation path of JJY-KCH is seen
to exhibit the similar precursory behaviors as in the former
two paths. You can notice two red bars; one is a few days be-
fore and another, about one week before the EQ. Red means
that all of three physical parameters (trend, NF and AGWM)

- | are found to exceed the correspondirg@iteria. Together
| ..._I. N1 ||H| HI | 1 Ll .1 W with these red vertical bars, we notice two yellow bars on
r ol ‘ . . ] the same day of EQ and about one week before the EQ. Yel-
o Date - low means that either two of the three parameters satisfy the
threshold. As the conclusion, the VLF propagation is con-
Fig. 6. Same as Fig. 4, but for the propagation path of JJY-KCH. siderably disturbed before the EQ.
Here we describe all of the anomalies seen in Figs. 4, 5
and 6 one by one. First we discuss Fig. 4 for the path of JJY-

We are ready to show the analysis resuls. Figures 4, 5 angck. We have a look at the 1st box in a dotted blue line and
6 are the observational results for the three physical paramyiith a yellow vertical bar. The 1st and 2nd parameters (trend
eters (trend), NF and AGW M. Black bars indicate the daily and NF) are found to satisfy the corresponding criteria, but
values for each parameter. Figure 4 refers to the propagatiofhe AWG M (as the 3rd parameter) is significantly enhanced,
path, JJY-KCK, Fig. 5, JJY-MSR and Fig. 6, JJY-KCH. We pyt pelow 2 line. Then, this anomaly is likely to be seis-
explain the figures in Fig. 4 as an example of presentationmogenic, but it is not clear whether this anomaly is related
From the top, we find the temporal evolution of nighttime jth the small EQ on the same day. The second anomaly is
fluctuation (NF), the middle, trend (nighttime average am-seen in the middle of July. This anomaly is characterized by
plitude), and the bottom, a new parameter of AGIV Al 3 decrease in trend, and increases in NF and AGW M. Except
values are normalized by their corresponding standard devithe trend, two other parameters are seen to satisfycthei2
ations as given in the above equation (that is, DATA*). At teria. However, this general tendency is likely to suggest that
the top of each panel we find downward red bars, which in-thjs anomaly is also seismogenic. The anomaly in the end
dicate the times of EQs with length corresponding to the EQof july (yellow vertical bar and a broken box in blue) has
magnitude. Only EQs with magnitude greater than 5.5 arehe same properties (decrease in trend and increase in NF)
plotted, which are found to lie within the fifth Fresnel zone 545 the seismogenic effect, but its AGM/index exhibits no
(wave sensitive area) of the propagation path. enhancement. This means that this peak is not likely to be a

First of all we look at the time period just around our tar- seismogenic effect, but due to any other effect.
get EQ, Miyagi-oki EQ. We look at Fig. 4 for the propagation  Next we move on to Fig. 5 for the path of JJY-MSR and
path of JJY-KCK. Just around the Miyagi-oki EQ, we have Fig. 6 for JJY-KCH. As concerns with the EQ on 19 June
found two vertical red bars surrounded by a box in red. A fewwe can find red bars on the same day for JJY-MSR and one
days before this EQ, we have found that the trend decreasesay after the EQ for JJY-KCH. These might be related with
below —20 line and also the NF exhibits an increase abovethis EQ. Another anomalous peak (yellow bars surrounded
20 line. Together with these, it is found that the 3rd quan- by a broken box in blue) for JJY-MSR takes place about one
tity of AGW M index introduced in this paper would offer an week before this EQ, which may be a precursor to this EQ
additional confirmation on the importance of AGW modula- when thinking of the lead time. Next we have to discuss
tion. Another red bar just after this EQ is also characterizediwo broken boxes in blue in the later half of July. The first
by both a significant decrease in trend (exceedii2g) and  appearing one seems to be common to the two paths of JJY-
increases in NF (exceeding 2and in AGWM index (well  MSR and JJY-KCH, while the latter one is seen only for the
exceeding its 2 line). Red means that three parameters sat-path of JJY-MSR. When we look at the behaviors of these
isfy the criteria. two boxes, we find that the 1st one seems to be seismogenic

