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Abstract. The Parkinson vectors derived from 3-component
geomagnetic data via the magnetic transfer function are dis-
cussed with respect to epicentre locations and hypocentre
depths of 16 earthquakes (M ≥ 5.5) in Taiwan during a pe-
riod of 2002–2005. To find out whether electric conductivity
changes would happen particularly in the seismoactive depth
ranges, i.e. in the vicinity of the earthquake foci, the fre-
quency dependent penetration depth of the electromagnetic
waves (skin effect) is taken into account. The background
distributions involving the general conductivity structure and
the coast effect at 20 particular depths are constructed us-
ing the Parkinson vectors during the entire study period.
The background distributions are subtracted from the time-
varying monitor distributions, which are computed using the
Parkinson vectors within the 15-day moving window, to re-
move responses of the coast effect and underlying conduc-
tivity structure. Anomalous depth sections are identified by
deviating distributions and agree with the hypocentre depths
of 15 thrust and/or strike-slip earthquakes with only one ex-
ception of a normal fault event.

1 Introduction

Recognition of anomalous pre-earthquake phenomena has
been reported for major earthquakes since 1990 (Fraser-
Smith et al., 1990; Bernardi et al., 1991; Molchanov et

al., 1992; Kopytenko et al., 1993; Lin and Zeng, 1992;
Hayakawa et al., 1996, 1999, 2000; Kawate et al., 1998; Go-
toh et al., 2002; Hattori et al., 2002, 2004a, b; Hattori, 2004;
Liu et al., 2006; Molchanov and Hayakawa, 2008; Chen et
al., 2009, 2010, 2011, 2012; Han et al., 2011; Wen et al.,
2012). These reports indicate that geomagnetic anomalies
prior to earthquakes are caused by either momentary exis-
tence of earthquake-related high conductivity materials or
the movement of electric current along faults (Zeng et al.,
1995; Merzer and Klemperer, 1997; Yen et al., 2004). Taiwan
is located on the western margin of the circum-Pacific seis-
mic zone (Ho, 1988). The convergence of the Philippine Sea
plate and the Eurasian plate forms the Manila and Ryukyu
trenches and produces many thrust earthquakes (Fig. 1).
A 3-component fluxgate magnetometer (the CCU station,
120.47◦ E, 23.56◦ N, Fig. 1) with a 1 Hz sampling rate was
installed in central Taiwan in 2002 (Liu et al., 2006). The
data gathered at the CCU station are utilised to investigate
subsurface electric and/or magnetic features and to further
study the seismo-electromagnetic anomalies in this complex
area.

The geomagnetic method is a common technique used
to understand and/or monitor changes in the underground
conductivity (Chiang et al., 2010TS1) and its susceptibility
(Yen et al., 2009) of a specific area. Parkinson (1959) pro-
posed that a linear relationship exists between short-period
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2 C. H. Chen et al.: TS4

Fig. 1.Locations of epicentres and the CCU station. The black solid
circles denote epicentres (M ≥ 4.0) from 2002 through 2005. The
16 earthquakes (M ≥ 5.5) in this study are represented by red solid
circles. Fault plane solutions of earthquakes are shown in the map
margin. The red rectangle indicates the CCU station. The red line is
the coast line being close to CCU station.

variations in the geomagnetic field, specifically among the
vertical componentZ, the horizontal componentH and the
declinationD. The complex and frequency-dependent coef-
ficients A and B are computed fromH , D and Z via the
magnetic transfer function.A andB are dependent on the un-
derlying electrical conductivity structure (Lilley and Arora,
1982). Induction arrows (i.e. Parkinson vectors) represent
the ratios of the real parts of the eastwardB to the north-
wardA. Induction arrows generally point toward source lo-
cations, where the strongest induced vertical variations are
generated by the inducing horizontal variations (Parkinson,
1962). The magnitude of an induction arrow is related to
both the proximity of the conductor and its conductivity con-
trast with the background structure (Hitchman et al., 2000).
Thus, the magnetic transfer function is usually applied to sur-
vey sites where the conductivity is higher than in the nearby
areas (Parkinson, 1962; Parkinson and Jones, 1979) and it
is widely utilised to study time-varying conductivity due to
earthquakes (Zeng et al., 1995) and magnetic coast effects

(Ogawa et al., 1986; Armadillo et al., 2001; Hitchman et al.,
2000).

