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ABSTRACT
Recently, the P-wave-alert-device (P-alert) network, which is a
dense array of microelectromechanical system (MEMS) accelerometers that was developed and installed by National Taiwan
University for the purposes of earthquake early warnings, has
recorded a large number of strong-motion records for moderate-to-large earthquakes throughout Taiwan. However, many
of these stations are mounted on the vertical walls of buildings
in ways such that further studies of the sensor-structure interactions on recorded acceleration data are required before the
data is used in the production of high-quality shake maps. In
this study, we collect the free-field accelerograms recorded
by the Taiwan Strong-Motion Instrumentation Program
(TSMIP) network that were operated by the Central Weather
Bureau (CWB), where MEMS accelerometers were in the
vicinity. Then, we compare the peak ground acceleration
(PGA) ratio (R-value) between P-alert and TSMIP stations.
Finally, we demonstrate how to use the R-value correction
on the P-alert data, in order to rapidly produce high-resolution
shake maps for relief work to be done soon after major earthquakes. At present, the shake maps produced by the P-alert
network are posted automatically in real time on Facebook and
are provided to the National Science and Technology Center
for Disaster Reduction (NCDR) in order to allow for their
relief work. These timely products provide improved information for disaster risk reduction, emergency preparedness, and
emergency response.

INTRODUCTION
Being located on the junction of two active subduction systems
(namely Ryukyu to the north and Manilla to the south),
Taiwan is a seismically active region. Active orogeny in Taiwan
can be attributed to the collision between the Eurasian plate
(EP) and the Philippine Sea plate (PSP; Lin and Watts, 2002;
Wu et al., 2009). Thousands of M > 2 or 3 magnitude earthquakes occur in Taiwan every year as a result of collisions between the PSP and EP. In the past, many significant and
devastating earthquakes occurred; examples include: the 1999
Chi-Chi M w 7.6 earthquake (Chang et al., 2000, 2007), the
2003 Chengkung M w 6.8 earthquake (Wu et al., 2006), the
2010 Jiasian M w 6.3 earthquake (Huang et al., 2011), and
the February 2016 Meinong M w 6.4 earthquake (Wu et al.,
2016; Kanamori et al., 2017). The most recent significant
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earthquake, an earthquake of M w 6.4, occurred on 6 February
2018 in the Hualien area of Taiwan. Because of the high level
of seismicity, it is necessary to produce high-resolution shake
maps in near-real time for the purposes of disaster risk reduction and emergency response. In Taiwan, the rapid reporting
system (RRS) is based on the Central Weather Bureau Seismic
Network (CWBSN, Hsiao et al., 2011), which consists of more
than 110 digital telemetered strong-motion seismic stations
(Fig. 1a). The RRS system is designed to generate shake maps
within a few minutes of the occurrence of a major earthquake.
However, the distribution of the real-time CWBSN network is
relatively sparse, making it difficult to produce high-resolution
shake maps. For enhancement of the efficiency and resolution
of shaking-map generation, a denser network of strong-motion
instruments is required.
Recently, an earthquake early warning research group at National Taiwan University (Fig. 1b; Wu et al., 2013; Hsieh et al.,
2015; Wu, 2015) developed a dense seismic network based on
microelectromechanical system (MEMS) accelerometers. This
P-alert network is capable of producing more detailed shake
maps in near-real time (Hsieh et al., 2014) and provides detailed
strong ground motion information for research purposes. In order to check the usefulness of this P-alert network, we checked
the impulsive velocity pulse at the W21B station during the
2016 Meinong earthquake and compared it with that at the
nearby Taiwan Strong-Motion Instrumentation Program
(TSMIP) station. The amplitudes of velocity pulses at both stations (P-alert and TSMIP) are comparable (Fig. 2); this indicates
that the large displacement and velocity amplitudes at P-alert
stations are not particularly anomalous and can be regarded
as approximate free-field values (Kanamori et al., 2017).
The P-alert accelerometers are installed on the vertical walls
of buildings at different elevations in different buildings. Most of
the sensors are placed on the first or second floor. In general, the
sensors mounted on the building record both seismic signals and
structure response. Therefore, the peak ground acceleration
(PGA) recorded by these sensors is affected by sensor-structureinteraction and needs to be characterized properly when producing high-quality shake maps. In the present work, we collect the
accelerograms from nearby sources: P-alert stations and free-field
TSMIP stations. Then, a systematic investigation of the PGA
ratio between P-alert and CWB TSMIP stations (R-value) is
performed. Next, we develop a scaling law between the two systems. We then assess the accuracy of the shake maps produced
November/December 2018

