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Abstract To clarify and verify the ultralow frequency (ULF) seismomagnetic phenomena, we have
performed statistical studies on the geomagnetic data observed at the Kakioka (KAK) station, Japan,
during 2001-2010. We investigated the energy of ULF geomagnetic signals of the frequency around 0.01 Hz
using wavelet transform analysis. To minimize the influences of artificial noises and global geomagnetic
perturbations, we used only the geomagnetic data observed at nighttime (LT 2:30 A.M. to 4:00 A.M.) and
utilized observations from a remote station, Kanoya, as a reference. Statistical results of superposed epoch
analysis have indicated that ULF magnetic anomalies are more likely to appear before sizable earthquake
events (E; > 10%) rather than after them, especially 6-15 days before the events. Further statistical
investigations show clearly that the ULF geomagnetic anomalies at KAK station are more sensitive to larger
and closer events. Finally, we have evaluated the precursory information of ULF geomagnetic signals for local
sizable earthquakes using Molchan’s error diagram. The probability gain is around 1.6 against a Poisson
model. The above results have indicated that the ULF seismomagnetic phenomena at KAK clearly contain
precursory information and have a possibility of improving the forecasting of large earthquakes.

1. Introduction

During the past few decades, electromagnetic variations associated with earthquakes and volcanic activities
have been intensively studied [e.g., Johnston, 1997; Hayakawa, 1999; Hayakawa and Molchanov, 2002; Hattori,
2004]. So far, there have been many reports on the seismoelectromagnetic phenomena recorded by different
measurements covering a very wide frequency range all over the world. These measurements can be
classified into three types: (1) passive ground-based observation for lithospheric emissions in the frequency
range from DC to VHF [Varotsos and Alexopoulos, 1984; Varotsos and Lazaridou, 1991; Fraser-Smith et al., 1990;
Molchanov et al., 1992; Kopytenko et al., 1993, 1994, 2006; Lighthill, 1996; Hayakawa et al., 1996a; Kawate et al.,
1998; Nagao et al., 2002; Uyeda et al., 2002, 2009; Hattori, 2004; Hattori et al., 2004a, 2004b; Telesca and Hattori,
2007; Telesca et al., 2008; Han et al., 2009; Chavez et al., 2010; Hirano and Hattori, 2011; Huang, 2011a,
2011b; Wen et al., 2012; Xu et al., 2013]; (2) active ground-based monitoring of seismoatmospheric and
seismoionospheric perturbations utilizing transmitter signals [Gokhberg et al., 1982; Hayakawa et al., 1996b;
Molchanov and Hayakawa, 1998; Liu et al., 2001, 2006, 2009; Kon et al., 2011]; and (3) satellite observations of
plasma perturbations, radio emissions, and thermal anomalies associated with earthquakes in the upper
atmosphere [Galperin and Hayakawa, 1996; Tramutoli et al., 2005; Ouzounov et al., 2006, 2007; Sarkar et al.,
2007; Akhoondzadeh et al., 2010].

Recently, ultralow frequency (ULF, less than 1 Hz) has been considered as a prospective band in search of
earthquake precursory signatures because of its larger skin depth [Fraser-Smith et al., 1990; Hattori, 2004;
Hattori et al., 2004a, 2004b; Yen et al., 2004; Liu et al., 2006; Telesca et al., 2008; Zhao et al., 2009; Chen et al.,
2010, 2013; Hirano and Hattori, 2011; Wen et al., 2012; Han, 2013; Xu et al., 2013]. Furthermore, abundant
indoor and/or outdoor experiments and numerical simulations have confirmed the existence of ULF
seismoelectromagnetic phenomena [Molchanov and Hayakawa, 1995; Yoshida et al., 1997; Freund, 2000,
2002; Huang, 2002, 2005; Huang and Lin, 2010; Enomoto, 2012; Ren et al., 2012]. However, it is still considerably
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Kakioka (KAK) station, Japan, during 2001-2010 in this study.

Figure 1. Locations of geomagnetic stations in Table 1.

2. Geomagnetic Observations and Studied Earthquakes

It is essential to evaluate the statistical significance of the precursory information of preseismic phenomena,
since these phenomena are neither always observed or detected before all large earthquakes nor always
followed by large earthquakes. For the statistical study of ULF seismomagnetic phenomena, the following
two preconditions are required: (1) a long-term continuous monitoring of ULF magnetic field and (2) a
sufficient number of sizable earthquakes. With a superb quality and long-term continuity of data, three JMA
(Japan Meteorological Agency) observatories, Memambetsu (MMB), KAK, and Kanoya (KNY) provide an
excellent opportunity for carrying out such an analysis. Figure 1 shows the locations of these three stations,
and Table 1 lists more details of them. In this study, we use the 1 Hz geomagnetic data of these three
stations during 2001-2010, which are available on the website of KAK observatory. The reported data
are absolute values of the horizontal (H), declination (D), and vertical (Z) components. Here we transform H
and D to the X (N-S) and Y (E-W) components.

