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Abstract: Observations of earthquake precursors via geomagnetic anomalies from ultra-
low frequency (ULF) could provide an expectation for short-term earthquake prediction.
However, there are still several obstacles in determining this precursor, one of which is the
presence of a precursor bias if the earthquake occurs at a close time and location. To cope
with this problem, we analysed six earthquakes with a magnitude > 5 on Pagai Island,
Mentawai, Sumatra, during 2020. These earthquakes have epicentres close to each other
and occur within a short time (one month). This study used geomagnetic data recorded
by the Magnetic Data Acquisition System (MAGDAS) magnetometer network at Sicincin
station (SCN), West Sumatra, and Kepahiyang station (KPY), Bengkulu, with a span of
one month before the earthquake. The anomaly of ULF emission was analysed using the
power spectral density method at a frequency of 0.012 Hz for the H and Z components
of the geomagnetic data. The onset time of the ULF emission anomaly was determined
by the standard deviation value (pz + o, pz — o) of the Sz /SH power ratio polarization.
The disturbance storm time index (Dst) was used to ensure that the anomaly occurred
was not caused by geomagnetic storm. Also, the single station transfer function was used
to calculate the azimuth, and the empirical formula between the anomaly amplitude and
the magnitude was used to calculate the earthquake magnitude as the validation of the
anomaly source. Several ULF anomalies as earthquake precursors were observed, espe-
cially at the KPY station. The estimated azimuth shows a good accuracy compared to
the earthquake’s azimuth, with an average value of 97.8%. Furthermore, the earthquake
magnitude calculated from the ULF anomaly shows a good agreement with the actual
earthquake magnitude, with an average accuracy of 98.13%. Thus, the azimuth and mag-
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nitude estimation technique effectively determined precursors for earthquakes with the
adjacent time of occurrence and source locations. However, it is recommended to observe
precursors using several stations because the precursors are sometimes not observed by
one station but observed by others.

Key words: ultra low frequency, earthquake precursor, MAGDAS, Pagai Islands, Suma-
tra

1. Introduction

Short-term earthquake prediction is critical in improving the preparation in
facing the earthquake disaster. One method considered very promising for
short-term earthquake prediction is by observing ultra-low frequency (ULF)
anomaly before, during and after the earthquake (Hattori et al., 2002a;
2002b). The study of ULF emission anomaly as an earthquake precursor
was conducted by observing the emission of electromagnetic waves at a fre-
quency < 0.1 Hz based on geomagnetic data from ground observatories.
The study was conducted to monitor seismogenic activity before, during
and after an earthquake through the observation of a magnetometer on the
earth’s surface. Seismogenic activity prior to an earthquake can produce
some changes in electric properties of the lithosphere. This process emits
electromagnetic waves from the ultra-low frequency (ULF) to very high fre-
quency (VHF) bands, but only ULF is detected by the magnetometer on the
earth’s surface for being slightly attenuated. Related to earthquakes, there
are three mechanisms for generating ULF emissions, i.e. micro-fracturing
effect, electrokinetic effect, and induction effect. The micro-fracturing ef-
fect is in the form of a ULF emission model related to the main earthquake
(mainshock) where, if a rock fracture occurs, the emission of electromagnetic
waves in the recorded ULF spectrum will significantly increase at the earth-
quake source (Molchanov and Hayakawa, 1995). Molchanov and Hayakawa
(1998) proposed micro-fracturing as one of the possibilities in searching
for the electromagnetic emission mechanism in the ULF frequency band.
Electrokinetic effects in the form of pressure changes in rock fractures that
produce electrokinetic flows caused by silica deposits in these rocks produce
the geomagnetic disturbance flows. The electrokinetic effect occurred before
the Loma Prieta earthquake in 1989 where the electrokinetic effect resulted
in a mass flow of electron particles caused by rock fractures that were pro-
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portional to the magnitude and frequency of the geomagnetic disturbance
signal. The induction effect in the form of changes in geo-electrical conduc-
tivity in the lithosphere due to activity in the focal zone causes the changes
in the amplitude of non-lithospheric electromagnetic waves (Mogi, 1985).

