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This article discusses the earthquake early warning system (EEWS) for schools of the
National Center for Research on Earthquake Engineering, Taiwan (NCREE’s EEWS, earth-
quake early warning system [NEEWS]) that was recently completed. The system consists
of 98 seismic stations with a complete set of system capabilities and 3514 broadcast sta-
tions with only the associated alert broadcast system capabilities. The broadcast stations
receive both any on-site alerts issued by the seismic stations and any regional alerts
issued by the Central Weather Bureau and then broadcast whatever alert is received ear-
liest. Shortly after the establishment of theNEEWS, theML 6.3 Hualien earthquake,which
had a maximum measured peak ground acceleration (PGA) of 515.17 Gal, struck Taiwan
on 18 April 2019. During the earthquake, the performance of both the seismic stations
and the broadcast stations of the system was documented. The current study analyzes
and discusses the accuracy of the PGA predictions, lead times, and classification perfor-
mance at both the seismic stations and the broadcast stations of the NEEWS. The results
show that the NEEWS is a cost-effective and promising system of EEW.

Introduction
Because Taiwan has experienced serious damage from several
destructive in-land and offshore earthquakes, earthquake early
warning (EEW) becomes one of the solutions to reduce seismic
loss. In addition, many school buildings were damaged during
the 1999 Chi-Chi, Taiwan, earthquake. Therefore, the National
Center for Research on Earthquake Engineering (NCREE),
Taiwan, began establishing an EEW system (EEWS) for schools
in 2009 by first utilizing a limited budget to establish several
stations at elementary schools. The NCREE’s EEWS is called
the earthquake early warning system (NEEWS). Based on the
fact that during several moderate earthquakes that occurred
in 2013, the NEEWS successfully provided timely warnings
before the strong waves struck the schools, the Taiwan govern-
ment asked the NCREE to expand the NEEWS to all of the pub-
lic elementary and junior high schools in Taiwan. Because the
total number of these public schools was quite large, approxi-
mately 3500, a cost-effective solution was required. As a result,
a satellite-based approach was implemented. Specifically, a total
of 98 seismic stations and 3514 broadcast stations were con-
structed at the schools. The seismic stations were furnished with
the complete set of NEEWS equipment, including seismographs,
a data logger, a computer, an alert broadcast system, and an

uninterruptible power supply, whereas the broadcast stations
were equipped with only the alert broadcast system. Each broad-
cast station receives any alerts issued by the three predesignated
seismic stations at the shortest distances from it using the on-site
approach (Hsu et al., 2013) and the regional alerts issued by the
Central Weather Bureau (CWB) (Chen, Hsiao, and Wu, 2015),
and then broadcasts whichever alert is received earliest. The
locations of the seismic stations were selected so that they would
be roughly uniformly distributed throughout the areas with
schools.

To ensure that alert information is distributed to the broad-
cast stations throughout the network with little delay, a private
network maintained by a private company, Chunghwa
Telecom, was implemented. To reduce the number of triggers
of the NEEWS caused by non-earthquake events, two seismo-
graphs are installed at different locations for each seismic
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station. Only when both seismographs trigger does the seismic
station recognize a given event as an earthquake event.

A number of on-site EEW approaches have been developed
recently (Nakamura, 1998; Odaka et al., 2003; Kanamori, 2005;
Allen et al., 2009; Zollo et al., 2010; Böse et al., 2012; Carranza
et al., 2013; Hsu et al., 2013; Wu et al., 2013; Peng et al., 2015;
Emolo et al., 2016; Caruso et al., 2017), and some of them have
been implemented in EEWSs around the world. More infor-
mation about the recent status of these EEWSs can be found
in Allen and Melgar (2019). The on-site NEEWS for Taiwan
estimates the peak ground acceleration (PGA) of a coming
earthquake by relying on support vector machine techniques
recently developed by Hsu et al. (2013). The PGA is predicted
based on six P-wave features including the peak acceleration,
peak velocity, peak displacement, effective predominant
period, cumulative absolute velocity, and the integral of the

squared velocity extracted from the first 3 s of the measured
vertical acceleration of a single station.