According to previous studies [Hattori, 2004; Zhuang et al., 2005; Schekotov et al., 2007], the detection of
ULF magnetic anomalies seems to depend on the magnitude of the target earthquake and the distance from
the geomagnetic station to the hypocenter (hereafter, hypocenter distance). Therefore, in this study we
employ the E; parameter which considers both factors to select earthquake events. The E; index is the daily
sum of the local earthquake energy (E) defined by the following formula [Hattori et al., 2006]:
E;=) E M
1day
1 04A8+ 1.5M
E/=—7>H(— )

r2
where M and r are the magnitude of the earthquake and the hypocenter distance, respectively. In order to
compare our present and previous studies, here we adopt the same criterion used by Hattori et al. [2013a]: an
earthquake event occurs when the £, index in that day exceeds 108, To satisfy this criterion, for an earthquake
of magnitude 4.0, the hypocenter distance should be less than 25 km. Note that only shallow earthquakes

(less than 60 km deep) are taken into account. There are 3, 6, and 50 events within 100 km (epicenter distance

Table 1. List of ULF Geomagnetic Stations Shown in Figure 1
Station Name (Code) Geographic Coordinates Type of Magnetometer Sampling Rate Reported Data

Memambetsu (MMB) 43.91°N, 144.19°E Fluxgate 1Hz H,D, and Z
Kakioka (KAK) 36.23°N, 140.12°E Fluxgate 1Hz H,D,and Z
Kanoya (KNY) 31.42°N, 130.88°E Fluxgate 1Hz H, D, and Z
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R < 100 km) from MMB, KNY, and KAK stations
during 2001-2010, respectively. This study focuses
on KAK station, where the earthquake samples are
sufficient for a statistical analysis. Here the region
within 100 km from KAK station is named Region A.
It should be emphasized that the earthquake event
is defined by the daily sum of earthquake energy E
rather than E'. Even if there are several adequate
earthquakes happening on a same day, we only count
it as one single event. Furthermore, to investigate
whether there is any distance dependence of
seismomagnetic anomalies, we choose another
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Figure 2. Spatial distributions of major earthquakes with surrounding region A (Figure 2). The earthquake
E. > 10% around KAK station during 2001-2010. The blue events in Regions A and B are shown in Figure 2,
triangle indicates the location of the KAK station. Theredand ~ and their detailed information is given in Table 2
black open circles indicate earthquakes in Regions Aand B, and Table 3, respectively. Here we choose 216 km

respectively. The sizes of circles are scaled to the magnitudes. as the outer boundary for Region B, such that
The green circles demark the outer boundaries of Regions A ' .
there are equal numbers of earthquake events in

and B, with radii 100 km and 216 km, respectively.
Regions A and B during 2001-2010.

3. Data Processing

3.1. Signal Discrimination and Wavelet Analysis

Generally, ground-based ULF geomagnetic data are superposition of several signals: global magnetic
perturbations, artificial noises, and magnetic signals possibly due to underground activities. Therefore, the
key point in seismomagnetic studies is to distinguish the earthquake-related signals from the others. Figure 3
shows a typical spectrogram of the Z component of geomagnetic data at KAK station, with clear time zone of
lower background noise from midnight to early morning in local time (LT) when the train system is shut
down. Thus, to minimize the influences of such artificial noises, we only utilize the data during 02:30-04:00 LT.
Note that the artificial noises of MMB and KNY stations are very small even in the daytime, because they are
located in the countryside, far away from railways.

In previous studies, one of the most frequently reported periods of seismoelectromagnetic phenomena was
around 100 s [Fraser-Smith et al., 1990; Hayakawa et al., 1996a; Uyeda et al., 2002; Hattori, 2004; Hattori et al.,
2004a, 2004b, 201343, 2013b; Han et al., 2011]. In this study we apply the wavelet transform to the 1 Hz
geomagnetic data and extract the signals at the frequency around 0.01 Hz. After comparison among several
types of wavelets, we adopt Daubechies 5 (db5) as the mother wavelet, following Jach et al. [2006] who
found out that the db5 wavelet is effective. Details of such wavelet analysis are found in Han et al. [2011]
and Hattori et al. [2013a, 2013b]. Figure 4 demonstrates an example of wavelet transform results of the X
component. It could be seen that the geomagnetic variations at the 100 s period are usually similar among
the three stations. Thus, either KNY or MMB can be taken as a reference station in removing global
geomagnetic perturbations.

3.2. Daily Energy of Geomagnetic Signals

Early studies have indicated that there are possible energy enhancements of ULF geomagnetic signals in
the Z component prior to large earthquakes [Hattori, 2004; Hattori et al., 2004a, 2013a; Han et al., 2011].
Therefore, this study focuses on the geomagnetic energy variation in the Z component and discusses the
relationship between the energy enhancements and earthquake activities. First, we apply a six-level discrete
wavelet transform using db5 mother wavelet to the daily 1 Hz nighttime geomagnetic data. Next, we extract
the detailed signals in the sixth level, where the central frequency is 0.01 Hz. Finally, we compute the daily
average energy of the obtained 0.01 Hz signals [see Hattori et al., 2013a for more details].

