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The Central Weather Bureau of Taiwan deployed 62 borehole seismic stations equipped
with accelerometers and broadband seismometers by the end of 2018. Currently, a large
number of earthquake records has been accumulated because of the high seismicity rate
of Taiwan. These records can be used to detect microseismicity because the background
seismic noise level is lower at downhole stations than surface stations. However, themag-
nitudes of the waveforms recorded by the downhole stations are lower than those of
surface stations because of near-surface site effects. In Taiwan, local magnitude (ML)
determinations use an attenuation function derived from surface stations, andML will be
underestimated if this attenuation function is used for downhole stations. Records of
14,653 earthquakes were used to determine site amplifications corresponding to site cor-
rections of the surface to downhole. For all available earthquake–station pairs, a total of
5470 amplification factors satisfied condition of the incident angle less than 35°, which are
used for further discussion in this work. The results reveal that amplification factors rang-
ing from 1.11 to 6.07 can be used to describe site effects. These amplification factors are
strongly correlatedwith VS30 (average shear-wave velocity for the top 30m of strata). The
amplification factor was used to revise station ML for downhole accelerometer (denoted
MLB), and revised MLB (MLBNEW) was compared with ML from the surface accelerometer
(denoted MLS). Results show that MLBNEW and MLS are similar. Using the derived site cor-
rections of surface to downhole, the downhole seismograms can be used to directly deter-
mine ML, especially for the borehole broadband waveforms, enhancing detection
capabilities for microearthquakes and improving the Taiwanese earthquake catalog.

Introduction
The local magnitude (ML) scale introduced by Richter (1935) is
widely used to report earthquake magnitude not only for rapid
earthquake reporting (Kanamori, 1983) but also for estimating
the strength of ground shaking in frequency ranges relevant to
engineering applications (Kanamori and Jennings, 1978).ML is
originally defined for southern California based on earthquake
recordings of the Wood–Anderson torsion seismograph.
The Central Weather Bureau (CWB) of Taiwan adopted the
empirical attenuation function proposed by Shin (1993) for
ML calculations using recordings of the three-component
short-period digital seismographs at surface stations of the
CWB Seismic Network (CWBSN). Since 2012, the CWBSN
has been upgraded with 24-bit analog-to-digital converters
and on-site Global Positioning System timing system; this net-
work is called CWBSN24. Guan et al. (2020) derived new
empirical attenuation functions based on seismic records from
CWBSN24, improving the reliability and accuracy of earth-
quake magnitude reported to the public.

Since borehole seismic arrays were first used in CWB in 2008
(Fig. 1a), a large number of high-quality seismic waveforms
have been recorded, enabling studies of near-surface attenuation
and velocity structures (Wang et al., 2016), seismic anisotropy
(Chen et al., 2017), earthquake early warning systems (Huang
et al., 2016), and site amplification (Lai, Mittal, et al., 2016;
Kuo et al., 2018). After the 1995 Hyogoken-Nanbu earthquake,
the National Research Institute for Earth Science and Disaster
Prevention in Japan constructed a surface-downhole observation
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network, KiK-net (Aoi et al.,
2004). Several researchers have
used spectral analysis of KiK-
net database waveforms to
assess near-surface site effects
and site amplification factors
(e.g., Oth et al., 2011; Héloïse,
Bard, and Rodriguez-Marek,
2012; Héloïse, Bard, et al., 2012;
Ibrahim et al., 2014; Thabet,
2019). One advantage of bore-
hole seismic arrays is enhanced
microseismicity detection,
facilitating the construction of
a comprehensive earthquake
catalog. However, the afore-
mentioned site effect studies
demonstrated that seismic
amplitude was increased
because of soft layers embedded
in the subsurface. Consequently,
earthquake-induced seismic
amplitudes recorded by the
downhole accelerometers are
notably smaller than the surface
recordings (Fig. 1b,c), resulting
in underestimation of ML scale
when using the downhole
recordings compared with sur-
face station recordings.
Therefore, the CWB’s 62 down-
hole stations are not used to
determine ML for CWB earth-
quake reports. To use data from
these stations, site corrections of
surface to downhole must be
derived for ML estimation.