doi: 10.1785/0220170252

(a)

(b)

(c)

25.5

25.0

CWBSN

P−alert

110 Stations

625 Stations

FreeField

1st floor
2nd floor

ILA023

W035

2 Stations

24.5

Latitude (°N)

24.0

23.5

TTN042

23.0

W114

2016/2/5
ML:6.4

2016/2/5

2016/2/5

ML:6.4

ML:6.4

22.5

22.0
|
21.5
119.5

120.0

120.5

121.0

50 km

121.5

|

122.0

|
122.5 119.5

120.0

Longitude (°E)

120.5

121.0

50 km

121.5

|

|

122.0

122.5 119.5

120

120.5

121

121.5

50 km

|

122

122.5

123

Longitude (°E)

Longitude (°E)

▴ Figure 1. Distributions of (a) Central Weather Bureau Seismic Network (CWBSN) and (b) P-alert seismic stations. (c) Triangles show
the P-alert stations on first (black) and second (gray) floors nearly co-located with Taiwan Strong-Motion Instrumentation Program
(TSMIP) seismic stations. Open stars represent the epicenters of 88 earthquake events used in this study. A large Asia map with marked
studied area is shown in the inset. The location of the Meinong earthquake (M w 6.4) is also shown.
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▴ Figure 2. Velocity pulse at W21B and nearby TSMIP station (CHY063) during the Meinong earthquake. The amplitude of velocity pulses
at both stations (P-alert and TSMIP) is comparable, indicating that P-alert stations are not particularly anomalous and can be regarded as
approximate free-field values.
by P-alert stations and finally discuss how the improved forecasts
can be used for disaster risk reduction, emergency preparedness,
and emergency response.

DATA PROCESSING AND RESULTS
The P-alert network currently consists of 625 low-cost MEMS
accelerometers with a sampling rate of 100 Hz and a dense

distribution throughout Taiwan, both in urban areas and along
the active fault zones (Fig. 1b). For the purpose of examining
the sensor-structure influence on the PGA estimation of the Palert network, we collect strong-motion records from 88 earthquakes that were recorded by the TSMIP stations between August 2012 and December 2016. The magnitudes (M L ) of the
collected events range from 5.0 to 6.7, and the chosen sites of
the TSMIP stations are close to or nearly co-located (intersta-
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▴

Figure 3. Three-component strong-motion accelerograms from 5 February 2016 M w 6.4 earthquake at the following station pairs:
(a) TTN042–W114 and (b) ILA023–W035.