Figure 5 shows the correlations of 10 year daily energies for each pair of the three stations. Figures 5a-5c
show the correlations in H component; Figures 5d-5f present the correlations in Z component. The
correlation coefficients are higher than 0.92 in H components for all three pairs of stations, suggesting
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Table 2. List of Major Earthquakes With Es > 10%in Region A

No. DDMMYY Latitude (°N) Longitude (°E) Depth (km) Epicenter Distance (km) Magnitude (JMA) ES (I9) E (Ig)
1 31 March 2001 36.82 139.38 4 97.68 52 8.6 8.6
2 25 May 2001 35.76 140.67 47 68.05 5.0 85 8.5
3 31 May 2001 36.18 139.81 55 34.48 4.7 8.2 83
4 20 July 2001 36.16 139.81 55 3436 5.0 8.7 8.7
5 3 September 2001 36.39 141.15 49 87.93 49 8.1 8.1
6 11 February 2002 35.79 141.09 34 95.17 5.2 8.6 8.6
7 12 February 2002 36.59 141.08 47 89.60 57 9.3 9.3
8 4 May 2002 35.46 140.41 31 87.67 4.8 8.1 8.1
9 14 June 2002 36.22 139.98 56 18.83 5.1 89 8.9
10 16 October 2002 35.84 140.90 34 78.14 5.0 8.4 8.4
11 21 October 2002 36.37 141.12 49 85.43 54 89 89
12 21 January 2003 36.37 141.03 46 76.98 5.1 8.5 8.5
13 13 March 2003 36.09 139.86 47 33.57 5.0 8.8 8.8
14 8 April 2003 36.07 139.91 47 30.58 4.6 82 82
15 12 May 2003 35.87 140.09 46 41.35 5.3 9.2 9.2
16 17 May 2003 35.74 140.65 47 68.96 53 8.9 8.9
17 9 June 2003 36.42 140.70 54 50.87 4.7 8.1 8.1
18 4 August 2003 36.44 140.61 58 4487 49 84 8.4
19 15 November 2003 36.43 141.16 48 90.47 5.8 9.5 9.5
20 11 March 2004 36.32 141.01 47 7436 53 89 89
21 4 April 2004 36.39 141.15 48 88.50 5.8 9.5 9.5
22 10 July 2004 36.08 139.88 48 31.87 47 83 83
23 16 February 2005 36.04 139.89 46 34.30 53 9.2 9.2
24 11 April 2005 35.73 140.62 51 68.45 6.1 10.1 10.1
25 15 May 2005 36.63 139.49 8 76.69 48 8.2 8.4
26 20 June 2005 3573 140.69 50 71.86 5.6 9.3 9.3
27 28 July 2005 36.13 139.85 51 32.71 5.0 8.7 8.7
28 9 September 2005 35.59 140.95 37 98.96 5.0 83 8.3
29 16 October 2005 36.04 139.94 47 30.93 5.1 89 89
30 19 October 2005 36.38 141.04 48 78.58 6.3 103 10.3
31 16 November 2005 36.31 141.07 47 79.26 4.8 8.1 8.1
32 28 December 2005 36.18 140.03 53 15.31 4.8 85 8.5
33 8 May 2007 36.06 139.89 46 32.74 4.5 8.0 8.0
34 2 June 2007 36.13 140.03 49 17.39 46 83 8.3
35 16 August 2007 3544 140.53 30 92.95 53 8.8 8.9
36 18 August 2007 35.34 140.35 20 99.90 5.2 8.6 8.7
37 7 October 2007 35.68 140.73 44 78.03 48 8.1 8.1
38 30 November 2007 36.43 140.70 52 50.57 4.7 8.1 8.1
39 8 March 2008 36.45 140.61 57 45.38 5.2 89 8.9
40 4 April 2008 36.12 139.83 53 34.46 5.0 8.7 8.7
41 25 April 2008 35.68 140.72 48 77.78 4.8 8.1 8.1
42 5 July 2008 36.64 140.95 49 82.37 5.2 8.6 8.6
43 20 August 2008 36.06 139.9 45 32.15 4.6 8.2 8.2
44 22 August 2008 36.44 140.62 55 4497 52 89 89
45 22 November 2008 35.98 140.23 41 27.92 4.4 8.0 8.0
46 28 April 2009 36.41 141.13 47 86.87 5.0 83 83
47 23 October 2009 36.60 141.18 45 97.67 5.0 82 82
48 23 July 2010 35.88 140.49 35 47.62 5.0 8.8 8.8
49 22 September 2010 35.88 140.48 35 47.51 45 8.0 8.0
50 5 November 2010 36.06 139.84 45 36.14 4.6 82 82

that the energies at the three stations have a strong correlation. This reflects the fact that the ULF
geomagnetic perturbations in the H component are dominated by external sources. In contrast, the Z
component of geomagnetic fields at these three stations could be different from each other with the
correlation coefficients as low as 0.72 (Figure 5d). This is probably because they are mainly induced
fields which depend on not only external sources but also on local underground structures. However,
as in Figure 5e, the energy of KAK is strongly correlatable with that of KNY, with a correlation coefficient
of 0.94. Therefore, in this study, we chose the KNY station as a reference to remove the influences of
global magnetic perturbations.
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Table 3. List of Major Earthquakes With E¢ > 10%in Region B