In this study, coefficientsA and B in 20 different fre-
quency bands are computed from the nocturnal data (20:00–
04:00 LT) using a moving window with one-minute step.
Note that the total number for each coefficient (eitherA orB)
in one frequency band is 480 each day. The Parkinson vectors
at the 20 particular depths (from 5 to 100 km with a 5-km in-
terval) are derived from frequency-dependent coefficientsA

andB in different frequency bands through relationships be-
tween frequency and depth (i.e. the skin depth; Cheng, 1989;
Simpson and Bahr, 2005). The Parkinson vectors are utilised
to expose the momentary existence of earthquake-related
high conductivity materials associated with 16 earthquakes
(M ≥ 5.5, Table 1; focal mechanisms in Fig. 1) that oc-
curred in Taiwan during the period of 2002–2005. The largest
earthquake that occurred during the study period (i.e. EQ2,
ML = 6.8, on 31 March 2002) is used as a detailed example
to illustrate the relationship between seismo-electromagnetic
characteristics and earthquake parameters (i.e. hypocentre
depths and epicentre azimuths).

2 Methodology

The skin depth describes the relationship between the pen-
etration depth and the frequency of electromagnetic waves
(Cheng, 1989; Simpson and Bahr, 2005). Because the Earth
is a conductor, the skin depth is defined as the penetration
distance of a natural electromagnetic wave propagating from
the ground surface to the interior of Earth. The skin depth as
related to frequency can be written as:

Dep = 0.503(ρ/f )1/2 (1)

whereDep is depth (km),ρ is electrical resistivity (�-m)
and f is frequency (Hz). The relationship betweenρ and
Dep (Fig. 2a) at the CCU station is retrieved from previ-
ous magnetotelluric studies conducted nearby (Bertrand et
al., 2009; Chiang et al., 2010TS2) and is utilised to compute
f in Eq. (1). Thus,f versusDep (Fig. 2b) from 5 to 100 km
depth can be used with confidence.

When the relationship betweenf andDep is employed by
using the magnetic transfer function,Dep with respect to the
Parkinson vectorsTS3 can be deduced from the frequency-
dependent coefficientsA and B at f . Thus, the azimuth
(Pa(Dep)) and magnitude (Pm(Dep)) of the Parkinson vectors
at the depthDep can be calculated usingBr(f ) andAr(f ) as
follows:

Pa
(
Dep

)
= arctan(Br(f )/Ar (f )) (2)

Pm
(
Dep

)
=

(
Ar

(
Dep

)2
+ Br

(
Dep

)2
)1/2

(3)

whereAr(f ) andBr(f ) are the real parts ofA andB, re-
spectively, computed fromZ, H andD via band-pass filters
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Table 1. M ≥ 5.5 earthquake catalogue of Taiwan during the period of 2002–2005 acquired from the broadband array in Taiwan for seis-
mology (BATS;http://bats.earth.sinica.edu.tw/). Relocated data (Engdahl et al., 1998) for the earthquakes were retrieved from the Central
Weather Bureau in Taiwan. Since geomagnetic data gaps existed for 6 earthquakes, residuals of 16 earthquakes are utilised. Note that ED and
EA denote epicentral distance and epicentre azimuths to the CCU station.

Code Event date and time Lat. Long. DepthML EA ED
(km)

EQ1 2002/02/12 03:27:25.00 23.74 121.72 29.98 6.20 81 127
EQ2 2002/03/31 06:52:49.95 24.14 122.19 13.81 6.80 70 184
EQ3 2002/05/15 03:46:05.91 24.65 121.87 8.52 6.20 49 185
EQ4 2002/05/28 16:45:14.97 23.91 122.40 15.23 6.20 79 197

2002/07/11 07:36:22.57 23.94 122.41 14.22 5.80 78 199
2002/08/28 17:05:34.06 22.26 121.37 12.03 6.00 148 169
2002/09/01 07:07:35.47 23.97 122.37 15.56 5.50 77 196

