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Abstract. Studies on the effect of earth tides in triggering movements are known to create changes of the seasons as
earthquakes (EQs) had a great progress in recent years, whietell as changes in the apparent shape of the Moon, so that
has provided convincing evidence of earth tides in EQ trig-these movements also affect seawater, which is called the
gering. On the other hand, there have been accumulatedcean tide. The same mechanism is applied to the Earth’s
a lot of evidences on the presence of seismogenic electrasody, and the solid Earth deforms like seawater. This phe-
magnetic effects (such as ULF electromagnetic emissionsiomenon is called the earth tide (or lunar-solar tide), with
from the lithosphere, ionospheric perturbations as detecteavhich the Earth’s surface moves like the surface of the sea,
by subionospheric VLF/LF propagation, etc.). Since the ini- some ten centimeters vertically. At the same time the Earth’s
tial agent of these seismogenic electromagnetic effects is oberust which covers the Earth’s surface, is expanded, con-
viously due to some mechanical action around the EQ fo-tracted and inclined, as is schematically illustrated in Fig. 1.
cal zone, the tidal effect as seen in EQ sequence shoultt has been debated for years whether earth tides trigger EQs.
appear also in seismo-electromagnetic phenomena. Basel recent paper by Tanaka et al. (2004) has been published
on this expectation we have studied the tidal effect in dif- on a statistical study of tidal triggering, which has proven the
ferent seismogenic phenomena, and have found that lithosignificance of these earth tides in EQ triggering. Following
spheric ULF emissions exhibit a clear maximum-minimum- the study, Tanaka (2006) has provided some more evidences
maximum pattern synchronized with the lunar phase of thethat the EQs occurred near the epicenter of the 2004 Suma-
EQ during several months before the EQ. As for VLF/LF tra EQ were affected by earth tides for the period of 10 years
propagation anomaly representing the lower ionospheric perbefore the main shock. Sue (2009) has then shown the evi-
turbation, we have found the tidal modulation very similar to dences of apparent tidal effects in EQ triggering in the 3 spe-
ULF emissions, but less clear, and also there are some difeific regions in Japan such as the Sagami trough region by
ferences from the ULF case (such as occasional shift wittpaying particular attention to some specific fault structures.

respect to the lunar phase and/or the presence of higher fre- EQs are definitely a mechanical phenomenon, so that it
quency modulation, etc.). These findings are indicative thajs not so difficult to imagine that the earth tide is a possi-
those electromagnetic phenomena reported to be in possiblgle candidate of triggering EQs when the focal zone is self-
association with an EQ are really related with any prepara-grganized to a critical or a super-critical stage. On the other
tory phase of an EQ. This kind of study would be a bridge be-hand, there have been accumulated recently a lot of evi-
tween the seismology and our seismo-electromagnetic studyjences on the presence of precursory electromagnetic effects
of EQs (Hayakawa, 1997, 1999; Hayakawa and Molchanov,
2002, 2007; Molchanov and Hayakawa, 2008). We can list
a few examples. The ULF (ultra-low-frequency) electromag-
netic emissions as the 1st example are believed to be gen-

The Earth travels around the Sun as a planet in the solar sy&rated near the EQ focal zone and to have propagated up to

tem, and the Moon orbits the Earth as a satellite. Thesdhe Earth’s surface (e.g., Fraser-Smith et al., 1990; Kopy-
tenko et al., 1993; Hayakawa et al., 1996a). Molchanov

and Hayakawa (1995, 1998a) proposed a mechanism of mi-
Correspondence tdvl. Hayakawa crofracturing for seismogenic ULF emissions. Whatever
BY (hayakawa@whistler.ee.uec.ac.jp) the mechanism is (microfracturing or electrokinetic), these
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Fig. 1. Schematic picture of earth tides (expansion, contraction,
inclination).