No. DDMMYY Latitude (°N) Longitude (°E) Depth (km) Epicenter Distance (km) Magnitude (JMA) ES' (lg) E (lg)
1 25 February 2001 37.19 142.26 15 212.98 59 9.0 9.0
2 26 February 2001 37.16 142.27 27 212.19 5.5 84 84
3 17 April 2001 35.62 141.09 37 106.24 5.0 8.2 8.2
4 31 July 2001 36.09 141.66 43 133.51 5.1 8.2 8.2
5 4 September 2001 36.76 141.47 41 129.01 53 8.5 8.5
6 8 December 2001 37.15 139.96 5 104.54 4.9 8.1 8.2
7 19 June 2002 36.19 141.80 58 145.23 54 8.5 8.5
8 3 March 2003 37.69 141.78 41 21533 59 9.0 9.0
9 8 April 2003 36.37 141.96 24 159.48 6.0 9.4 9.4
10 23 November 2003 35.58 141.13 39 111.89 5.1 83 83
1 21 August 2004 35.04 141.48 38 176.98 54 84 8.5
12 1 September 2004 36.92 141.78 31 161.77 5.6 8.8 8.8
13 17 October 2004 36.26 141.33 49 102.63 5.7 9.2 9.4
14 23 October 2004 37.29 138.87 13 166.42 6.8 10.6 10.8
15 24 October 2004 37.18 138.95 1 152.53 5.1 8.1 85
16 25 October 2004 37.33 138.95 15 164.56 5.8 9.1 9.2
17 27 October 2004 37.29 139.03 11 156.34 6.1 9.6 9.6
18 4 November 2004 3743 138.92 18 174.70 5.2 8.1 8.1
19 6 November 2004 37.36 139.00 1 164.02 5.1 8.0 8.1
20 8 November 2004 37.40 139.03 1 165.24 59 9.2 9.3
21 10 November 2004 37.37 139.00 4 164.75 53 83 83
22 4 April 2005 37.37 141.75 43 188.64 53 8.2 8.2
23 19 May 2005 35.56 141.08 33 110.06 54 8.8 8.8
24 8 August 2005 36.34 141.45 46 113.57 5.6 9.0 9.0
25 22 October 2005 37.08 141.12 51 125.83 56 8.9 8.9
26 3 February 2006 36.25 141.48 52 115.79 4.9 79 8.2
27 13 March 2006 36.06 141.77 59 143.20 5.1 8.1 85
28 21 April 2006 34.94 139.20 7 169.18 58 9.0 9.1
29 2 May 2006 34.92 139.33 15 165.41 5.1 8.0 8.0
30 7 September 2006 35.59 141.06 38 106.06 5.1 83 83
31 20 June 2007 35.24 141.30 24 149.40 5.0 79 8.1
32 16 July 2007 37.56 138.61 16 203.34 6.8 104 10.4
33 21 September 2007 35.25 141.22 34 143.51 5.1 8.1 8.2
34 26 November 2007 37.30 141.76 44 183.82 6.0 9.2 9.2
35 9 February 2008 36.73 141.21 46 106.90 4.9 8.0 8.0
36 24 March 2008 37.12 141.45 47 149.65 53 84 84
37 2 May 2008 37.23 141.66 44 17231 5.1 79 8.1
38 7 May 2008 36.25 141.88 24 152.03 5.0 79 8.2
39 8 May 2008 36.23 141.61 50 127.55 7.0 11.0 11.1
40 25 October 2008 36.00 141.63 46 132.27 5.0 8.0 8.1
41 20 December 2008 36.56 142.55 24 21454 54 8.2 83
42 21 December 2008 36.60 142.47 1 208.08 6.2 9.5 9.5
43 24 December 2008 36.48 142.49 39 208.38 55 84 84
44 1 February 2009 36.72 141.28 47 111.62 58 9.3 9.3
45 21 April 2009 37.34 141.59 45 175.48 52 8.1 8.1
46 6 June 2009 35.54 141.26 42 123.76 59 94 9.4
47 1 September 2009 35.61 141.09 35 106.88 4.9 8.0 8.1
48 18 December 2009 34.96 139.13 4 170.61 5.1 8.0 8.0
49 13 June 2010 37.40 141.80 40 193.11 6.2 9.5 9.5
50 29 September 2010 37.28 140.03 7 117.96 5.7 9.2 9.2