ULF emission can be calculated from geomagnetic data using the power
spectral density (PSD) method and wavelet method. The results of the
calculation are then analysed for the polarization value of the power ratio
of the vertical component (Sz) and the horizontal component (Sg) of the
geomagnetic signal (Ahadi et al., 2015; Saroso et al., 2009; Yumoto et al.,
2009). ULF emission anomaly is determined from the polarization value of
the power ratio of Sz and Sy, which exceeds the standard deviation value
(Ahadi et al., 2015). The disturbance storm index (Dst) is used as validation
to ensure that the anomaly source is not external disturbances such as geo-
magnetic activity. The impact of external disturbances such as geomagnetic
storms will more significantly affect the intensity of the horizontal compo-
nent of the geomagnetic signal (H) rather than the vertical component (Z)
(Ahadi et al., 2014). The Dst index is also used to observe geomagnetic ac-
tivity recorded in the equatorial and low latitude areas (Saroso et al., 2009).
In addition, to ascertain if the ULF emission anomaly occurred is caused by
seismogenic activity, the single station transfer function (SSTF) method is
used to ensure the direction of the anomaly source known as azimuth. ULF
emission anomaly indicated as precursors refer to the anomaly that points
to the earthquake source.

Though there have been many studies on geomagnetic precursors related
to the earthquake, some points become the drawbacks in searching for this
precursor, such as the existence of precursor bias if the earthquake occurs
in the adjacent time and location. Therefore, this study analyses earth-
quake events that occurred in Pagai Island, Mentawai, Sumatra, with the
adjacent time and location. Six earthquakes with a magnitude >5 Mw in
Pagai Island, during October —November 2020 were analysed. Pagai Island
has active seismotectonic activity because it is located in the plate subduc-
tion zone and the Mentawai megathrust zone. Historically, the epicentres of
earthquakes in Pagai Island are close to each other. The research on geomag-
netic precursor related the earthquake occurred in Pagai Island, Mentawai
had been conducted by Ibrahim et al. (2012). They observed the presence of
ULF anomaly observed in Kototabang (KTB) station, Agam Regency, for
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5 days before the earthquake. Ahadi et al. (2015) conducted other research
showing the anomaly of ULF emission as the precursor several days before
the occurrence of earthquake in Pagai Island as detected from KTB station
with the onset time of ULF emission anomaly within 3 to 11 days before
the earthquake. Also, Purba et al. (2013) observed the ULF anomaly as
the precursor occurred from 17 to 21 days before the Mentawai earthquake
as detected by KTB station. The studies above were conducted using the
data of the main earthquake (mainshock) with a magnitude >6. From sev-
eral studies related to the precursor in Pagai Island, no studies performed
the analysis for the earthquake occurred in the adjacent time and location.
This research aimed to see the effectiveness of the ULF emission anomaly
precursor related to such an earthquake. Also, the results of this research
could support previous studies related to ULF emission as the precursor of
earthquakes in particular in Pagai and in general in Sumatra.

2. Data and method

2.1. Instrument and data

This study analysed six earthquakes data in Pagai Island, Mentawai with
a magnitude of > 5, at a depth of <60 km and at a distance of <500 km
from the observation station. The distribution and list of earthquakes can
be seen in Fig. 1 and Table 1. Ahadi et al. (2014) stated that ULF anoma-
lies related to earthquakes with a magnitude of > 5 can still be detected
at observation station with a distance of < 500 km from the earthquake
source. Of six earthquakes studied, five earthquakes were foreshock earth-
quakes with a thrust fault mechanism caused by plate subduction in the
megathrust zone, Mentawai-Pagai, while the earthquake on November 17,
2020 (Mw = 5.9) was a shallow earthquake due to the fault activity in
investigated fracture zone around the plate collision boundary, which has a
strike-slip fault movement mechanism.

Earthquake data consists of several parameters: origin time, magnitude
(M), depth of the hypocentre (h), distance of the hypocentre (d), and the
azimuth angle of the earthquake source to the nearest station (6gq), as seen
in Table 1. Earthquake data were taken from Meteorology Climatology and
Geophysical Agency (BMKG) catalogue (http://repogempa.bmkg.go.id),
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Fig. 1. (a) Locations of MAGDAS station in Sumatra (blue triangle), and earthquake
cases analysed in this study (yellow circle). All earthquakes occurred during 2020. The
map in panel (b) is an enlargement of the square area in panel (a). SCN and KPY indi-
cate MAGDAS station at Sicincin (West Sumatra province) and Kepahiyang (Bengkulu

province), respectively.
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Table 1. Earthquake cases analysed in this study and their parameters.