During the construction of the NEEWS, the NEEWS expe-
rienced the Mw 6.5 Meinong earthquake in 2016 and the
Mw 6.4 Hualien earthquake in 2018. The NEEWS performed
well during both of these events (Hsu et al., 2016, 2018). The
on-site NEEWS successfully provided 3.2–12.8 s of lead time
(LT) for the stations with PGA ≥ 80 Gal during these two
earthquakes. The construction of the NEEWS was finished
in early April of 2019. Soon afterward, on 18 April 2019,
another Hualien earthquake (ML � 6:3, Mw � 6:2) occurred
at 13:01 p.m. local time (5:01 p.m. UTC) at 24.06° N
Latitude and 121.54° E Longitude, with a focal depth of
20.3 km, and resulted in one death and nonstructural damage
to several buildings (the locations of stations of the NEEWS
and the epicenter of the 2019 Hualien earthquake are marked
in Fig. 1). This moderate earthquake provided a precious
opportunity for an inspection of the in situ performance of
the NEEWS. Therefore, this study aims to illustrate how the
NEEWS functions, especially at the broadcast stations, using
the 2019 Hualien earthquake as the case study.

Nonstructural damage to several buildings in Taipei, which
is the economic center of Taiwan with a population of 6.6 mil-
lion, was reported during this event (the location of Taipei city
is marked in Fig. 1). Historically, on 20 May 1986, an earth-
quake of ML � 6:5 occurred near the epicenter of the 2019
event and caused serious damage to two school buildings in
Taipei, whereas the two offshore Hualien earthquakes (both
ML � 6:8) that occurred on 15 November 1986, and 31
March 2002, and the 1999 Chi-Chi earthquake (Mw � 7:6)
also caused severe damage in Taipei. These events, which all
had epicentral distances of more than 70 km from Taipei,
induced building damage due to basin effects. In this study,
therefore, we also want to investigate whether the NEEWS
was able to issue alerts efficiently for the vulnerable capital of
Taipei during the remote 2019 Hualien earthquake.

2019 Hualien Earthquake Data
During the 2019 Hualien earthquake, 37, 106, 631, and 68 valid
accelerograms were recorded by the Seismic Array of NCREE
(SANTA) stations (Kuo et al., 2019), the CWB real-time data
stream (RTD) stations (Wu et al., 2000), the P-Alert Strong
Motion Network (Chen, Wu, and Chin, 2015), and the
NEEWS stations of NCREE (Hsu et al., 2018), respectively
(see Data and Resources section). The largest measured hori-
zontal PGA value was 515.17 Gal at the CWB East Tong Men
station, which had a 12 km epicentral distance. Based on the
focal mechanism solutions issued by the CWB, the two nodal
planes of the earthquake were 64°/25°/122° and 209°/69°/76°.
Figure 1 shows the observed PGA distribution of the afore-
mentioned stations. The locations of the seismic stations
and broadcast stations of the NEEWS are also marked with
black crosses and blue dots, respectively, in the same figure.
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Figure 1. Locations of the 98 National Center for Research on
Earthquake Engineering’s NCREE’s earthquake early warning
system (NEEWS) seismic stations (black crosses) and 3514
broadcast stations (blue dots), as well as the location of the
epicenter of the 2019 Hualien earthquake (star) and the Central
Weather Bureau (CWB) intensity scale (scale bar). Circle with a
radius of 54 km roughly depicts the observed region in which the
on-site approach was faster than the CWB regional approach. The
location of Taipei is indicated by the red rectangular box.
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It took 14 s for the CWB regional EEWS to issue an alert after
the 2019 Hualien earthquake occurred.

PGA Prediction and LT
The predicted PGA values of the 68 NEEWS seismic stations
during the 2019 Hualien earthquake are shown in Figure 2.
Both the PGA values predicted by the on-site approach and
the regional CWB approach are illustrated on a logarithmic
scale. The standard deviations of the logarithm PGA residuals
using the on-site approach and the regional approach were
approximately 0.57 and 0.64, respectively. In general, the accu-
racy of both the on-site and regional approaches is quite high.
Basic information, as well as the performance metrics for these
stations, are listed in Table 1. To have a rough idea of how good
the performance of PGA prediction is, the standard deviation
of the logarithm PGA residuals when establishing the general
attenuation law of horizontal PGA at hard rock sites in Taiwan
is employed (Jean et al., 2006). The standard deviation of the
logarithm PGA residuals of the attenuation law is 0.78, and the
ones of both the on-site approach and the regional approach
during the 2019 Hualien earthquake were even lower.