4. Definition of ULF Geomagnetic Anomaly

To perform a statistical test of ULF seismomagnetic phenomena, one important thing is the selection of
earthquake samples discussed in section 2. Another important thing is to identify and define geomagnetic
anomalies. Because the energy correlation between KNY and KAK is very high for the Z component, we
employ a linear least squares method to model the energy variation of KAK with the data of KNY:

Z'pk =P Zxny + € (3)
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Figure 3. A typical spectrogram of the Z component of the geomagnetic data observed at KAK station.

where Z* i is the predicted daily energy at KAK station based on the energy observed at KNY station, Zxny,
during 2001-2010. Parameters f and c are the constant coefficients estimated by the least squares method:

ﬁ:nZZKNYzKAK_Z ZKNYZ Zyak @)
n Z Ziw? — (Z ZKNY>2

_ Z Ziny? Z Zypk — Z Ziny Z Zny Ziak 5)
”Z Zw® — (Z ZKNY>2

where Zxa is the energy observed at KAK station; n is the total number of the 10 year daily energy data,
which equals 3652 in this study.

C

As mentioned before, KNY station is located in an aseismic area. The energy variations of KNY are mostly related
to global magnetic disturbances. Thus, the predicted energy variation based on these data could be roughly
regarded as a reference model of such global geomagnetic changes at KAK station. In this way, the energy
enhancements of the observed data at KAK station against its model could be taken as regional geomagnetic
anomalies, which are possibly induced by underground activities. In order to quantify the energy enhancements,
here we introduce a new parameter P, which is the ratio of the observed data Ziak to its model Z*iax:

_ Zyak

P=_
Z kak

(6)

Figure 6 gives an example of energy variations of the observed and modeled results at KAK, as well as the
corresponding P values. In Figure 643, the observed data, shown in green line, has very similar variations
as the modeled data (red line), except
‘ ‘ for only a few data points. These

—KAK
04 X component exceptions have clearly been identified
by their relative high P values, as shown
in Figure 6b. Therefore, these high P
0.2

values, which indicate regional energy
enhancements, are employed to define
magnetic anomalies.

To find out a proper criterion for the
anomaly definition, we check the

Amplitude (nT)
o

02 | empirical probability distribution of the
] 10year P values. In Figure 7, most P
—04- | values are around 1, implying that the
‘ ‘ modeled and observed results are usually
2:30 3:00 3:30 400  similar. The conventional method to

LT indentify anomaly data from a certain

Figure 4. An example of wavelet transform results of the X component at data set is using the mean + 2a threshold.
KAK, KNY, and MMB stations. The central frequency of the signalsis 0.01Hz.  However, in Figure 7, it could be found
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Figure 5. Correlations of 10year daily energy of geomagnetic fields between two stations. The correlations for the
H component: (@) MMB and KAK, (b) KAK and KNY, and (c) KNY and MMB. The correlations for the Z component: (d) MMB
and KAK, (e) KAK and KNY, and (f) KNY and MMB. In each panel, Corr presents the correlation coefficient.

that the energy distributions are quasi-normal or skew, and the extremely large P values can seriously bias
the mean and the o. Therefore, here we utilize median and IQR (interquartile range), which are more robust
estimations, to define the anomaly. For a normal distribution, the mean + 20 value amounts to median + 1.51QR
[Zwillinger and Kokoska, 2000]. Thus, we define a geomagnetic anomaly when the value of P parameter exceeds
median + 1.5IQR. As a result, there are 324 geomagnetic anomalies in total during 2001-2010.

5. Statistical Studies
5.1. Superposed Epoch Analysis
Although there have been accumulated reports on ULF seismomagnetic phenomena all over the world,

the inside physics of these observed results are still unclear. Actually, the earthquake process is rather
complex. There could be some geomagnetic anomalies originating from underground activities which are

(a)

Energy of Z comp.

P value
N

0 - I L
1/1/2002 11 21 31 2/10 20 28
Date

Figure 6. An example of energy variations and the corresponding P values of the Z component at KAK station.
(a) The energy variations of observed data and modeled data by the green and the red lines, respectively. (b) The
corresponding P values.
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v v not leading to large earthquakes, and
there also could be some earthquakes
] which do not create geomagnetic
anomalies. Therefore, we could not
expect that the anomalies are one-to-one
corresponding to earthquakes. This
makes the seismomagnetic study
rather complex and difficult. To verify
the correlation between geomagnetic
anomalies and local seismicity,
statistical tests are required. In this
section, statistical studies based on
2 25 3 3.5 4 Superposed Epoch Analysis (SEA) have

P value been performed at KAK station during
Figure 7. Histogram of 10year P values. The vertical black broken lines ~ 2001-2010. There are 50 earthquakes
indicate the median value and the median + 1.5IQR threshold. events and 324 geomagnetic anomalies
during this period.

