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In this paper, 3-component geomagnetic fields recorded by a fluxgate magnetometer are employed in
examining 181 ML = 4.0 earthquakes around the Taiwan area from 2002 to 2005. To search anomalies,
the singular value decomposition (SVD) is used to extract the declinations and inclinations of the princi-
pal components from the geomagnetic field every 900 s for each 5-day period and the entire four years.
Six reference angles of surface magneticanomaly reference tip (SMART) are employed to readjust the azi-
muth of anomalous polarizations for unifying earthquakes. A bootstrap method is further applied to find
whether the anomalies are significant or not. Meanwhile, the odds proportions between the inward and
outward geomagnetic field on the earth’s surface reveal the associated anomalous inclinations. With the
anomalous inclinations and declinations observed 10 days before earthquakes, SMART and the polariza-
tions of the anomalous field can be located and described, respectively.

© 2008 Elsevier Ltd. All rights reserved.

Introduction

Geomagnetic anomalies associated with many earthquakes in a
wide frequency range from DC to VLF have been reported in
many studies (Hayakawa and Fujinawa, 1994; Hayakawa, 1999;
Hayakawa and Molchanov, 2002). Based on convincing evidence
observed during several major earthquakes, variations of geomag-
netic anomalies within the ULF frequency range (<300 Hz) are
considered promisingly notable phenomena in anticipating earth-
quakes (Bernardi et al., 1991; Molchanov et al, 1992, 1995;
Kopytenko et al.,, 1993; Hayakawa et al., 1999, 2000; Kawate
et al, 1998; Gotoh et al., 2002; Hattori et al., 2002; Hattori,
2004). Using the Loma Prieta earthquake (Ms 7.1, October 17,
1989) as an example, a magnetic sensor located near the epicenter
observed the intense anomalies suddenly increasing in one compo-
nent few hours ago (Fraser-Smith et al., 1990). Yet, four years later,
no anomalies were observed by magnetometers in the same area
during Northridge earthquake (M 6.7, January 17, 1994) because
the epicentral distance was too large (Fraser-Smith et al., 1994).
Therefore, Hattori et al.,, 2004 summarized the experiences from
many major earthquakes and suggested a relationship between
the ULF anomalies and earthquakes in the form of the earthquake
magnitude vs. the epicentral distance. Meanwhile, Hattori et al.,
2004b also suggested that anomalous signals involved in the daily
variation (Chapman and Bartels, 1940) were very weak because the

* Corresponding author. Address: Institute of Space Science, National Central
University, Chung-Li 32054, Taiwan. Tel.: +886 3 4228374; fax: +886 3 4224394.
E-mail address: jyliu@jupiter.ss.ncu.edu.tw (J.Y. Liu).

1474-7065/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.pce.2008.09.002

sensors were generally set far away from the epicenters. To iden-
tify weak anomalies, principal component analyses were employed
in signal discrimination during the Izu Islands earthquake (Gotoh
et al., 2002; Hattori, 2004, 2006). Telesca et al. (2004) and Telesca
and Hattori (2007) also found that earthquake forecast patterns of
the principal component approached seismic areas.

Otherwise, if an earthquake occurs with a surface rupture zone,
locations of the fault generally have some distance away from its
epicenter. Alternatively, Merzer and Klemperer (1997) and Yen
et al. (2004) suggested that the conductivity and/or current along
a fault (or slip plane) disturbed nearby the geomagnetic field
strengths during the earthquake preparation period. Chen et al.
(submitted for publication) combine the ideas of the fault and
the epicenter developing a hybrid system, the surface magnetic
anomaly reference tip (SMART). In the SMART system, the fault
and nodal planes are extended with their associated constant dips
to intersect the earth’s surface obtaining the fault and nodal lines.
Based on the SMART system, six reference angles can be computed,
and the distances from the station to the fault line, DF, and to the
nodal line, DN, as well as their sum, DT = (DF? + DN?)'/2, are calcu-
lated (for detail see, Chen et al., 2008).

