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ABSTRACT

Despiteitsextremeimportance and year s of effort, practical short-term
earthquake prediction still remainsto be seen. However, research in earth-
quake-related electromagnetic phenomena have recently shown that such
phenomena make for a promising candidate for short-term earthquake
prediction. Thereis a good deal of accumulated evidence of precursory
signaturesin awide frequency range (DC-VHF). ULF geomagnetic change
is one of the most promising phenomena and it suggests that short-term
prediction isrealizable. Thisreport first reviews earlier observational facts
and presentsthe latest resultsin detection of UL F emissions by means of
sophisticated signal processing. Finally, we discuss the possible gener ation
and propagation mechanism of earthquake-related ULF signals.

(Key words: Short-term earthquake prediction, Earthquake-related electromagnetic
phenomena, UL F geomagnetic change, UL F emissions, Sophisticated signal processing)

1. INTRODUCTION

Short-term earthquake prediction seems difficult by means of conventional elastic
measurements. Therefore, new approaches and/or observable phenomenato assist in predic-
tion are highly desirable. Electromagnetic phenomena are now considered a promising candi-
date for short-term prediction of large earthquakes (e.g., Hayakawa and Fujinawa 1994,
Hayakawa 1999, Hayakawa and Molchanov 2002). Research stimulated by Japan’ s two earth-
guake Frontier Projects [International Frontier Research on Earthquakes by the Institute of
Physical and Chemical Research, hereafter known as RIKEN (Uyeda 2003) and Earthquake
Remote Sensing Frontier by the National Space Development Agency of Japan, hereafter known
as NASDA (Hayakawa 2001)], has led to an accumulation of observational reportson earth-
guake-related electromagnetic studies in a very wide frequency range all over the world.
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Measurements of el ectromagnetic phenomena can be classified into three types: (1) passive
ground-based observation for lithospheric emissions in a wide frequency range from DC to
VHF (Fraser-Smith et al. 1990, Bernardi et al. 1991, Molchanov et a. 1992, Kopytenko et .
1993, 1994, Lighthill 1996, Hayakawa et al. 1996a, Kawate et al. 1998), (2) ground-based
observation with the use of transmitter signals as active monitoring of seismo-atmospheric
and seismo-ionospheric perturbations (Gokhberg et al. 1982, Gufeld et al. 1994, Hayakawa et
al. 1996b, Molchanov and Hayakawa 1998), (3) satellite observations of plasma perturbations
and radio emissions associated with earthquakes in the upper atmosphere (Galperin and
Hayakawa 1996, Parrot 1999).

This paper dealswith ULF anomalies associated with large earthquakes. UL F phenomena
provide a promising tool for earthquake-related el ectromagnetic studies as such emissions
come from the crust of the source region. There has been a good deal of accumulated and
convincing evidence of ULF magnetic signatures before large earthquakes as evidenced by
the following studies: Fraser-Smith et al. (1990), Kopytenko et a. (1992), Molchanov et al.
(1992), Hayakawa et al. (19964), Kawate et al. (1998), Hayakawa et al. (2000), Uyeda et al.
(2002), Gotoh et a. (2002), Hattori et al. (2002).

Similar electromagnetic phenomena are associated with volcanic activity. Since source
regions are well known for their volcanic activity, observation is easier than in seismic cases.
Electromagnetic phenomena associated with vol canic activities have been summarized in the
works of Johnston (1997) and Zlotnicki (2003).

Although, before the 1989 Loma Prieta earthquake in California, geomagnetic anomalous
changes associated with large earthquakes had been reported, these mainly dealt with anoma-
lous change in transfer functions before earthquakes and pointed to the possibility of changein
underground electrical structure.

The aim of this paper is to summarize ULF geomagnetic phenomena associated with
large earthquakes, based mainly on historical experimental facts that have occurred post
Johnston’sreview (1997). In particular, the latest results from Japan will be reported. In addition,
possible mechanisms and propagations are discussed. Finally, future tasks will be proposed
for further research in thisfield.

2.ULF MAGNETIC CHANGESTHAT MIGHT BE DUE TO ELECTRICAL
STRUCTURE CHANGESUNDER THE GROUND

Itiswell known that alinear relation exists among three components of geomagnetic field
variations observed on the ground:

AZ(w) = A(w) - AX(w) + B(w) - AY (w) , (1)

where AX(w), AY(w), AZ(w) and are geographic NS, EW, and vertical components of geo-
magnetic variations, respectively. These are mathematically complex Fourier components
(e.g., Rikitake and Honkura 1985). This relationship isinterpreted as alinear system that has
two inputs of and AX(w) and AY(w) an output of AZ(w) . The coefficients A(w) and B(w)
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are considered to be invariant at a certain duration and specific to a given station, and are
frequency-dependent complex transfer functions. The transfer functions have information on
the electric conductivity under the ground at a given station. Studies using transfer functions
have usually been conducted for anomalies of the vertical field component. It is called CA
(Conductivity Anomaly) and the induction arrow or the Perkinson vector is used for descrip-
tion of CA, of which length and direction indicate the magnitude of magnetic anomaly and
source direction, respectively (e.g., Rikitake and Honkura 1985).