EQ5 2003/06/09 01:52:50.57 24.37 122.02 23.22 5.70 60 179
EQ6 2003/06/10 08:40:32.05 23.50 121.70 32.31 6.50 93 123
EQ7 2003/09/10 22:55:6.06 22.71 121.40 85.36 5.80 135 132
EQ8 2003/12/10 04:38:13.52 23.07 121.40 17.73 6.40 120 108
EQ9 2004/02/04 03:23:59.42 23.38 122.15 17.36 5.60 97 169
EQ10 2004/05/09 20:06:47.57 24.57 121.77 69.16 5.50 49 171
EQ11 2004/05/16 06:04:08.70 23.05 121.98 12.85 5.70 110 161
EQ12 2004/05/19 07:04:12.94 22.71 121.37 27.08 6.00 136 129

2004/11/11 02:16:44.5 24.31 122.16 27.26 6.10 64 188
EQ13 2005/02/18 20:18:18.83 23.34 121.67 15.28 5.60 101 123
EQ14 2005/03/05 19:06:51.73 24.65 121.84 6.39 5.90 49 182
EQ15 2005/03/05 19:08:00.09 24.65 121.80 6.95 6.00 48 179
EQ16 2005/04/30 14:48:17.23 24.04 121.62 8.45 5.60 66 127

2005/06/01 16:20:05.66 24.64 122.07 64.78 6.00 53 199
2005/09/06 01:16:00.41 23.96 122.28 16.76 6.00 76 187

centred at frequencyf . The positive and negative values of
Pa(Dep) bounded to intervals of 0∼ 180◦ and 0∼ −180◦ are
determined in clockwise and anticlockwise directions from
north to south, respectively.

When the Parkinson vectors are employed in surveying the
momentary existence of earthquake-related high conductiv-
ity materials, influences of the coast effect and inhomoge-
neous conductivity of subsurface structure have to be consid-
ered. The coast effect (Parkinson and Jones, 1979; DeLau-
rier et al., 1983; Parkinson, 1983) is caused by an induction
field resulting from differing conductivity properties of sea
water, the oceanic and continental lithosphere and has been
observed in countries such as Japan (Ogawa et al., 1986),
Italy (Armadillo et al., 2001) and Australia (Hitchman et
al., 2000). The coast effect causes that the induction arrows
point toward the high conductivity sea water and remain si-
multaneously orthogonal to the nearby coastline. Here, influ-
ences of the coast effect and underlying conductivity struc-
ture on Parkinson vectors are assumed to be persistent within
the 4-yr study period (i.e. from 2002 through 2005). To
evaluate these persistent responses, the background distribu-
tions in azimuth and magnitude atDep are constructed by
Pa(Dep) andPm(Dep) during the entire period (2002–2005).
In contrast, the time-varying distributions in azimuth and
magnitude atDep are computed byPa(Dep) and Pm(Dep)

Fig. 2. The apparent resistivity of magnetotelluric data (retrieved
from Chiang, 2010) close to the CCU station(a) and the depth to
frequency section(b).

www.nat-hazards-earth-syst-sci.net/13/1/2013/ Nat. Hazards Earth Syst. Sci., 13, 1–8, 2013
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within a 15-day moving window to investigate the changes
in Parkinson vectors with time.

Anomalous responses at different azimuths are obtained
by subtracting the normalised background azimuth distri-
bution from the normalised time-varying one at each stud-
ied depth. Derived differences from the normalised back-
ground azimuth distribution (i.e. the anomalous azimuth de-
viations) at 20 particular depths, which may be related to
earthquake azimuths at respective hypocentre depths, are
used to identify anomalous azimuths. Note that positive
anomalous azimuth deviation denotes the existence of high
conductivity relative to the background. Furthermore, the
persistent effects on magnitude are removed by subtract-
ing the normalised background magnitude distribution from
the normalised time-varying one at each studied depth. De-
rived differences from the normalised background magni-
tude distribution are summed individually for each of the
20 depths. These 20 summed values versus the related depths
are utilised to construct anomalous depth sections. The com-
puted depth of anomalous conductivity is defined by using
the largest summed value from these depth sections.

