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ABSTRACT 

In order to explore the feasibility of an earthquake early warning sys
tem for Taipei, two prototype seismic early warning systems have been 
implemented in Hualien, about 120 km away. The Taiwan Rapid Earth
quake Information Release (TREIRS) can routinely determine earthquake 
location and magnitude in about one minute after the earthquake occurred. 
However, this reporting_ time is too long for earthquake early warning pur
poses. A dense, real-time monitoring system composed of 8 strong-motion 
stations was installed in Hualien area for testing earthquake early warning 
capability. For the 27 earthquakes occurred during August 1998 to April 
1999, this system has successfully reported earthquake information in about 
18 sec after the origin time. Therefore, it provided about 15 sec of early 
warning time before shear waves arrival in the Taipei urban area. Based 

on ciur experience of these two systems, we are encouraged to proceed for
ward in the development of an earthquake early warning system. 

(Key words: Earthquake, Earthquake early warning, Real-time seismic system) 

1. INTRODUCTION 

Real-time seismic monitoring, especially for strong earthquakes, is an important tool for 
seismic hazard mitigation (Kanamori et al., 1997; Teng et al., 1997; Wu et al., 1997a). Re
cently, two real-time strong-motion networks have been installed in Taiwan by the Central 
Weather Bureau (CWB), Taipei. In order to improve the capability of these networks, early 
warning techniques are being developed. 

Taiwan is located on the western Circum-Pacific seismic belt. The Philippine Sea plate 
subducts northward under the Eurasia plate along the Ryukyu trench. The Eurasia plate sub-
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ducts eastward under the Philippine Sea plate off the southern tip of Taiwan. Most of Taiwan 
is under NW-SE compression with a measured convergence rate of about 7 cm/year. Many 
disastrous earthquakes have occurred in the past. Figure 1 is an epicentral map showing disas
trous earthquakes in Taiwan during 1900 to 1999. These earthquakes may be divided into two 
general classes: the earthquakes associated with the subduction of the Philippine Sea plate 
northward under the Eurasia plate (e.g., near and offshore of Hualien), and the ones associated 
with active faults in the western Taiwan. 
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Fig. 1. Epicenter distribution of disastrous earthquakes during 1900 to 1999 in 
Taiwan area. These earthquakes may be divided into two general classes: 
the earthquakes associated with the subduction of the Philippine Sea plate 
northward under the Eurasia plate, and the ones associated with active 
faults in the western Taiwan. 
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Early warning for earthquakes in western Taiwan is more difficult than the offshore earth
quakes in eastern Taiwan because the earthquake sources are too close to the urban areas. 
However, the earthquakes near Hualien are quite different, and despite the distance, can cause 
severe damage in western Taiwan. An example is the 15 November, 1986 Hualien earthquake 
of ML 6.8 (� 7 .8). Although the epicenter was located near Hualien, the most severe damage 
occurred in the Taipei metropolitan areas on the western side of the island due to basin focus
ing effect (Yeh et al., 1988). The distance between Taipei and Hualien is about 120 km, so that 
shear waves will take more than 30 sec to reach Taipei. Thus, if a seismic monitoring system 
can issue an earthquake notification in less than 30 sec, earthquake early warning can be fea
sible in the populated Taipei area. 

Plan A, a project to implement an earthquake early warning system in Taiwan, was first 
proposed by W. H.K. Lee at a meeting in December 1990. The CWB Advisory Committee 
approved this project in June 1992. At the January 1993 Advisory Committee Meeting of the 
CWB, Plan B was introduced by T. L. Teng. Both plans were put forward for real-time seismic 
monitoring with earthquake early warning in mind. Plan A is an experimental system explor
ing the technology of earthquake early warning for the highly seismic area of Hualien (Fig. 2) 
(Chung et al., 1995; Lee et al., 1995, 1996). Plan Bis a rapid reporting system using a telemetered 
network of digital accelerographs distributed over the entire island (Shin et al., 1996; Teng et 
al., 1997; Wu et al., 1997a, 1997b). 
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Fig. 2. The prototype earthquake early warning system in Hualien (Plan A). This 
system consists of 10 three-component accelerometers telemetered digi
tally via 9600-baud telephone lines to the CWB Hualien Station. At the 
Hualien Station, the incoming digital signals are processed in real time 
and the results are telemetered to the CWB Headquarters in Taipei. 
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These two prototype seismic early warning systems were implemented by 199 4. After 
four-years of field operation, Plan A system was phased out in 199 8. Because the seismic 
array was small, there were large uncertainties on the determination of source parameters, 
although it produced good results for earthquakes very near Hualien. Plan B system was suc
cessfully operated for real-time seismic monitoring, especially for felt earthquakes. It has 
achieved simultaneous determination of earthquake location and magnitude about in one minute 
after the occurrence of a felt earthquake (Teng et al., 199 7), and was named "Taiwan Rapid 
Earthquake Information Release System, TREIRS" ( Wu et al., 199 7a, 199 7b). 