. Full moon
ULF emissions are fundamentally based on any mechan- 190 de
ical effect in the EQ focal zone. The next phenomenon 8
clearly associated with EQs is the ionospheric perturba—Fi 2. Explanation of lunar phase<{onew moon, 90, first quarter
tions(e.g. Hayakawa et al., 1996b; Hayakawa, 2007). Essgh P b - I irstquarter,
. . . . , full moon and 270, last quarter).
pecially the lower ionosphere (D/E region) is found to be

very sensitive to EQs, as based on the use of subionospheric

VLF/LF propggation char.acteristics. Th_e mechanism. howmoon at 180, and last quarter moon at 27Gsince the Moon

and why the ionosphere is perturbed prior to an EQ, is N0ty ¢ the Earth in 29.5 days on average, so that the average
well understood, though we have proposed a few hypOthE_:fraveling speed of the Moon is 12.per day. In this paper,
ses (Hayakawa, 2004; Molchanov and Hayakawa, 2008); (i} e se the number of days with respect to such specific lunar

chemical (and r:alectnlc f|e(;d ,?ﬁe?t) channel, (ii) aﬁoustlcl and,ositions as the new, first quarter, full and last quarter moon
gravity wave channel and (iii) electromagnetic channel. No'ihe indicator of lunar phase.

matter which mechanism is most plausible, the initial effect

of seismogenic phenomena is located near the EQ focal re-

gion and it is just a mechanical effect (not macroscopic, but3 The effect of earth tides as observed in
probably microscopic).

So that, the purpose of this paper is to try to find out
any modulation of earth tides in various kinds of seimo-\ve investigate the effect of earth tides in different phe-
genic phenomena (such as seismogenic ULF emission,omena of ULF geomagnetic anomalies, VLF propagation
seismogenic ionospheric perturbations, etc.). This studyynomalies, and radio emission anomalies at different fre-

would be a bridge between the seismology and our seismogyencies. We study these phenomena one by one in the fol-
electromagnetics, and also this effect would offer an impor-joying.

tant additional confirmation on the presence of seismogenic
electromagnetic effects. 3.1 ULF geomagnetic anomalies

seismo-electromagnetic precursory signals

The reports of ULF geomagnetic anomalies before large EQs
2 Analysis method have been summarized in Hayakawa et al. (2007). The ULF

signal observed at any particular station is known to be com-
The earth tides of the Moon and the Sun affect the occurposed of different noise sources including the dominant geo-
rence of EQs. This is the phenomenon which appears onlynagnetic variation (geomagnetic pulsations), artificial noise
when earth tides deform a fault from the direction to assistand seismogenic noise as our target. So that, it is very dif-
the fault slipping (and the corresponding seismogenic elecficult to find any relationship to the lunar phase when we
tromagnetic effects). Thus we investigate if there are anyuse the raw data, and it is of essential importance to perform
affections of the specific lunar phase in electromagnetic EQany signal pre-processing to the raw data to distinguish our
precursors. seismogenic noise from the whole signal or to enhance our

The lunar phase is explained in Fig. 2. For an index of seismogenic signal against the other noises. There have been

the lunar phase, it is possible to apply the ecliptic longitudedeveloped a few possible methods for this purpose: the firstis
difference between the Moon and the Sun of the ecliptic co-called “polarization” analysis, in which the use of the ratio of
ordinate system. This is the angle with a numerical valuethe vertical (Z) to horizontal (H) magnetic field components
of 0 to 360: new moon at 9, first quarter moon at 90 full allows us to identify the seismogenic effect against the space

Nat. Hazards Earth Syst. Sci., 9, 173341, 2009 www.nat-hazards-earth-syst-sci.net/9/1733/2009/



M. Hayakawa et al.: The effect of earth tides as observed in seismo-electromagnetic precursory signals 1735

noise (geomagnetic variation) (Hayakawa et al., 1996a). The (-4) -3) (-2) (=1m) EQ 8/8 (LO-3d)
second is the use of principal component analysis (PCA), in ~ *! B0 L e

which a multiple of stations of simultaneous observation en- ~ *' A

ables us to distinguish a few possible noise sources (such a’s
(1) geomagnetic variation, (2) man-made noise, and (3) seis
mogenic emission) (Gotoh et al., 2002).