In this paper, the principal components of ULF magnetic sig-
nals in geomagnetic fields recorded by a 3-component fluxgate
magnetometer station are derived and readjusted by the six refer-
ence angles of SMART. The readjusted principal components are
further examined during 181 earthquakes (ML =4.0 and
DT <120 km) in Taiwan during the four-year period of 2002-
2005 (Fig. 1a).
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Model and methodology

Chapman and Bartels (1940) propose that the ionosphere and
the telluric currents mainly affect variations of the geomagnetic
field, while Balkey (1995) indicates that observed geomagnetic
field could also result from the induction field due to susceptibili-
ties of underground rocks. Based on these, the geomagnetic field
survey on the ground is widely employed in investigating the mag-
netic structure underground (Hsieh and Hu, 1972; Bhattacharyya
and Leu; 1975; Robert and Cain, 1975; Hu and Chen, 1986; Yen
et al., in press). Meanwhile, the earthquake preparation is a long
term process of accumulated and changed stress underground
(Shearer, 1999), which in turn causes magnetic susceptibility
changes (Kapicka et al., 2003). Although the exact mechanism is
not fully understood, the geomagnetic anomalies have been ob-
served during the earthquake preparation process.
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Assume data daily recorded with 1 Hz resolution at the 3-com-
ponent fluxgate magnetometer station to be given as, X;, Y;, Z,
which monitor variations of the geomagnetic field involving effects
of the ionosphere and the telluric currents as well as the rock sus-
ceptibilities. However, Chapman and Bartels (1940) find that the
daily variation of the geomagnetic field, which is affected by both
the ionosphere and the telluric currents, are generally similar every
day. To remove the susceptibility effect, we then subtract the first
data point of the day, Xy, Y1, Z;, at 0:00LT (local time) from the daily
recorded data to obtain an new offset data (X;—X;i, Yi—Y1, Zi—Z,
i=1-86400). We can further compute the principal components
of asymmetric matrixes (900 x 3) by the original and offset data
every 900 s during four-year period.

To extract and purify the principal component, the singular va-
lue decomposition (SVD) has been used (Jolliffe, 2002). With SVD,
any m x n asymmetric matrix a can be given as the product of an
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Fig. 1. The basic data reading the station, the earthquakes and background of the geomagnetic field. The a and O, respectively, show the locations of the station and the 181
earthquakes (ML = 4 and DT < 120 km), and the size of O also denotes the magnitude of earthquakes (a). The azimuth angles are determined by the fault line, nodal line and
SMART in the SMART system (b). The distributions of 0D, (red line) and 0Dy, (black dash line) obtained by SVD are related to the azimuth (c). The radiuses indicate the
normalized proportions at the associated azimuths. Moreover, the shallow line given by principal component analysis shows the normalized proportions are increase at the
false azimuths. For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.
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Fig. 2. The variations of Pys and Ps,, and the bootstrap results for the direction between SMART and the station 30 days before and after the earthquakes. The distance of DT
from O to 80 km are denoted with (a-g), respectively. The left side of the upper and bottom panels in each diagram shows the Pys and P, and the right sides of them are the
bootstrap results at 05 and 0s,. To determine the relationship between the factors between earthquakes and the polarization of geomagnetic fields at the station, the
parameters are regulated to a sequence of north-fault-station-nodal for identification of the direction of the anomaly source. Therefore, the positive angles of Pys and Py,
respectively, to 0s and 0y, face the nodal side. Conversely, the negative part means that the polarization directs to the fault side. The red area shows that the geomagnetic
azimuths gather at angles to 6s/0s, of the y-axis directions. With bootstrap analyses, the blue shadowed areas denote a range of 90% confidence intervals and the red line
within the intervals is the median at the angle, 05/0s,, (left y-axis). The black line shows the numbers of recorded events (right y-axis) and the x-axis indicates the days to the
earthquakes. Due to few event occurrences within a range of 5 < DT < 25 km, bootstrap results cannot be obtained (a). For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.

m x n matrix u, an n x n diagonal matrix v with positive or zero
elements, and an n x n matrix p, and written as a = u-v-p". Similarly,
a transfer matrix a‘ = p-v-u' can be obtained, where u-u‘=p-p‘=1.
The principal components then can be obtained by an n x n matrix
aa

ad-a=p-v-u-u-v-p=p-v.v.p,

and

at.a.p:p.v.v.pt.p:p.vz

where p is the eigenvectors and v is the eigenvalues of the principal
components. The most important principal component is the largest