In Taiwan, the CWB expresses seismic intensity in terms of
an eight-level scale based on the measured PGA (Wu et al.,
2003) as illustrated in Figure 1. In this article, this CWB inten-
sity scale is used. We define the intensity prediction accuracy
ratio (IPAR) as the ratio of the predicted intensity scale located
within a one-scale difference from the real intensity scale
among all the considered earthquake data. Only the earthquake

data with a measured intensity scale ≥ 4 or a predicted
intensity scale ≥ 4 were considered. As a result, the IPAR for
the on-site approach was 31/36 = 86.1%, whereas that of the
CWB regional approach was 24/24 = 100%. As for the measured
intensity scale ≥ 4, the median and standard deviations of the
logarithm PGA residuals were 0.02 and 0.22 for the on-site
approach and −0.29 and 0.22 for the regional approach, respec-
tively. This indicated that the utilized on-site approach was quite
reliable for the strong motion region in this earthquake event.

Figures 3 and 4 illustrate the measured acceleration time
history at the 10 stations closest to the epicenter. For concise-
ness, only the horizontal component with the maximum PGA
is plotted in sequence by the epicentral distance. The time at
the trigger, S-wave arrival, and alert issuance of the on-site and
regional approaches are also marked in the same figures. The
current version of the on-site approach used the first 3 s after
the P-wave arrival to predict the PGA for all the seismic sta-
tions, except Stations S046 and S049. These two stations
employed a new version of the on-site algorithm which updated
the predicted PGA every second, starting from only one second.
The details of the algorithm can be found in Hsu et al. (2013).

A good EEWS needs both timeliness and accuracy. For
timeliness, we consider the LT. LT is defined as the time differ-
ence between when a PGA prediction is first issued and the
arrival of the S wave. At Station S019, with only a 9.7 km epi-
central distance, the LT of the on-site approach was −0.6 s. At
Stations S046 and S049, with epicentral distances of approxi-
mately 12.9 and 23.7 km, respectively, the LT values of the on-
site approach were 1.7 and 4.2 s, respectively. These two sta-
tions issued their alerts only 1 s after the P arrival; otherwise,
the LT of Station S046 could have been shorter or even neg-
ative. Meanwhile, even for Station S019, the LT could have
been positive if the new version of the on-site algorithm had
been employed. For the stations with a seismic intensity of V
(i.e., S105, S006, S005, and S050) and epicentral distances of
approximately 40–66 km, LT values of approximately 3–6 s
were recorded. Figure 5 illustrates the relationships between
the LT and the epicentral distance values of the on-site and
regional approaches. In general, the LT increases with the epi-
central distance. This figure clearly shows the advantage of the
on-site stations (NEEWS) over the network-based EEW sta-
tions at short distances. The blue circle with a radius of 54 km
in Figure 1 roughly depicts the observed region in which the
on-site approach was faster than the regional approach.
Evidently, the on-site approach can yield more LT for the areas
with higher seismic intensity levels.

Classification Performance
For operational purposes, the threshold to issue an alert of the
NEEWS was set to scale IV. The locations of the 36 NEEWS
seismic stations with predicted intensity scale of ≥IV, and 2180
corresponding broadcast stations are shown in Figure 6.
If an alert was issued before the threshold was reached, we
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Figure 2. Comparison of the predicted peak ground acceleration
(PGA) and observed PGA values for the 68 NEEWS seismic
stations.
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TABLE 1
Performance Summary of the 68 Seismic Stations of the NEEWS during the 2019 Hualien Earthquake

LT (s) PGAx (Gal) Ix

No. R (km) PGAr (Gal) Ir On-Site Regional On-Site Regional On-Site Regional Classification