In this study, we first mea-
sured the site amplification fac-
tor (F) at each borehole array
from the ratio of the peak
amplitude of the simulated
Wood–Anderson records from
the surface and downhole
strong-motion stations.
Furthermore, F can be used as
a site correction to revise sin-
gle-station ML scale using
downhole recordings (MLB).
Discrepancies in MLestimated
from borehole and surface sta-
tion data were investigated.
We also compared near-surface

Figure 1. (a) Distribution of the borehole seismic arrays in Taiwan. Black triangles represent 56
stations established between 2008 and 2016, and white triangles represent eight stations
established between 2017 and 2018. Geological provinces are the Coastal Plain (CP), Western
Foothills (WF), Central Mountain Range (CMR), Longitudinal Valley (LV). (b) The instrument
configuration of the borehole seismic array at NMLH. FBA and BB represent the force balance
accelerometers and broadband seismometer, respectively. (c) The seismic waveforms of the 20
March 2017, ML 4.5 earthquake were recorded by the NMLH borehole seismic array at an epi-
central distance of 136 km.
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site effects determined in the literature (Lai, Mittal, and Wu,
2016; Wen et al., 2019) with the results of F. Finally, the seismic
records of the borehole array for microearthquakes reported by
Kuochen et al. (2019) were collected to examine the feasibility of
MLestimation from the borehole recordings using F-values for
site correction. We also estimatedML using the borehole broad-
band seismograms (MLB BB) and compared MLB BB with the
MLB. Borehole stations have high detection capability; therefore,
the main goal of this study was to use the borehole recordings
(broadband and strong-motion records) for estimation of ML

and to provide a more comprehensive earthquake catalog for
advancement of seismological studies.

Data
To improve the regional monitoring capability of small-scale
earthquakes in Taiwan, high-quality borehole seismic arrays
have been under construction by the CWB since 2008. At
the end of 2018, 62 borehole seismic arrays had been installed
in Taiwan. Detailed information regarding the stations is pre-
sented in Table S1 available in the supplemental material to
this article. The initial construction plan has been completed.
Each borehole array includes two force balance accelerometers:
one at the surface and another at a depth of 30–492 m. One
broadband seismometer is located below the borehole acceler-
ometer (Fig. 1b). The deepest downhole station is at station
ICHU with the depth of 492 m, whereas the shallowest down-
hole is located at station ELD with the depth of 30 m. There are
three types of instrumentation: (1) PA-23 accelerometers and
KS-2000 broadband seismometers from Geotech, (2) CMG-5 T

accelerometers and CMG-3 TB broadband seismometers from
Guralp, and (3) TitanPH accelerometers and Trillium 120PH
broadband seismometers from Nanometrics (Table S1). The
background seismic noise level is lower at downhole stations
than at surface stations. Therefore, the seismic waveforms
recorded by downhole stations are clearer than surface stations
(Fig. 1c). The real-time continuous signals from the borehole
seismic arrays are transmitted to the CWB seismological center.
The sampling rate is 100 samples per second with 24-bit reso-
lution. These borehole stations have the detailed drill core inter-
pretations for identification of the lithological units.