tion distance is less than 0.5 km) with the P-alert stations
(Fig. 1c). Each TSMIP station is equipped with a force-balance
accelerometer with a sampling rate of 200 Hz or higher. Both
P-alert and TSMIP stations are designed with 16-bit resolution
and a 2g full dynamic range. The three-component acceleration records are baseline corrected, and PGA values are measured from the maximum amplitudes on the unfiltered threecomponent accelerograms. As P-alert and TSMIP stations are
roughly collocated, the PGA values are picked from the same
seismic phases in both instrumentations. Secondly, most P-alert
instruments have been placed on the first or second floors (Jan
et al., 2017) of two or three storied buildings (schools), so that
there are less chances of PGA from different phases due to interference of surface waves and building response. These results
can be inferred from Figure 3, where two station pairs are
shown. For the TTN042/W114 station pair, PGA for the Z
and north–south components occurs between 20 and 23 s,
while for the east–west component, it is recorded around 27 s.
A similar observation is found for the ILA023/W035 station
2316
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pair. At each P-alert/TSMIP station pair, at least 12 PGA readings are applied for analysis of the PGA ratio (R-value) between P-alert and TSMIP stations.
The resultant R-values for the P-alert stations installed on
first and second floors with mean values of 1.07 and 1.52 are
shown in Figure 4 for each station that recorded at least 12
events. The highest and lowest anomalous R-values for the first
floor are observed at stations W035 and W114, respectively
(which may be due to improper installation of the P-alert device). Figure 3 shows examples of the original strong-motion
accelerograms recorded by P-alert and TSMIP station pairs for
the M w 6.4 Meinong earthquake that occurred on 5 February
2016. For the W035–ILA023 station pair, the R-value reaches
2.8 in the east–west component. In contrast, for W114–
TTN042, a minimal amplification of the acceleration seismogram was observed in the east–west component with an
R-value of about 0.71 (Fig. 3). The difference between the
R-value map for the P-alert corrected and TSMIP networks
is shown in Figure 5. From Figure 5, an increase in R-values
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▴ Figure 4. The peak ground acceleration (PGA) ratio between
P-alert and TSMIP stations (R-value) as a function of station number. Black and gray squares represent the data from first and
second floors, respectively. The solid line shows the mean Rvalue, and the two dashed lines indicate the standard deviation.
is observed toward southern Taiwan, especially close to the epicenter of Meinong earthquake. In some areas, this difference
exceeds 100 gal. In central Taiwan, the R-value difference is
largely negative with respect to the CWBSN shake map. Leaving these two areas, the R-values for other regions in Taiwan
are close, which means R-values are within 50 gal. For two
areas near the epicenter of Meinong earthquake, both increases
and decreases may be attributed to the presence of basin or due
to insufficient station coverage, as only 6–7 instruments are
found in close vicinity. In general, differences in R-values might
be attributed to sensor-structure-interaction effects, depending
upon the location of the P-alert sensor in the building or
improper installation of P-alert device in the building. The second reason for this difference may pertain to site effects (if
stations are farther from each other), which will be different for
each sensor depending upon specific site conditions. Though
we have taken care in choosing P-alert and TSMIP stations,
lower R-values are still obtained at some stations because site
effects affect recordings drastically even at distances of a few
hundred meters (Mittal, Kamal, et al., 2013; Mittal, Kumar,
and Kumar, 2013). However, further investigations will be
needed to understand the differences. In general, the average
R-values for the P-alert stations that were installed on first and
second floors are 1.07 (0:25, −0:20) and 1.52 (0:39,
−0:31), respectively.

DISCUSSION AND CONCLUSIONS
Response of a building to the earthquakes is highly dependent
on shear-wave velocity and attenuation (Snieder and Safak,
2006). Response also relies heavily on building properties, as
well as sub-surface coupling (Safak, 1995). Snieder and Safak