(first) eigenvalues and the declinations (Jolliffe, 2002), 6D, and 6D,
are, respectively, given by the pairing first eigenvector for determin-

ing the background and monitor data. Here, based on the computed
eigenvector, we calculate the azimuth distributions every 900 data
points (seconds) of the offset data for the entire four-year period to
construct the background (i.e. 6D,). Similarly, we compute azimuth
distributions every 900 data points (seconds) of the original data for
5-day period to obtain the monitor (i.e. 0D,,). Both the background
and monitor azimuth distributions are binned each 2.5° and self-
normalized. The normalized distribution of the monitor is further
divided by that of the background to find the most significant
changes from the background, which stands for the azimuth of pro-
nounced anomalies (P,) during each earthquake period. Here, the
azimuth of P, is based on the north direction. Note that if P, ap-
proaches 1, the monitor is similar to the background which means
no anomalies are detected.
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Fig. 2 (continued)

Each earthquake can be relocated by six angles of SMART. Three
reference angles from the northward to the station-SMART line 6,
to the direction toward the fault line 0, and to the direction toward
the nodal line 0,, on the surface are computed to search the location
of anomalies within the domain —90°-90° (Fig. 1b). If 6D, equals
to 0s, 05, and/or 0,, the geomagnetic field at the station should point
to SMART, the fault line and/or nodal line, respectively. On the
other hand, the other three reference angles from the northward
to the anti SMART 0., to the direction away from the fault line
0fo, and to the direction away from the nodal line 6, are also cal-
culated to find the location of anomalies within the other domain
—90°-90° (Fig. 1b). To unify all the earthquakes, P, computed 30
days before and after each earthquake are readjusted by the six
associated reference angles. For example, Pys denotes that P, vs.
the northward direction has been readjusted (or transferred) to
vs. the station-SMART direction (i.e. Pys=P,—0s). Similarly, the
other five are readjusted as, Pyso = P1—0so, Por = Pa—0s, Poto = Pa—05o,
Pyn = P,—0,, and Pypo = P,—0,0. Note that Py (or Pyg,) and Py, (Or Pypo)
are given by the earthquakes when DF < 15 km and DN < 15 km,
respectively.

Moreover, to measure whether the six readjusted P, are cer-
tainly larger than the background (one), bias-corrected and accel-
erated approach (Efron, 1987) is employed. The bias-corrected
and accelerated approach is a bootstrap method which makes sta-

tistical inferences based on a collection of a large number of new
sub-samples from the initial sample. Therefore, the method can
provide more confident inferences than general statistical methods
if the sample size is not sufficiently large. After 5000 bootstrap pro-
cesses, a 90% confidence interval (90CI) will contain possible distri-
bution range of the median of the P, Since effects of the
geomagnetic field polarization during earthquake periods, 90CI
does not contain 1 implying P, mainly distribute at other polariza-
tions. Otherwise, if the low bound of 90CIs are close or larger than
1, the anomalies at the examined reference azimuth are clearly evi-
dent within the background.

In addition, the inclinations of the first eigenvector are also ta-
ken into consideration. The earthquakes are sorted by DT for deter-
mining the inclinations, 0l nearby and away from SMART.
Similarly, 0, changed with DT along the fault and nodal lines
are also obtained by the same analysis process for DF < 15 km
and DN < 15 km, respectively. To examine that 6I,, are signifi-
cant/insignificant to the background, the odds test which is the
quantity p/(1-p), where p is the probability of success are em-
ployed (Agresti, 2002). With the odds larger than 1, a success is
more likely than a failure. Inversely, a failure is more likely than
a success. Then, we combine results of P, and 0l to describe the
polarizations of the geomagnetic field related with SMART, the
fault and nodal lines.
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Fig. 2 (continued)

Observation and interpretation

Taiwan is located on the western side of the circum-pacific seis-
mic zones and a complex interaction is formed by two collision
zones (Ho, 1988). The northwest-moving Philippine Sea plate with
a rate of 70 mmy/year intensely impacts on the Eurasian plate,
which results in occurrences of many large earthquakes in Taiwan.
To further understand magnetic anomalies in this complex area, a
3-component fluxgate magnetometer station is set at the central
Taiwan (120.47E, 23.56N) continuously recording the geomagnetic
field variations with a sampling rate of 1Hz. Meanwhile, the
broadband array in Taiwan for seismology (BATS) routinely ob-
serves occurrences of earthquakes (Kao et al., 2002; Liang et al.,
2003, 2004). During 2002-2005, 181 among 468 recorded earth-
quakes (ML = 4.0 or Mw = 3.3) with the distance DT smaller than
120 km are selected. These earthquake fault plane solutions
(Shearer, 1999) are employed in calculating the location of SMART,
the fault and nodal lines (Fig. 1a).