One more important point to mention as regards the seis-
mogenic ULF emissions is their typical temporal evolution.
They show the first peak one to two weeks before the EQ, &
become quiet in amplitude several days before the EQ and
exhibits an abrupt increase a few days before the EQ (Fraser | ; , P W .
Smith et al., 1990; Kopytenko et al., 1993; Hayakawa et al., ‘s3/a/8 5/1 6/1 71 8/1 8/1710/1 10/16
1996a). (Month/Day) 6/24 /23 (FG-3d)

We here deal with our former two ULF events; the 1993

Guam EQ and the 2000 Izu islands EQ swarm in the follow-Fig. 3. Lunar phase analysis for the polarization (Z/H) of ULF
ing. geomagnetic emissions (at the frequency of 0.01 Hz) for the 1993

Guam EQ (1/=8.0).
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Case 1: the 1993 Guam EQN=8.0)

The Guam EQ&=8.0, Depth 59 km) occurred on 8 August

1993 (Hayakawa et al., 1996a). ULF geomagnetic anomalies

were observed for this EQ, but the relationship with earthare the response to the stress rate. The ULF electromagnetic

tides could not be identified in the raw data due to the domi-radiation has already been shown to indicate anomalies for

nant contribution by the geomagnetic variation. this activity (Gotoh et al., 2002; Uyeda et al., 2002). The
With the polarization analysis shown in Fig. 3, the ratio of PCA method by Gotoh et al. (2002) enabled us to separate

Z/H has exhibited the following characteristics (Hayakawaa few noise sources. The 1st principal component (whose

et al., 1996a). The main point of Hayakawa et al. (1996a)eigenvalue is.1) is found to correspond very well to the geo-

is that we observed an enhanced Z/H during one month bemagnetic variation, the 2nd principal componer)(is then

fore the EQ, which is likely to reflect the occurrence of seis- found to reflect the human activity, so that the 2nd compo-

mogenic emissions. The enhanced Z/H lasts for about on@ent is due to the man-made noise. The last and the weakest

month, so that we take the EQ day as a reference point, ®rincipal componenti3) might include the seismogenic ef-

days before the last quarter moon as shown as LQ-3d in théect if it exists. The upper panel of Fig. 4 shows the temporal

figure. The days of the same lunar phase are markédr, evolution of the 3rd principal (weakest) compong&8tat the

—2, —3, and—4) for the period of 4 months before the EQ frequency of 0.01 Hz from 1 February to 16 July 2000, which

in the figure. We note that the period between the same luis taken from Gotoh et al. (2002). The largest ER=6.4)

nar phases is 29.5 days on average (a lunar month), which igf the activity occurred on 1 July in Fig. 4, and this day is

the duration of the moon’s orbiting the Earth. The value of taken as a reference point corresponding to a new moon —

Z/H is increased 2 months before the EQ, further it takes al day which is shown as N-1d in the figure. The days of the

maximum (at—1 m) at the same lunar phase as that of thesame lunar phase as well as the envelope curves connecting

EQ and minima (shown in broken lines) in the middle. There peaks are indicated for the period of 5 and 3 months respec-

are several small oscillations with the different lunar phasesfively. From the beginning of April which is 3 months before

suggesting overlapping of other patterns with different lu-the EQ, there are apparent increases of the eigenualwé

nar phases. As the summary, the behavior of Z/H shows dhe 3rd principal component at the same lunar phase as that

clear maximum-minimum-maximum pattern synchronizing of the EQ and the decreases in the middle. Note that the geo-

with the lunar phase of the EQ during 2 months before itsmagnetic activity Ap shown in the lower part of Fig. 4, does

occurrence. not show such a tendency. In summary, the behavior3of
shows a maximum-minimum-maximum pattern synchroniz-
Case 2: the 2000 Izu islands EQ swarmM=6.4, etc.) ing with the lunar phase of the EQ during 3 months before its