(2006) used deconvolution of motion to remove the imprint of
excitation and ground coupling and obtained consistent fundamental modes. They found that the response for the instruments placed on lower floors, such as the first or second floor, is
quite consistent. Todorovska and Trifunac (2008) confirmed
that monitoring only the changes in soil-structure frequency
could skew the results regarding structural health monitoring
(SHM). However, observing changes in fundamental fixedbase frequencies may provide robust results for SHM. The
R-values for the devices on first and second floors determined
by this study offer crucial information for eliminating sensorstructure interactions on P-alert acceleration data sets. After
removing the sensor-structure-interaction effect, an approach
has been adopted to include the CWBSN real-time stations
located at free-field sites to provide the detailed shaking maps
with better accuracy. Shake maps have proven to constitute a
useful methodology to depict the shaking intensity in terms of
PGA, peak ground velocity (PGV), and other spectral parameters. In some countries such as the U.S.A. and Taiwan, it is a
routine practice to plot such shake maps after the occurrence of
any moderate to severe earthquake (Wald, Quitoriano, Heaton,
Kanamori, 1999; Wald, Quitoriano, Heaton, Kanamori, Scrivner, et al., 1999; Lin and Wald, 2012; Wu et al., 2016). García
et al. (2012) presented a new version of shake map software
that eliminates uncertainties by including the updated earthquake catalogs with information such as source finiteness,
regional source locations, and ground-motion prediction equations (GMPE). Moratto et al. (2009) produced the real-time
shake maps for Italy using different shaking parameters. Later
on, Moratto and Saraò (2012) improved these real-time shake
maps by including synthetic records. Legendre et al. (2017)
plotted the shake maps for the Caucasas region using recorded
waveforms from broadband seismic stations. They plotted
shake maps in PGV only, as various uncertainties are introduced with the conversion of PGV to PGA. Allstadt et al.
(2018) found that considering an approximate rupture extent
instead of a point source in Shake Map generation, the landslide models were all successful at roughly identifying the area
of highest hazard. Yang et al. (2018) used P-alert data for
incorporation of a time-dependent anisotropic attenuation
relationship with PGA, which can provide an accurate predicted PGA. This is a useful parameter to have before the
arrival of the observed PGA that will give a consistent lead
time for hazard assessment and emergency response and a predicted shake map that will converge faster to the final reported
shake map. These kinds of studies are very important for a
region like India, where instrumental recordings of ground
motion are limited (Mittal, Kumar, and Kamal, 2013).
This study has also investigated the R-value for P-alert
stations installed at ground level. Results show that the mean
R-value is approximately equal to 1. Thus, P-alert data sets
collected at ground level are also used in producing shake maps
for later discussion. Figure 6 shows examples of the shake maps
generated by the (a) P-alert system, (b) CWB system, (c) Palert with corrected R-values, and (d) combination of corrected
P-alert and CWB for the M w 6.4 event that occurred on 5
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▴ Figure 5. The R-value map between P-alert corrected and
TSMIP stations. An increase in R-values is observed toward
southern Taiwan. In central Taiwan, the R-value difference is
largely negative with respect to the CWBSN shake map. For
all other regions, the R-values are within 50 gal. This is the current R-value map for P-alert corrected and TSMIP stations.

P-alert devices can also be used for SHM, in comparison
to traditional SHM accelerometers. Applications of P-alert
devices to SHM have been studied by Yin et al. (2016) and
Hsu et al. (2018). In their study, they used the Nakata et al.
(2013) methodology to estimate the fundamental frequency of
a steel building in a laboratory to monitor the health of the
building. They compared the measured acceleration from a
P-alert device to the acceleration measured by the lowfrequency accelerometer calibration system (LFACS). They estimated the root mean square (rms) ratio by dividing the rms
value from the P-alert device by that produced by the LFACS,
and they found that rms ratios are close to 1.0 within the range
between 0.8 and 10 Hz. After 15 Hz, rms ratios start to decrease, due to embedded low-pass filter of the P-alert device.
Because the fundamental frequency of most buildings with
10 stories or less is greater than 1.0, these P-alert devices
may be of good use in SHM applications.
Near-real-time shaking maps can promptly provide spatial
distribution of PGA and seismic intensity following devastating earthquakes to conduct rapid hazard assessments. This
study integrates both P-alert and CWB systems that can produce high-resolution shaking maps with better accuracy. However, currently correction of the sensor-structure-interaction
effect only uses the mean R-values for the first and second
floors. When the two types of instruments are collocated or
very close to each other, the R-value is related to the stiffness,
mass, and height of the building, as well as the installed station
height. Snieder and Safak (2006) found similar results. If the
relationships between the R-value and impact factors can be
defined, the effects on each station can be corrected by using
R-values to improve resolution. Furthermore, the R-values
could be used to improve the accuracy of shake maps.