N D f Time? Location” Mg h® Sta® d7 0eo® K¢S
o. ate o ime* ——— ta

BQ'  @mr 2t Lon nrd ) lodd e b

[°N]  [°E]

1 October 164196 399 10023 54 49 SCN 304 178 236

15, 2020 KPY 265 286 2.56

2 October  17.96.00 —3.29 100.26 5.2 10 SCN- 303179 2.76

17, 2020 KPY 262 282 3.04

3 October  gg.55.00 _332 10023 53 44 SCN- 307 178 2.34

18, 2020 KPY 264 277 2.56

4 October giyes0 336 10025 51 26 oo oL 179 208
19, 2020 KPY 262 276 222

5 October 918509 336 10031 51 26 oon S 180203

21, 2020 KPY 255 278  2.25
November (g4107 _275 9928 59 10 SoN 267 160 20.30
17, 2020 KPY 381 279 1453

! Date of earthquake, ?time of occurrence in local time (LT), location of earthquake
source, * earthquake magnitude, °depth of earthquake hypocentre, ® observation station
closest to the earthquake source (station code), " distance of earthquake to observation
station, & azimuth of earthquake to observation station, ? earthquake local seismic index.

with a magnitude in the form of moment magnitude (Myy), hence, it must
be converted to surface magnitude (Mg) to calculate the value of the seis-
mic index (Kg). This index represents the impact of the earthquake on
the nearest observation station (Scordilis, 2006). The conversion of moment
magnitude (Myy) to surface magnitude (Mg) used the following formula:

My = 0.67 (£0.005) Mg + 2.07 for 3.0 < Mg < 6.2, (1)
My = 0.99 (+£0.020) Mg +0.08 for 6.2 < Mg < 8.2. (2)

Seismic index (Kg) was calculated by Molchanov et al. (2003):

Mg )—2.33 100-75Ms
2 I

K= (1+R
S<+ 10R

3)

where Mg refers to the surface magnitude, and R is the distance from the
earthquake source to the observation station.
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The geomagnetic data used were H and Z component of geomagnetic
field data that has a sampling rate 1 second with a time span of one month
before the earthquake. The data were recorded by MAGDAS magnetometer
at Climatology Station Class II, Sicincin (SCN), Padang Pariaman, West
Sumatra (—0.54° N, 100.29° E) and Geophysics Station Class I1I Kepahiang
(KPY), Bengkulu (—3.67° N, 102.58° E). The MAGDAS stations are oper-
ated by BMKG. The location of the MAGDAS station can be seen in Fig. 1.
Table 2 presents the specifications of the MAGDAS magnetometer used in
this study.

Table 2. Specification of MAGDAS magnetometer.

Location of station Sicincin, West Sumatra  Kepahiyang, Bengkulu
Station code SCN KPY

Type of sensor MAGDAS-9 MAGDAS-9
Measurement component H, D, Z H, D, Z
Sampling rate 1 Hz 1 Hz

To ascertain that the ULF anomaly occurred was not the result of ex-
ternal disturbances such as geomagnetic activity, we used Dst index (Uozumi
et al., 2008). This index can be accessed through http://wdc.kugi.kyoto-
u.ac.jp owned by WDC Geomagnetic Models, Kyoto University. Table 3
presents the classification of solar storms based on the Dst index.

Table 3. Classification of solar storms based on the Dst index.

No. Storm Category Index Range (nT)
1 Weak —30 > Dst > —50
2 Moderate —50 > Dst > —100
3 Strong —100 > Dst > —200
4 Very Strong —200 > Dst > —300
5 Super Dst < —300

2.2. Identification of ULF emission anomaly

The ULF emission anomaly was identified by analysing the geomagnetic
signal in the frequency domain with the sampling rate (v) of the instrument
used, as given by:
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1

fNyquist = 5 v. (4)

This study uses an instrument with a sampling rate of 1 Hz, so the max-
imum frequency is 0.5 Hz, as in Yumoto et al. (2009). The calculation used
the power spectral density (PSD) with the Welch method, which divided
the signal into N data in several segments, which were overlapped by 50%
for each segment. In each segment, Fast Fourier Transform (FFT) called
as nFFT was carried out with Window Hamming type with a width of
L = N + 1 using the following formula:

1
fsLs

where f; is the sampling frequency, L is the data length in one segment, U
is the normalization of the periodogram (P, ), W is the rectangular window
used in signal processing, i.e. 1024, and f is the selected frequency. The
frequency spectrum chosen in this study was 0.012 Hz, on which earthquake-
related anomaly was clearly visible (Han et al., 2011; Hattori et al., 2011;
Hattori et al., 2013; Molchanov et al., 2003). The results of the PSD showed
the values of the Z and H components. Then, the daily Sz/Sy power ratio
polarization technique was carried out for each observation station using
the following equation (Prattes et al., 2011):

E(PWelch) =

fs 2
[ Pe) W =) . )

P (©

P, day — Hd )
ay

where Py, is power ratio polarization of Z and H component and Zg,,
refers to the daily values of Z component and H 44y is the daily value of H
component, given by (Prattes et al., 2011):

S Z Zday — M Z Zmonth

Loy = 7
day o Z Zmonth ’ ( )

o _ SZ Hday - ZHmonth (8)
day g Z Hmonth .