Then as seen from Fig. 5 for the next propagation pathbecause we notice a decrease in trend, an increase in NF and
of JJY-MSR, the trend is found to show a decrease exceedalso an increase in AGW index. On the other hand, the
ing —20 and simultaneously the NF exhibits an increase NFtwo parameters (trend and NF) follow the same behaviors as
exceeding +2, both a few days before the EQ. The third for the 1st peak, but we find no response in AG¥Mndex.
parameter, AGWV index is also found to show an increase This means that this peak is not seismogenic, but due to other
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EARTHQUAKE PREDICTION 3 PARAMETERS (JJY-KCK, 2005)

EARTHQUAKE PREDICTION 3 PARAMETERS (JJY-MSR, 2005}
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Fig. 7. Temporal evolutions of the same plot in Fig. 4, but some evi- Fig. 8. Same as Fig. 7, but for the propagation path of JJY-MSR,
dence on the lunar effect (with period of 29.5 days). Two anomalouscorresponding to Fig. 5.

peaks about one month and two months before the main event, as
indicated by dotted blue boxes in Fig. 4, are likely to be related with
the lunar tidal effect. F-3 means full moon-3 days and so on.

EARTHQUAKE PREDICTION 3 PARAMETERS (JJY-KCH, 2005)
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very pronounced only for large EQs. First, Fig. 7 indicates
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that there are present very conspicuous anomalies about oné
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month and about two months before the main Miyagi-oki EQ 2
and these are definitely seismogenic because we find a deg
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crease in trend, an increase in NF and an enhancement it °
AGW M index. It is interesting to note that these anomaly
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peaks are incidentally spaced with a period of 28 or 29 daysFig. 9. Same as Fig. 8, but for the propagation path of JJY-KCH,
We know that the lunar period is 29.5 days. The peaks aboutorresponding to Fig. 6.

one month and about two months before the EQ are found
to be corresponding to the lunar phase of F-2 days (F means

full moon). So, these peaks are considered to be highly duén the seismo-ionospheric perturbations because this Miyagi-
to the lunar effect so that they are the precursory effect of theoki EQ is large enough to have such lunar tidal effects.

Miyagi-oki EQ.
Similar peaks are noticed for other propagation paths (such

as JJY-MSR in Fig. 8 and JJY-KCK in Fig. 9) for the same 3 Summary and conclusion

Miyagi-oki EQ. Similar anomalies are again to be located

in time exactly following the lunar cycle of 29.5days. The In this paper we have proposed the use of a new and 3rd
peak about 2 months before the EQ corresponds to F-3 dayparameter in analyzing the VLF nighttime data. That is, in
while F-3 days is the corresponding lunar phase of the pealaddition to the previous two parameters (trend and nighttime
one month before the EQ. At any rate, we can infer thesefluctuation) the 3rd parameter of AGW modulatia¥ ) in-
anomalies as the pre-seismic conspicuous lunar tidal effectdex is introduced as defined by the enhancement of AGW
Tanaka et al. (2004) have found that these lunar effects cafluctuation in the nighttime VLF data. We have already in-
be recognized only for larger EQs. This is the reason whytroduced this parameter in our routine-based daily analysis
we have observed this kind of very regular lunar effect evenof VLF data.
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We have extensively analyzed the AGMVindex for a  Gokhberg, M. B., Gufeld, I. L., Rozhnoi, A. A., Marenko, V. F.,
huge EQ of Miyagi-oki EQ, and it is found that this AGW Yampolsky, V. S., and Ponomarev, E. A.: Study of seismic in-
index is significantly increased exceeding theiteria for fluence on the ionosphere by super long wave probing of the
all of the three propagation paths, JJY-KCK, JJY-MSR and Earth-ionosphere waveguide, Phys. Earth Planet. Inter., 57, 64—
JJIY-KCH. This fact means that the AGW fluctuations are 67 1989. . ) .
extremely enhanced for a large EQ, which would lend usHayakawa, M.: Electromagnetic phenomena associated with earth-

a further support to the mechanism, 2nd channel (acous- quakes: A frontier in terrestrial electromagnetic noise environ-
PP ! ment, Recent Res. Devel. Geophysics, 6, 81-112, 2004.

tic anq gravity wave channel) in the I|thosphere—lonosphgr%ayakawa, M., Ohta, K., Maekawa, S.. Yamauchi.T., Ida, Y., Go-
coupling mechanism.  Furthermore, the simultaneous in- ion, T, Yonaiguchi, N., Sasaki, H., and Nakamura, T.: Electro-
crease in AGWV index can be used as a definite confirma-  magnetic precursors to the 2004 Mid Niigata Prefecture earth-
tion of the presence of seismo-ionospheric perturbations. quake, Phys. Chem. Earth, 31, 356-364, 2006.

