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Abstract A strong earthquake with a magnitude of 7.6 (M, = 7.3) occurred on Sep-
tember 21, 1999, in central Taiwan. In order to discern any potential precursors before this
earthquake, geomagnetic data at Lunping (LNP), Taiwan, Geomagnetic Observatory sit-
uated 100 km from the epicenter are examined using two methods, i.e., the traditional
induction arrows and complex demodulation. Our results show that the remarkable tem-
poral variation of real induction arrows appear to be strong prior to the great earthquake
over the previous 24 months. After the great earthquake, the magnitudes of induction
arrows decreased to the normal (mean of 8 years) levels. In other words, the direction of
real induction arrows of the periods 30 and 20 min rotated 85° and 40° anticlockwise,
respectively, before the Chi-Chi earthquake and returned to mean direction of last 10 years
after the earthquake. A horizontal source field model using the finite difference method for
3-D shows that the variation of the real induction arrows might be ascribed to the con-
ductivity variation body, which is 5 km buried at the epicenter area of the Chi-Chi
earthquake, changing its conductivity from 0.002S/m to 0.06 S/m. The ratios of modulus
(demodulated by using the complex demodulation method) over a period 12, and 8 h
relative to the period of 24 h reveal a remarkable change that appeared 4-5 months prior to
this strong earthquake. They increased gradually from the beginning of 1999 to August
1999 and decreased again to a (8 years) mean level after the strong earthquake occurrence.
We consider that the variation of the induction arrow might be ascribed to the conductivity
anomaly, which is buried 5 km at the south-east side of LNP with a conductivity change of
0.06 S/m. We propose that this elevation might be related to the preparation process of the
great earthquake.
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1 Introduction

During the seismogenic period of earthquakes, the conductivity properties underground
may change with time causing a subsequent variation in magnetic induction. Such an effect
is called the “seismo-electromagnetic-induction effect”. In studies of geomagnetic
induction, it is common to search for empirical relationships between different components
that are observed independently in time. “Parkinson’s relation” was introduced to explain
this phenomenon, as it expresses a linear relationship first observed by Parkinson (1959)
and Rikitake and Yokoyama (1955). In earthquake precursor studies, the time change in
the direction of a geomagnetic induction vector is available for monitoring the possible
conductivity change in the crust or upper mantle. There are two types of techniques to
study the “induction effect”. The first method is to measure the variations of transfer
functions with time. This method sometimes uses only single station data, or sometimes
inter station data are considered. Yanagihara (1972) and Miyakoshi (1975) calculated the
temporal variation in geomagnetic transfer functions that are considered to be associated
with the 1923 Kanto earthquake with a magnitude of 7.8 and the Tashkent earthquake with
a magnitude of 5.0. Later, similar and more precise work concerned with other earthquake
occurrences can be found in the literature of Yanagihara and Nagano (1976); Rikitake
(1966); Honkura (1979); Sano (1980); Shiraki (1980); (Chen 1981a, b); Gong (1985);
Fujita (1990) and Chen and Fung (1993). Precursors of anomalous electromagnetic activity
prior to earthquakes have been reported in many papers (e.g., Beamish 1982; Rikitake,
1987a, b, 1997; Fraser-Smith et al., 1990; Yoshino et al. 1993; Oike and Murakami 1993;
Fujinawa and Takanashi 1994; Pulinets 1998; Liu et al. 2000; Zeng et al. 2001; 2002;
Nagao et al. 2002; Yen et al., 2004). During the last twenty years, many of the results
regarding the temporal variation of geomagnetic variation related to earthquake have been
reported in many different places globally [Yanagihara 1972; Yanagihara and Nagano
1976; Xu et al. 1978; Rikitake 1966; Niblett and Honkura 1980; Shiraki 1980; Gong 1985;
Chen and Fung 1985; Fujita 1990; Fujiwara and Toh 1996]. Some of the papers (Chen
1981a, b; Chen and Fung 1990; Chen and Fung 1993; Chen et al. 2006) indicated quite a
remarkable secular change in transfer function at the Lunping Observatory in Taiwan and
suggested that it might be associated with a large seismic event. They also found quite
rapid changes in transfer functions at this observatory over a period of a few weeks before
and after some major seismic events.