occurrence. In addition to the phenomena mentioned, there
From June to August in 2000 there was observed a series ofas another large EQ 8f=6.4 on 30 July whose lunar phase
large tectonic activities which included a total of more thanis again a new moon-1 day. The next large EQ/6£6.3 oc-
3000 EQs with 5 large EQs (July 7=6.4, July 9:M=6.1, curred on 15 July or a full moon — 1 day, which is the opposite
July 15: M=6.3, July 30:M=6.4 and August 184/=6.0) and  phase of the reference day. Since these activities were caused
5 eruptions at Miyake island (Toda et al., 2002). This activ- by intrusion of magna which behaved as fluid, the activities
ity was caused by intrusion of magma and such EQ activitiescould be high at a new and a full moon like oceans.
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Fig. 4. Lunar phase analysis of the third principal component | .
(its eigenvalue3) of geomagnetic variation at the frequency of 0.6 | i
0.001 Hz (upper panel) and geomagnetic activity, Ap index (lower g ' i { : :
panel) for the 2000 Izu islands EQ swari£6.4, etc.). wulssuafuliluuedfuinslossudeudunlu
B-Doc 1B-Dec 28-Dec T-Jan 1f-lan 27-Jan B-Feb 18-Feb 28-Fob
28-Dec
0.6 —t i
3.2 VLF propagation anomaly Py _ i l , ‘
a ' 2
There are numerous VLF (in the frequency range in 10—~ .= | & = [[] | s
30kHz) transmitter stations around the world, and the best N A A ( ' [ | '.I A
known among them is the Omega station. VLF Omega radio ® ,, | | | & LB Ay I 'i_ | § If' L.
waves have been mainly used for navigation, but propagation= | i .'I.-' Vi 5 A N
anomalies before EQs by means of these VLF waves werere: 4 f'i "5,:1.' s L 'Ii L,
ported in 1980’s and early 1990's, including the 30 Decem- L - U ;
ber 1983 Caucasus EQ/E7.2) (Gufeld et al., 1992), 7 De- 04— i
cember 1988 Spitak EQ in Armeniaf(~7.0) (Gufeld et al., | |
1994) and EQS of Japan (Hayakawa and Sato, 1994) The 08 el dgped el b bl ssenhsoed vl g

B-Dec 18-Dec 28-Dec 7-Jan 17-Jan I7-Jan 6-Feb 16-Feb 26-Feb

tudi detecting E by using different VLF
studies on detecting EQ precursors by using differen 1995 year

radio transmitters had a great progress during the last decade,,

and under this situation the Kobe E@€7.3) occurred on ]Fig 5. Lunar phase analysis of the evening TT (phase) (up
17 January 1995. Figure 5 shows the temporal evolution o er panel) and TT (amplitude) (lower panel) for the Kobe EQ

the signal received at the Inubo observatory transmitted from,, ,_~- 3). The deviation in TT (eveningpe) exceeding @ is
Tsushima VLF Omega station (Hayakawa et al., 1996b). Be<nsidered as anomaly (in black). The VLF anomaly takes place

fore the EQ, Hayakawa et al. (1996b) observed clear shifts iy 14 January (EQ-3d and F-3d), and the day with the same lunar
terminator times (TTs) (defined as the times when the ampliphase is also given by a vertical thick line. A vertical dotted line
tude (and/or phase) of VLF signal exhibits a minimum just indicates the opposite lunar phase (N-3d).

around the sunrise and sunset). They interpreted this shift in

TTs in terms of the lowering of the lower ionosphere by a

few kilometers by using the full-wave theory (Molchanov et _

al., 1998). While, Yoshida et al. (2008) have treated the saméS @n unusual phenomenon, while there were no reports of
problem by means of wave-hop theory, who estimated hows® extensive geomagnetic activity, solar activity and rainfall

much the lower ionosphere goes down before the EQ. in the Kobe region as to affect the VLF transmission (see
Hayakawa et al., 1996b; Molchanov et al., 1998). Thus the
Case 1: the 1995 Kobe earthquakeM=7.3) phenomenon was found to be likely to be a precursory sig-

nal of the EQ occurred immediately after (Hayakawa et al.,

Figure 5 shows the temporal evolutions of TT phase (upperl996b; Molchanov et al., 1998).