The control towards the standard deviation of the results of the Sz /Sy
power ratio polarization was carried out then. The Sz /Sy values exceeding
the moving average value from the standard deviation limit (pz + o, pz — o)
was expressed as the onset time of the ULF emission anomaly.
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2.3. Estimation of earthquake source location

Geomagnetic anomaly induction direction was determined using the Single
Station Transfer Function (SSTF) method (Hattori, 2004). This method
aims to determine the direction of disturbance caused by ULF emission
from the earth’s lithosphere. The linear relationship between the three
components of the Earth’s magnetic field is:

AZ(w) = Aw) - AX (w) + B(w) - AY (w), 9)

where AZ(w) is the north-south geographic component of earth, Y (w) is
the geographical east—-west component of the earth, AX(w) is the verti-
cal component of the earth’s magnet as a mathematical component of the
Fourier complex (Rikitake and Honkura, 1985). The coefficients A(w) and
B(w) are considered as the invariants and as the complex transfer functions
in the frequency domain. The transfer function has information about the
electrical conductivity under the ground surface, which is called as Conduc-
tivity Anomaly (CA). In addition, the transfer function also has information
about the direction of the induction (Parkinson vector) whose length and
direction indicate the magnitude and direction of the source of the magnetic
anomaly, expressed by (Parkinson, 1959):

Amp (@) = /A%, () + Bh, (), (10)
O(w) = tan ! [%&ujﬂ (11)

where Amp (w) is the conductivity (distance between the conductivity fields)
and 6(w) is the direction of the anomaly source (°) or called as the azimuth
of anomaly. The earthquake source location was estimated from the ULF
anomaly direction with an azimuth tolerance of 22.5° towards the top and
bottom of the actual azimuth (Armansyah et al., 2016).

2.4. Earthquake magnitude estimation

The amplitude of the ULF emission anomaly was used to estimate the mag-
nitude and position of the earthquake source to occur. This estimation was
carried out based on the following empirical formulation as recommended
by BMKG (2019):
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M = (0.0246 x A) 4+ 5.0948 for earthquakes in Subduction Zone, (12)
M = (0.0475 x A) +4.5983 for earthquakes in Sumatra Fault, (13)

where M is earthquake magnitude to occur and A refers to the anomaly
amplitude of Sz/Sy.

3. Results and discussion

3.1. ULF emission anomaly

Figure 2 shows the ULF emission anomaly during September—November
2020. The complete list of anomalies at SCN and KPY stations can be
seen in Tables 4 and 5, respectively. Let us first discuss the anomaly be-
fore the earthquake of 15 October 2020 (Myy = 5.4). This was a foreshock
earthquake occurred at a depth of 14 km in the southern area of Pagai
(Fig. 1). This earthquake was 304 km from the SCN, Padang Pariaman
with a magnitude of 5.4 My, resulting in a seismic index of 2.36 and 258 km
from KPY with a seismic index of 2.56 (Table 1). Polarization power ratio
(Sz/Sp) showed 6 ULF emission anomalies at the SCN station and 15 ULF
emission anomalies at the KPY station, before 15 October 2020 earthquake
(Mw = 5.4). The anomaly was indicated by polarization power ratio of
the geomagnetic signal (blue line) passing the standard deviation (red line)
(Fig. 2b and 2c). All of these anomalies in Fig. 2b and 2c¢ cannot be con-
sidered as the precursors of the 15 October 15 2020 earthquake because a
ULF anomaly as an earthquake precursor must meet certain conditions. An
ULF anomaly can be considered as the earthquake precursors if (i) there
is no influence of external factors such as geomagnetic activity, (ii) the az-
imuth generated by the anomaly leads to the earthquake source, and (iii)
no two or more earthquakes occurred at the same time (Ahadi, 2014). The
ascertainment of the external factors was carried out using the Dst index.
There were several solar storm activities as indicated by a Dst index value
of =30 nT to —57 nT, during 2430 September, 2020 and October 5, 2020
(Fig. 2a). These geomagnetic activities were categorized as a weak to mod-
erate storm (Loewe and Prdlss, 1997), resulting in ULF emission anomaly
on September 27 (08:00 LT) and October 29 (22:00 LT), indicated by black
squares in Fig. 2. As the ULF anomalies during these times coincided with
the anomaly due to geomagnetic activity; we did not consider it as an earth-
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standard deviation of the power ratio polarization (pz). The yellow vertical lines show
the earthquake cases studied.
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quake precursor. However, other anomalies did not coincide with the decline
of Dst index so that the azimuth values of these anomalies were determined
to ensure that the anomaly whether related to the earthquake or not.