The second type of observational technique is to measure the time variations of the
amplitude ratios of two different frequency components. Spectral analysis is the most
popular way to realize the relative energy distribution for each frequency component
without knowing the actual time function of these individual frequency bands. The com-
plex demodulation (CD) method provides the best way to decompose the observed data
consisting of different frequency components to their all single components. The CD
method is especially suited to obtain filtering results, as is with most methods, but can also
obtain the amplitude of the filtered component unlike other methods. The relative energy
response for single frequency varies with time can be retrieved by the CD method. The
time function of amplitude of each single frequency component from the start to the end of
the observed data can be well noted by this method. Using this method, we will derive the
time function of particular and significant frequency components of total intensity
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geomagnetic data in Lunping to search for possible precursors before the occurrence of a
great earthquake.

Taiwan is located in conductivity anomaly region (Chen et al. 2001; Chen and Chen
1998; Hsu et al. 1998; Hsu et al. 2008; Yen et al. 2009) in the western Pacific Ocean and
lies atop a well-known seismically active region. A great earthquake of magnitude 7.3
My = 1.3, M,, = 7.6) occurred on September 21, 1999, near the small town of Chi-Chi in
Nantou County in central Taiwan (Shin 2000). The epicenter of the main shock was
located at 120.82°E, 23.85°N with a focal depth of 8.0 km. The focal mechanism was a
thrust type with a strike of 5°, dip of 34°, and rake of 65° (Chang et al. 2000). The
distribution of aftershocks extends about 40 by 100 squr km horizontally and from 15 to
25 km in depth (Shin 2000). Most of the aftershocks occurred on the eastern side of the
Chelungpu fault because the fault is an east-dipping thrust fault (Fig. 1). The daily number
of earthquakes decreased monotonically in the aftershock stage and by 1 or 2 months after
the main shock was at nearly the same level as before the main shock. Therefore, as a
feasibility study, the temporal variation in short-period magnetic variations at Lunping
Observatory (121°10E, 25°00'N, in Taiwan, see Fig. 1) is derived by induction arrows and
the modulus ratios of particular periods to search for a possible precursor to this great
earthquake.
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Fig. 1 The location of the Lunping Magnetic Observatory. Green hollow circles denote the events with
magnitude M; >3.5 occurring in Taiwan area in the study period. The epicenter of the major event of the
1999 Chi-Chi earthquake (red star), aftershocks (purple solids), and its coseismic fault, the ChelungPu fault,
is also shown
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2 Induction arrows

An electromotive force within the earth will occur when the geomagnetic field changes.
This electromotance gives rise to eddy currents since the Earth has a finite conductivity. At
non-polar stations, the directions of the different vectors for intervals less than an hour
generally show a tendency to occur on or near a plane. This plane is called the “preferred
plane” (Parkinson 1959). Induction arrows were developed following this assumption and
were used in geomagnetic induction studies to summarize anomalous magnetic fluctuations
and to indicate regions of high electrical conductivity. Such arrows are now regularly
computed as real and imaginary vectors.

The short-period magnetic data of the Lunping Magnetic Observatory for the period of
1993-2000 were analyzed. Since 1965, the tri-axial fluxgate magnetometers at this station
have been used to collect data at 1-min intervals. These instruments have a temperature of
dependence of 0.2 nT/°C for the sensor and 0.1 nT/°C for the control unit, with a stability
of 0.1 nT/day and resolution of 0.1 nT. The sensor is mounted on gimbals so that Z is
aligned with the vertical direction by gravity, and the sensor case is buried to reduce the
effects of ambient temperature changes. The temperature effects of each potentiometer is
—0.302, —0.973, and —0.096 nT/°C for the Y, X, and Z component resistors, respectively.
Timing accuracy is within 3 s [Huang 1990].

