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Abstract. Despite early optimism, pre-earthquake anoma-1 Introduction
lous phenomena can be determined by using enhanced am-

plitude at the ultra-low-frequency range from geomagnetic
data via the Fourier transform. In reality, accuracy of the en-

hanced amplitude in relation to earthquakes (deduced fro requencies), and have been reported in many studies (e.g.

time-varied geomagnetic data) would be damaged by magHayakawa and Fujinawa, 1994; Hayakawa, 1999; Hayakawa
netic storms and/or other unwanted influences resulting fron}md Molchanov. 2002: i\/lolchémov and I-;ayaka{wa 2008

solar activity and/or variations in the ionosphere, respecH -hnoi et al., 2009). Fraser-Smith et al. (1990) observed

tively. We substitute values of the cross correlation betweer‘t : e
; . hat the amplitude of the geomagnetic field at the ultra-low-
amplitudes, summarized from the earthquake-related (0.1+ P 9 9

frequency (ULF) band of 0.05-0.2Hz suddenly increased
0.01Hz) and the comparable (0.01-0.001Hz) frequencyf V\?hourz érior t)o theVl = 7.15E0 Loma Prieta ea);thquake.
bands, for isolated amplitude enhancements as indexes

o . . : ) ; ased on convincing evidence from that amplitude, the ULF
determination associated with seismo-magnetic anomalies tPrequency band is repeatedly enhanced and consistently iden-

mitigate disturbance caused by magnetic storms. A St""t'orﬁfied prior to other major earthquakes (Bernardi et al., 1991;
located about 300 km away from the others is also takerMoIchanov etal., 1992; Kopytenko et al., 1993: Merzer and
into account to further examine whether changes of the Cros?(lemperer 1997.',Kawaie etal 1998: Ha;yakaw,a ctal. 1996

correlation values are caused by seismo-magnetic anomali%oo_ Gotoh et al.. 2002 Hattori et al.. 2002. 2004a. 2004b:

ltlrr]mtt?g V\\'/'trllm Ioca(lj(;egrj:londs 0: not. ,:\narlytlcial :]?Slrms ?h\zvz/j Hattori, 2004); geomagnetic amplitude increases within the
atthe values suddenly decrease near epicenters a few da F range in response to seismo-magnetic anomalies, which

before and after 67 %=(6/9) of earthquakesM > =5) in are generally considered as having great potential for earth-

Taiwan _betyveen September 2010 _and March 2011. Se'smoduake monitoring.
magnetic signals determined by using the values of cross cor- ] ) . o
relation methods partially improve results yielded from the ~Taiwan is located in a high seismicity area at the west-

Fourier transform alone and provide advantageous informa€n edge of the Pacific Ocean and at the boundary of the
tion of earthquake locations. Philippine Sea Plate and Eurasian Plate (Ho, 1988). To study

seismo-magnetic anomalies, a network of geomagnetic sta-
tions has been established in Taiwan since 1988 (Yen et al.,
2004). The network is currently comprised of 11 stations

Seismo-magnetic phenomena are observed within a wide fre-
guency range from DC (direct current) to VLF (very low
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Table 1. Locations of 11 geomagnetic stations in Taiwan.

N TAIWAN

Stations Code Latitudé(N) Longitude C E) r

Neicheng NC  24.7181 121.6681 = MAGNETIC STATION

Yeheng YH 24671 121.3671 25 k SEISMIC EVENT i
Liyutan LY 24.3467 120.7675

Hualien HL 24.0678 121.6006

Shuanlung SL 23.7902 120.9441

Yuli YL 23.3506 121.2856

Tsengwen TW 23.2514 120.5167

Taitung TT 22.8019 121.0519

Pingtung PT 22.7035 120.6496

Hengchun  HC 21.935 120.8008 24 |
Kinmen KM 24.4471 118.4164

(Table 1). Locations of the 11 stations were chosen carefully %5
away from populated areas to diminish interference from 3
visible iron objects, power lines and artificial noise (Yen et
al., 2004). ldentical proton magnetometers with the sensi-
tivity of 0.1 nT are equipped at these stations and routinely 23
monitor variations of geomagnetic total intensity field using
1 Hz sampling rate (Chen et al., 2009a). Chen et al. (2009a
prudently examined data quality of the 11 stations by the
Chapman-Miller method (Chapman and Miller, 1940), and
found that tiny signals caused by the magnetic lunar effect:s
can be observed. Although these total intensity data retrieve:
from this network are difficult to be used to observe changes
in direction of magnetic fields, good quality and a long ob- 25 ]
servation period (from 1988 to now) of data are sufficient to
be utilized in most geomagnetic studies (Chen et al., 2004 T
2009a, 2010, 2011a; Liu et al., 2006; Yen et al., 2004, 2009) 120 121 122