panel) and amplitude (lower panel) for a period of 1.5 months The day of shift in TT exceedingo2is chosen as a ref-
before and after the Kobe EQ, which is taken from Hayakawaerence point in Fig. 5. The day was 14 January (3 days be-
et al. (1996b). The upper figure showare, ph”, which is fore the EQ) which was 3 days before a full moon day and
the variation of the evening TT (phase), where the standards shown as F-3d in the figure. The same lunar day of one
deviationo is that for one month period. The figure shows month before was 15 December (shown by a vertical thick
that on 14 January which is 3 days before the EQ, there watine) and the day of the middle between the two (shown by
a large deviation exceeding 2 The deviation exceedingg2  a vertical dotted line) which is a new moon — 3days, was

Nat. Hazards Earth Syst. Sci., 9, 173341, 2009 www.nat-hazards-earth-syst-sci.net/9/1733/2009/
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29 December. The valueAge) firstly took a maximum at (Eq—10d)

3days before a full moon (F-3d), then decreased to take a 6-Dec 4-Jan M7.0

minimum at 3days before a new moon (N-3d), and raised (LQ+2d) (LQ+2d)

again to take a maximum at 3 days before the EQ. And it fi- ~ ** S

nally decreased to zero, then the EQ occurred. During this = h l 2

period, we observe some oscillations with the period of 9— : |' \ /‘ﬂ || || SR

| : :

] ;"-] ..||..|. | = .l.......l L .II
gl (Vi \i-ﬂ_;._,«_\_.ﬁ

10days on the basis of spectrum analysis. The deviation .| [d4
from the average increased with time, so the last maximum ﬁ\\ :
was the largest and was regarded as a conspicuous precurso'c'—g P Sl
to the EQ. The lunar phases at the maximum and minimum:a' : 5 v H |
in Are are found to coincide or to be exactly opposite with 02! eep el \ | reeseas

that of the reference point. We conclude that there was de- ; | '

tected a clear maximum-minimum-maximum pattern during 0.4 ! | N |

one month before the EQ, and the deviation seems to increas T \J - 5 :

with time toward the EQ (thus the last maximum was the 48 = e 20-Dec 'E"'l"" 'I'”l""”E‘E"l""";'_:""'1'!"E|”""I"'E
largest). After passing the last maximum, the valuea of (FQ+2d) 1978 year
decreased (or relaxed) and several days later the EQ occurred

when the deviation became nearly zero. Fig. 6. Lunar phase analysis fosre (phase) for the 1978 EQ
The lower part of Fig. 4 which isAte, a”, the amplitude ~ (M=7.0).
instead of phase also shows the similar patterns as the upper
panel.

Case 2: the 1978 earthquakeX(=7.0) pattern in this case is basically similar to that of the Kobe EQ

After having identified a clear propagation anomaly for the shown in Fig. 5.

Kobe EQ, Molchanov and Hayakawa (1998b) further studied
11 cases including the Kobe EQ observed for the same com- . _
bination of transmitter and receiver during 13 years, and Ob_Case 3: the 1980 earthquakelf=6.1)
tained the result that when the EQ epicenter was located close

to the transmission path, and also when the depth of epicentqfigure 7 is the evening TTA¢e, ph) of the VLF propagation
was shallow, then 70-80% of them showed anomalies before, - iig EQ. There is an anomaly which exceededifore

an EQ. We have perfgrmed the similar analysis of the tidaliq EQ. And the anomaly is chosen as a reference point for
effectin the VLF data in Molchanov and Hayakawa (1998b) the analysis. The anomaly appeared 3 days before the EQ and
as done above. Those events are not found to show suchgq day was a full moon — 2 day, which is shown as F-2d in
strict relationship as for the Kobe EQ (mentioned above), but,q figure. The day of same Iunar phase of one month before
all cases are found to show a possible relationship with earth, 4 the day between the two which is the day of new moon
tlde.s. We indicate the results. of these further studies. — 2 day, were added in the figure. The visual inspection does
Figure 6 refers to the evening TT (phasay¢, ph) ofthe ot yield a clear correlation, but the FFT analysis indicates