S019 9.7 243.1 5 −0.6 −7.0 450.6 174.9 7 5 TN

S046 12.9 132.3 5 1.7 −6.7 115.2 148.7 5 5 TP

S049 23.7 169.5 5 4.2 −3.2 116.7 116.7 5 5 TP

S105 40.8 86.9 5 3.1 0.8 55.2 55.2 4 4 TP

S006 43.8 134.9 5 3.9 1.7 88.6 54.0 5 4 TP

S117 46.6 66.6 4 2.8 1.2 150.1 42.6 5 4 TP

S048 55.5 59.3 4 6.3 5.5 30.4 30.4 4 4 TP

S104 59.5 46.7 4 3.5 4.1 47.9 30.0 4 4 TP

S005 66.1 151.1 5 4.6 6.0 89.7 32.1 5 4 TP

S050 66.4 160.7 5 4.4 5.9 90.9 32.0 5 4 TP

S083 66.4 9.0 3 4.4 6.9 23.1 23.1 3 3 TN

S021 70.9 15.8 3 4.7 7.6 20.3 20.3 3 3 TN

S106 72.0 12.8 3 5.6 8.5 19.4 19.4 3 3 TN

S080 75.3 25.3 4 6.9 10.8 24.0 24.0 3 3 TN

S007 72.7 13.9 3 7.1 11.1 17.8 17.8 3 3 TN

S089 75.2 9.8 3 7.2 11.5 22.0 17.3 3 3 TN

S081 77.8 15.1 3 8.4 13.9 20.6 20.6 3 3 TN

S101 79.0 12.2 3 4.0 9.1 35.7 30.2 4 4 TP

S098 80.6 11.1 3 6.0 11.2 20.3 19.6 3 3 TN

S084 83.2 18.5 3 8.0 14.1 26.1 26.1 4 4 TP

S079 85.6 12.0 3 8.7 15.0 26.7 26.7 4 4 TP

S087 85.1 6.9 2 5.0 12.3 18.7 18.7 3 3 TN

S015 84.2 8.8 3 11.6 18.0 41.2 19.2 4 3 TP

S086 84.9 10.0 3 8.4 15.6 17.6 17.6 3 3 TN

S073 86.3 16.0 3 9.1 15.6 46.4 20.7 4 3 TP

S10006 88.3 21.2 3 8.4 16.7 28.8 22.6 4 3 TP

S082 88.6 18.5 3 9.5 17.4 22.5 22.5 3 3 TN

S076 89.3 25.8 4 6.9 13.3 35.7 20.4 4 3 TP

S033 90.1 6.1 2 9.4 16.4 30.2 16.6 4 3 FP

S022 88.1 15.1 3 6.0 13.4 67.1 24.2 4 3 TP

S072 90.6 6.1 2 8.7 15.8 34.8 16.5 4 3 FP

S074 90.9 16.4 3 7.7 14.2 63.9 22.3 4 3 TP

S088 94.2 18.8 3 9.7 17.4 65.5 21.8 4 3 TP

S034 97.2 37.7 4 8.5 16.2 40.3 15.8 4 3 TP

S099 97.8 15.8 3 8.7 16.8 73.7 18.6 4 3 TP

FP, false positive; Ir, real intensity scale; Ix, predicted intensity scale; LT, lead time; PGAr, real PGA; PGAx, predicted PGA; R, epicenter distance; TN, true negative; TP, true positive.
(Continued next page.)

Volume 92 • Number 1 • January 2021 • www.srl-online.org Seismological Research Letters 345



TABLE 1 (continued)
Performance Summary of the 68 Seismic Stations of the NEEWS during the 2019 Hualien Earthquake

LT (s) PGAx (Gal) Ix

No. R (km) PGAr (Gal) Ir On-Site Regional On-Site Regional On-Site Regional Classification