ATP(0) = | Age() + Bo(0) - @)

Adim(w) = tan ™| Age() / Bro(®)]. 3

Generally, theaim of CA study isto clarify the distribution of electric conductivity in the
crust and mantle. It meansthe conductivity is defined as an invariant property intime. Actually,
time average with intense external field is used to determine CA. But, if the crustal activity
givesriseto some perturbation on the conductivity, the transfer function is expected to change.
Y anagihara (1972) reported that AZ/ AH (the ratio of vertical and horizontal components of
short-period geomagnetic fields) at Kakioka showed an anomal ous change before the Kanto
earthquakein 1923 as shown in Fig. 1. Furthermore, Y anagihara and Nagano (1976) indicated
that there is a good correlation between the temporal variation of the transfer function and
earthquakes with M > 5 that occurred around the K akioka station. On the other hand, Shiraki
(1980) showed no apparent correlation between the transfer function change and the local
seismisity around the Kakioka station from January 1976 to April 1979.

In China, a similar approach has been made. They computed the induction arrow and
showed that the direction of the arrow pointed to alarge earthquake in the future at the source
region (Zhen, Xiaoping, private communication).

As described above, anomalous short-period geomagnetic variation is usually indicated
by an anomalous vertical field (AZ) in Eqg.(1). The time-dependence of the transfer function
associated with earthquakes, estimated by using a reference station which islocated far from
the site and in the aseismic area, may give us some important information. The formulation of
this approach is as follows:

X(0)) (T Ty (@)
Mw=m@€w(mw)

4
AZ(0) ) \Tu(@) Ty (@) | A7) @

where suffix r denotes the reference station and T, is the interstation transfer function. In this
equation, both vertical and horizontal components are shown as alinear combination by using
the interstation transfer functions (ISTF) (e.g., Schmucker 1970). Investigation on the time-
dependence of ISTF associated with earthquakes has been made by Honkura and Beamish.
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Honkurainvestigated the |STF associated with 1978 | zu-Oshima-Kinkai Earthquake (M7.0).
The results showed that the transfer function seemed to have been enhanced prior to the earth-
guake even under noisy conditions (Honkura and Koyama 1978; Honkura 1979). Beamish
(1982) reported the anomal ous change of horizontal |STF preceding the 1979 Carlisle earth-
quake as shown in Fig. 2.

The observed anomal ous changes of transfer functions can be interpreted as the appear-
ance of a conductive areain the focal region preceding an earthquake. An increase of electric
conductivity at the focal areaislikely due to the dilatancy-diffusion (Scholz et al. 1973). That
is, the flow of underground water into the focal region plays an important role. A conventional
transfer function approach may be useful for mid-term earthquake prediction.

Asfor the 1972 Miyagiken-oki earthquake (M7.4) the ratio between observed vertical
component and the theoretically calculated one shows 20% enhanced values about 2 months
prior to the earthquake (Kato et al. 1980, see Fig. 3). They considered this to be based on
anomal ous conductivity change in the source region; however, the values obtained required a
huge change in conductivity, and their results were considered questionable at that time. There
isapossibility that they caught the ULF emissions as described in the next section.
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Fig. 1. Transfer function variation of A valueat Tokyo (1897 - 1912) and Kakioka
(1913-1973). The day of the 1923 Kanto earthquake is indicated by an
arrow. The number of felt earthquakes is aso shown in the lower panel
(Yanagihara and Nagata 1976).
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Fig. 2. The variation of interstation transfer functions C and F values of real part
during 1978 and 1979. B3, B7, B11, and B15 show the period range of
4000 - 2000 sec, 1000 - 600 sec, 250 - 150 sec, and B15: 70 - 50 sec,
respectively. The vertical broken line indicates the 1979 Carlisle earth-
guake (Beamish 1982).



334

TAO, Vol. 15, No. 3, September 2004

200m S00m  1000m

1500m

185 N

Farthquake ~ Epicenter

* . . !
i 3
-

T T 7T

L . se _40s * il REPEG . e
- hc _---L.. _‘. .~'-

. . s .

09 F . *: 1.4 3 = . 1

08} 1978 b3 -1
1 ! + 1 1 1 1 ] 1

| L 1 1 |
Jan.l Feb.l Marl Aprl Mayl Junl Jull Augl Sep.l Octl Nov.l Dec.l

Observed Hz / Computed Hz

08k 1979 - - -
- 1 L 1 1 L ] 1 1 1 l 1 il 1
Jan.l1 Feb.l Marl Aprl Mayl Jun.l Jull Augl Sep.l Octl Nov.l Dec.l
(Day of Month)

Fig. 3. Anomalous geomagnetic change associated with the 1978 Miyagiken-
Oki earthquake (Kato et al. 1984). Top panel indicates the focal region
and the lower panel shows the ratio between computed and observed
vertical component in 1978 and 1979. Theday of the earthquakeis marked
by an arrow.