In similar method, ULF anomalies that are candidates for precursors
of other earthquake are also determined. Polarization power ratio for the
earthquakes on October 17, 2020 (M = 5.2), October 18, 2020 (My =
5.3), October 19, 2020 (My = 5.1), October 21, 2020 (My = 5.1), and
November 17, 2020 (Myw = 5.9) can be also seen in Fig. 2. Several declines
in the value of the Dst index appeared before these earthquakes such as on

Table 4. ULF anomalies observed at SCN station.

No. Date of Time? 04® 0rg* AO° Date of Dst” Not?® Pre®
An' (151 I o R b0 N o An° [nT]
1 September 06:00:00 71 178 107 October —6 Azimuth not No
20, 2020 15, 2020 to EQ
2 September 08:00:00 - - - - —30 Geomagnetic No
27, 2020 storm
3 September 22:00:00 - - - - —34 Geomagnetic No
29, 2020 storm
4 October 06:00:00 165 178 13  October —27 Azimuth and Yes
3, 2020 15, 2020 magnitudo  October
estimation 15, 2020
to EQ precursor
5 October  24:00:00 150 178 28  October —1 Azimuth not No
14, 2020 18, 2020 to EQ
6 November 01:00:00 102 160 58 November —18 Azimuth not No
6, 2020 17, 2020 to EQ
7 November 23:00:00 177 160 —17 November —2 Azimuth and Yes
8, 2020 17, 2020 magnitudo November
estimation 17, 2020
to EQ precursor
8 November 06:00:00 45 160 115 November 0 Azimuth not No
10, 2020 17, 2020 to EQ
9 November 08:00:00 74 160 68 November 9 Azimuth not No
16, 2020 17, 2020 to EQ

!Date of ULF anomaly, 2time of anomaly occurrence,

3 anomaly azimuth from SCN

station, *closest earthquake azimuth to the observation station, ° difference of anomaly
azimuth to earthquake azimuth, ©closest earthquake to the observation station, ” Dst
Index, 8 the reason for being used as an earthquake precursor, ° the notes as an earthquake
precursor.
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Table 5. ULF anomalies observed at KPY station.
No. Date of Time? 6043 0pg* AO° Date of Dst” Not? Pre®
An' ey 1 [°1 [ An° [nT]
1 September 01:00:00 109 282 173  October —4  Azimuth not No
17, 2020 17, 2020 to EQ
2 September 24:00:00 170 276 106 October —5 Azimuth not No
19, 2020 19, 2020 to EQ
3 September 24:00:00 - - - - —34 Geomagnetic No
29, 2020 storm
4 October 11:00:00 216 276 60 October —22 Azimuth not No
2, 2020 19, 2020 to EQ
5  October 06:00:00 37 276 239 October —27 Azimuth not No
3, 2020 19, 2020 to EQ
6  October 17:00:00 272 282 10  October —1 Azimuth and Yes
4, 2020 15, 2020 magnitudo  October
estimation 17, 2020
to EQ precursor
7  October 06:00:00 141 276 135 October 2 Azimuth not No
7, 2020 19, 2020 to EQ
8  October 17:00:00 319 276 —43  October 14 Azimuth not No
7, 2020 19, 2020 to EQ
9  October 11:00:00 105 276 171 October —6 Azimuth not No
8, 2020 19, 2020 to EQ
10 October 20:00:00 166 276 110 October —1 Azimuth not No
9, 2020 19, 2020 to EQ
11 October  05:00:00 229 276 47 October 1 Azimuth not No
10, 2020 19, 2020 to EQ
12 October 05:00:00 167 276 109 October 0 Azimuth not No
11, 2020 19, 2020 to EQ
13 October 09:00:00 315 276 —39 October 7 Azimuth not No
11, 2020 19, 2020 to EQ
14 October 23:00:00 268 282 14  October 11  Azimuth and Yes
13, 2020 17, 2020 magnitudo  October
estimation 17, 2020
to EQ precursor
15  October 19:00:00 252 276 24  October 3 Azimuth not No
14, 2020 19, 2020 to EQ
16  October 03:00:00 292 277 15 October —1 Azimuth and Yes
15, 2020 18, 2020 magnitudo  October
estimation 18, 2020
to EQ precursor
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Table 5. Continued from the previous page.