The three-component seismic records of the borehole array
from 14,653 earthquakes occurring between 1 January 2017
and 31 December 2018 are used in this study (Fig. 2a).
These events, with the location quality levels A–C, satisfy the
specific conditions of number of used stations (≥6), station
gap (≤180°), and minimum epicentral distance (<50 km).
During this data period, >56 borehole array stations were in
operation in CWB. In our earthquake dataset, ML ranges from
2.00 to 6.26 (Fig. 2b), and focal depths are between 1.0
and 270.2 km. For data preprocessing, these waveforms were

Figure 2. (a) Epicenter distribution of the 14,653 earthquakes
occurring from 1 January 2017 to 31 December 2018 in Taiwan
that were analyzed in this study. Sizes of the stars and circles are
proportional to the magnitude, and colors represent ranges of
focal depths. (b) Number of earthquakes as function of local
magnitude.
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first corrected for baseline, demeaned, and detrended. Data
containing unfavorable signals (e.g., data gaps caused by trans-
mission problems) were removed. We only use the waveforms
with signal-to-noise ratio (SNR) of >5 to study site corrections
of surface to borehole.

Method
The formula for ML (Gutenberg and Richter, 1956; Boore,
1989) is

EQ-TARGET;temp:intralink-;df1;41;626ML � logA − logA0 � S; �1�

in which A is the observed peak amplitude in mm, A0 is the
empirically determined distance correction, and S is the site
correction. Richter (1935) defined ML based on the peak hori-
zontal amplitude recorded on a standard Wood–Anderson
seismometer, and therefore the logarithm of A0 would be
−3 at a distance of 100 km away from the epicenter. In
Taiwan, the attenuation function used to calculate ML by
the CWB was proposed by Shin (1993). For shallow earth-
quakes with focal depths ≤35 km,

EQ-TARGET;temp:intralink-;df2;41;470 logA0 � −0:00716R − logR − 0:39�0 < Δ ≤ 80 km�; �2�

EQ-TARGET;temp:intralink-;df3;41;430 logA0 � −0:00261R − 0:83 logR − 1:07�Δ > 80 km�; �3�

and for deep earthquakes with focal depths >35 km,

EQ-TARGET;temp:intralink-;df4;41;379 logA0 � −0:00326R − 0:83 logR − 1:01; �4�

in which Δ is epicentral distance and R is hypocentral dis-
tance. To investigate the differences in peak amplitude and
determine the surface-to-borehole amplification factor, the
accelerogram is simulated to Wood–Anderson record. In
accordance with the official ML estimation procedure of
the CWB presented by Shin (1993), the horizontal peak
amplitude (AH) in millimeters from each station is deter-
mined by the root of sum of the squared peak amplitudes
in the north–south (ANS) and east–west (AEW) components
as presented in the following:

EQ-TARGET;temp:intralink-;df5;41;210AH �
������������������������
A2
NS � A2

EW

q
: �5�

We extracted AH values from the surface (AS) and down-
hole (AB) horizontal seismograms for the purpose of estimat-
ing the surface-to-downhole amplification factor of (F), which
can be used as the site correction term of the revised ML scale.
Here, we calculated the ratio of surface and borehole AH values,
denoted as the F-value:

EQ-TARGET;temp:intralink-;df6;41;80F � AS=AB: �6�

The station ML values for surface stations (MLS) and
downhole stations (MLB) are given by

EQ-TARGET;temp:intralink-;df7;308;717MLS � logAS − logA0; �7�

EQ-TARGET;temp:intralink-;df8;308;676MLB � logAB − logA0; �8�

in which A0 is the distance correction, empirically determined
using surface stations and ignoring the site correction term
(Shin, 1993). Because of different site conditions of surface
and downhole stations, the current attenuation function can-
not be used to estimate ML for downhole stations. Therefore,
downhole stations have not been included for ML determina-
tion by the CWB. The F-values determined in this study not
only provide information regarding the site effects associated
with the shallow layer but also can be applied to revise down-
hole station data, which is a direct way to correct the observed
peak amplitude of borehole recordings and calculate ML using
the existed attenuation function. The revised station ML for
downhole accelerometer stations (MLBNEW) is as follows:

EQ-TARGET;temp:intralink-;df9;308;470

MLBNEW � log�AB � F� − logA0 � logAB − logA0 � log F

� logAB − logA0 � C; �9�

in which C is the site correction of surface to downhole.
In fact, seismic wave horizontally incident on seismic

borehole array can significantly influence the accuracy of
the F-value. To avoid the aforementioned effect, we further
adopt the 3D raytracing (Koketsu and Sekine, 1998) with
the 3D velocity model of Wu et al. (2007) to calculate the inci-
dence angle of each earthquake–station pairs and carefully
examined the relationship between the incidence angle and
the F-value for all available stations (Fig. S1). Finally, only
results with incidence angles <35° were used in this study.
The total number of F-values derived from the available earth-
quake–station pairs is 5470.