DATA AND RESOURCES
February 2016. Obviously, the denser P-alert network produces a
high-resolution shaking map compared to the map produced by
the relatively sparse CWBSN network (Fig. 6a,b). In comparison
between uncorrected (Fig. 6a) and corrected (Fig. 6c) P-alert
shaking maps, there is only a small discrepancy that is attributed
to structure response. Ideally, incorporating corrected P-alert
acceleration data with the CWBSN network can provide the
best resolutions of shaking maps, especially for local area and
epicentral regions. For example, Figure 6d shows that results
of PGAs are more high resolution in southwestern Taiwan.
In this study, for M L ≥ 5:0 events, average R-values for first
and second floors are 1.07 and 1.52 (Fig. 4), respectively. When
adding in the CWB system, we recommend that P-alert devices
be installed either on the first floor or on the ground level.
However, a few stations have relatively high or small R-values,
which could be caused by equipment installation problems,
anomalous building structure, or local site effects (where two
types of instruments are away from each other). Future checks
at station sites are needed to further understand the aforementioned problems. The P-alert stations with extreme R-values
will be further investigated and reinstalled in the future.
2318
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The strong-motion waveform records used in this study were
obtained from the National Taiwan University (NTU) and
Central Weather Bureau (CWB). The strong-motion records
used in this study can be obtained upon request from CWB
(http://www.cwb.gov.tw/eng/index.htm, last accessed August
2017). The P-alert waveform records are available to the public
and can be downloaded from http://palert.earth.sinica.edu.tw/
db/ (last accessed March 2018).

ACKNOWLEDGMENTS
This research has been supported by the Central Weather Bureau (CWB) and the Ministry of Science and Technology
(MOST), Taiwan. This work was also financially supported
by the NTU Research Center for Future Earth from The Featured Areas Research Center Program within the framework of
the Higher Education Sprout Project by the Ministry of Education (MOE) in Taiwan. The constructive comments from
two anonymous reviewers and Associate Editor Brendan
Crowell helped to improve the article. The software package

Volume 89, Number 6 November/December 2018

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/89/6/2314/4536756/srl-2017252.1.pdf
by National Taiwan Univ - Lib Serials Dept user

Earthquake 2016/02/05 19:57:27 ML =6.4
(a)

PGA (gal)
25.5

(b)

PGA (gal)
25.5

CWBSN

Latitude (°N)

P-alert
25.0

400

25.0

400

24.5

250

24.5

250

24.0

80

24.0

80

23.5

25

23.5

25

23.0

8.0

23.0

8.0

2.5

22.5

0.8

22.0

0

21.5
119.7

22.5

22.0

Tainan City

Kaohsiung City

21.5
119.7

Latitude (°N)

(c)

120.2

120.7

121.2

121.7

122.2

2.5

Tainan City

0.8

Kaohsiung City

0
120.2

120.7

121.2

121.7

122.2

PGA (gal)

(d)

25.5

PGA (gal)
25.5

25.0

400

25.0

400

24.5

250

24.5

250

24.0

80

24.0

80

23.5

25

23.5

25

23.0

8.0

23.0

8.0

2.5

22.5

0.8

22.0

22.5

22.0

Tainan City

Kaohsiung City

0
120.2

120.7

121.2

121.7

122.2

Longitude (°E)

0.8

Kaohsiung City

P-alert with correction
21.5
119.7

2.5

Tainan City

21.5
119.7

P-alert with correction
+CWBSN
120.2

120.7

121.2

121.7

0

122.2

Longitude (°E)
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Generic Mapping Tools (Wessel and Smith, 1998) was used in
this study.
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