3. ULF GEOMAGNETIC CHANGESDUE TO ULF EMISSIONS

In the 1990’ s the idea that UL F emissions were associated with large earthquakes became
apparent. This idea opened up possibilities for short-term prediction. Table 1 shows results
from three pioneering works. ULF emission associated with large earthquakes was almost
simultaneously discovered in Russia and America. The first recording of earthquake-related
ULF emission was carried out by a Russian group (Kopytenko 1990, 1993). They reported
anomalous UL F emissions preceding the 1988 Spitak earthquake (M6.9). The second was a
significant observation associated with the 1989 L oma Prieta earthquake (Fraser-Smith et al.
1990, Bernardy et a. 1991). Here, the epicentral distance was small and the focal depth very
shallow resulting in the simple amplitude record showing an apparent anomal ous change.
Figure 4 shows the variation of magnetic intensity at 0.01 Hz (100 second period) band, which
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Table 1. Pioneering works on the ULF emission prior to large earthquakes.

Spitak EQ Loma Prieta EQ Guam EQ
(Kopytenko et al., PEPI (Fraser-Smith et al., GRL, (Hayakawa et al., GRL, 23,
77, 85, 1993) 17, 1465, 1990) 241, 1996)
Day of EQ Dec. 8, 1988 Oct. 18, 1989 Aug. 8, 1993
Magnitude 6.9 7.1 8.0
Depth 6km 15km 60km
Distance 129km 7km 65km
Components 3 components H component 3 components
Frequency range 0.0005-5Hz 0.01-10Hz -0.5Hz
Lead Time Intensity Anomaly 3 — 4 Intensity Anomaly 12 days Polarization(Sz/SH)
days before EQ before EQ Anomaly 1 month before

EQ

Characteristics
(pre-seismic)

Sudden increase
4 hours before EQ

Sudden increase
3 hours before EQ

Maximum level of
polarization(Sz/SH)

Characteristics

Disappear 1 month after

Disappear some months
after EQ

1 month after EQ,
polarization came to

(post-seismic) EQ
normal level

exhibits the first enhancement from 2 weeks to 1 week prior to the earthquake, followed by a
quiet period, and a consequent sharp increase afew hours before the earthquake occurred. The
disturbance lasted about 3 months and then the intensity level recovered to its original level
depicted at the beginning of Fig. 4. The observations had been carried out for more than ten
years and this kind of strange behavior had not been observed previously. They examined
various possibilitiesand finally concluded that the anomaly waslikely related to the earthquake.

A third important event was the 1993 Guam earthquake (M 8.0) (Hayakawa et al. 19964).
Hayakawa et al. (1996) proposed a new method for detecting earthquake-related ULF emis-
sionswith the use of simultaneousrecording of orthogonal three geomagnetic field components.
They demonstrated that the use of theratio (S,/S,,), called polarization, is of essential impor-
tance in discriminating the seismic emissions from other signals such as magnetospheric
variations. Here S, and S, indicate the spectral intensities of vertical and horizontal
components. They found anomal ousincrease in polarization preceding the earthquake as shown
in Fig. 5. Here, the epicentral distanceis about 65 km.

4. RECENT ATTEMPTSAT ULF GEOMETRIC STUDIES PRECEDING LARGE
EARTHQUAKES

In view of the observational facts described in the previous section, the accumulation of
convincing events that indicate the apparent presence of UL F emissions associated with earth-
guakes have been considered highly desirable. For this reason, related projects have been
initiated in several countries.
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Fig. 4. Anomalous geomagnetic change associated with the 1989 Loma Prieta
earthquake (after Fraser-Smith et al. 1990).
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Fig. 5. Anomalous geomagnetic change associated with the 1993 Guam earth-
guake (after Hayakawaet al. 1996).
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In Japan, RIKEN-NASDA's project struggled with the problem after the Kobe earth-
quakein 1995. It isimportant to predict earthquakeswith M = 6 in highly populated regionsto
mitigate disasters. Therefore, it was decided that a network of sensitive ULF magnetometers
with high sampling rates should be installed through out Kanto (Tokyo) - Tokai area with
inter-sensor distances of about 100 km. The clock system at each station is GPS controlled.
Figure 6 illustrates the network. Kakioka station is operated by IMA (Japan Meteorological
Agency). A small L-shaped array has been set with inter-station distance of 5 km in north-
south and east-west directions in each of the western part of 1zu Peninsula and the southern
part of Boso Peninsula. At most of the ULF stations two horizontal electric fields are also
measured simultaneously (Hattori et al. 20044).

Similar ULF magnetometer networks have been installed in Kamchatka, Russia (Uyeda
et al. 2002; Gladychev et al. 2002), Taiwan (Hattori et al. 2002), and Greece (Makris et al.
2003) where agood deal of effort is being expended in ULF magnetic observation.

The following describes recent achievements in ULF emissions studies associated with
earthquakes. It should be emphasized here that pre-seismic anomalies are generally too weak
to be recognized by looking sat raw data and some elaborate data processing is required. Itis
found that several methods, including polarization analysis, principal component analysis and
direction finding techniques, are quite useful for this purpose and that a frequency range of
0.01Hz is useful for monitoring crustal activity.
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Fig. 6. ULF electromagnetic network in the central Japan (after Hattori et al.
200443).
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4.1 Intensity M easur ement

Theintensity at different frequencies can be monitored with an adequate filter. However,
investigation of amplitude seems to be only effective when the observation site is located
close to the epicenter such asin the case of the Loma Prieta earthquake. No similar report has

been reported after the Loma Prieta earthquake.