No. Date of Time? 6043 0pg* AO®° Date of Dst” Not? Pre®
An' (L7 5 ) I b B An° [nT]
17 October 13:00:00 208 276 68 October 1 Azimuth not No
15, 2020 19, 2020 to EQ
18  October 20:00:00 266 276 10  October 1 Azimuth and Yes
15, 2020 19, 2020 magnitudo  October
estimation 19, 2020
to EQ precursor
19  October 08:00:00 281 282 1 October —2 Azimuth and Yes
17, 2020 19, 2020 magnitudo  October
estimation 17, 2020
to EQ precursor
20  October 18:00:00 261 255 —6  October —5 Azimuth and Yes
17, 2020 21, 2020 magnitudo  October
estimation 21, 2020
to EQ precursor
21 October 17:00:00 87 255 168 November —9 Azimuth not No
19, 2020 17, 2020 to EQ
22 October 09:00:00 205 279 74 November —11 Azimuth not No
25, 2020 17, 2020 to EQ
23 October 24:00:00 329 279 —50 November —28 Azimuth not No
25, 2020 17, 2020 to EQ
24 October 05:00:00 154 279 125 November —9 Azimuth not No
31, 2020 17, 2020 to EQ
25 November 21:00:00 53 279 226 November —6 Azimuth not No
1, 2020 17, 2020 to EQ
26  November 23:00:00 284 279 —5 November —17 Azimuth and Yes
1, 2020 17, 2020 magnitudo November
estimation 17, 2020
to EQ precursor
27 November 06:00:00 167 279 112 November —14 Azimuth not No
3, 2020 17, 2020 to EQ
28 November 13:00:00 325 279 —46 November —6 Azimuth not No
4, 2020 17, 2020 to EQ
29 November 24:00:00 133 279 146 November 4  Azimuth not No
4, 2020 17, 2020 to EQ
30 November 11:00:00 120 279 159 November —4 Azimuth not No
9, 2020 17, 2020 to EQ
31 November 20:00:00 148 279 131 November —2 Azimuth not No
9, 2020 17, 2020 to EQ
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Table 5. Continued from the previous page.

No. Date of Time? 6043 0pg* AO®° Date of Dst” Not? Pre®
An' (L7 5 ) I b B An° [nT]

32 November 04:00:00 156 279 123 November 13 Azimuth not No
12, 2020 17, 2020 to EQ

33 November 07:00:00 201 279 78 November 0 Azimuth not No
15, 2020 17, 2020 to EQ

34 November 15:00:00 324 279 —45 November 4  Azimuth not No
15, 2020 17, 2020 to EQ

!Date of ULF anomaly, 2time of anomaly occurrence, anomaly azimuth from KPY
station, *closest earthquake azimuth to the observation station, ° difference of anomaly
azimuth to earthquake azimuth, ©closest earthquake to the observation station, * Dst
Index, ® the reason for being used as an earthquake precursor, °the notes as an earthquake
precursor.

September 24 — 30, October 5, and November 24 —31, 2020. Thus, the ULF
emission anomaly on September 27, 2020 and September 29, 2020 coincided
with a solar storm; thus they cannot be considered as a candidate for earth-
quake precursors. Several ULF emission anomalies occurred on quiet days
(no solar storm activity) such as anomalies on September 19, 2020 (21:00
LT), September 20, 2020 (06:00 LT) at SCN station and September 19, 2020
(24:00 LT), October 2, 2020 (11:00 LT) at KPY station, can be suspected
as precursors for the earthquake in October 17, 2020 (M = 5.2), October
18, 2020 (M = 5.3), October 19, 2020 (My = 5.1), October 21, 2020
(Mw = 5.1), and November 17, 2020 (Myw = 5.9). Therefore, the azimuth
values of these anomalies were evaluated to ensure that the anomaly was
related to the earthquake, as discussed in the next section.