S10005 98.8 11.3 3 10.6 19.1 20.4 13.9 3 3 TN

S096 99.1 25.1 4 9.3 17.6 66.2 28.4 4 4 TP

S114 97.2 12.1 3 7.2 14.5 22.4 22.4 3 3 TN

S018 99.2 11.7 3 10.2 18.5 16.8 16.8 3 3 TN

S107 97.8 20.7 3 8.9 17.2 101.5 18.1 5 3 TP

S115 99.0 9.0 3 6.9 14.5 9.4 8.3 3 3 TN

S085 100.6 10.2 3 10.7 20.5 15.9 15.9 3 3 TN

S078 102.5 11.6 3 9.8 18.7 23.0 15.9 3 3 TN

S071 105.8 11.7 3 9.7 19.7 23.9 18.9 3 3 TN

S070 106.4 14.9 3 11.1 20.6 24.4 22.6 3 3 TN

S102 105.8 6.8 2 9.7 19.6 11.1 11.1 3 3 TN

S024 106.7 52.7 4 8.5 17.4 39.1 18.7 4 3 TP

S077 107.4 33.9 4 10.9 20.2 57.4 20.8 4 3 TP

S111 106.9 21.7 3 7.5 17.1 26.9 14.4 4 3 TP

S095 109.6 27.3 4 11.2 20.9 47.0 13.0 4 3 TP

S100 111.0 38.9 4 11.6 21.5 75.4 13.7 4 3 TP

S108 111.9 55.4 4 10.9 20.9 68.4 23.3 4 3 TP

S027 110.7 6.5 2 11.8 21.4 12.0 12.0 3 3 TN

S075 113.9 13.6 3 11.5 22.0 18.4 18.4 3 3 TN

S10008 115.8 12.2 3 11.9 22.8 41.1 20.6 4 3 TP

S118 114.4 69.1 4 9.3 20.0 40.3 16.8 4 3 TP

S044 116.9 9.1 3 12.2 25.4 15.0 15.0 3 3 TN

S069 119.8 15.6 3 13.2 25.0 27.7 19.5 4 3 TP

S110 120.9 48.1 4 11.6 22.6 33.3 12.9 4 3 TP

S043 121.3 10.6 3 14.1 26.8 16.9 16.9 3 3 TN

S10007 123.5 10.3 3 13.1 25.6 16.9 16.9 3 3 TN

S004 131.9 10.6 3 14.3 28.9 15.9 15.9 3 3 TN

S014 132.9 12.2 3 13.4 27.8 15.7 15.7 3 3 TN

S103 139.6 11.5 3 14.9 29.7 13.8 13.6 3 3 TN

S067 147.6 14.2 3 14.7 31.4 11.5 11.5 3 3 TN

S066 155.5 5.6 2 15.7 34.5 10.5 10.5 3 3 TN

S092 158.4 2.9 2 18.8 40.2 4.8 4.8 2 2 TN

S090 163.8 5.0 2 19.3 41.5 11.0 11.0 3 3 TN

FP, false positive; Ir, real intensity scale; Ix, predicted intensity scale; LT, lead time; PGAr, real PGA; PGAx, predicted PGA; R, epicenter distance; TN, true negative; TP, true positive.
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considered it a true positive (TP). Conversely, if an alert was
issued but the observed ground motion never reached the
threshold, we considered it a false positive (FP). If the final
ground motion amplitude reached the threshold but no alerted
was issued on time, then we considered it a false negative (FN).
If an alert was not issued and the ground motion never reached
the threshold, then we considered it a true negative (TN). The
confusion matrix of FP, FN, TP, and TN, as shown in Figure 7,
is used here to understand the classification performance of the
alerts. The alert performance of each station is also summa-
rized in Table 1. Because TN cases were too easily achieved
and the number of TN cases was too large (48.5%), in this
study, we focused only on the TP, FP, and FN cases.

We calculated two indica-
tors to evaluate the overall per-
formance of the alerts during
the 2019 Hualien earthquake:
(1) the correct alert rate,
CAR = TP/(TP + FP), which
is used to answer the question,
knowing that an alert has been
received, how likely is it that
the alert is correct? and
(2) the normalized TP rate,
TPR = TP/(TP + FN), which
is used to answer the question,
knowing that an earthquake
exceeds the threshold, how
likely is it that an alert will
be issued? In addition, we also
introduced a tolerance range
with a scale of ±1 for defining
whether a classification was
acceptable or not (modified
from Meier 2017). As a result,
the CAR of the seismic stations
was 33/(33+2) = 94.3%,
whereas the TPR was 33/(33
+0) = 100%. These results show
that the classification perfor-
mance of the seismic stations
of the NEEWS during the
2019 Hualien earthquake was
quite promising.

The distribution of the dis-
tance between the broadcast
stations and the closest seismic
stations is illustrated in
Figure 8. The average distance
is 6.15 km, with a standard
deviation of 3.32 km. For most
of the broadcast stations in the
cities, the distance is only sev-

eral kilometers. For some of the broadcast stations in the
mountain areas, the distance is longer, with the longest dis-
tance being 23.5 km. Because there is no literature reporting
the performance of EEWSs using satellite approaches, the clas-
sification performance of the broadcast stations of the NEEWS
for Taiwan is an issue worthy of investigation. However,
because the broadcast stations of the NEEWS for Taiwan are
not equipped with seismographs, it is difficult to know if the
measured seismic intensities actually exceeded the threshold or
not, or when the S wave arrived at a given station. Therefore, in
this study, we simply applied the linear interpolation method
to estimate the possible observed PGA values of the broadcast
stations from the observed PGA values at all the NEEWS,
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Figure 3. Measured acceleration time history at the 10 stations closest to the epicenter. For con-
ciseness, only the horizontal component with the maximum PGA is plotted in sequence by the
epicentral distance. The time when an alert was issued by the on-site approach, time when an alert
was issued by the regional approach, and time of arrival of the Swave are denoted in dashed blue,
solid black, and dash-dotted red lines, respectively. The solid orange envelope represents the phase
during which the system was triggered. Part 1: the first 1–5 stations (S019, S046, S049, S105, and
S006).
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SANTA, P-Alert, and CWB RTD stations (as shown in Fig. 1).
The estimated seismic intensity scale values were then calcu-
lated using the estimated observed PGA values at the broadcast
stations, and then compared with the received predicted inten-
sity scale values of the seismic stations.