VLF propagation for the relevant EQ. There are anomaliesyhe periodicity of~30 days, 14 days and 5 days, which might
for which Aze exceed 2 twice before the EQ (as shown by g ggest the effect of earth tides.

black area), and the first (in time) anomaly is chosen as a ref-

erence point of the analysis. The anomaly appeared 10 days

before the EQ and the day was a last quarter moon +2 daygase 4: the 1978 earthquaked =6.1)

which is shown as LQ+2d in the figure. The day of same lu-

nar phase of one month before, and the day between the two

which is the day of a first quarter moon + 2 days are indicatedrigure 8 is the temporal variation of the evening TAt¢,

in the figure. ph) of the VLF propagation for this EQ. There are anoma-
It seems from the figure that the result does not showlies which exceed @ twice just before the EQ, and the first

any strict relationship with the lunar phase, but a day neamnomaly is chosen as the reference point for the analysis. The

1 month before the reference point it took a maximum, thenanomaly appeared 9 days before the main shock and the day

decreasing with passing through 2 small peaks and bottomsyas a last quarter moon — 3 days (LQ-3d). The day of same

taking a minimum, then it increased again and exceeded 2 lunar phase of one month before, and the day between the

Then Ate showed an oscillation with period of 14-15days two which is the day of a first quarter moon — 3 days were

(one half of the lunar period) and 7-8 days, finally decreasedncluded in the figure. Since the pattern is basically same as

and reached the EQ day at the deviation around 0. Thehose for Figs. 5 and 6, the detailed explanation is omitted.

www.nat-hazards-earth-syst-sci.net/9/1733/2009/ Nat. Hazards Earth Syst. Sci., 9, 74132009



1738 M. Hayakawa et al.: The effect of earth tides as observed in seismo-electromagnetic precursory signals
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Fig. 8. Lunar phase analysis fatze (ph) for the 1978 EQX=6.1).

Cases 5 and 6: the 1990 earthquake{=6.4) and the 1989 et al., 2002). The figure shows that on 9 January 1995 that
earthquake (1/=6.0) is 8 days before the EQ, anomalies of ELF, VLF, LF and HF

radio emissions as well as atmospherics (indicated by light-

These are the cases for which no anomalies were detected bBing) were observed. These phenomena are indicated by a
fore the EQs in Fig. 9, which can be used to understand thdlue box, and they are thought as precursors to the EQ.
background (or normal) situation. The observed patterns for On 7 December 1994 that is one month before 9 January,
these cases are the ones which do not show any maximurﬁhere were also observed anomalies of VLF, LF and HF ra-
minimum-maximum pattern nor th@bnoma]y one month dio emissions as well as atmOSpheriCS. The first anomaly

before the EQ. They are quite different from the cases ex-appeared on 9 January which corresponds to a first quarter
plained above. moon. The same lunar phase day of one month before is

10 December. So the anomalies in December and January
3.3 Anomalies observed in other frequencies atthe 1995 are found to have occurred under the similar lunar phases.
Kobe earthquake Besides the measurements show a maximum-flat-maximum
pattern, which is similar to the measurements of VLF in the
Many types of anomalies were reported for the Kobe EQ, and?revious subsection.
Fig. 10 is a summary of those different phenomena (Nagao

