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Abstract. Relatively long-period (4 years) data on differ- 2002; Molchanov and Hayakawa, 2008). In the first cate-
ent propagation paths by means of Japanese-Pacific VLF/LIgory, we can detect some precursors of EQs only when our
network observation, are used to obtain further statisticalobservatory is luckily located relatively close to the EQ epi-
significance on the correlation of ionospheric perturbationscenter. This kind of measurement can be called “local mea-
as revealed by VLF/LF propagation anomalies with earth-surement”, so that it would take much time to accumulate
quakes. Earthquakes with magnitude greater than 6.0, takea sufficient number of data. On the other hand, the second
place only within the fifth Fresnel zone of each great-circle category can be called “integrated measurement”, for which
path are selected for the correlation study. It is finally foundany EQs close to the great-circle path may exhibit signifi-
based on the superimposed epoch analysis that the nighttimeant effects on the propagation characteristics of pre-existing
trend (average amplitude) exhibits a significant decrease extransmitter signals in the form of propagation anomalies.
ceeding 2 (o: standard deviation) several days before the Because of the advantageous nature of subionospheric
earthquake and the nighttime fluctuation exceeds the correVLF/LF propagation as an integrated measurement, it has
sponding & again several days before the earthquake wherbeen much easier for us to accumulate a lot of convincing
the earthquake depth is smaller than 30 km (shallow earthdata on the seismo-ionospheric perturbations as revealed in
quakes). However, when we treat all earthquakes includinghe form of subionospheric VLF/LF anomalies. There have
deep earthquakes, the trend shows a significant decrease (justen so many case studies on subionospheric VLF/LF prop-
approaching 2 line), and the nighttime fluctuation shows a agation anomalies; e.g., Kobe EQ (Hayakawa et al., 1996),
less significant broad enhancement before the EQ. Tokachi-oki EQ (Shvets et al., 2004), Niigata-chuetsu EQ
(Hayakawa et al., 2006), Indonesia-Sumatra EQ (Horie et al.,
2007), etc. In addition to these case studies, statistical stud-
ies on the correlation of ionospheric perturbations with EQs
are highly required. Rozhnoi et al. (2004) have actually an-
alyzed the two years data for the wavepath from a Japanese
F transmitter, JJY to Kamchatka, Russia, and Maekawa et
. (2006) have used the 5years data for the wave propaga-

1 Introduction

There have been recently accumulated a lot of evidence o
the presence of electromagnetic phenomena associated wi

ear_thq_uakef\s (EQ.S) including (1) the direct electromagnetiction from the same JJY transmitter to Kochi station. Both of
emissions in a wide frequency range from DC/ULF to VHF, these studies have indicated a statistically significant corre-

@) th? indirect effects of selsmo-aimospheric and — 10N0-|ation between the ionospheric perturbations as detected by
spheric perturbations, etc. (e.g., Hayakawa and Molchanoy,

subionospheric VLF/LF propagation and EQs with magni-
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tude, at least, greater than 5.5.
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Fig. 1. The wave propagation paths used in this papers. TwoFig. 2. Superimposed epoch analysis for trend (nighttime average
Japanese transmitters (JJY and JJI) (indicated by blue diamondgmplitude). Red line refers to the EQs with depth smaller than
are used, and all of the combinations of transmitters and receiverg0 km (i.e., shallow EQs), while blue line refers to the case includ-
(indicated by a red star) are indicated by plotting their correspond-ing all EQs (including any depths). The ordinate is normalized by
ing fifth Fresnel zones (wave sensitive areas). EQ epicenters arghe standard deviation.

indicated by circles, and the EQ depth is indicated in color.

4. JJI-Chiba (CBA)
The purpose of this paper is to offer an additional statisti- .

cal study on the seismo-ionospheric perturbations on the ba- 2 JJ!-Moshiri (HOK)
sis of more VLF/LF data recently observed by means of the g j31_kamchatka (KAM)
Japanese-Pacific VLF/LF network.

) _ ) ) The locations of two Japanese VLF/LF transmitters are il-
1.1 Analysis period and analysis propagation paths lustrated in Fig. 1 as a blue diamond, and their positions (ge-
: . . . ographical coordinates) are given by (38 140.8 E) and
The period of subionospheric VLF/LF propagation data (32.0° N, 130.8 E), respectively. The transmitting frequency

_use<|j n dth'sh baper, |_'|S 4 kyears ng%n; 20(()14I\/TOI 2hOO7. AZOf the JJY transmitter is 40 kHz and its transmitter power is
Is already shown in Hayakawa ( ) an olchanov and, g .y, Then, the frequency of the JJI transmitter is 22.2 kHz,

H_ayakawa (2008), we haye aJapanese.VIl_F/ LF network CONBt its transmitting power is not published. The receiving
sisting of seven observing stations within Japan and als

%tations (with abbreviated notations) used in this paper are

one station in Kamchatka (Russia). The details of OUlindicated by a red star in Fig. 1. All of these data are sam-

VLF/LF receiving system have already been described in : L , . . .
Maekawa et al. (2006) and Hayakawa (2007). At each sta-pled with atime interval of 120 s (2 min), this sampling being

. v ob imul | | / sufficient for our seismogenic analysis. We analyze only the
:Irc;?\svr\:ﬁttgcr)rs%i;/Iso(nsoerlelf/l?N%tigsgzzge ?raa\l/r?sr?nit\t/el_r'; z‘an amplitude data for all transmitter-receiver combinations, be-
is JJY (40kHz, in Fukushima) and JJI (22.2 kHz, at Ebino, ause the phase data are not good enough.