As for the LT values of the broadcast stations, we simply
used the following equation to estimate the possible LT of each
broadcast station LTS:

EQ-TARGET;temp:intralink-;df1;53;119LTS � LTM − �RM − RS� × κ; �1�

in which LTM represents the LT of the corresponding seismic
station; RM and RS represent the epicentral distance of the

corresponding seismic station
and the broadcast station,
respectively; and κ represents
the estimated slope of the LT
versus epicentral distance in
Figure 5. For the broadcast sta-
tions with corresponding seis-
mic stations using the on-site
approach and the regional
approach, κ equals 0.1175 and
0.3058, respectively. The esti-
mated LT values of the broad-
cast stations are shown in
Figure 9. The difference
between the estimated LTS and
the real LT values was calculated
using ΔLT � LTS − LTM , as
shown in Figure 10. The average
and standard deviation of ΔLT
of these broadcast stations were
0.69 s and 2.13 s, respectively,
with a maximum andminimum
of 9.15 and −7.75 s, respectively.
These results indicate that the
LT difference of most of the
broadcast stations in the cities
was only approximately a few
seconds, but still that there were
some broadcast stations in the
mountain areas with larger LT
differences. Take the capital city,
Taipei, as an example. The aver-
age LT of the 509 broadcast
stations in Taipei was approxi-
mately 17.14 s. The average
and standard deviation of ΔLT
of these broadcast stations in
Taipei were only 0.40 and 1.51 s,
respectively.

In addition, note that each
broadcast station received a regional alert directly from the
CWB, whereas the on-site alert was received from the corre-
sponding seismic stations. Therefore, we were interested in the
LT difference of the broadcast stations for the alerts received
from the corresponding seismic stations using the on-site
approach. The average and standard deviation of ΔLT of the
broadcast stations for the received on-site alerts were only 0.11
and 0.68 s, respectively.

Finally, as for the classification performance, the CAR of the
broadcast stations was 2124/(2124 + 18) = 99.2%, whereas the
TPR of the broadcast stations was 2124/(2124 + 38) = 98.2%.
Again, take the capital city, Taipei, as an example. The CAR of
the broadcast stations in Taipei was 507/(507 + 2) = 99.6%,
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Figure 4. Measured acceleration time history at the 10 stations closest to the epicenter. For con-
ciseness, only the horizontal component with the maximum PGA is plotted in sequence by the
epicentral distance. The time when an alert was issued by the on-site approach, time when an alert
was issued by the regional approach, and time of arrival of the Swave are denoted in dashed blue,
solid black, and dash-dotted red lines, respectively. The solid orange envelope represents the phase
during which the systemwas triggered. Part 2: the first 6–10 stations (S117, S048, S104, S005, and
S050).
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whereas the TPR of the broadcast stations was 507/(507 + 0) =
100%. These results show that the classification performance of
the broadcast stations of the NEEWS during the 2019 Hualien
earthquake was also quite promising.

Discussion and Conclusion
In a recent study, Allen and Melgar (2019) summarized the
EEWSs that are currently in use around the world.
According to their study, there were no EEWSs employing
the satellite approach at that time. This article details the
NEEWS for schools that was recently established in Taiwan,
in addition to providing details regarding the performance
of the system during the 2019 ML 6.3 Hualien earthquake.
This moderate earthquake provided an excellent chance to
examine the performance of the satellite approach of the
NEEWS with respect to an earthquake that resulted in just
one fatality and only limited economic loss.