SEA is a statistical method to highlight a weak signal from noisy data. This technique can reveal typical
characteristics, periodicities, and consequences of a special event [Adams et al., 2003; Hocke, 2008]
and has been introduced in the studies of earthquake related GPS total electron content anomalies
[Kon et al., 2011] and ULF geomagnetic anomalies [Hattori et al., 2013a]. In this paper, we apply SEA method
to test ULF seismomagnetic phenomena at KAK, Japan. First, for each earthquake event, we create a
data set of the P values for 45 days before and after its occurrence day. The time span of each data set is
91 days and centered at the event day. Next we investigate the anomalous P values as defined above.
If the anomaly exists, we count one for the corresponding day. We repeat this procedure for all the
selected 50 earthquake events, and we add up the counts for all data sets. We then obtain the SEA
result in terms of the seismomagnetic anomaly. To evaluate the statistical significance, we randomly pick
up 50days from the entire analyzed period for KAK station instead of 50 earthquake days, and then
perform the same procedure described above, to obtain the random SEA for ULF anomaly. We repeat
such random SEA tests for 100,000 times to compute the mean (hereafter random_mean) and the
corresponding standard deviation (o).

Es>108
T T T T 175

EQ=50 Anomaly=324 gad?‘/’:r::tunts

—— Random_mean

—— Random_mean+2¢

___Random_mean+2c
for 5—-day counts

Counts

1

5—-day counts

o

T
i i

45 -10 -5 0 5 10 15 20 25 30 35 40 45°
Days from EQ

Figure 8. Results of ULF geomagnetic anomalies for Region A. The blue, the black, and the red lines demonstrate the
counts of earthquake events, random_mean, and random_mean + 20, respectively. The gray bars and the green line
show 5 day counts and corresponding random_mean + 20, respectively. Their values are given by the right vertical axis.
Note that the count on the earthquake day is not included in the calculation of the 5 day counts. The vertical black broken
line (the 0 day) indicates the day when E; parameter is greater than 108,
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Figure 9. The 5 day counts for Regions A and B. The red and the black lines demonstrate the results of the 5 day counts for
Regions A and B, respectively. The blue and the green lines show random_mean and random_mean + 20, respectively.
Note that the count on the earthquake day is not included in the calculation of the 5 day counts. The vertical black broken
line (the 0 day) indicates the day when Eg parameter is greater than 108,

Figure 8 shows the statistical results of ULF geomagnetic anomalies for Region A. The blue, black, and red
lines show the counts of earthquake events, random_mean, and random_mean + 20, respectively. The gray
bars and green line show 5 day counts and corresponding random_mean + 20, with their values given by the
right vertical axis of the graph. A vertical black broken line (the 0 day) indicates the day when E; parameter

is greater than 102, In Figure 8, the number of count on a certain day indicates the number of earthquake
events which are accompanied by geomagnetic anomalies on the day. Generally, if the earthquake events
and the geomagnetic anomalies have no correlation, the counts probably distribute randomly and may not
exceed the significant level. On the other hand, if the count on a certain day exceeds the random_mean + 20
level, the ULF geomagnetic anomaly on this day will have a statistical significance, which suggests a possible
correlation between the earthquakes and the geomagnetic anomalies. In Figure 8, before an adequate
earthquake event, there are clearly higher probabilities of ULF anomalies than after the event. For KAK station,
30 days before, about 2 weeks before, few days before, and 2 days after, the event in Region A statistical
results of daily counts are significant. Statistical results of 5day counts show clear significance during the
periods 6-15 days prior to the earthquake. These results are highly suggestive of the correlation between the
earthquake events in Region A and the
geomagnetic anomalies at KAK station.

5.2. The Dependence on Epicenter
Distance (R)

Furthermore, to investigate whether
i the occurrence of the seismomagnetic
il L ‘ ‘H‘ Es>10’Eq=186  anomalies depends on the epicenter
TR R TR distance, similar SEA has been applied in
(A | ‘ Wi A Region B. Here the number of earthquake
BRI 1'(ujﬂiw'NJF TRk -frw"'ﬁ" Es>10°EQ=1440  events is also 50, and the number of
I ‘ i | m\} L “ ULk geomagnetic anomalies is 324, which are
| (LR the same as the ones used in Region A.
5001 2002 2003 2004 2005 2006 2007 2008 2009 2010 Considering that the results of the 5 day
Year counts are more stable and can provide
more general characteristics of the data,
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Figure 10. The E; variation in Region A during 2001-2010. The numbers : .
of earthquake events for E; thresholds 10°,10%, 107, and 102 are 1440, hereafter we mainly discuss the results
505, 186, and 50, respectively. of 5day counts.
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Figure 11. The 5 day counts for different E thresholds. The blue, the pale blue, the purple, and the red lines demonstrate
the results of the 5day counts for the E thresholds 105, 106, 107, and 108, respectively. The green line gives the
random_mean + 20 threshold. Note that the count on the earthquake day is not included in the calculation of the 5 day
counts. The 5 day count values are normalized by the corresponding random_mean + 26 for each E threshold. The vertical
black broken line (the 0 day) indicates the day when Eg parameter exceeds the threshold.

