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Abstract: ULF (ultra-low-frequency) electromagnetic emissisnrecently recognized as
one of the most promising candidates for short-tearthquake prediction. This paper
reviews previous convincing evidence on the presefd¢JLF emissions before a few large
earthquakes. Then, we present our network of ULmitoong in the Tokyo area by
describing our ULF magnetic sensors and we fingllgsent a few, latest results on
seismogenic electromagnetic emissions for recergelaarthquakes with the use of
sophisticated signal processings.
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1. Introduction

It has been recently reported that electromagmpét@omena take place in a wide frequency range
prior to an earthquak® ~® and these precursory seismo-electromagneticteftee expected to be
useful for the mitigation of earthquake hazardssi&dly there are two principal methods of
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increase a few days before the 1st earthquake.l&Birsharp peaks are seen for the subsequent
earthquakes with magnitude greater than 6.0. Taregal behavior seems to be in close agreement
with Fig. 1, which indicates that this variatiorrédlecting the crustal activity in this district.
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Figure 3. A ULF network in the Kanto (Tokyo) area. A triarghdicates the installation of an
induction magnetometer and a circle, the torsigetynagnetometer. Kakioka observatory is equipped

with induction magnetometers. A box indicates thggate magnetometer.

Figure 4. Polarization results at Tarumizu, Chichijima arah®in. (a) Temporal evolution of regional
seismicity, (b) temporal variation of polarizati(®y/Ss, 0.01Hz) at Chichijima and Darwin (thin lines)
and at Tarumizu (thick line), and EKp variation.
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Figure 5. Result of principal component analysis with the agthe H component data observed at
three stations. The upper panel indicates the temhpwolution of the third principal componenf).
The enhancement i is seen from the middle March to the middle Jdokgwed by a quiet period
one week before the 1st earthquake, by a quiedghene week before the 1st earthquake and by a
sharp increase a few days before the 1st earthg(lgkéeomagnetic activity (Ap).

3.3. Direction finding (magnetic field gradient retl)

The objective of the above two methods was jusidémtity the presence of seismogenic ULF
emissions, but we have to convince others thatldtected ULF emission is much more likely to be
associated with an earthquake if we could locagdr tipeneration point. We have performed the so-
called direction finding for the ULF emissions ftire above-mentioned Izu peninsula earthquake
swarm. We have used the same local array netwarkistiing of, at least, 3 stations in the Izu and
Boso peninsulas. By measuring the gradi¢ht® of horizontal and vertical components of the
magnetic field at different frequencies (or periodsFig. 6 (ordinate)), we deduce the direction of
azimuth from the normal to the observed gradiehe flesult at Izu is given in Fig. 6. In the figude;
indicates the North direction, +, east and -, wastl Fig. 6 illustrates the temporal evolution wival
directions. The ordinate indicates the occurrerobability of arrival azimuth in the nighttime ped
of 0 h to 6 h. Full lines refer to the vertical qooment, while broken lines, a horizontal component.
Judging from the azimuth distributions, there anmeofse sources. In the Izu array observation, there
generally exists a signal predominantly from Wé&strgga-Bay) (numbered 1 in Fig. 6) (corresponding
to Parkinson vector) in the vertical componentleting the geological contrast between the sea and
land. And for the horizontal component, there ave stationary signals. One is located in the East,
which is directed to the seismo-active region | ¢astern sea of the Izu peninsula (designatedras 2
Fig. 6). The second is the signal from the directod Zenisu, which is designated as 3 in Fig. 6e Th
locations of the noise sources (numbered 1-3 in@igire summarized in Fig. 7. The time goes from
(@) to (e); (a) 4 months before the swarm, (b) manths before the swarm, (c) 12 days before the
swarm, (d) during the swarm and (e) two years dfterswarm. Now we look at the noise designated
as 4 in Fig. 6. This noise is found to be obsemfeout two weeks before the earthquake swarm ((c) in
Fig. 6) due to the volcano eruption of Miyake Islaand these noise emissions are found to have
propagated from the Miyake Island and its occumeiscmost enhanced during the swafsee Fig.
6(d)). Furthermore, we have tried to perform thedtion finding for this noise numbered 4 from the
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Izu and Boso peninsulas. Fig. 8 is the directiodifig results, as the result of triangulations fribra
Izu and Boso peninsula data. The azimuthal diredtiom each peninsula is given by the area within
the two directions in broken lines. The area logtdy the triangulation, is found to be coinciderithw
the active area of the Izu peninsula earthquakemswas the conclusion, the ULF emissions identified
in Figs. 6, 7 and 82 are highly likely to be associated with the swaaativity of Izu peninsula
earthquakes.
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Figure 6. Temporal variation of the occurrence histogrardicéction of arrival (azimuth) by means of
the Izu array. The abscissa is the arrival azinj@tiNorth, +, east and -, west). Time goes from the
bottom (a) to the top (e); (a) February 1st, 20Dth6nths before the swarm), (b) Aprile 10, 20000(tw
months before the swarm), (c) June 14, 2000 (12 Hefore the swarm), (d) July 14-15, 2000 (during
the swarm) and (e) July 5, 2002 (two years aftersthiarm). There are 4 characteristic noise sources