The induction arrows are calculated by the method derived by Everett and Hyndman
(1967). In the first step, transfer functions were obtained by the least-squares fitting
method. The concept of transfer functions comes from an empirical relation

AZ = AAH + BAD (1)

where AD is the variation of magnetic declination, AH and AZ are the variations of
horizontal and vertical components, respectively, and the coefficients A and B are called
transfer functions, which are complex and frequency dependent. The data analysis of the
transfer functions is similar to the paper of Chen et al. (2006). Therefore, the induction
arrow can be divided into two vectors: the real induction arrow (Rp,.,) and the imaginary
induction arrow (Ry,;,), whose components are the real parts of A and B and the imaginary
parts of A and B, respectively. An equivalent description is an ellipse with real induction
and imaginary induction arrow having orientations 0,,, 0,, + 90° and phase ¢,,,, ¢,, + 90°.
The ellipse can be obtained by maximizing R?> = (Acos0 + Bsin0) (K cos 0 + Bsin 9) with
respect to 0, and solving for 0,,, Ryax, Rmin, and ¢,,. The expression as an ellipse can be
useful when considering a simple conductivity anomaly. For example, if a zone of high
conductivity occurs near the recording station, the major axis will point at the center of the
zone. If the zone is symmetric on either side of its center, then the minor axis of the ellipse
will be zero. In this instance, however, the major part of the transfer function is real which
will be seen to show much more coast effect than do the imaginary parts.

Daily means of the transfer functions relative to frequencies were carried out over
8 years from 1993 to 2000, regardless of the degree of magnetic disturbance. Fig. 2 shows
the time—frequency plot of transfer functions for frequency range between 0.1 and
10 cycles/hour. As clearly seen in Fig. 2, transfer functions change smoothly over
the frequency range between 0.1 and 10 cycles/hour, but they are oscillatory at a
high-frequency range. Three significant frequencies ranges at 1.98-2.02, 2.82-2.90,
and 4.10-4.18 cycles/hour (period ranges in 29.7-30.3 (PI), 20.7-21.3 (P2), and
14.4-14.6 min (P3)) can be found in real part (Au and Bu) over the whole study period. In
order to verify these particular frequencies, we introduced the temporal variation in transfer
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Fig. 2 Transfer functions a Au, b Av, ¢ Bu, and d Bv calculated for frequency range between 0.1 and
10 cycles/hour from the Lunping Magnetic Observatory during the period 1993-2000

functions observed at three geomagnetic observatories ASP (Alice Springs, Australia, 133°
53'E, 23°46'S), WNG (Wingst, Germany, 90°4'E, 53°45'N), and YKC (Yellow Knife,
Canada, 245°30'E, 62°30'N) in “seismicity quiet areas” (earthquakes occurring with
magnitude greater than My 3.0, within 200 km from these stations are listed in Table 1).
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Table 1 The earthquakes

occurred within 200 km from Relative to stations Date M.

stations ASP, WNG, and YKC .

during 1988-2001 with magni- ASP 1991/04/18 04:51:05 3.1

tude My > 3.0 (located by ASP 1991/11/28 04:18:59 3.1

incorporated research institutions ~ Agp 1996/07/19 14:14:55 35

for seismology (IRIS)) ASP 1998/06/16 15:12:58 32
WNG 1997/11/19 05:15:38 4.3
WNG 1998/12/26 08:32:09 34
YKC 1990/03/30 07:53:54 35

Figure 3 shows the month-to-month variations of Au in the interval of 1992-2000. We can
easily find that all the three stations in “seismically quiet” areas did not show any significant
period. In other words, the frequency ranges P/, P2, and P3 exist at Lunping station are
extremely particular and might be caused locally.