For comparison, Figure 9 plots the 5 day counts of Regions A and B simultaneously. The blue and green lines
show the random_mean and random_mean + 20, respectively. These two values are identical for Regions A
and B, because there are equal numbers of earthquake events and geomagnetic anomalies. In Figure 9,
significant anomalies are found within 6-15 days before the earthquake events in Region A, while there are
no such clear anomalies in Region B. These results suggest that the ULF geomagnetic anomalies observed
at KAK station are more likely to be related to closer earthquake events in Region A rather than farther events
in Region B. In other words, the ULF seismomagnetic anomalies are more sensitive to closer earthquakes
and are dependent on the epicenter distance.

5.3. The Dependence on Earthquake Energy (E;)

In Figure 8, there is a clear statistical significance of ULF geomagnetic anomalies in relation to earthquake
events with E; > 108, To investigate the dependence on earthquake energy (E;), here we apply a similar SEA
with earthquake events selected by different E; thresholds. Figure 10 gives the E; variation in Region A during
2001-2010. The background E; value is around 10°. Therefore, we start to set several E; thresholds between
this value and 108 (i.e,, 10°, 10°, 107, and 108). The number of earthquake events for each threshold is 1440,
505, 186, and 50, respectively. The results are shown in Figure 11. Although geomagnetic anomalies for each
case are exactly the same here, the random_mean and random_mean + 20 values differ, because the number
of earthquake events varies. For comparison, we normalize the 5 day counts using the corresponding
random_mean + 20. In Figure 11, the random_mean + 26 values for each different E; parameters are set as 1.
Thus, if the 5 day counts are more than the corresponding random_mean + 20 values, the normalized value
will be more than 1; otherwise, it will be less than 1. It is found that there is no statistical significance in
the results of background E; value (10°), shown by the blue line. With increasing the E; value, the statistical
results gradually approach to (E;=10°) and finally exceed (£, =107 and E; = 108) the threshold. This trend
suggests that, only before earthquake events with large E index (E; > =10"), there are statistical significances
of ULF geomagnetic anomalies, which indicates that the occurrence of ULF geomagnetic anomalies depends
on the E; of the subsequent earthquake events.

6. Discussion

6.1. Parameter Selection

In a statistical test of ULF seismomagnetic phenomena, crucial points are how to select earthquakes and how
to define ULF magnetic anomalies. These points lead to the following two challenges in ULF seismomagnetic
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study: (1) the determinants of the detectability of ULF seismomagnetic signals for a given magnetic station
and (2) identification of seismomagnetic signals from a noisy background.

Considering the skin effect of electromagnetic signals, usually, we only discuss earthquakes above a certain
depth. In general, the probabilities of detection of earthquake-related ULF magnetic signals are higher for
shallower, larger, and closer earthquakes [Hattori, 2004; Hattori et al., 2013a; Zhuang et al., 2005; Schekotov et al,,
2007]. To quantify such influences of earthquake size and hypocenter distance, here we employ E; parameter,
which considers these influences simultaneously. The advantages of using E; parameter are the following: (1)
moderate earthquakes but very close to magnetic stations can be taken into account and (2) double counting of
the same data set in SEA can be avoided when there are several adequate earthquakes occurring on the same day.
Using E, parameter, we have found a statistical significance of ULF geomagnetic anomalies about 6-15 days
before local sizable earthquakes. Moreover, there is a clear E; dependence in such statistical results. These suggest
that the E; parameter is reasonable and suitable for earthquake event selection in ULF seimomagnetic studies.

To identify the earthquake-related magnetic signals, a few methods have been taken in this study. First, we
only utilized the data during nighttime (02:30-04:00 LT) to minimize the influences of artificial noise. Second,
we employed a linear least squares method to estimate the global disturbances at KAK station using the data
of the reference KNY station, based on their high correlation of 10 year daily energy. Ideally, it is better to
estimate the linear coefficient using the data when there is no earthquake close to either KAK or KNY station,
because uncorrelated outliers resulting from possible seismomagnetic signals could bias the estimation.
However, it is very difficult to find a “clean” period, especially for KAK station located in a seismically active
area. To assure the bias, the method of iteratively reweighted least squares (IRLS) is also employed. IRLS is
used to find the maximum likelihood estimates of a generalized linear model, as a way of mitigating the
influence of outliers [Ke and Kanade, 2005]. The linear coefficients # and c in equation (3) obtained by linear
least squares and by IRLS are almost the same, which suggests that the bias is negligible. Finally, we defined a
new parameter, the P value, by the ratio of the observed energy to its model at KAK to remove the influences
of global geomagnetic disturbances. This new parameter could reflect the local energy enhancements at
KAK station effectively. The probability distribution of the P value during 2001-2010 is skew. Therefore, we
use a robust estimation of median + 1.5IQR as the criterion of P value to define ULF geomagnetic anomaly.