3 Observation and interpretation

Figure 3 shows the normalised background azimuth distribu-
tions ofPa(Dep, Dep ranges from 5 to 100 km) to reveal the
persistent effect (i.e. influences of the coast effect and un-
derlying conductivity structure). The normalised background
distributions ofPa mainly concentrate within a range be-
tween−100◦ and−120◦ from shallow to deep depth at the
western side of the CCU station. This direction ranges from
−100◦ to −120◦ toward sea water and is orthogonal to the
strike (169◦) of the coast line nearest the CCU station (also
see Fig. 1), which agrees with the coast effect. Regarding
Pa toward the eastern side of the CCU station, no significant
direction can be found from the normalised background dis-
tributions of shallowPa(Dep, Dep < 30 km). The normalised
background distributions of deepPa(Dep, Dep > 30 km) ori-
ent at a direction of approximately 75◦. This suggests that
the crustal structure changes at approximately 30 km depth,
thus, indicating the Moho discontinuity in accordance with
Wang et al. (2010) at a depth between 30 and 40 km be-
neath Taiwan. These results also suggest the existence of rel-
atively high conductivity materials beneath the central moun-
tain range, which is in agreements with the magnetotelluric
survey reported by Chiang (2010).

Figure 4a illustrates the anomalous azimuth deviations of
Pa (15 km) versus the epicentre azimuth (70◦) of EQ2 cov-
ering a period of 110 days. The anomalous azimuth devia-
tions at each azimuth are comparable and no apparent direc-
tion can be observed except for a few days prior and after
EQ1, EQ2 and EQ3. The intense and/or positive anomalous
azimuth deviations at azimuth of 70◦ abruptly appeared and
then disappeared 15 days before and after EQ2, respectively.

Fig. 3.The background azimuth distribution ofAp (Dep, whereDep
ranges from 5 to 100 km). The black line denotesDep of 30 km re-
vealing a discontinuous boundary of background azimuth distribu-
tions.

These results are consistent with the momentary existence
of earthquake-related high conductivity materials observed
by Lin and Zeng (1992) with respect to 11 earthquakes in
China that occurred between 1976 and 1988. Figure 4b re-
veals depth sections with time-varying anomalous conductiv-
ity over the same time span. The computed depth associated
with EQ2 is 10 km, which matches with its reported hypocen-
tre depth (13.81 km). Figure 4c displays the Dst index, which
characterises the severity of magnetic storms. Discrepancy
between the detected anomalies and magnetic storms in the
time domain suggests that the anomalous azimuth deviations
and depth sections are not related with changes in space
weather, but local earthquakes. Notably, anomalous depth
sections (Fig. 4b) roughly agree with the actual hypocentre
depths of EQ1 and EQ3 because of relatively small differ-
ences (16 km between EQ1 and EQ2; 5 km between EQ3 and
EQ2) in their hypocentre depths.

Figure 5 shows the comparison between computed and
reported hypocentre depths for the 16 studied earthquakes.
The difference between the computed and reported hypocen-
tre depths is generally small (< 20 km) for most earth-
quakes, except for EQ9, EQ10, EQ11 and EQ16. We checked
the entire earthquake catalogue (http://www.cwb.gov.tw) and
found that other small seismic events (M < 5.5) occurred
close to the studies earthquakes at the computed depths. That
is, those events were identified instead of EQ9, EQ10 and
EQ11. As to the mismatch in the case of EQ16, it may be
caused by the fact, that EQ16 is the only event with a nor-
mal faulting focal mechanism, whereas the other 15 events
are of reverse faulting or strike-slip type. Liu et al. (2006)
suggested that seismo-magnetic anomalies are often ob-
served in reversed fault or strike-slip earthquakes because
of the discrepancy of earthquake-related stress accumulation.

Nat. Hazards Earth Syst. Sci., 13, 1–8, 2013 www.nat-hazards-earth-syst-sci.net/13/1/2013/
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Fig. 4.The anomalous azimuth deviations at 15 km deep(a), time-varying anomalous depth sections(b) and Dst index(c) during EQ2. Open
stars denote the earthquake azimuths and the hypocentre depths of EQ1, EQ2 and EQ3.