The seasonal effect in the Taiwan area has been found by Chen et al. (2006). After
removing the seasonal effect, using the same method, the monthly averages of induction
arrows of three significant frequency ranges in 1.98-2.02, 2.82-2.90, and 4.10—4.18 cycles/
hour (period ranges in 29.7-30.3 (P1), 20.7-21.3 (P2), and 14.4-14.6 min (P3)) are
obtained. Figure 4 shows the time dependence of real Pakinson arrows (R,.x) and imag-
inary arrows (Rp,;,). The measured real induction arrows at Lunping changed remarkably
with a bulge (AI) in August for P/ and P3, and in October 1997 for P2 about 24 and
22 months prior the Chi-Chi earthquake, respectively. Since the induction vector is always
driven by the magnetic anomaly body, the dimension of the body owns its relative fre-
quency band. The time lag between these two periods may be caused by the induction
difference owing to different frequency bands. Other bulges can also be found in the
variation of the imaginary arrow for P/ and P2 in May 1998 about 18 months prior the
Chi-Chi earthquake. Figure 5 shows the time-dependent changes in the direction of real
induction arrows (0,,). The secular average direction of real induction arrows (0,,) of these
characteristic period ranges in PI, P2, and P3 are N12°E, N16°E, and NO.2°E. All of these
temporal variations are almost flat during the study period except two significant bulges
(B1 in September 1998 for P1, and B2 in January 1999 for P2) prior the Chi-Chi earth-
quake. In other words, the direction of real induction arrows at P/ and P2 rotated 85° and
40° anticlockwise, respectively, before the Chi-Chi earthquake and return to its normal
(near the 8 years mean value) direction after the earthquake. Based on the model calcu-
lation by Chen and Fung (1989), it implied that there is a sensitive resistivity structure
anomaly south of the Lunping station. We consider that the variation of the real induction
arrows might be ascribed to the elevation on the top level of a conductivity anomaly, which
is buried deeply on the southern side of the Lunping Observatory. We propose that this
elevation might be related to the preparation process of the Chi-Chi earthquake Fig. 6.

3 Modulus of the total intensity

The complex demodulation method is one of the Fourier-based time series analyses. Banks
(1975) first introduced the application of the CD method into the field of geophysics. Chen
et al. (2007) using the same method obtained several significant correlations between
seismicity and the changes in magnetic modulus. The complex demodulation method
provides one of the ways to decompose the observed data consisting of different frequency
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Fig. 3 Transfer functions (Au) calculated for frequency range between 0.1 and 10 cycles/hour from stations
a ASP, b WNG and, ¢ YKC during the period 1993-2000
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Fig. 4 Monthly averages of a real induction arrow (R.x) and b imaginary induction arrow (Rp;,) of
induction arrows for period range at PI, P2, and P3. The dashed line denotes the mean of the whole study
period, and dotted lines denote one standard deviation. The anomaly Al occurs about 24 months prior the
1999 Chi-Chi earthquake

components to their single components. Since almost all spectra at Lunping reveal that
there are three relatively significant periods at 24, 12, and 8 h (as Fig. 7 shows). We
applied the CD method (following the method derived by Chen et al. (2007) to calculate

@ Springer



Nat Hazards

(b)

2

0.4

Fi

1999 Chi-Chi earthquake (Mw=7.6) |

03

0.2

o

Imaginary Vector (Rmin)

021

Mean = 0.09
Std. err. = 5.5

1993 1994 1995 1996 1997 1998

Al ‘L

1999 2000 2001

2002

0.4
H2
03
02

0.1

0.0

Imaginary Vector (Rmin)

-0.2

Mean = 0.07
Std. err. = 4.9

1983 1994 1995 1996 1997 1988

1999

2002

0.4

P3

Py

03

0.2

0.1

0.0

Imaginary Vector (Rmin)

0.1

-0.2

Mean = 0.08
Std. err. = 5.4

1993 1994 1995 1996 1997 1998

Fig. 4 continued

@ Springer

1999 2001

2002



Nat Hazards

H.‘¢

—_—
1
—

& Mean= -12.3

| Chi-Chi earthquake (Mw=7.6)
std. err. = 2.3

v

40

20

=20

40 4

degrees clockwise from north
L=]