4.2 Polarization Analysis

Asdescribed in the previous section (the 1993 Guam earthquake), polarization analysisis

Table 2. Summary of polarization analysis.

Kagoshimaken | Iwateken-Nairi | Izu EQ Swarm EQ near Biak EQ Chi-Chi EQ 1zu Istands EQ EQ at Boso
~Hokuseibu kuhokubu EQ Matshshiro (Indonesia) (Taiwan) swarm
EQ
Day of EQ 19970326 19980003 199804 - 03 19980701 19960217 19990921 200006 - 09 20030921
19970513 19980503
Magnitude 6.5 6.1 Max5.7 4.5 8.2(Mw) 7.7(Mw) 6.4(Jul.1) 5.6
(IMA) 6.3 (19980503) 6.1(Jul. 9)
6.3(Jul.15)
Depth 20 km 10 km 10 km 20 km 20 km 10 km shallow
Distance 65 km 15 km 30 km 25 km 100 km 135 km 70-150km
Magnetomcte Fluxgate Fluxgate Torsion Induction Fluxgate Fluxgate Torsion Torsion
r 1 Hz samp. I Hz samp. 50 Hz samp 85 Hz samp 1 Hz samp. 1 iz samp. 50 iz samp 50tz samp
Frequency 0.01- 0.005- 0.01- 0.01- 0.01- 0.01 Hz 0.01- 0.01 Hz
range of 0.03 Hz 0.01 Hz 0.03 Hz 0.03 Hz 0.03 Hz 01 Hz
anomaly
Characteristic | Intensified a Intensified one PCA: A3
s few weeks day before the intensified the
(Intensity) beflore the 1™ EQ in day or a lew
EQ in Z comp. horizontal days prior to
comp. M6-EQs
Characteristic | Increase a few | Increase 16 increase a few Increase 2 Increase a few Increase a few Not so Increase 3-4
s weeks before days before the | weeks before weeks betore months before | month before apparent weeks before
(Polarization) | the 1™ EQ. EQ. the 1" EQ. the EQ. the EQ. the EQ. the EQ.
The 1™ EQ The Swarm The EQ
occurred at the | The EQ occurred at the occurred after
decreasing occurred at the | decreasing recovering the
stage ol decreasing stage of polarization
polarization stage of polarization level.
polarization
Solar Activity Quiet Quiel Active (during Quiet Quiet Quiet Active (allet Quiet
before the EQ May 1-7) July 15)
Other -DC electric -Acoustic ~Direction
Anomalies field anomaly emission Finding
19980820 anomaly Analysis,
{intensified 12 -Fractal
hours before Analysis
the Q) -DC electric
field anomaly
at
Niijima(2004-
07)
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useful for discrimination of earthquake-related UL F emissionsfrom other noise. In dataanalysis,
we have confirmed the existence of ULF changes before earthquakes (EQs hereafter) mainly
through the use of the polarization (S, /S,,). Table 2 shows asummary of polarization analysis.
Some typical results are described in what follows.

4.2.1 Kagoshimaken-Hokuseibu Earthquakes M 6.5 EQ1997/03/26 & M6.3 EQ1997/05/13

Two moderately large earthquakes occurred at 17h31m L.T. on 26 March, 1997 (U.T. =
L.T. - 9hours), and 14 h 38 m (L.T.) on 13 May, 1997. Their epicenters had geographic coor-
dinates of (32.0°N, 130.3°E) and (31.9°N, 130.3°E), respectively. A fluxgate type magnetom-
eter measuring 3 components of the geomagnetic field with alHz sampling rate, wasin opera-
tion at Tarumizu Station (31.48°N, 130.72°E), which belongs to Nagoya University. The dis-
tances between the observatory and epicenters were about 60 km. The geographical relation-
ship between the UL F magnetic station and epicenters of the EQsisshowninFig. 7. The ULF
instrument is composed of three ring core type fluxgate magnetometers[H (NS), D (EW), and
Z (vertical) component] and the waveform data were recorded. Details of the magnetometer

12¢° 130° 131° 132° 133°
T Tarumizu = N “‘J

I Fluxgate type Maynetometer || . .}1‘,‘1’%:
33° J % 330 1sec Sampling = ) Fr’% =l ol

' g et \*ﬂ

it '- IR L
I s ® I
J;-'/"-_ '

| F

320 Kagoshima EQs & 3z ' Chichijima I

Fluxgate type Magnetometer

1sec Sampling

Hyuga EQs

|

J 7a [
2 o°
o -
. . ?hxi:xrwiu |
> o Wl LB sl
s 1 P Y - aa
O M=s0 / Tanegashima EQs I asecers / : ]
; A
O M=40 O 15’ ,f,.?. t‘% ]
Depth= 100km %o i J \
30 oma) @) o) 30° res b
Aug.19,1996- Km x # | o 1000 £ j
R g 30 % 105°E 120°E 135°E 150°E
129° 130° 131° 132° 133°

Fig. 7. The 1997 Kagoshimaken-Hokuseibu earthquake and the nearest and re-
mote geomagnetic stations.
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system is reported by Yumoto et al. (1992). These EQs occurred in northwestern Kagoshima
Prefecture (Fig. 7). Figure 8 shows the time change of released seismic energy in terms of M
and a 10 day backward running average of polarization (S,/S,, in 0.01 Hz band) of night time
ULF magnetic data at Tarumizu (r ~60 km, Fig. 7). Itis clearly observed that the polarization
showed a remarkable pre-seismic enhancement. Similar curves for Chichijima Island in the
Bonin Islands 1200 km away from Darwin, Australia (geomagnetic conjugate point to Tarumizu)
did not exhibit such an enhancement, supporting that the change at Tarumizu was associated
with the Kagoshima EQs (Hattori et al. 2002).