Results and Discussion
For each borehole seismic array, the F-value was calculated
using equation (6) for each earthquake event. Table S1 displays
the mean values of F with standard deviations. Figure 3a
presents the distributions of the F-values, which range from
1.11 to 6.07. Overall, the F-value and geological setting of
the region are strongly correlated. Smaller F-values of seismic
stations in mountainous areas are determined. By contrast,
higher F-values are determined of stations located in the
western plains, which are rich in alluvium. The distribution
of the F-values has a similar pattern to that of surface station
ML corrections (Lai, Mittal, and Wu, 2016). We further inves-
tigate the relationship between F-values and the average shear-
wave velocity of the upper 30 m of a soil profile (VS30). In
Taiwan, VS30 is typically used for site classification (Lee and
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Tsai, 2008). VS30 for each borehole site was determined by
Wen et al. (2019). They computed VS30 based on the VS layer
model derived from the receiver function of local earthquakes.
Figure 3b presents the negative linear relationship between F-
values and VS30. We observe relatively smaller F-values of the
stations at hard rock or rocky site (site classes A and B;
VS30 > 760 m=s). By contrast, stations at soft soil or stiff soil
sites (site classes D and E; VS30 < 360 m=s) have larger F-val-
ues. Because of discrepancies in the depths of the downhole
stations and the materials of the drill cores, a few stations
do not follow the linear trend; these stations are typically of
site class C. For example, three stations (NTC, EWT, and
EDH) close to eastern coastal areas have high F-values.
From the data of drill cores (Fig. S2), unconsolidated layer
thickness of >100 m at NTC and EWT can explain these high
F-values. But the abnormal F-value at EDH is not explained by
the unconsolidated layer thickness, and further investigation is
required. Notably, another station EAH, also located in a
coastal region, had a lower F-value than stations NTC,
EWT, and EDH. The relatively shallow depth of the downhole
instrument (Table S1) and the thinner unconsolidated layer
(Fig. S2) may have contributed to this lower F-value.
Overall, a strong correlation between the thickness of uncon-
solidated layer and F-value is observed. For instance, the
unconsolidated layer thickness observe at stations NNSH
and OWD is <20 m, and these stations have smaller F-values.
By contrast, station SCK has an unconsolidated layer thickness
of >300 m and obtains a larger F-value (Fig. S2).

A comparison of MLS and MLB in our earthquake dataset is
presented in Figure 4a. The MLS values are 1.13 times larger
than the MLB values, with a standard deviation of 0.26. By

applying the site correction of surface to downhole (C; equa-
tion 9) with MLB, the ratio between MLBNEW and MLS is
reduced to 1.0 (Fig. 4b). Thus, we could also determine the
earthquake magnitude (MLB BB) using downhole broadband
seismograms and then correct MLB BB using the C coefficients
for each borehole station derived from the surface-to-
downhole accelerograms to estimate the revised MLB BB