3.2. Estimation of earthquake source location

In this section, the azimuth value was calculated for the ULF emission
anomaly which did not occur simultaneously with the anomaly due to ge-
omagnetic activity. An ULF anomaly can be considered as the earthquake
precursors if the azimuth generated by the anomaly leads to the earthquake
source. Figure 3 showed the azimuth of ULF anomaly pointing to the earth-
quake source of 15 October 2020 (My = 5.4) (yellow circle), calculated from
SCN station (blue triangle). The 15 October 2020 earthquake (My = 5.4)
was a tectonic earthquake in view of the plate subduction in the megath-
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rust zone of Mentawai-Pagai (—3.21° N, 100.31° E). Thus, the anomaly that
can be assumed as a precursor to this earthquake based on the azimuth
value was an anomaly that had an azimuth towards the megathrust zone of
Mentawai-Pagai. Of the three anomalies at the SCN station before 15 Octo-
ber 2020 that did not coincide with the geomagnetic storm (Fig. 2 and Table
4), only the anomaly of 3 October 2020 (06:00 LT) had azimuths pointing to
the earthquake source. The azimuth of this anomaly was 165° towards the
SCN station to the south (red arrow in Fig. 3). With a tolerance azimuth
of 22.5° (Armansyah et al., 2016), the estimated azimuth value of the ULF
anomaly value was 187.5°—142.5° (blue lines in Fig. 3, clockwise with the
zero point in the north). The actual azimuth generated by the earthquake
of October 15, 2020 (Mw = 5.4) was 178° to the SCN station and 282° to
the KPY station (Table 4). Thus, the earthquake source was within the
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Fig. 3. ULF anomaly azimuth (red arrow) from SCN station (blue triangle) to the earth-
quake of October 15, 2020 (Mw = 5.4) (yellow circle) with an azimuth tolerance of 22.5°
(blue line).
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tolerance area for the estimated azimuth of the anomaly of October 3, 2020
from the SCN station. The azimuth of other ULF anomalies did not point
to the source area of the 15 October 2020 earthquake.

In a similar way, azimuth direction of the ULF emission anomaly con-
cerning to the earthquake precursors of 17 October 2020 (M = 5.2), 18
October 2020 (M = 5.3), 19 October 2020 (M = 5.1), 21 October 2020
(Myy = 5.1), and 17 November 2020 (Mw = 5.9) were also determined. A
list of azimuths for all anomalies can be seen in Tables 4 and 5. Overall,
Table 6 shows the onset time of anomalies indicated as precursors of all
earthquakes studied. The azimuth generated by the ULF emission anomaly
still included the azimuth of the earthquake being studied, where the az-
imuth generated from the anomaly (6 4) had a value not much different from
the actual earthquake azimuth (6gqg) to the observation station. Thus, the
earthquake location estimation based on the overall azimuth direction for
the Pagai Island area was very effective to be used with an accuracy of
97.08%. This accuracy was derived from Afy based on the following equa-
tion (Yusof et al., 2021):

OA =00 — 0, (14)
Ab
o = 3600‘ x 100% , (15)

where 0gq is the actual earthquake azimuth to the station, 6 is the ULF
anomaly azimuth, A@ is the difference (error) degree between the earthquake
azimuth and anomaly azimuth (°), and Afy is the percentage difference (er-
ror) between the earthquake azimuth and the anomaly azimuth.

However, this azimuth-based analysis still allowed for some biases be-
cause the earthquakes of October 17, 2020 (Myw = 5.2), October 18, 2020
(Mw = 5.3), October 19, 2020 (My = 5.1), and October 21, 2020 (My =
5.1) occurred with time and a location close to October 15, 2020 (M = 5.4)
(Fig. 1). Thus, the anomaly on October 3, 2020 (06:00 LT) which was
probably caused by the earthquake preparation zone on October 15, 2020
(M = 5.4), could not be used yet as a precursor for the earthquake of
October 15, 2020 (My = 5.4) because other earthquakes also occurred at a
time and location close to this earthquake. To prevent any bias of analysis
on the anomaly source based on this azimuth, an estimation of the earth-
quake magnitude was carried out as described in the following sub-chapter.
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Table 6. Comparison between the estimated earthquake azimuth of the onset time of ULF
anomaly value and the actual earthquake azimuth.

No. Date of Time? Sta® Date of Time® 04° OEQ7 A0% Dst®

EQ* [LT] [code] An* [LT] 1l [l [nT]

1 October  16:41:16 SCN  October 06:00:00 165 178 13 =27
15, 2020 3, 2020

2 October  07:26:02 KPY  October 17:00:00 272 282 10 -11
17, 2020 4, 2020

3 October  00:55:00 KPY  October 03:00:00 292 277 4 -3
18, 2020 15, 2020

4 October  05:48:50 KPY  October 20:00:00 266 276 —15 -1
19, 2020 15, 2020

5 October  21:35:09 KPY  October 18:00:00 265 278 13 -5
21, 2020 17, 2020

6 November 08:44:07 KPY  October 08:00:00 281 279 —2 —2
17, 2020 17, 2020

! Date of earthquake, ? occurrence time of earthquake in local time [LT], ®nearest ob-
servation station to the earthquake source (code), *date of ULF anomaly as earthquake
precursor, ® occurrence time of anomaly in local time [LT], 5 anomaly azimuth from obser-
vation station, ” actual earthquake azimuth to observation station, & difference of anomaly
azimuth to earthquake azimuth, °® Dst index.