Nat. Hazards Earth Syst. Sci., 9, 173341, 2009 www.nat-hazards-earth-syst-sci.net/9/1733/2009/
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. (Jan. 15, '95) The following findings have emerged from this study.
Dec.7,'04 Y995 T eq
5 | 1. ULF geomagnetic anomalies are found to show a
U & WRRMITITORRE | W) P O maximum-minimum-maximum pattern in synchronism
: ‘ ¥ i VLE (Fujiravwe, Hask) with the lunar phase of the EQ during several months
2 ¢ I before its occurence.
- " Ry - ot oy 5.!. g i s B el wdidhid]
3 | | VEFOla 1 2. VLF/LF propagation anomalies are also found to ex-
e Jm o s hibit the similar variation as that of ULF emissions,
) = TFo%e ) but not so clear as compared with the ULF emissions.
4 = me Sometimes we have found some shift with the lunar
> phase and more irregularities in the variation. The de-
i I VI [ ooty ey viation from the average value is found to increase with
3 3 J A JL ! time, thus the peak before the EQ is the largest deviation
0| SO X i usually exceeding®. After this peak we observe some
H HE (Meda. Nishi-Harimal oscillations and there will be the occurrence of an EQ
6 5 around the time when the deviation is just around zero.
- . I T
o] e Jg Mo (e CHoctd 3. Radio emissions at different frequencies (ULF, VLF,
7 gfi\/\/"\-/\/-\.ﬁ/ LF, VHF, etc.) are found to contain the similar tidal
T==s J modulation.
: VHF-FM (Kushida Y stugatckel The lunar tidal effect in EQ triggering is recognized re-
8 Mﬂ- cently in the field of seismology (Tanaka et al., 2004), in
oo o I T ‘f"-"""j"‘ which this effect becomes very apparent only before a large
y B n By s . EQ. Similarly, there have been accumulated a lot of ev-
£ Lightning (Elactric comparizs) . . .
g £ 1 idences on the electromagnetic effects as EQ signatures,
z ] e N l e o which are believed to be very complimentary to the EQ me-
= e chanical phenomena. The initial action of our seismogenic

electromagnetic effects is definitely any mechanical effect in
TP W | Ll . the lithosphere (or around the EQ focal zone), so that such a
fes joM ao 1bi P 10 tidal effect might be involved even in the seismogenic elec-
tromagnetic effects when the lithosphere is just at a critical
Fig. 10. Electromagnetic phenomena for the Kobe EQ (15 Januaryor at a super-critical stage. This is our initial motivation of
1995). Radio emissions at ELF (Row 1), ULF (2 and 3), LF (4), the study.
HF (5 and 6), subionospheric VLF (Omega(Tsushima)-Inubo) (7)., according to Tanaka et al. (2004), the tidal effect is likely
_over-horlzon VHF (8), lightning (9) and seismicity (10). 9 January to be clearly seen for huge EQs (with larger magnitude) in
Is an anomalous day (marked by a blue box). which the focal zone is well self-organized to a critical or
a super-critical stage. We have already known that both of
_ . _ ULF electromagnetic emissions and ionospheric perturba-
4 Conclusion and discussion tions as seen by VLF signals are only observed for huge EQs
i ) . (at least with magnitude greater than 6.0 or so) (Hayakawa
We have found the first evidence on the effect of earth tides,; 51 2007: Maekawa et al. 20086), so that we have analyzed
in the VLF/LF propagation anomaly for a particular huge EQ o+ former data satisfying this EQ magnitude criterion in this
(named 2005 Miyagi-oki EQ) (Muto et al., 2009), so that analysis.
we have tried to generalize this study to a much more data 14 jithospheric phenomenon of ULF emissions is found
set. We have studied a few categories of seismogenic €fgy gupihit 4 rather clear modulation of earth tides, which
fects. First, ULF emissions from the lithosphere or the EQmeans that the ULF emissions observed for the 1993 Guam
focal region are treated, which are directly associated withEQ and 2000 Izu EQ swarm are clearly modulated by earth
the tectonic (or mechanical) effect (probably microscopic, qes one and two months before the EQ. This, in turn, leads
not macroscopic) of the lithosphere. Secondly, we have trieq, 1,4 jgea that the presence of tidal modulation would be a
to find our any tidal effects in the subionospheric VLF/LF o\ orong support to that those emissions are highly likely
propagation data indicating the seismo-ionospheric perturbag, e seismogenic and to be attributed to some effect like mi-
tions. Finally, we have examined the tidal effectin the Overa"crofracturing (Molchanov and Hayakawa, 1995, 1998a) as
observations for the Kobe EQ. the mechanical effect (though probably microscopic) in the
lithosphere. We have already known that the lithosphere for

—
o
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a huge EQ is well self-organized up to a critical or a super-Gufeld, I. L. and Marenko, V. F.: The short-time prediction for the
critical stage by means of former fractal analyses (Hayakawa time of strong earthquakes with the help of radiowave technique,
etal., 1999; Smirnova et al., 2001, 2004; Kapiris et al., 2002; Doklady RAN, 323, 1064-1070, 1992.