Similar to the original ShakeAlert in the United States (Böse
et al., 2011), the broadcast stations of the NEEWS receive alerts
from corresponding seismic stations using the on-site
approach and from the CWB using the regional approach,
and then issue whatever alert is received first. The PGA pre-
diction accuracy for both approaches is quite acceptable, with
standard deviation of the logarithm PGA residuals of 0.57 and
0.64 using the on-site approach and the regional approach,

respectively. For the regions with CWB intensity scale of
≥4, the PGA prediction accuracy of the on-site approach is also
higher. The hybrid approach and the frame of broadcast sta-
tions allow the NEEWS to issue an alert at more than 3500
schools throughout the whole of Taiwan. This cost-effective
solution is useful for providing high-density alerts, especially
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Figure 5. The relationship between lead time (LT) and epicentral
distance at the 68 NEEWS seismic stations. Triangles and squares
represent the LT values of the on-site and CWB regional
approaches, respectively. Blue dashed and green dot-dashed
lines indicate the general trend of the on-site approach and CWB
regional approach, respectively. Red, pink, orange, and green-
colored shapes represent the measured CWB intensities of V, IV,
III, and II, respectively.

Figure 6. Locations of the 36 NEEWS seismic stations with pre-
dicted intensity scale of ≥IV (black triangles) and 2180 corre-
sponding broadcast stations (blue dots). The broadcast stations
are connected to the corresponding seismic stations using green
lines. The broadcast stations that issued alerts using the on-site
approach and regional approach are indicated by red and blue
dots, respectively. The location of Taipei is indicated by the red
rectangular box.

TP FP

FN TN

Positive Negative
Real

Po
si
tiv

e
N
eg
at
iv
e

P
re
di
ct
ed

Figure 7. The confusion matrix.
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for a large region (e.g., California) or country (e.g., India). As
for the accuracy of predicted intensity, the performance of the
NEEWS during the 2019 Hualien earthquake was quite prom-
ising, with IPAR values of 86.1% and 100% for the on-site
approach and regional approach, respectively. According to
the annual report of the Japan Meteorological Agency
(JMA, 2016), the best annual IPAR of the JMA EEWS is
86%. Based on the general trends of the LT values shown in
Figure 5, the radii of the blind zone of the on-site approach
and the regional approach were approximately 15 and

39 km, respectively. The on-site approach provided faster alerts
than the regional approach within a radius of 54 km. In addi-
tion, two NEEWS stations that employed a newly updated
version of the on-site algorithm demonstrated great potential
to increase LT values and narrow the blind zone.

Based on the metrics suggested by Meier (2017), if a reason-
able tolerance range was regarded as acceptable, the CAR and
TPR of the seismic stations were 94.3% and 100%, respectively.
Similarly, based on the estimated PGA and LT values of the
broadcast stations, if a reasonable tolerance range was regarded
as acceptable, the CAR and TPR of the broadcast stations were
99.2% and 98.2%, respectively. These high values indicate that
most of the alerts issued were correct and that most of the sta-
tions with intensity scale values larger than the threshold
received an alert in time. These results show that, in general,
the satellite approach is a promising possible solution for estab-
lishing EEWSs for a large number of stations.

In addition, for the capital city, Taipei, which is usually
prone to remote large magnitude earthquakes due to its spe-
cific basin effect, the average LT was approximately 17.14 s,
with the CAR and the TPR of the broadcast stations being
99.6% and 100%, respectively. Evidently, the NEEWS is able
to issue correct and fast alerts for the vulnerable capital
Taipei in cases of remote earthquakes.

Data and Resources
Data on the acceleration time histories recorded by the Central
Weather Bureau real-time data stream (CWB RTD) stations and
the National Center for Research on Earthquake Engineering
(NCREE) earthquake early warning system (NEEWS) stations can
be obtained from the Civil IoT Taiwan Data Service Platform at ci
.taiwan.gov.tw (last accessed October 2019). Data on the acceleration
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Figure 8. Distribution of the distances between the broadcast
stations and the seismic stations. The average distance was
6.15 km, with a standard deviation of 3.32 km.
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Figure 9. The estimated LT values of the broadcast stations.

Figure 10. The differences between the estimated LT, LTS, and the
real LT, LTM, calculated using ΔLT � LTS − LTM.
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time histories recorded by the SANTA stations can be obtained from
the Seismic Array of NCREE in Taiwan at santa.ncree.org (last
accessed October 2019). Data on the acceleration time histories
recorded by the P-Alert Strong Motion Network can be obtained
at palert.earth.sinica.edu.tw (last accessed October 2019).
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