The M =9.0 Tohoku earthquake (142%3B, 38.30 N) Longitude(’E )
occurred on 11 March 2011, striking northern and east-_ ) )
ern Japan as the most destructive earthquake thus far ifi9- 1- The topographic map of Taiwan. The red stars denote the
the 21st century. To examine whether influence of Seismo_eplcenters of 9 _studle_d ea_rthqu_akes. Blue squares show locations of

. . . the geomagnetlc stations in Taiwan.

magnetic anomalies excited by the Tohoku earthquake can
reach the geomagnetic field in Taiwan or not, geomagnetic

fjata recorded at the aforement_ioned 11 stations are exanpéwing analysis because discontinuity data yielded by gaps
ined. We found that the amplitude at earthquake-relateq,q |4 gamage analytical results. Derived amplitudes are ex-
frequency band (i.e. 0.01-0.1 Hz) was enhanced_durmg the mined along with 9 earthquakes with > 5.0 (Table 2

Tohoku earthquake. However, when the Dst (disturbancgy,a occurred near or within Taiwan (retrieved from the earth-
storm time) index is taken into account, a magnetic Storm'quake catalog of the Central Weather Bureau, Taiviip{
which possibly excites amplitude increase at the earthquakef/www.cwb.gov.tW). Amplitudes at the earthq’uake-related
related frequency band, also happened during the TohokWn the other frequency bands are compared by using the

earthqgake. ) . ) cross correlation to clarify amplitude increase in response to
In this study, geomagnetic total intensity data recordedgijiper earthquakes or magnetic storms.

at 8 stations (Neicheng (NC), Yeheng (YH), Hualien (HL),

Shuanlung (SL), Tsengwen (TW), Taitung (TT) and

Hengchun (HC) in Taiwan, as well as the Kinmen (KM) 2 Preliminary investigations

station located about 300 km away from the other mea-

surements) from 1 September 2010 to 17 March 2011 aré

used to compute amplitude by using the fast Fourier trans- Geomagnetic fields are mainly affected by variations in the
form (FFT). Note that geomagnetic data at Liyutan (LY), ionosphere and magnetosphere, as well as induction fields
Yuli (YL) and Pingtung (PT) are eliminated from the fol- generated by resistive structures in the subsurface (Chapman
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Table 2. Earthquakes retrieved from the catalog of Central Weather Butegi/(www.cwb.gov.tyy in relation to this study.

Year Month Day Long{E) Lat(°N) Depth(km) Magnitude Days after

1 Sep 2010
EQ1 2010 9 20 121.62 23.68 36.2 5.1 20
EQ2 2010 9 29 121.7 24.13 9 5 29
EQ3 2010 10 3 121.8 24.36 19.4 5.1 33
EQ4 2010 11 8 120.41 23.21 17.5 5.2 69
EQ5 2010 11 12 120.61 22.19 38 5.3 73
EQ6 2010 11 21 121.69 23.85 46.9 6.1 82
EQ7 2010 12 6 121.43 23.68 24.8 5.2 97
EQS8 2010 12 7 121.37 22.96 40.5 5.1 98
EQ9 2011 2 1 121.8 24.21 18.3 55 154
Tohoku 2011 3 11 142.38 38.3 24 9 192
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Fig. 2. Variations of geomagnetic field at 8 stations in Taiwan from Fig. 3. First panel: variations of the ULF amplitudes observed from

1 September 2010 to 17 March 2011. Shadow and black lines dei Septemebr 2010 to 17 March 2011, at the NC station at two fre-

note the variations of geomagnetic field on the day side (07:00—quency bands, 0.01-0.001 Hz and 0.1-0.01 Hz. Second panel: ULF

15:00LT) and the night side (19:00-03:00 LT). A number following variations observed during the period from 20 September 2010 to

the station code is a shift value from raw data. 10 Octtober 2010. Note that red and blue lines denote the processed
amplitude at 0.01-0.1 Hz and 0.001-0.01 Hz, respectively. Third
panel: Dst parameter variation versus the investigated period (i.e.

and Bartels, 1940). It is well known that solar activity in- 1 SePtember 2010 to 17 March 2011).

tensely affects geomagnetic fields, resulting in geomagnetic

daily variations (Chapman and Bartels, 1940). To understand

influence resulting from solar activity, geomagnetic data atmagnetic storms provide a good opportunity to clarify factors
the 8 studied stations are separated into the daytime (07:002f amplitude increase.