4.2.2 Iwateken-Nairiku-Hokubu Earthquake M6.1 EQ1998/09/03

In this section, we will present an example of the observed data relating to the Iwateken -
Nairiku-Hokubu EQ that occurred in the vicinity of Mt. Iwate in the northern part of Honshu

140° 4 142°
41° 41°
—~
)
[
o
N
[
=)
£
E
2
a
£
%D‘ ‘;09‘ 7 . ey M 40C
8 f! = gMatsukawa ‘
Meé. i%iﬂt‘ Iwate
) ¢ -
L} Yooy
oy
Loy km ,
o i/’j‘i 40 80
C4e PR “re 142

| Geographic longitude (deg.)

Fig. 9. The relative location between the epicenter of the 1998 Iwateken-
Nairikuhokubu earthquake and Matsukawa station.
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Island (M = 6.1, Depth ~10 km, 3 Sept., 1998). The epicentral distance from the Matsukawa
station (MTK) was about 15 km. Figure 9 shows the map. ULF magnetic phenomena associ-
ated with this earthquake were observed (Hattori et al. 2004a), as well as anomalous pre-
seismic electric potential change (Uyeda et al. 2000) and co-seismic electric potential and
magnetic field changes (Nagao et al. 2000). A five day running average of polarization (S,/S,,
in 0.01 Hz band) showed an enhancement reaching three times higher than the usual value
about two weeks before the EQ (Fig. 10). This happens to be about the same time that the
Seismic Electric Signals (SES) were recorded.
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at the frequency band of 0.01 Hz. Five day backward running mean val-
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third panel shows the number of earthquake near Matsukawa station (r <
100 km). The bottom panel indicates the variation of daily regional seis-
micity E/r®, with taking account of hypocentral distance r (Hattori et al.
2004a).
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Fig. 11. The geomagnetic anomalous change associated with the 1999 Chi-Chi
earthquake. The long-term variation of polarizations S, /Sy, at the fre-
quency band of 0.01Hz is presented: (a) The epicenter and the station,
(b) The variation of polarizations S, /Sy, at the frequency band of 0.01
Hz, (c) The variation of ¥ Kp, (d) Regional daily sum of seismicity in
terms of magnitude.

4.2.3 Chi-Chi Earthquake M6.1 EQ1999/09/21

ULF geomagnetic data associated with the 1999 Chi-Chi EQ (M7.6) in Taiwan is
investigated. The epicentral distance is about 135 km and a three-component magnetometer
was in operation. Polarization analysis was carried out and it exhibited a significant enhance-
ment about two months before the EQ (Akinaga et al. 2001, see Fig. 11).

4.2.4 Biak Earthquake M8.2 EQ1996/02/17

Polarization analysis associated with the 1996 Biak EQ (M 8.2), Indonesia is investigated
(Hayakawa et al. 2000). The result shows that the enhancement of polarization occurred about
one month prior to the EQ.
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4.3 Principal Component Analysis of the 2000 Izu Volcanic-Seismic Activity in the l1zu
Island Region

Swarm seismic activity started on June 26, 2000, simultaneously with volcanic activity
at Miyake-jima Island. It quickly spread northwestward from the Miyake-jima Island to
Toshima Island via Kozu-shima and Niijima Islands. Within the three month period of activity,
more than 10,000 earthquakes (M > 0), including five events with M = 6, were recorded (Fig.
12).

Three-component geomagnetic monitoring was conducted by the array networks in west
Izu Peninsula and south Boso Peninsula, each array consisting of three closely spaced (~5
km) stations with identical sensors (Fig. 12). Principal component analysis (PCA) has been
applied to the ULF geomagnetic data of the 1zu Peninsula array (Gotoh et al. 2002, Hattori et
al. 2004b).

The first principal component was found to be a signal originating from solar-terrestrial
effects, whereas the second principal component represented local artificial noise. It was also
found that the smallest third component in the local midnight data indicated an increase in the
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Fig. 12. ULF magnetometer array and the 2000 Izu Islands earthquake swarm.
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eigenvalue a few days before the large earthquakes (Earthquake M6.4 EQ2000/07/01, Earth-
guake M6.1 EQ2000/07/09, and Earthquake M6.3 EQ2000/07/15). Also about three months
before the beginning of the swarm activity, the level of the third eigenvalue was slightly en-
hanced (Fig. 13). Correspondingly, the pattern of eigenvector direction in the signal subspace
was changed simultaneously and recovered to the original state after the swarm (Hattori et al.
2004b). The corresponding electric field changes have been detected in the same frequency
range (Uyeda et al. 2002).