3.3. Estimation of earthquake magnitude

Table 7 presents the estimated magnitude values for all earthquakes. The
earthquake magnitude was estimated by empirical formula of BMKG (2019)
with a tolerance value of £0.2. The results of the magnitude estimation of
the October 15, 2020 earthquake using the ULF emission anomaly of Octo-
ber 3, 2020 (06:00 LT) showed the anomaly amplitude value of 2.07. This
amplitude was used to estimate the earthquake magnitude that will occur.
The estimated magnitude of the October 15, 2020 earthquake was 5.2 or
with a magnitude value range of 5.0 -5.4 (£0.2). This estimated value was
close to the actual magnitude of the October 15, 2020 earthquake, i.e. 5.4.

Overall, the earthquake magnitude estimated from the onset time ULF
anomaly value was within the tolerance range for the estimated magnitude;
thus, the anomaly can be considered as the earthquake precursor (Table 7).
The magnitude of earthquake based on ULF anomaly had an accuracy of
98.13% compared to magnitude of earthquake occurred, where the differ-
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Table 7. Comparison between the estimated earthquake magnitude from the onset time
of ULF anomaly value and the actual earthquake magnitude.

No. Date of Time? Date of Time* Sta® A% My’ MEQ8 AM® +10

EQ" [LT] An? [LT] [code] [£0.2] [Mw] [day]

1 October 16:41:16 October 06:00:00 SCN 2.07 5.2 54 —0.2 12
15, 2020 3, 2020

2 October 07:26:02 October 17:00:00 KPY 5.06 5.2 5.2 0.0 13
17, 2020 4, 2020

3 October 00:55:00 October 03:00:00 KPY 2.25 5.2 53 —0.1 3
18, 2020 15, 2020

4 October 05:48:50 October 20:00:00 KPY 2.24 5.2 51 +0.1 4
19, 2020 15, 2020

5 October 21:35:09 October 18:00:00 KPY 4.25 5.2 51 —0.1 4
21, 2020 17, 2020

6 November 08:44:07 October 08:00:00 KPY 27.95 5.8 59 —-0.1 31
17, 2020 17, 2020

! Date of earthquake, ? occurrence time of earthquake in local time [LT], ® date of anomaly
as earthquake precursor, 4 occurrence time of anomaly in local time [LT], ® nearest observa-
tion station to the earthquake source (code), ¢ ULF anomaly amplitude, ” estimated earth-
quake magnitude based on ULF anomaly, ®real magnitude of earthquake, ° magnitude
difference between estimated and actual earthquake magnitude, °lead times of anomaly.

ence in the magnitude of the earthquake that occurs is still in the estimated
magnitude value. The earthquake that has the closest magnitude to the
estimated magnitude is the October 17, 2020 earthquake. This earthquake
has an anomaly onset time amplitude of ULF 5.06 (A) and the estimated
magnitude of the earthquake is 5.2 [+0.2]. This estimated magnitude value
is the same as the magnitude of the 17 October 2020 earthquake is 5.2. The
other earthquakes have a fairly small difference in the estimated magnitude
of the earthquake that has occurred is £0.1. This showed that earthquakes
with a magnitude <6 can be estimated very well using the anomalous am-
plitude.

The lead time of precursor is important for short-term earthquake pre-
diction. We calculated the lead time by first determining the onset time
based on the time the anomaly first appeared as a precursor. For exam-
ple, the onset time of the ULF emission anomaly for the 15 October 2020
earthquake (My = 5.4) was 3 October 2020. The lead time (7) of the
15 October 2020 earthquake precursor (My = 5.4) was the day calculated
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from the time the anomaly first appeared (3 October 2020) until the time
of earthquake occurred (15 October 2020). Thus, the lead time of ULF
emission anomaly for the 15 October 2020 earthquake is 12 days. A list of
anomaly lead time for all earthquakes can be seen in Table 7. The ULF
anomaly as the earthquake precursor on Pagai Island occurred 3-13 days
before the earthquake, except for the November 17, 2020 earthquake. This
result is consistent with Ibrahim et al. (2012) and Ahadi et al. (2015) who
found the onset time of ULF anomaly 3-11 days.

4. Conclusions

This study showed the effectiveness of determining ULF anomalies as earth-
quake precursors in Pagai Island by using earthquake magnitude estimates
based on the occurred anomalies. The estimated azimuth obtained from
this study had an accuracy value of 97.08% compared to the actual azimuth
of the earthquake. Furthermore, the estimated magnitude had an accuracy
of 98.13% of the earthquake’s magnitude. The azimuth and magnitude es-
timation techniques are effective in determining precursors for earthquakes
with adjacent time and source locations. The results of this study can be
a solution for any bias possibility in determining earthquake precursors for
such earthquakes, particularly in areas with high earthquake frequencies.
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