We know that there does not happen any EQ even thougliayakawa, M., Molchanov, O. A., Ondoh, T., and Kawai, E.:
we have observed significant anomalies (decrease in trend The precursory signature effect of the Kobe earthquake on VLF
and also increase in NF). When we happen to encounter this subionospheric signals, J. Comm. Res. Lab., Tokyo, 43, 169-
kind of anomaly, we have to check whether this is related to 180, 1996. _ _ _ _
any EQ or any other effects (such as geomagnetic Stormsﬁayakawa, M_.: VLF/_LF radio sounding of ionospheric perturba-
During this process, we can say that the use of AGMA- tions associated with earthquakes, Sensors, 7, 11_41—1158,_2007.
dex is also important to distinguish between seismogenic anc'f'ayakawa’ M., Shvets, A. V., and Maekawa, S.: Subionospheric LF

- . monitoring of ionospheric perturbations prior to the Tokachi-oki
other (§UCh as geomagnetic storm) eﬁ?CtS' In .th's _sense, we earthquake and a possible mechanism to lithosphere —ionosphere
could find out two anomalous peaks in the nighttime data  coypling, Adv. Polar Upper Atmos. Res., 19, 42-54, 2005.
before the Miyagi-oki EQ; one month and two months be- Horie, T., Maekawa, S., Yamauchi, T., and Hayakawa, M.. A
fore the EQ. The time difference is alway29 days, which possible effect of ionospheric perturbations associated with the
is the lunar period. For these anomalies, the 3rd parame- Sumatra earthquake, as revealed from subionospheric very-low-
ter, AGWM index is found to be notably enhanced, which  frequency (VLF) propagation (NWC-Japan), Int. J. Remote
suggests strongly that these anomalies are definitely seismo- Sens., 28, 3133-3139, 2007a.
genic. So that, rather than correlating an anomaly with anyHorie, T., Yamauchi, T. Yoshida, M., and Hayakawa, M.: The wave-
nearby EQ as described in the previous section, it is much like structures of ionospheric perturbation associated with Suma-
more reasonable and acceptable to attribute these anomalous!'@ €arthauake of 26 December 2004, as revealed from VLF ob-

. servation in Japan of NWC signals, J. Atmos. Solar-terr. Phys.,
peaks to the lunar tidal effect. Tanaka and Matsumura (2006) 69 1021-1028. 2007b
have confirmed t.he presence of lunar tidal effects in EQ .OC'Kore[l)anov, V. H’z;lyakana, M., Yampolski, Y., and Lizunov,G.:
currences for this Miyagi-oki EQ. In correspondence with  AGw as a seismo-ionospheric coupling responsible agent, Phys.
this seismic (mechanical) effect, we have also discovered the chem. Earth, Parts A/B/C, Vol. 34, Issues 6-7, Special issue,
first evidence on the same lunar tidal effect in the seismo- Electromagnetic Phenomena Associated with Earthquakes and
genic phenomena for this particular EQ. Tanaka et al. (2006), Volcanoes, edited by: Hayakawa, M., Liu, J. Y., Hattori, K., and
Tanaka and Matsumura (2006) and Sue (2009) have empha- Telesca, L., 485-495, 2009.
sized that this kind of lunar modulation can be seen only for aliu, J. Y., Chen,Y. I., Chuo,Y. J., and Chen, C. S.: A statistical in-
large EQ. The presence of these lunar effects in our VLF/LF vestigation of pre-earthquake ionospheric anomaly, J. Geophys.
data would suggest the expectation of a huge EQ in one or RS- 111, A05304, doi:10.1029/2005JA011333, 2006.

two months, which would be of valuable information for the Maekawa, S., Horie, T., Yamauchi, T, Sawaya, T, Ishikawa, M.,
. Hayakawa, M., and Sasaki, H.: A statistical study on the effect
short-term EQ prediction.

of earthquakes on the ionosphere, based on the subionospheric
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