4.4 Direction Finding Analysis of the 2000 Izu Volcanic-Seismic Activity in the lzu
Island Region

Direction finding is an important analysis allowing for estimations in the direction of
wave arrival. The direction finding used for ULF magnetic fields is based on the measurement
of the magnetic fields observed at three stations in the small array as shown in Fig. 12
(Ismaguilov et al. 2001, 2003, Kopytenko et al. 2001, 20023, b).

The result is illustrated in Fig. 14. The horizontal and vertical axes indicate the azimuth
angle and the probability of wave arrival, respectively. The solid and broken lines correspond
to the vertical and horizontal components at periods, respectively. The alphabetical order shows
the time sequence and (d) indicates the active seismic period and (e) corresponds to the two
years after the seismic active period. This figure shows that a few weeks before the swarm
activity, the gradient-frequency response pattern of the vertical component apparently changed.
That of the horizontal component shows that the additional signal source region appeared
some months before the swarm activity and the possibility of signal reception is enhanced a
few weeks before the activity. After the activity, the source region disappeared and the gradi-
ent-frequency pattern returned to normal. In contrast to the usual noise coming from the north
(Izu Peninsula), the signals received in the summer of 2000, as in Figs. 14c, d, were coming
from the direction of the swarm activity.

By using direction finding results from the arrays at I1zu Peninsula and Boso Peninsula,
the future focal region is found to be in the area of the cross-section of possible directions of
wave arrival as shown in Fig. 15.

These results show that direction finding is of great significance in ULF magnetic studies
preceding earthquakes.

4.5 Fractal Analysis

The use of the fractal analysis is based on the concept of self-organized criticality. The
fractal analysis approach for ULF geomagnetic study was proposed for the 1993 Guam and
the 1996 Biak earthquakes by Hayakawa et al. (1999, 2000). In their approach, the fractal
dimension is estimated by using the slope of the power spectrum. Direct physical interpreta-
tion is not so easy but it seems useful in order to support or increase the reliability of the
observational facts.

Quantitative methods for estimating the fractal dimension are proposed by Smirnova et
al. (2001) and Gotoh et al. (2003). Gotoh et al. (2003) applied them to the ULF magnetic data
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Fig. 15. Direction finding result using Izu and Boso arrays.

associated with the 2000 Izu Islands earthquake swarm. Gotoh et al. (2003) suggested that the
Higuchi method was the best way to estimate the fractal dimension.

5. SUMMARY OF ULF GEOMAGNETIC EMISSIONS PRECEDING LARGE
EARTHQUAKES

In this section, recent results based on the ULF emission concept, which are mainly from

Japan’s RIKEN and NASDA'’s Frontier Project, are summarized.

(1) Practical basis for a regular ground ULF electromagnetic field monitoring system has been
established in Japan. It consists of the Kanto-Tokai network composed of sensitive sensors
with high sampling rates and intersensor distances of 5 km, 20 km, and 100 km.

(2) ULF magnetic data associated with earthquakes have been analyzed with fairly sophisti
cated signal processing procedures. Convincing results on the existence of anomalous ULF
magnetic changes have been obtained for several earthquakes such as the Kagoshimaken-
Hokuseibu EQs, the Iwateken-Nairiku-Hokubu EQ, the Izu EQ swarm, the Biak EQ, the
ChiChi EQ, and the Izu Island EQ swarm.

- 0.01 Hz band is effective for crustal monitoring.

- Enhancement of polarization (intensity ratio of vertical and horizontal components) starts
a few weeks preceding the main shock.

- A tendency for increased horizontal components exists just before an earthquake.
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(3) Principal component analysis has been adopted to the horizontal component data observed
at the lzu array network with intersensor distance of 5 km.

- A few days before M > 6 earthquakes, anomalous behavior was detected in the smallest
eigenvalue \@ during the Izu earthquake swarm in 2000.

- Slight increase at \Ws from mid-February 2000.

- Pattern of eigenvector at the period of enhanced \@ is different from that of no en
hancement of /2, .

(4) Gradient analysis is effective for direction finding. A few weeks before the swarm activity,
the gradient-frequency response pattern of the vertical component is changed. That of the
horizontal component shows an additional signal source region some months before the
swarm activity and the possibility of signal reception is enhanced a few weeks before the
activity. After the activity, the source region disappears and the gradient-frequency pattern
returns to normal.

(5) ULF emissions can be detected, according to the experimental results obtained so far
(including not only RIKEN/NASDA'’s but also others’ results), when the condition
0.025R < M - 4.5 is satisfied, where M is magnitude of the EQ and R is epicentral distance
(See Fig. 16). During RIEKN/NASDA’s study period, there have been 6 EQs which were
reasonably expected to show pre-seismic signatures. Out of these, 5 EQs actually showed
the signatures. These earthquakes and results are shown in Table 3.

Table.3. List of earthquakes with the anomalous behavior in ULF geomagnetic
fields (polarization), when RIKEN/NASDA'’s network system was in
operation and its results. The earthquakes satisfied 0.025R < M - 4.5
are collected. (including Kagoshimaken-Hokuseibu EQ).