15:00LT) and nighttime (19:00-03:00LT) phases. Figure 2 To avoid effects of solar activity, we apply to the night-
shows variations of raw data of geomagnetic fields in Taiwantime observations a FFT temporal window of 3600 s, with a
during the entire study period (i.e. from 1 September 2010step of 1 h at the earthquake-related frequency band of 0.01—
to 17 March 2011). Great fluctuations are observed from0.1 Hz. By contrast, we further process amplitude at a fre-
the daytime data when observation stations were on the daguency band of 0.001-0.01 Hz via the same analytical hy-
side. By contrast, variations of geomagnetic nighttime datagpothesis and take it as a reference. Figure 3 shows a good
are relatively smooth because effects of solar activity are refelationship between variations of the processed amplitude
duced when observation stations were on the night side. It ist the frequency bands of 0.01-0.1 and 0.001-0.01 Hz. The
worth mentioning that geomagnetic fields suddenly decreas®st parameter and the processed amplitudes show similar
and maintain 2—4 days due to magnetic storms on 41st, 72ndjariations. This suggests that amplitude at the earthquake-
110th, 119th 157th, 167th, 171st, 181st and 191st days fromelated frequency band of 0.01-0.1 Hz would be enhanced
the “starting” day (i.e. 1st day is 1 September 2010). Thesdn relation to either earthquakes or magnetic storms. Thus,

www.nat-hazards-earth-syst-sci.net/12/1/2012/ Nat. Hazards Earth Syst. Sci., 12912012
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Fig. 4. The cross correlation values at the 8 stations and Dst fromrig. 5. A contour map of the cross correlation values from night-

1 September 2010 to 17 March 2011. Shadow and black linesime data during EQ1. Blue squares indicate locations of the geo-
denote the cross correlation values derived from the daytime angnagnetic stations in Taiwan. A red star represents the epicenter of
nighttime data. EQL1. Color lines on Taiwan denote the cross correlation values.

determination of pre-earthquake anomalous phenomena de-

pends on amplitude increase at the earthquake-related fréelatlon at the 8 stations. It is clear to find that values of the
quency band, which alone would take high risks. Therefore, cross correlation generally approach 1, which suggests that

enhanced amplitude resulting from magnetic storms should’ angtlons of two pro?essed ag:phtudfe s W'th'? thf exam;[]rt]e d
be removed first before it is used to compare with earth- window are very simiiar, regardiess ot magnetic storms. 1his