numbered from 1 to 4. The number 4 is the seismog@nission.
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Figure 7. Direction finding results. Different azimuthal éations in Fig. 6, correspond to different
noise sources (numbered 1-4 in Fig. 6).
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Figure 8. Triangulation of the noise source (#4 in Fig. guking the azimuths estimated from the Izu
and Boso peninsula arrays.

3.4. Direction finding (Goniometric method)

The importance of direction finding is again stes®y showing another result for a recent, large
earthquake (Niigata earthquake). This earthquakpdreed at 17:56 JST on October 23 in 2004, and
its magnitude and depth are 6.8 and 10 km. We stimvpresence of ULF emissions for this
earthquake, by using the data form other obsernyaabrNakatsugawa. The three components of
magnetic field (Bx, By, Bz) are measured at Nakgasta ™® by using the same induction
magnetometers like at Izu and Boso peninsulaghieutmportantly different point is that the wavefor
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measurement is being performed in a wide frequéeacyl. That is, the sampling frequency is 100 Hz,
and Fig. 9 illustrates the temporal evolution @& #mission intensity (By component) in the freqyenc
range, &< 0.1 Hz, which shows that the signal intensity xtr@mely enhanced by 3 dB as compared
with the monthly mean during several days fromabet 2 to October 6. This noise seems to be
anomalous. However, we cannot conclude that thass®ciated with the earthquake, even though it
occurs about a few weeks before the earthquaken, Mae performed the direction finding for this
noise by using the goniometer principle by meansaaf horizontal magnetic field components. We
estimated the arrival azimuth by taking the rafi@®/By for the emissions with anomalous amplitude
during 2-6 October. The estimated azimuth (meamejals indicated in Fig. 10. The azimuthal
direction is 55 ° from the East, which is consisteith the epicentral direction. This is indicatigéa
higher possibility that the noise is associatechwtiite earthquake. At present, we are performing the
direction finding for the same emissions from gl 80so peninsulas.
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Figure 9. Temporal evolution of magnetic field intensityNdkatsugawa. The frequency is less than
0.1 Hz. Strong emissions are observed from OctBher6. EQ indicates the earthquake time.
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Figure 10. Goniometric direction of ULF noises during 2-6 @mtr as seen from Nakatsugawa.
The epicenter is also indicated, for the sake offgarison.
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4. Characteristics of seismogenic ULF emissions and generation mechanism

A large number of papers on seismogenic ULF emissitave been published since the famous
earthquakes, Spitack, Loma Prieta, Guam, and snghper we have reviewed mainly our published
results. We can summarize the characteristics isfregenic ULF emissiondased on not only our
results, but also previous foreign res(fitd.

(1) There is no doubt that ULF emissions take psca precursor to a relatively large earthquake. T
sensitive distance (R) is 70-80 km for magnitude.Gs and ~ 100 km for magnitude = 7.0. The

empirical threshold of detection in Fig. 2 is giu@n0.025 R< M -4.5.

(2) The ULF emissions for large earthquakes (withgmtude greater than 6.0), seem to exhibit a
typical temporal evolution. First of all, we havdist peak one month to a few weeks before the
earthquake, followed by a quiet period and a sicguift increase in amplitude a few days before the
earthquake.