Initially, we examine the background distribution of the nor-
malized 0D, and 0D, (Fig. 1c). Due to the geomagnetic field with
a small declination about —2° in Taiwan, 6D; is almost always fac-
ing on the north (Fig. 1¢). The major difference between 6D; and
0Dy, is on the NE-SW and E-W trend that implies the locations of
earthquakes being mainly at these two directions. Fig. 2 shows

the readjusted distribution of Py, and Py, and their bootstrap
tests within a range of the distance DT from 0 to 80 km between
—30 and 30 days of the onset of earthquakes. Because the insuf-
ficient events are occurrence with DT < 15 km, the bootstrap pro-
cess cannot be carried out (Fig. 2a). Pys do not directly point
toward SMART due to a lack of distributions at the angle 05 (see
0s:0, —10 to 10 days to EQ of the upper panels in Fig. 2a-j). Mean-
while, the bootstrap test shown in upper panels of Fig. 2b-f re-
veals that the 90CIs are significantly smaller than one 10 days
before and after to earthquakes. This again suggests that the
anomalous field does not point to SMART. With increase of DT,
the 90CIs usually contain 1 during earthquake occurrence
(Fig. 2g-j), which puts forward that the anomalous field is located
within a range where DT is less than 70 km. On the other hand,
Pys in Fig. 2k and | are too scattered to indentify the definitely
pointed direction. Alternatively, Py, are mainly distributed at
0so Which indicates that the field is pointed away from SMART
(lower panels in Fig. 2). Fig. 2b-e illustrate that Py, are central-
ized at 05, 30 days before and 10 days after the earthquakes. It
is worth to mention that the 90CIs in Fig. 2b-e are larger than
1 and the medians are significant to the background. P, and
the 90CIs of Fig. 2f-i are generally close 1, while those of
Fig. 2j-1 become smaller than 1. These also indicate that the
anomalous field can be observed as DT < 70 km. The results of
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Fig. 3. The relationship between the distributions of P, (a = 0y, 0, 0,, and 0,,,) and DT 30 days before and after earthquakes. The azimuths follow a sequence of 0¢/0,,-0s-0o/ 0o~
0so for understanding the direction of the anomalous sources. The Py or Py, (DF < 15 km) and Py, or Pyno (DN < 15 km) are, respectively, related with the distance of DT from 0
to 80 shown (a-c) and (d-f). The upper and bottom panels show the Py or Py, and Py, or Pypo.
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Fig. 4. The variations of 0I,, and their odds results related to DT. The black plots denote the earthquake inclinations given by the median of the inclinations between —5 and 0
days to the earthquake. The shallow line (i.e. 6I,) is the running median of the earthquake inclinations with a window of five events. The dash line above (below) 0 is the odds
obtained with the same window of five continuous earthquake inclinations for determining that the anomalies are significant or insignificant to the background. Note that the
maximum of the odds is 5, due to the window size.
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Fig. 6. The variations of 0, along the nodal lines and the odds related to DT. Similarly, the black plots denote earthquake inclinations and the shallow line is the running
mean within a window of five continuous events. The dash lines are also the odds of the upward and downward inclinations.

Pys and/or Py, in Fig. 2a—f shows that the anomalies are related to fault and nodal line directions, the other reference angles (0,
SMART together with the fault and nodal sides. Therefore, the 0ro, On and 0,,), are taken into account in detail.
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Table 1

The polarization of the geomagnetic field vs. DT

Unit (km) 5<DT<30 30 <DT<55 55 < DT < 80

SMART, P, 0O Oso 0Oso

0l <0 ~0 >0

Fault, P, Influenced by SMART Influenced by SMART 0y,

Ol >0 ~0 <0

Nodal, P, Influenced by SMART Influenced by SMART Influenced by SMART
Ol <0 ~0 ~0

Fig. 3 shows Py, Py (DF < 15 km), Py, and Py (DN < 15 km)
but sizes of the events along the fault and nodal lines are too small
to run the bootstrap process. It is found that Py and Py, mainly di-
rect to 0s or 0s, (Fig. 3a and b). For 55 < DT < 80 km, Py are sepa-
rated into two parts near 0, (upper panel in Fig. 3c), and Py,
display that the polarizations are approximately opposite to the
fault (lower panel in Fig. 3c). On the other hand, Py, and P, also
imply effects from 65 and/or 0y, directions and however they are

SMART poin

357

too scattered to determine their polarizations (Fig. 3d-f). In short,
P, except Fig. 3c are associated with 6 or 0.