L L NN E LN

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002
B2

|

80 w
Mean= -16.0

&0 std. err. = 2.5

40

_—
=2
'

20

o

-20

-40

-60

degrees clockwise from north

-80

T T T T T T T T T T T T T T T T T T T T T T T [ TT T T T T T [T T T T T T[T T T T T [ TTT T I T TITTrTTITITT

1983 1994 1985 1996 1987 1998 1999 2000 2001 2002

degrees clockwise from north

0 Mean= -0.2
50 std. err. = 1.6
-80
1993 1994 1995 1996 1997 1998 1999 2000 2001 2002

Fig. 5 Monthly average of the direction of real induction arrow at P/, P2, and P3, for the Lunping
Observatory. The dashed line denotes the mean of the whole period, and dotted lines denote one standard
deviation. The hump B1 and B2 occur about 15 months prior the 1999 Chi-Chi earthquake

three modulus of period at 24, 12, and 8 h using total intensity data. Figure 8 shows that
the modulus of 12 and 8 h relative to 24 h revealing a period of 1 year. The dotted line
represents the mean of each curve. It can be seen that each of the temporal variation of the

@ Springer



Nat Hazards

26 L L L 1 1 L L

MAINLAND CHINA

255 = Q? . o
w
25 = » Mean for P1 o
LunPing
e
{9 Mean for P2
245 = o -
&
&
24 = S o

*

CHHCH Earthepuske
a1

235 = '&

TAIWAN

23 - N =
-

225 - T Pacific Ocean [

12 - ‘ -

215 = =

2' | L] L) L) L | L]

19 195 120 1205 120 1215 122 1225 123

- . Longitude (E)

1] -] i T 00 km

Fig. 6 The rotation of the real induction arrows for PI1 (B1 in Fig. 4; denoted by red arrow) and P2 (B2 in
Fig. 4; denoted by pink arrow)

modulus oscillated along the mean annually during the length of the study period showing
very clearly the effects of an annual or semi-annual modulation. This period represents the
seasonal effect. Importantly, before the 1999 Chi-Chi earthquake, the ratios of the modulus
relative to the 24 h at period 12 and 8 h show a significant increase, with about 13 and 4
nT, and subsides to its normal (mean) level after the earthquake. The bulges near May 1999
in all figures can be found which are 4-5 months prior the 1999 Chi-Chi earthquake. Since
the standard deviations of these two periods are 0.7746 and 0.5049, respectively, the
variation amounts above are larger than two standard deviations. We considered that these
variations occur locally and may be related to the 1999 Chi-Chi earthquake occurrence.
However, after the earthquake, the variation subsides to its normal (mean) level. Figure 8c
shows that these temporal variations of the total effect of modulus of these three charac-
teristic periods are observed at the Lunping Observatory revealing remarkably anomalous
variation before the 1999 Chi-Chi earthquake and subsides to its mean level after the large
earthquake. The trend of recovery occurs after the earthquake. The other anomaly occurs in
1996 can also be found in Fig. 8. Examining the seismicities of the Taiwan area (Fig. 7 in
Chen et al. 2006), we can find there is a peak value in May 1997 which is 12 months after
the 1996 magnetic bulge.
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Checking the global geomagnetic activity index (Kp), acquired from the National
Geophysical Data Center (NGDC) for the study period, we can easily find that there is no
significant variation of Kp within the study period (Fig. 9). It can be concluded that the
variation at Lunping is a local effect rather than a global effect.