(3) The amplitude of those seismogenic ULF emissienfound to range from 0.1 nT to a few nT.
However, their frequency spectra are not well usided; that is, what is the predominant
frequency? Recent studies indicate the importahtfeedrequency of 10 mHz (period of 100s).

(4) The observation of ULF emission is a local nueasient. So that, only when our observing station
happens to be very close to the earthquake epicewt can detect seismogenic emissions.
Otherwise it is impossible to detect any seismageniission, and this is the reason why we do not
have abundant data set as is summarized in Fihe€case of Niigata earthquake, does not follow
the above-mentioned threshold, so that we havehiok tof the generation and subsequent
propagation for this case.

We next review the generation mechanism of seismoddl F emissions. It has been proposed that
the ULF emission is generated by a mechanism wiaghires the charge separation (as an ensemble
of small antennas) due to microfracturing by tliesst change in the focal region before the eartegua
14 According to their theoretical estimate, the UtrRission can be detected within 60 km for M = 6
and 100 km for M =7. This theoretical estimatensgdo be in good agreement with the above-
mentioned experimental threshold in Fig. 2. Whenrtdio emission is generated at the source region,
it should be wide-banded. However, the higher-fezgpy components decay during the propagation in
the lithosphere, which results in the possible ctige of ULF emissions near the Sarth’s surfdde
Another possible mechanism is electro-kinetic ¢ffé¢ We cannot say, at the moment, which one of
these two representative mechanisms is more prelzbthe generation mechanism of seismogenic
ULF emissions. Then, we commnet on another aspetheo preparation process of earthquakes.
During this preparation phase, the lithosphere mewn to exhibit a self-organized criticality
phenomenon. That is, we expect the microfractunmghe focal region due to the stress increase,
followed by the growth and coalescence of micrdesad his process is thought to be involved in the
generation of ULF-emissions. This nonlinear progagke lithosphere can be tackled with the use of
fractal analysi§'”. The results from fractal analysis are preferasken into account in the generation
mechanism of seismogenic ULF emissions.
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5. Futuredirection on a networ k of magnetic field observation (three components)

In Japan some institutes (magnetic observatoriesgmg to JIMA, Institute of Geological Survey,
etc.) have been continuing the magnetic observatitim 3 components, but their sampling rate is too
low (sampling of 1 minute). Also, Japanese unitiErsihave their own networks of observations, but
they are interested in the measurement of totalnetag flux with the use of proton fluxgate
magnetometers in the field of solid earth physiiesorder to apply the magnetic field observation to
earthquake prediction, it is desirable to (1) obsehree components of the magnetic field, (2) damp
the data, at least, once per second, and (3) abseevmagnetic field with resolution of less th&n 1
pT.

Further, we have to take care of other effects;need the information on solar-terrestrial effect
(geomagnetic variation, geomagnetic storms) inntlagnetic monitoring of seismic activity. We have
found that there were observed significant geomagnariations before relatively large earthquakes.
So that, it is quite necessary to estimate acdyrtite temporal/spatial characteristics of the algrby
simultaneous monitoring of solar terrestrial efeitom the ground and from spdt8

6. Conclusion

It is believed that the ULF emissions take placéhim lithosphere in association with earthquakes,
but the problem will be the elucidation of theimgeation mechanism. In this direction we first need
much more convincing data for the study of genematmechanism on the basis of the definite
distinction from man-made noise, geomagneric effetter noises etc. Because we have established a
rather dense network mainly in the Kanto (Tokyogaamwith highly sensitive sensors. As the
conclusion, it is found that the polarization as@yis of extreme use with the simultaneous use of
remote stations in the sense of identificatione$mogenic ULF emission. Further, it is importamt t
investigate the spatial and temporal scales ofetlemsissions by the simultaneous use of the data at
multiple stations and also to determine the soveggon of the noise by means of direction finding.
Finally, it is also desirable to compare the ULHss®wgenic emission with other seismogenic
phenomena at different frequencies and to perfdren doordinated analysis with the seismic and
geological data for the complete understanding leCteomagnetic phenomena associated with
earthquakes and volcano eruption.
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