(MLB BBNEW). The purpose of the downhole broadband seis-
mometers is to improve the SNRs of seismic recordings, facili-
tating microearthquakes monitoring. This study confirmed
that correction using the C-value is necessary for magnitude
estimation using the borehole recordings (accelerograms
and broadband seismograms). To test the accuracy of
MLB BBNEW, we first examined the relationship between MLB

and the MLB BB. Figure 4c presents a comparison between
MLB and MLB BB, revealing a consistent 1:1 ratio. The seismic
records of the borehole array for the microearthquakes
reported by Kuochen et al. (2019) were collected. They
deployed 70 temporary seismic stations equipped with 4.5 Hz
geophones and Texan data recorders around Hualien City after
the 2018 Mw 6.4 Hualien earthquake to detect the aftershock
sequence. They also applied spectral analysis to determine the
seismic moment (M0) and the moment magnitude (Mw) of the

Figure 3. (a) Distribution of the amplification factor (F) of borehole
seismic arrays between surface and downhole stations. The sizes
of the circles indicate F. (b) F as a function of VS30. Labels A–E are
the seismic site classifications. Gray dots represent F for each
borehole seismic array, and black diamonds are the mean value
at each classification with one standard deviation.
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earthquake. For the 8 February 2018 earthquake listed in the
catalog of Kuochen et al. (2019), the noise level of both the
surface and downhole strong-motion stations (EAH; Table
S1) was too high, and this earthquake cannot be detected
(Fig. 5a). By contrast, the waveform recorded by the downhole
broadband seismometer has a good SNR value and can be used
for earthquake magnitude determination. Using the F-value of
station EAH (3.14; Table S1), the stationMLB BB of 1.62 can be
corrected to be the MLB BBNEW of 2.12, consistent with the
result of Kuochen et al. (2019) (Mw 2.2). For a moderate-sized
earthquake (Mw 5.2) on 9 February 2018 reported by Kuochen
et al. (2019), magnitudes determined in this study (MLS,
MLBNEW, and MLB BBNEW) ranged from 4.81 to 4.85 and are
between the real-time moment tensor (RMT) monitoring sys-
tem solution (Mw 4.4; see Data and Resources) and the solu-
tion of Kuochen et al. (2019) (Fig. 5b). Different focal depths
reported by earthquake catalogs may contribute to these dis-
crepancies in magnitudes. The focal depths of the CWB earth-
quake report, the RMT solution, and Kuochen et al. (2019)
were 5.82, 12, and 34.4 km, respectively.

Conclusions
In summary, the amplification factors (F) of peak amplitudes
for surface-to-downhole site corrections (C) as derived in the
present study successfully determined earthquake magnitudes
using the borehole recordings (accelerogram: MLBNEW and
broadband seismogram: MLB BBNEW); the determined magni-
tudes are compatible withMLS. Results reveal that the F-values
for stations of site class A and B (e.g., NNSH, ELD, and OWD
in Fig. 3b) were typically <2.0. By contrast, most stations of site
class D or E (e.g., SCK, WSL, WTK, CHY, NMLH, andWRL in
Fig. 3b) determined F-values of >3.5. Abnormal F-values
for stations NTC and EWT of site class C can be explained
by the thick unconsolidated layer beneath the stations
(Fig. S2).

Using the calculated site corrections of surface to borehole
(C), the downhole recordings can be used in CWB for
earthquake monitoring, which will not only enhance location
accuracy but also improve microseismicity detection capa-
bilities.

Data and Resources
The seismic data used in this study can be found from the Geophysical
Database Management System (GDMS; http://gdmsn.cwb.gov.tw, last
accessed January 2022), Central Weather Bureau. The supplemental
material for this article includes table list of the amplification factors
(F) of borehole seismic array and figures displaying F-value as func-
tion of incidence angle and drill cores of borehole stations. Real-time
moment tensor (RMT) monitoring system solution data are available
at http://rmt.earth.sinica.edu.tw (last accessed May 2021).
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Figure 4. (a) Comparison of ML as determined by surface stations
(MLS) or downhole station (MLB). (b) After applying the site
amplification factors to borehole stations,MLS was compared with
MLBNEW by borehole stations. (c) Comparison of MLB determined
by FBAs or BBs. The solid line is the regression line with zero
intercept; the two dashed lines indicate the standard deviation.
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