4 Discussion and conclusion

It is difficult to give an accurate quantitative explanation for the different characteristics
between the real and the imaginary induction arrows especially in light of the fact that we
have only the results obtained from one observatory. Roughly speaking, the magnitude and
the direction of the induction arrows at Lunping may be dependent on the presence of sea
water surrounding Taiwan Island and the temporal variation of a possibly extant con-
ductivity anomaly, which is buried deeply, and associated with the earthquake preparation
zone. Derived from magnitude deviation, Chen et al. (2003) found that the seismic
attenuation structures (Qs) in the close vicinity of the focal region of the Chi-Chi earth-
quake increased during 1 day to 4 months following the main shock and decreased to its
normal value. They suggested that the rock mechanics subsurface the earthquake prepa-
ration zone may be changed before the main shock. It also caused the conductivity changes
under that area before and after the main earthquake.

Since the seasonal variation is small (Chen et al. 2006), sea temperature changes slowly
with a period longer than that of our study, we consider that the conductivity of sea water
should be unchanged in time during the studied period. The coast effect in the Taiwan area
is minor and can be discounted (Yeh et al. 1981; Chen 1981a, b). The fact that the real
induction arrow rotated gradually outwards from the earthquakes region before the
earthquake occurrence, and the imaginary arrow remained unchanged can be qualitatively
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explained by the elevation of the top level of the conductivity anomaly in the southern
region of the Lunping Observatory. Since the temperature structure near the upper
boundary is usually very complicated, we assume that the vertical gradient of temperature
there might change in accordance with the movement of the subducting plate. Hence, the
volume variation of highly conductivity anomaly, due to the elevation or subsidence of
isogeotherm, might be related to the seismicity.

In practice, no matter which type of observation technique is being used, the source field
effect should be taken into consideration. To check the influence of the source fields on the
transfer functions is certainly necessary. Many calculations relevant to such a relationship
using a 3-D model have been developed by Everett and Hyndman (1967), Williamson et al.
(1974), Honkura (1979), Liley and Arora (1982), Chen and Fung (1985, 1986, 1989, 1993).
Several models with different dimensions and conductivity have been set to calculate its
theoretic values of the induction arrows and total intensity. The model with a minimum
deviation between its theoretic values and the observed arrows at LNP (real induction
arrow, imaginary induction arrow, and induction arrow) is set to be the optimum final one.
The final model shows that the size of the anomaly body is 30 x 40 x 30 km?, and the
depth of the top surface is 5 km. The conductivity of the anomaly is 0.06 S/m, and the
conductivity of the host medium is 0.002 S/m. In order to investigate the source field effect
on the induction arrow, we have designed a very simple 3-D model (see Fig. 10). A grid
mesh of 30 x 40 x 30 points is used in our calculation. The numerical results of the
induction arrows calculated from the model are shown in Figs. 11 and 12. Figure 11 shows
the distribution of the real induction arrows, whose components are A,, and B,,. The observed
arrow in LNP has also been drawn (shown in red arrow) to compare with its calculated
arrow. Figure 12 shows distribution of the calculated imaginary induction arrows and
observed arrow in LNP, whose components are A, and B,. The numerical result of these two
arrows obtained in the Lunping station shows very identical to that of the observed arrows
shown in Fig. 4. We then can propose that the anomalies (A7), shown in Fig. 4, prior the
Chi-Chi earthquake might be ascribed to the anomaly body shown in Fig. 10 which is
located under the epicenter area of the Chi-Chi earthquake. Furthermore, the induction
directions calculated from the model shown in Fig. 10 are shown in Fig. 13. We also find
that the direction (89°) is nearly equal to the anomalies (B1 and B2) shown in Fig. 5.

As of this writing, no finding has demonstrated which periods of transfer function are
meaningful for analysis. Chen and Fung (1993) analyzed the transfer functions at four