Fig. 5. The computed and reported hypocentre depths of 16 earthquakes. The blue lines denote reported hypocentre depths. The black lines
show summarised differences on the depth profile. The red lines are the computed depths determined by the largest summarised differences.

www.nat-hazards-earth-syst-sci.net/13/1/2013/ Nat. Hazards Earth Syst. Sci., 13, 1–8, 2013
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The relatively large difference between the computed and
hypocentre depths in EQ16 is, thus, inferred to be associated
with its normal-fault mechanism, and we conclude that the
analytical method proposed in this study is more applicable
to reverse and strike slip events.

4 Discussion and conclusions

Our analytical results indicate that high conductivity ma-
terials momentarily exist near the hypocentre during most
(15/16) studied earthquakes. These features are consistent
with the observations using magnetotelluric equipment at lo-
cations close to other major earthquakes (Chen and Chen,
2000; Honkura et al., 2000). Rock susceptibilities change
with accumulating stress (Stacey, 1962; Nagata, 1970) dur-
ing the pre-earthquake period. Meanwhile, increases in elec-
tric conductivity around epicentres were also observed a
few days before earthquakes (Lin and Zeng, 1992; Chen
and Chen, 2000). Although the fundamental mechanisms of
the conductivity increase are not fully understood, it has
been proposed that the electrokinetic (Fenoglio et al., 1995)
and microfracuringCE1 effects (Molchanov, and Hsayakawa,
1995) may play an essential role in this process. Hat-
tori (2004) and Liu et al. (2006) reported that seismo-
electromagnetic anomalies were often observed by magne-
tometers close to earthquake epicentres. Therefore, we ex-
pect that hypocentre locations could be estimated in many
cases by using geomagnetic data in particular from high den-
sity magnetic station arrays. A shallow hypocentre depth is a
common feature of major earthquakes that cause great dam-
age, such as the 1995 Hanshin earthquake (17 January 1995,
M = 7.2, depth = 16 km) and the 1999 Chi-Chi earthquake
(29 September 1999,M = 7.6, depth = 8 km). Hypocentres
are distributed throughout a large depth range of, for exam-
ple, 5–300 km in some regions such as the subduction zone of
the Philippine Sea plate beneath Eurasian plate in northeast-
ern Taiwan (Ho, 1988). Thus, pin-pointing the hypocentre
depth before an earthquake is very important, in view of most
geophysical measurements being confined on the Earth’s sur-
face. Using the magnetic transfer function and accompanying
skin depth, this study demonstrated that continuous geomag-
netic data can be closely related to hypocentre depths. Our
analyses of the magnetic transfer function and frequency de-
pendent skin depths, based on data from 3-component mag-
netometres and magnetotelluric equipment provided a firm
estimation of hypocentre depths. This knowledge may help
to better assess the extent of damage that a strong earthquake
may cause, in particular, if the analyses indicate a shallow
depth for such a strong seismic event. Eventually, suitable
precautions against seismic hazards can be taken.

In conclusion, the anomalous azimuth deviations orient-
ing toward the epicentres and computed depths approach-
ing the actual hypocentre depths are two important param-
eters that can be observed in the thrust and strike-slip earth-

quakes in Taiwan from 2002 to 2005. The results suggest
that conductivity increases during earthquakes, specifically
at the hypocentre depths. These relationships are useful to
our understanding the changes in underlying conductivity
as the result of earthquake-related stress disturbance. Cur-
rently, an automatic system (http://140.109.80.199/goal) has
been established in Taiwan to routinely retrieve the anoma-
lous azimuth deviations and the computed depths from 3-
component magnetic data via the magnetic transfer function.
The retrieved data are constantly compared to earthquake pa-
rameters (i.e. epicentres and hypocentre depths); satisfactory
and interesting results have been obtained. More stations will
be installed to increase the accuracy and to further construct
a holistic view of conductivity changes with respect to the
seismic activity.
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Remarks from the English Copy-Editor

CE1 do you mean microfracturing?

Remarks from the Typesetter

TS1 This reference corrected according to the reference list. Please confirm.
TS2 These two references corrected according to the reference list. Pleas confirm.
TS3 Are there any vectors in the text?
TS4 Please complete the short title.