Gotoh et al., 2003, 2004; Ida et al., 2005, 2006; HayakawaGUfe“j: I. L., Gusev, G., and Pokhotelov, O.: Is the prediction
and Ida, 2008). Because the focal zone is well self-organized, ©f €arthquake date possible by VLF radio wave monitoring
we are ready to anticipate the generation of different kinds Method?, in: Electromagnetic Phenomena Related to Earthquake
of seismogenic electromagnetic phenomena. Especially, the Prediction, edited by: Hayakawa, M. and Fujinawa, Y., Terra Sci.

. . ission is the di f th Publ. Comp., Tokyo, 381-390, 1994.
seismogenic ULF emission is the direct consequence of t (Iaﬂayakawa, M.: Electromagnetic Precursors of Earthquakes: Re-

lithosphere (or mechanical (microscopic microfracturing) ef- ey of Recent Activities, Rev. Radio Sci. 1993-1996, edited
fect), and this is the reason why we have observed a clear py: Stone, W. R., Oxford Univ. Press, 807-818, 1997.
tidal effect. The identification of such a clear tidal effect Hayakawa, M. (Ed.): Atmospheric and lonospheric Electromag-
might offer an important physical indication that those ULF  netic Phenomena Associated with Earthquakes, Terra Sci. Pub.
emissions reported before are highly likely to be precursors Co., Tokyo, 996 pp., 1999.
of EQs. Hayakawa, M.: Electromagnetic phenomena associated with earth-
On the other hand, the VLF/LF data suggesting the pres- quakes: A frontier in terrestrial eIe_ctromagnetlc noise environ-
ence of seismo-ionospheric perturbations are found to show_Ment: Recent Res. Devel. Geophysics, 6, 81-112, 2004.
the similar tidal modulation. However, the effect is not so Hayakawa’ M.: VLF/.LF radio sounding of ionospheric perturba-
. . . tions associated with earthquakes, Sensors, 7, 1141-1158, 2007.
clear as compared V\_”th the, case of l'_JLF §m|s§|0ns in SuCq—layakawa, M., Hattori, K., and Ohta, K.: Monitoring of ULF (ultra-
a way that we sometimes find a certain _Sh'ﬁ with respect to low-frequency) geomagnetic variations associated with earth-
the lunar phase, the presence of some higher frequency mod- quakes, Sensors, 7, 1108-1122, 2007.
ulations. This is easy to understand because the modulatioqayakawa, M. and Sato, H.: lonospheric perturbations associated
is not direct as in the case of ULF emissions, but it might with earthquakes, as detected by subionospheric VLF propaga-
propagate through the atmosphere and up to the ionosphere. tion, in: Electromagnetic Phenomena Related to Earthquake Pre-
We believe that the study in this paper would offer a bridge  diction, edited by: Hayakawa, M. and Fujinawa, Y., Terra Sci.
between the seismological (or mechanical) effect and our Publ., Tokyo, 391-398, 1994. _
seismo-electromagnetics effect. Also, the presence of tida\"aya'_‘aVYa’_M- and Molchanov, O. A. (Eds.): Seismo Electromag-
effect would be of essential importance in obtaining fur- r;cijtgsflc;lf;gsg;?rsft%%zphere-lonosphere Coupling, TERRA-
ther confident confirmation of those effects s_eemlng to be ar?—|ayakawa, M. and Molchanov, O. A.: Seismo-electromagnetics as
EQ_ precursor. Of course, we have to mention that we have a new field of radiophysics: Electromagnetic phenomena associ-
to 'nclr)e?jse the number of events large enough to persuade geeq with earthquakes, Radio Science Bull., 320, 8-17, 2007.
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