Variations of 0I,, with DT are shown in Figs. 4 and 6. When the
station is away from the fault and nodal lines, 0I,, are upward
where DT is smaller than 30 km (Fig. 4). For 30 < DT < 55 km, the
number of upward and downward 6I,;, are even which results the
odds approaching 1. As 55 < DT < 70 km, positive 0I,, indicate the
downward polarizations. It can be seen that the odds test and
0l study yield a good agreement. Fig. 5 reveals 0, along the fault
line (i.e. DF < 15 km). Results show that 0l are downward (up-
ward) where DT is smaller (larger) than 55 km along the fault line.
For the nodal lines, 6I,, nearby SMART are upward and as
25<DT<80km become too scattered to identify polarization

(Fig. 6).
Discussion and conclusions

There are in fact two methods to obtain the eigenvectors from
an asymmetric matrix. One is a principal component analysis and
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Fig. 7. A schematic showing the anomalous field produced an earthquake at the earth’s surface and the variations of the ratio in two true events. The arrows indicate the
direction of the magnetic field (a). The numbers denote the distance of the DT (a). The plots are the ratios between the numbers of the negative and positive inclinations 5
days prior each day (b and c). The dash lines are the reference obtained by the ratio within the whole observation period (b and c).
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the other is a SVD analysis. Using the principal component analysis,
the mean subtracted data are employed to obtain a covariance ma-
trix which is a measurement like a standard deviation to describe
the variance between each two dimensions (Jolliffe, 2002). Actu-
ally, the magnetic data are vectors observed from the geomagnetic
field. If the mean of the data is adjusted to be 0, the azimuths may
be readjusted in an inverse direction. Such as a positive number in
the data, which is smaller than data’s mean, must be readjusted to
be a negative one and results in the false appearance of the propor-
tions in the inverse directions. Fig. 1c shows the comparison be-
tween the results obtained by these two different methods. The
pattern obtained by the principal component analysis is mainly
faced on the a degree of 45°, due to the increase of the inverse
directions, and agrees with the above inference. By contrast, 0D,
obtained by SVD points toward the north, which approaches the
observed declination in Taiwan, is powerful evidence to explain
that the SVD offers a good result and effectively reduces the distur-
bance to find the principal components in analyzing the vector
data.

By combining the declinations (Figs. 2 and 3) and the inclina-
tions (Figs. 4 and 6), the polarization of the anomalous field during
earthquakes can be obtained. When the station is located in an area
where DT is less than 30 km, 0I,, and P, are negative (Fig. 4) and
gathered at 0, (Fig. 2a-d), respectively. These show that the polar-
ization is upward and away from SMART (Table 1). As
30 < DT < 55 km, P, weakly keep at 05, (Fig. 2f-i) and 0I,,, approach
0, the horizontal direction (Fig. 4). For 55 < DT < 80 km, P, distrib-
uted at 0y, direction are smaller than background (Fig. 2k-1) and
0l,, become downward (Fig. 4) in the exterior regions. Fig. 7a sum-
maries the above results that the magnetic lines are outward at the
place near SMART and inward underground at the exterior area be-
fore earthquakes. These mean that the northern pole is close to the
earth’s surface and the southern one exists underground. Figs. 3c
and 5 show that the polarizations along the fault are upward and
directed away from the fault lines for 55 < DT < 80 km (also see
the sketch in Fig. 7a). This indicates that the anomalies are come
from underground such as the place near SMART, which agrees
with the observation obtained by Chen et al. (2008). Let’s take
two events (ML = 4.07 2003/4/10 and ML = 4.66 2005/11/15) in dif-
ferent DT to see inclination variations during earthquakes. Fig. 7b
shows that the ratios (or the odds) indicates the upward inclina-
tions appearance 20 days before and after the ML =4.07 earth-
quake with DT =19.94 km. On the other hand, the ratios of the
ML = 4.66 event with DT = 55.48 km display that the positive incli-
nations increase 15 days before and return to the normal value 20
days after the earthquake (Fig. 7c). These two events are strong evi-
dences for demonstrating the existence of the anomaly
phenomena.

In conclusion, SMART is a useful reference for analyzing pre-
earthquake geomagnetic anomalies. Results demonstrate the geo-
magnetic anomalous fields generally appear 10 days before the
earthquakes. The anomalous fields are outward at the place near
SMART but inward the earth’s surface in the exterior area during
the earthquake preparation period.
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