6.2. The Efficiency of ULF Seismomagnetic Phenomena for Earthquake Forecasting

In Figure 8, there are clear statistical significances of ULF geomagnetic anomalies a few days before sizable
earthquakes. These anomalies could be used to forecast subsequent earthquakes. For example, if we use
the anomalies on —5 day and predict earthquakes to happen 5 days later within 100 km from KAK station,
22% (11 out of 50) sizable earthquakes will be detected. The ratio will increase when the alarm window
becomes longer. The alarm window is the period during which an alarm is valid. On the other hand, the ratio
of false alarm will also increase when more alarms are issued. Thus, the Molchan’s error diagram [Molchan,
1991] is introduced to evaluate the efficiency of ULF geomagnetic anomalies for local earthquake forecasting.

Molchan’s error diagram plots the rate of earthquakes missed against the rate of alarmed cells. In application,
the threshold for issuing an alarm would be selected via retrospective analysis. The probability gain, which
is the ratio of detecting rate to alarm rate, indicates how many times more information than a random guess
(a Poisson model) [Molchan, 1991; Zechar and Jordan, 2008]. Recently, this method has been applied in the
study of short-term earthquake forecasting based on GPS data [Wang et al., 2013], and more details for
Molchan'’s error diagram could be found there. In this study, we apply similar analysis using ULF geomagnetic
data to predict earthquakes in Region A. In Figure 8, the most prominent result of 5 day counts is found to
be 11-15 days prior to sizable earthquakes. Therefore, here the leading time (A) is set as 11 days, and the
alarm window (L) is set as 5 days, so that an earthquake can be alarmed if there is any geomagnetic anomaly
11-15 days before. Figure 12 gives the Molchan’s error diagram using the geomagnetic anomalies as
precursors. The horizontal axis gives proportion of alarmed cells, and vertical axis gives proportion of
earthquakes missed. A black dashed line through the diagonal indicates the prediction by random guess;
a black solid line shows the prediction based on ULF geomagnetic anomalies. Generally, the proportion of
unpredicted earthquakes goes down with the increasing of alarmed cells. For a Poisson model, if we make
alarm randomly, the proportion of predicted earthquakes will be equal to the proportion of alarmed cells,
which is demonstrated by the black broken diagonal line in Figure 12. Any prediction above this line indicates
that the proportion of predicted earthquakes is less than that of alarmed cells, implying that the prediction
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Moreover, there are two essential problems
puzzling the researchers: (1) what is the exact
waveform of electromagnetic signals associated with earthquakes or underground activities and (2) how are
the signals generated. Until now, these two questions have not yet been answered clearly or fully.

To date, most ULF seismomagnetic studies focus on detecting precursors of large earthquakes using different
approaches. However, to verify, clarify, and evaluate the ULF seismomagnetic phenomena, statistical studies based
on continuous long-term monitoring of ULF magnetic field in a seismically active area is required. In this study, we
have utilized the data of KAK station operated by JMA to perform such statistical tests. The results suggest a
correlation between magnetic anomalies and local seismicity. Therefore, this study has made a dent in verifying
the ULF seismomagnetic phenomena. For a further understanding, we need to apply waveform analysis to clarify
the signals associated with earthquakes and other underground activities. Indoor experiments and numerical
simulations based on the waveforms of observed seimomagnetic signals are also useful for understanding the
mechanisms. These further studies are expected to shed light on the siemomagnetic phenomena.

7. Conclusion

In order to verify the existence of ULF electromagnetic phenomena preceding large earthquakes, statistical
studies based on SEA have been applied to the data observed at KAK, Japan, during 2001-2010. First, the E;
parameter is employed to select the earthquake events. And then, a new parameter P value, which reflects
the local energy enhancements at KAK station, is introduced to define geomagnetic anomalies. The results of
SEA indicate that, before a sizable earthquake event (£, > 10%), there are clearly higher probabilities of ULF
anomalies than that after the event: statistical results of daily counts are found significant at 30 days before,
about 2 weeks before, few days before, and 2 days after the event; statistical results of 5 day counts are found
significant at the period 6-15 days before. These results are quite similar to those of previous statistical
studies in Izu and Boso Peninsulas, Japan, reported by Hattori et al. [2013a]. Moreover, this study have shown
clear E; (earthquake energy) and R (epicenteral distance) dependences, which suggest that the ULF
geomagnetic anomalies at KAK station are more sensitive to larger and closer events, respectively. Further
investigations by Molchan'’s error diagram suggest that the ULF seismomagnetic phenomena obtained at
KAK do contain precursory information and have potential capability to improve forecasting of large
earthquakes. Therefore, we conclude that the ULF geomagnetic observation is useful and important for local
earthquake forecasting. The mechanisms of ULF seismomagnetic phenomena and the detailed waveform
of earthquake-related geomagnetic signals are worthwhile being studied in future.
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