quakes. implies that changes of the cross correlation values and mag-
netic storms exhibit an independent relationship. Thus, if the
cross correlation values can be related to earthquakes, these
3 Methodology and data processing would be a good seismo-magnetic indicator of the partial in-
fluence of magnetic storms. It is interesting to find that the
The combination of the two processed amplitudes allows us/alues of cross correlation sometimes decrease along with
to find a different behavior. As shown in the middle panel earthquakes, such as on about 30th day at the NC station and
of Fig. 3, a clear increase and decrease of amplitude are olabout 95th day at the TT station. When decreased values of
served in the daytime interval between 29 and 31, respecthe cross correlation are examined with earthquake catalog
tively, at the band of 0.01-0.1 Hz and 0.001-0.01 Hz. This(Table 2), earthquake occurrence and anomalous stations (i.e.
time interval corresponds to the period of occurrence of EQ2decreased values of the cross correlation) yield a good agree-
and EQ3. To further extract the discrepancy, we compute valment in the time scale. To further clarify this relationship in
ues of the cross correlation between the two processed anthe spatial domain, time-varied contour maps are constructed
plitudes using a temporal moving window of 7-days with a with the values of the cross correlation at the 7 stations lo-
1-day step. Figure 4 shows the analytical results of cross coreated in Taiwan. Figure 5 shows the contour maps between
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15 September and 23 September, entirely covering EQ1. Relguake magnitude. Thus, seismo-magnetic anomalies would
atively small values of the cross correlation were initially ob- be related to timings, location, and magnitude of forthcom-
served in central Taiwan, near the HL and SL stations. Theng earthquakes. Although Chen et al. (2011b) reported that
values of the cross correlation promptly decreased and gracearthquake-related stress changes can be observed by using
ually increased 3 days before and after at the HL stationGlobal Positioning System, mechanisms of seismo-magnetic
respectively, where located nearby is the epicenter of EQlanomalies resulting from stress accumulation are not fully
This similar evolution (i.e. decreased values of the cross corunderstood, despite extensive discussion in previous stud-
relation near epicenters) is repeatedly observed during EQ2ies. Merzer and Klemperer (1997) and Yen et al. (2004)
EQ9, excef@= for EQ4, EQ5 and EQ9 (also see the Ap- suggested that high conductivity and/or currents along faults
pendix) and applies about 67 % 6/9) accuracy in estimat- are main causes of observed anomalies during earthquakes.
ing time and location information in relation to earthquakes. Otherwise, Chen et al. (2009b, 2010) proposed a hybrid
Therefore, this method is very useful to remove effects ofsystem and observed seismo-magnetic waves emitted from
magnetic storms on studies of seismo-magnetic anomalies. SMARTSs (surface magnetic anomalous reference tips). In
short, materials with high conductivity or susceptibility can
be formed near epicenters, faults or SMARTS by any pos-
4 Discussion and conclusion sible mechanism. On the other hand, these ULF emission
waves could be observed within the epicentral distance of
In terms of the Tohoku earthquake, the phenomena (i.e. deabout 70-80 km for earthquakes with magnitude of about 6
crease of the cross correlation values)that appeared abogiHayakawa and Hattori 2004). Ohta et al. (2001, 2005, 2007)
5 days before this grave event are observed at 8 stationgproposed that these emission waves would propagate in the
which are located about 2500 km away from the epicenterEarth-ionosphere waveguide with small attenuation ag TM
The values<{0.6; also see Fig. A6 in Appendix), which sug- (or TEM) mode over great distances (Bliokh et al., 1980).
gest seismo-magnetic anomalies, can be observed in Taiwaltong-range transmissions of the emission waves were also
regions during the Tohoku earthquake, but they are almosbbserved in Japan about 2000 km and 5500 km away from
even at all the studied stations (i.e. including the KM sta-the epicenter of Chi-ChiM = 7.6 on 20 September 1999)
tion located about 300 km away; also see Fig. 4). Thus,(Ohta et al., 2001) and the Sumatra earthquake=(9.0 on
no obvious area with a relatively small value could be de-26 December 2004) (Ohta et al., 2007), respectively.
termined as an epicenter. When the time-varied values of In summary, magnetic storms woi@= deeply affect
the cross correlation are further reexamined, the even smallariations of geomagnetic fields and disturb accuracy of de-
values lie on Taiwan regions as well as the KM place, sig-tections of seismo-magnetic signals from amplitudes via FFT
nificantly appearing on 78th, 114th, 136th, 163rd and 178thalone. We employed characteristics of magnetic storms,
days without earthquake occurrence. Thus, it is difficult to which enhance amplitude regardless of frequency, and com-
determine whether seismo-magnetic anomalies affected gegputed the cross correlation values between the earthquake-
magnetic fields in Taiwan during the Tohoku earthquake orrelated (0.01-0.1 Hz) and relatively low (0.001-0.01 Hz) fre-
not. This confusing effect (i.e. the small cross correlationquency bands to reduce influence caused by magnetic storms.
values in large-scale areas) could be caused by variations dfhe relatively small values of the cross correlation some-
the ionosphere and/or other unknown factors, limited withintimes lie in wide areas to affect accuracy of detections of
either 0.01-0.1 Hz or 0.001-0.01 Hz. This effect would dam-seismo-magnetic signals due to changes of the ionosphere
age accuracy of determination of seismo-magnetic anomaand/or unknown factors and this phenomenon can be par-
lies, but could be partial mitigated when the values at thetially mitigated once other far away stations are taken into ac-
KM station are simultaneously taken into account. Note thatcount, simultaneously. When the effects of magnetic storms
the KM station is located at a seismicity zone. The consis-and changes of the ionosphere disturbing wide areas are
tent changes of the values between KM and the other 7 staeliminated, the relatively small values are observed near epi-
tions would not be considered as local effects associated witltenters a few days before and after 67246(9) of earth-
earthquakes. guakes.
Timings and/or locations of forthcoming earthquakes can
be effectively estimated by using FFT (Fraser-Smith et al.,
1990), the fractal method (Hayakawa et al., 1999), the flicker
noise spectroscopy (Hayakawa and Timashev, 2006), the ra-
diometric method (Kopytenko et al., 2001), and the princi-
ple component analysis (Hattori et al., 2004b) as well as
anomalous daily variation ranges (Liu et al., 2006). Hat-
tori (2004) summarized empirical observations from many
major earthquakes, and found that the distance of the success
detection for ULF emission waves is proportional to earth-
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Fig. Al. A contour map of the cross correlation values from
nighttime data during EQ2 and EQS3. Blue squares indicate
locations of the geomagnetic stations in Taiwan. Red stars

represent the epicenter of EQ2 and EQ3. Color lines on Taiwan

denote the cross correlation values.
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Fig. A2. A contour map of the cross correlation values from
nighttime data during EQ4 and EQ5 (the red stars).
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Fig. A3. A contour map of the cross correlation values from

nighttime data during EQ6 (the red star).
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Fig. A4. A contour map of the cross correlation values from
nighttime data during EQ7 and EQ8 (the red stars).
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Fig. A5. A contour map of the cross correlation values from
nighttime data during EQ10 (the red star).
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Fig. A6. A contour map of the cross correlation values from
nighttime data during the Tohoku earthquake (on 192nd day).
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Remarks from the English Copy-Editor

@Feri- make sure this symbol is correct
changed "expect” to "except”
perhaps "could” is a better fit
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