=
m
30 km

5 km

/‘ 6= 0.06 sim <&

z G, =0.0025/m
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S

Fig. 10 Three-dimensional model of the anomaly structure
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periods in 31, 25, 21, and 14 min and found some precursors before great earthquake
without mentioning the criterions of why they chose these four particular periods. Chen
et al. (2006)found some correlation between time change in transfer functions and seismic
energy release at four periods in 30, 20, 15, and 10 min. A similar analysis of transfer
functions at period of 30 min done by Shiraki (1980) also shows no discussion about how
to decide upon the period. However, in this study, the transfer functions at three sensitive
period ranges (P1, P2, and P3) can be more easily found (Fig. 2). These three sensitive
periods are more probably due to some electrical conductivity anomalies. Fujiwara and
Toh (1996) found that the sensitive frequency range of a transfer function is correlated with
the depth of the conductivity anomaly. A shallow conductivity anomaly always causes
higher frequency range. They also found that the ocean effects are almost larger than
32 min. In our study, the sensitive periods are all smaller than 32 min and indicate that the
variations of the magnetic vector are caused by some shallow conductivity anomaly, not by
the ocean effect.

The average annual change rate in transfer functions seems to be closely related to the
preparation process of a strong earthquake. For example, the annual change rate of A for
the period greater than 6 min for the Kakioka Observatory is about 0.01 before the 1923
Kanto earthquake (Yanagihara 1972). In addition, the annual changes rates of the 10-min
period Au from the Matsuzaki and Omaezaki observatories decreased remarkably
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Fig. 12 Distribution of the imaginary induction arrows (in blue) for the model described in Fig. 10. The
observed imaginary induction arrow in LNP is shown in red arrow

(up to 0.02) before a large earthquake which occurred in the Tokai area (Fujita 1990). In
this study, the two abrupt changes of the real induction arrow (R,,,x) and the imaginary
arrow (Ryin) (A1 in Fig. 4) are about 0.6-0.8 which are twice or triple its standard devi-
ations. The two anomalies in direction of real induction arrow (0,,) are all greater than 2
standard deviations more than their statistical mean, and as such it can be inferred that the
anomalies are reliable.

The global geomagnetic activity index (Kp) (acquired from the National Geophysical
Data Center (NGDC)) for the study period is plotted in Fig. 9, demonstrating that there is
no significant change before the Chi-Chi earthquake. For comparison, we introduce the
temporal variation in transfer functions observed at the “seismically quiet” area of the ASP
and WNG observatories. We find that the temporal variation of Ry, and R ,;, did not show
the same increase in the same interval in these stations as Lunping station demonstrating
that the changes of the real induction arrow (R,.,) and the imaginary arrow (R,,;,) in Fig. 4
are a local effect rather than a global effect.

A universal precursor time is still a mystery. We do not have any idea about how long a
precursor time should be. In our study, only one event is found with two different methods.
We can hardly suggest the relationship or regulation that the precursor time should follow.
More data and analyses would be helpful in resolving this problem. Further, it is difficult to
give a quantitative explanation for the different characteristics between real and imaginary
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Fig. 13 Distribution of the direction of induction arrows (in blue) for the model described in Fig. 10. The
observed induction arrow in LNP is shown in red arrow

induction arrows at the present stage of study due to the limited results obtained from the
Lunping Observatory. Roughly speaking, the magnitude and direction of the real induction
arrow at Lunping may be dependent on the presence of sea water surrounding Taiwan
Island, and the temporal variation of a possible extant conductivity anomaly, which is
buried deeply and associated with the earthquake preparation zone. We consider that the
conductivity of sea water should be unchanged in the time during the studied period. The
fact that the real induction arrow rotated gradually outwards from the earthquake region
before the earthquake occurrence, and the imaginary arrow remained unchanged and can
be qualitatively explained by the elevation of the level of the conductivity anomaly in the
southern region of the Lunping Observatory, i.e., in the source region of the 1999 Chi-Chi
earthquake. Figure 1 shows the epicenters of the major shock and aftershocks located south
of the Lunping Magnetic Observatory and indicates that these earthquakes might be
triggered by conductivity anomalies near the epicenter’s area.

Finally, the transfer function estimates are averaged over 1-month intervals so that only
fairly long-term precursory effects can be detected. In the Taiwan area, earthquakes occur
so frequently and estimates based upon a 1-month interval are quite inappropriate to
discover a single relationship between transfer function change and a single earthquake
occurrence.
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