Kyushu)), so that we have many combinations of the trans-

mitter and receiver. However, with taking into account the 2 EQs selected for analysis

quality of the data for all propagation paths, we have chosen

the following wave paths, which are illustrated in Fig. 1. According to our previous two papers on the statistical study
on the correlation between VLF/LF anomalies and EQs
1. JJI-Kochi (abbreviated as KOC) (Rozhnoi et al., 2004; Maekawa et al., 2006), the correla-
2. JJY-Moshiri (Hokkaido) (HOK) tion is signiﬁcant only when E_Q mggni_tude is, at Ieasft, 5.5.
So that, we impose the following criteria on the selection of

3. JJY-Kamchatka (KAM) EQs for our analysis.
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1. EQ magnitude is greater than 6.0. 3

2. The epicenter of an EQ is located within the fifth Fres-
nel zone of each great-circle path (see Hayakawa et
al. (1996) and Molchanov and Hayakawa (2008) for the
details of Fresnel zone).

3. Depth is not considered.

. . b

The second condition seems to be of essential importance~
in obtaining significant effect on subionospheric VLF/LF Z

propagation. As for the point (3), we want to study the ef- /\

fect of EQ depths on the propagation anomaly by changing 1 \/ \/ \/\

the range of EQ depth. The EQs satisfied the above criteria
are all indicated in Fig. 1 as a circle, and the color of each
circle indicates its depth.

3 Analysis method of subionospheric VLF/LF propaga- 0

tion (amplitude) data -5 -10 5 EQ 5 10 15

We follow our conventional way of analysis in VLF/LF data

(Rozhnoi et al., 2004; Maekawa et al., 2006; Hayakawa,Fig. 3. The same as Fig. 2, but for the nighttime fluctuation (abbre-
2007; Molchanov and Hayakawa, 2008), and we show theviated as N.F.).

analysis procedure briefly. In order to study short-term vari-

ations (such as EQ precursors), we want to remove the long-

term (e.g., seasonal) variation from the data. We make thel Analysis results based on superimposed epoch analy-
following residue in VLF/LF amplitude, sis

dA(t) = A(1) — <A@)> (1) Then, we perform the superimposed epoch analysis, in which
we superimpose the temporal evolutions of trend and night-

where A(r) is the amplitude at a particular time) on one time fluctuation for all propagation paths with EQ day as

day and<A(¢)> is the average of the amplitudes at the same

X d d the rel d h zero. The results of superimposed epoch analysis for the
tlme,z_, over£15 days aroun the relevant day. Then, we P&trend (nighttime average amplitude) and nighttime fluctua-
attention to the local nighttime (UT=11:00 a.m.—07:00 p.m.;

: ' tion (N.F.) are presented in Figs. 2 and 3. In both figures,
LT=08:00 p.m. to 04:00a.m.). Two physical parameters are

dealt with as in Maek L (2006): (1 d a red line refers to the case including only shallow (depth
ealt with as in Maekawa et al. ( ); (1) trend (or aver- <30km) EQs, while a blue line, corresponds to the case of

age amplitude at night) and (2) nighttime fluctuation (abbré-g g \ith any depths. The number 0 in the abscissa indicates
viated as N.F.). As for (1) trend, we estimate the averageEQ day, and — means days before an EQ and +, means the

(mean) value of the amplitudé 4 >0 andd A <0) during the da ; : ;
) ys after the EQ. The ordinate is always normalized by the
whole night (LT=08:00 p.m. to 04:00a.m.). As for (2), we corresponding standard deviations.

take _only t_he .dA €0) because _we_know that a decrease_m The number of events for the red lines in Figs. 2 and 3, is

amplitude is likely to be the seismic effect, and then we in- 12 while the number of events for the blue lines. 31. As is
2 H _ I I .

tegrate {A%) (only whend A <0) over the local night as de shown in Fig. 1, the total number of EQs is found to be 20.

fined above. This is the definition of nighttime fluctuation About one half of the EQs is shallow (depth30 km). When

(N.F.). So that, we have one datum per day. )
We are going to use different propagation paths, but the> © EQ happened on two propagation paths, those events are

VLF/LF properties are seen to be different from one path totreatgd as being |nd.ependent In our anaIyS|s.. )
another. Hence, we adopt the standardization to the dA data; 't IS clear from Fig. 2 that the trend (or nighttime aver-
that is, both amplitude (trend) and nighttime fluctuation are39€ amplitude) exhibits a definite depletion (decrease) about

standardized (or normalized) by means of the corresponding d2ys before the EQ (with including all depths), followed
standard deviationy() for each path. y a slow recovery after the EQ. However, it seems that the

depletion in the trend becomes more prominent for shallow
EQs with depth tentatively smaller than 30 km. While, the
nighttime fluctuation (N.F.) in Fig. 3 is found to be very
much dependent on EQ depth. That is, only when the EQ
depth is smaller (shallow EQs), we have a very significant
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