Magnitude Day of EQ Distanc | Depth | Appearance of anomaly
e

Matsukawa Station (June 1998 -)

M6.1 EQ19980903(Iwateken-Nairikuhokubu EQ) [15km  |10km |@©

Boso stations (Feb. 2000-)

M5.8EQ20030920 [72km  [70km |©

Izu stations ( Temporary measurement in 1998-1999, Feb. 2000- )

M5.7EQ19980503(Izu Swarm EQ) 25km | 20km |©

M6.3EQ20000715(1zu Islands Swarm EQ) 70km 10km | O (PCA, DF, Fractal)

Kagoshima station (Nagoya Univ., )

M6.5EQ19970326 (Kagoshimaken-Hokuseibu EQ) 65 km 20km |©

M6.3EQ19970513 (Kagoshimaken-Hokuseibu EQ) 65 km 20km | O
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6. POSSIBLE PHYSICAL MECHANISM

The origin of ULF electromagnetic field changes associated with EQs has been theoreti-
cally investigated by several scientists. Although presented models seem to explain some
specific aspects of the ULF observations, no complete theory is so far available. There are at
least three mechanisms which have been proposed for the generation of earth currents as sources
of ULF emissions: (1) Electrokinetic effects (e.g., Mizutani and Ishido, 1976; Mizutani et al.
1976; Fitterman 1978, 1979, 1981; Ishido and Mizutani 1981; Dobrovolsky et al. 1989; Fenoglio
etal. 1995), (2) Induction effects (Draganov et al. 1991; Surkov 1999), and (3) Microfracturing
effects (Molchanov and Hayakawa 1995, 1998).

Fenoglio et al. (1995) tried to explain the ULF geomagnetic properties associated with the
1989 Loma Prieta earthquake by electrokinetic effects. They determined the electrical and
magnetic fields generated during the failure of faults contained sealed compartments with
pore pressures ranging from hydrostatic to lithostatic levels. They showed that electrokinetic
effects due to water flow from high-pressure compartments to low-pressure areas are several
orders of magnitude larger than the piezomagnetic and induction mechanisms. Further, they
suggested that stop-and-start fracture propagation, a consequence of the spatial distribution of
the pore pressure within the shear fracture, may explain the short-period ULF signals recorded
prior to the M 7.1 Loma Prieta EQ.

If the intermittent movement or percolation of ionized underground water is generated, it
is possible to explain anomalous behavior like ULF magnetic emissions. Simultaneous mea-
surement with both magnetic and electrical fields could provide evidence for this mechanism.

The induction model explains ULF emissions as caused by electrical currents induced by
conductive material in the geomagnetic field. Draganov et al. (1991) conducted a numerical
calculation on the induction model to explain ULF magnetic fluctuations prior to the Loma
Prieta EQ. They concluded that the observed magnetic fluctuations may occur due to the mo-
tion of ground water within the crust. Surkov and Pilipenko (1999), however, pointed out that
the rock permeability required to explain the observation by the Draganov et al. model amounts
to 10°m?, which is about four orders of magnitude too high even for sands.

The microfracturing mechanism was proposed by Molchanov and Hayakawa (1995, 1998).
The charge separation at opening micro-cracks and the radiation of electromagnetic waves
from the generated micro-current in the future focal region could generate ULF emissions
preceding the earthquakes. They considered the sum of current productions from many small
micro-cracks, assuming that they tend to be aligned by large-scale stress-strain gradients. Each
micro-current results from charge relaxation during micro-crack opening. But the alignment
of micro-cracks should be adequate for polarity and coherency to generate currents large enough
to cause ULF emissions.

Surkov (1999) investigated the possibility of the generation of EM perturbations due to
electric currents during the micro-crack opening. The electric currents are assumed to be ex-
cited due to the crack-induced movements of the conductive medium in the geomagnetic field
and generate magnetic pulses at separate micro-cracks. It was shown that coherent amplifica-
tion of those magnetic pulses can occur under certain conditions. If this is true, it would be an
extremely interesting phenomena.



352 TAO, Vol. 15, No. 3, September 2004

Surkov et al. (2002) also suggested that the acoustic wave radiated by tensile cracks re-
sults in the generation of extrinsic and electric currents in the conductive medium. The
effective magnetic moment of extrinsic current is directed opposite to the vector of geomag-
netic field induction independent on crack space orientation and attenuation factor. This makes
micro-fields coherent in the ULF range. That is, the elastic wave controls the sign (coherency)
of cracks for the electrical polarity.

Tzanis and Vallianatos (2002) proposed that the main source of the electrical current
during fracturing is related to the motion of charged edge dislocations during crack formation
and propagation in rocks under stress. The observable macroscopic ULF field can be gener-
ated by the superposition of multiple simultaneous tiny sources.

The propagation mechanism of ULF emissions is rather considerable because of their
large skin depth. Molchanov et al. (1995) performed model calculations under the assumption
of horizontal structure of underground conductivity and existence of ionosphere and estimated
possible polarization at a remote site for the 1993 Guam EQ case.

Although there is uncertainty about the physical mechanism of ULF emissions associated
with EQs, the current intensity for ULF sources was estimated by using the full-wave method
and a simple Biot-Savart method. Molchanov et al. (1998) and Kawate et al. (1998) estimated
the current source for the 1993 Guam EQ to explain the observed magnetic field. Hattori et al.
(2002) tried to estimate the current density for the 1997 Kagoshimaken-Hokuseibu EQ with
the use of the Biot-Savart approach.

7. FUTURE DIRECTION OF THIS STUDY

It is important to clarify the physical mechanism for ULF emissions associated with
earthquakes. For this aim, the current number of observed ULF events is not enough, so that an
accumulation of ULF events is very important. Applying various methods with multiple inde-
pendent instruments for the same event or at the same time is a hopeful way to make results
more convincing and to increase robustness of anomalous changes associated with earthquakes.

The intensity of ULF events is not so large and the distance between sensors and focal
regions is usually not so close so that some sophisticated signal processing is essentially re-
quired such as polarization analysis, principal component analysis, direction finding analysis,
and fractal analysis as described in this paper.

Further hopeful signal processing approaches can be suggested as follows. The multi-
fractal analysis has been applied to self potential (electric potential difference) data and it
seems to be a powerful tool to identify clusters at anomalous and ordinary stages (Telesca et
al. 2004). This kind of multi-fractal approach should also be applied to ULF geomagnetic data.
The caterpillar method or singular spectrum analysis, which is a kind of time series analysis of
periodicity, and independent component analysis are also powerful techniques for signal dis-
crimination (Troyan et al. 2002; Troyan and Hayakawa 2002).

Itis also important to investigate the actual waveform of ULF emissions. For this aim, the
development of intense noise reduction method is important. Harada et al. (2003, 2004) pro-
pose the noise reduction method for global signals, which are originated from solar-terrestrial
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interaction, using the remote reference station. A mathematical model for geomagnetic fields
is also possible for detecting anomalous geomagnetic field changes. Alperovich et al. (2003)
applied wavelet analysis to ULF geomagnetic data in order to detect earthquake-related signals.
For artificial noise reduction, Liu (1999) and Koganeyama et al. (2003) tried to discriminate
DC current driven train noise from magnetic data and electrical data, respectively.

From an observation viewpoint, some test fields like Park Field in the USA should be set
up in seismically active regions such as Japan, Taiwan, Greece, Italy, Kamchatka, Middle
Asia, Mexico, and so on. Simultaneous independent measurements not only in ULF signals
but also on any electromagnetic and seismological changes should be carried out under inter-
national collaboration. As to the ULF measurements, measurements of 2 electric and 3 mag-
netic components with a high sampling rate (< 1 Hz) and high resolution (< 1 pT) are required.
Reference stations in aseismic and quiet regions should be used.

8. CONCLUSION

Although the number of ULF events is still limited, convincing cases of ULF geomag-
netic anomalies associated with EQs are increasing gradually by means of sophisticated signal
processing methodologies. Polarization analysis seems to be a similar approach to the conven-
tional transfer function analysis in Conduction Anomaly (CA) study. CA is based on the in-
vestigation on the electrical properties under the ground and its variation, while polarization
analysis is based on the concept of electromagnetic radiation originating from the current
driven by electrification at the moment of microfracturing and by the movement or percolation
of underground water in a future focal region.

It is essentially difficult to estimate transfer functions accurately with a conventional FFT
approach when the external magnetic fields are not strong enough. Recently, simultaneous use
of wavelet transform and reference data (interstation transfer function) have been effective in
getting around these difficulties (Harada et al. 2003, 2004). A sensitive ULF geomagnetic
network is now in operation over Kanto-Tokai area in Japan. Polarization analysis can be
conducted with the wavelet transform as used in transfer function estimation. An inter-station
transfer function approach can identify the magnetic variations originating from the solar-
terrestrial interaction. Therefore, it is possible to remove the global solar effects of magnetic
pulsations in the ULF range. This will provide the means to differentiate the conductivity
change and ULF emissions. It is noted that a reference station should be located in a seismically
inactive region with a low artificial noise environment.

It is possible to apply polarization analysis to any three-component magnetometer record.
Polarization analysis is a simple methodology but multiple-station analysis is required. Only
single station analysis is not adequate because the appearance of anomalous changes in the
vertical spectrum depends on the relative location of the station and the current source in the
focal region. One of the multiple stations is selected as a reference station in a distant, seismically
inactive area or at the geomagnetic conjugate point.

Morphological features of ULF emissions associated with large EQs are empirically
summarized: (1) ULF emissions tend to appear only for large EQs (probably M > 5.5). (2) The
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intensity is not so large and the most useful frequency is just around 0.01 Hz (period = 100
sec). (3) The typical time dependence of polarization and other indicators are as follows; the
first enhancement or peak appears about one week to one month before the EQ, and then their
level once again calms down. Then EQ occurs. (4) Fig. 16 is the global summary of the inves-
tigation on the pre-seismic ULF magnetic changes, showing the empirical relationship be-
tween M of EQ and epicentral distance of ULF stations. Pre-seismic ULF emissions would be
detected for M > 4.5 EQs which roughly satisfy 0.025R < M - 4.5, where R is epicentral
distance (Uyeda 2003; Hattori et al. 2004a).
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