In 199 7, we began to establish a sub-network at Hualien area under the framework of 
TREIRS for development of earthquake early warning capability. In 199 8, the stations of the 
Plan A were replaced by digital accelerographs with digital data output, and were merged into 
the TREIRS Hualien sub-network system. Due to addition of Plan A stations, we have ob
tained better source parameters and faster reporting times for earthquakes near Hualien. In this 
paper, we will evaluate the results from the three development stages of the Hualien experi
mental earthquake early warning system in eastern Taiwan. 

2. PLAN A: HUALIEN EXPERIMENTAL EARTHQUAKE EARLY WARNING 

SYSTEM 

The Hualien experimental earthquake early warning system is a prototype system, which 
was implemented in Hualien area to explore the use of modern technology for earthquake 
early-warning purposes. This system consisted of 10 three-component accelerometers (dis
tributed in an aperture of about 20 km) which were telemetered digitally via 9 600-baud tele
phone lines to the CWB Hualien Station. At the HU.alien Station, the incoming digital signals 
are processed in real time and the results are telemetered to the CWB Headquarters in Taipei 
(Fig. 2). One of the computers in Hualien handles the communication with Taipei via a dedi
cated telephone line (19.2k baud). A parallel computer system in Taipei is used for displaying, 
processing, and analyzing the received data. It also allows operators in Taipei to access, man
age, and control the system in Hualien. 

Nanometrics (a Canada-based commercial company) implemented both the hardware and 
software under the CWB specifications and direction. The goal was to detect, locate and trans
mit the source information to Taipei within 10 sec after the occurrence of a strong earthquake 
in Hualien. This information could then be disseminated in Taipei prior to the arrival of the 
strong ground shaking (Chung et al., 1995, Lee et al., 1995; 199 6). During the period from 
May 199 4 to October 199 4, thirty-two earthquakes with magnitudes ranging from 3.1to 6.5 
(Table 1) were detected. The performance of this system is analyzed in the following. 

2.1 Reporting time 

Two definitions of "response time" and "effective response time" are used. The "response 
time" is defined to be the duration from an earthquake origin time to the system reporting time. 
The "effective response time" is defined as the time between the first P arrival to the nearest 
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Table 1. Parameters of thirty-two events recorded by the Plan A system deter
mined from on-line and off-line procedures, during the period from 
May 1994 to October 1994, with magnitudes ranging from 3.1to6.5 

Off-line (automatic) On-line (manual) 
Date Time Tr** 

Lat. (N) Long. (E) Depth Mt. Lat. (N) Long(E) Depth ML (sec) 

(km) (km) 
1994/05/06 l 7:32:45.81 23.91 121.86 45.80 3.36 24.02 121.59 "'** 4.78 13 
1994/05/11 05:46:59.80 23.61 121.62 26.93 3.33 23.83 121.50 4.20 11 
1994/05/13 05:37:59.91 23.58 121.62 26.73 4.25 23.81 121.48 5.04 12 
1994/05116 17:51:39.33 24.12 121.57 30.46 3.93 24.02 121.75 4.75 13 
1994/05/16 20:09:51.14 23.93 121.84 44.57 3.66 24.03 121.74 4.22 13 
1994/05/16 20:52:08.91 23.83 121.77 51.07 4.43 23.87 121.93 5.20 16 
1994/05/20 03:01 :37.95 24.46 121.80 7.55 3.81 24.07 121.44 3.91 14 
1994/05/20 16: 19:24.65 24.34 121.60 22.20 3.16 24.22 121.67 4.30 13 
1994/05/24 09:24:17.56 23.95 121.47 15.80 3.09 23.87 121.59 4.37 15 
1994/05/27 00:54:08.51 24.04 121.74 60.12 3,09 24.00 121.76 3.57 13 
1994/05/28 17:56:36.70 24.13 121.88 22.43 4.00 24.14 121.80 4.86 14 
1994/05/29 13:04:04.18 23.94 121.48 17.04 3.70 23.93 121.47 4.72 12 
1994/05/30 07:50:51.89 24.08 121.58 16.98 4.51 23.79 121.56 5.36 16 
1994/05/31 13: 17:27.74 24.26 121.73 45.75 3.79 24.12 121.80 4.40 15 
1994/06/04 04:21 :32.86 24.26 121.99 13.55 4.21 24.27 121.99 5.14 21 
1994/06/05 01 :09:30.09 24.46 121.84 S.30 6.50 24.18 121.79 5.68 18 
1994/06/05 01 :26:08.22 24.45 121.83 4.06 3.91 24.42 121.53 4.90 20 
1994/06/05 0 I :34:05.56 24.48 121.83 5.86 3.53 24.27 121.73 4.15 13 
1994/06/05 01:37:57.56 24.49 121.81 6.29 3.64 24.17 122.04 4.94 19 
1994/06/05 01 :59:05.43 24.45 121.72 11.65 3.62 24.16 121.58 3.86 13 
1994/06/05 02:04:01.90 24.46 121.74 8.87 3.72 24.24 121.61 3.97 17 
1994/06/05 02: 18:22.30 24.47 121.84 5.51 4.82 24.28 121.70 5.12 18 
1994/06/05 02:25 :04.14 24.46 121.88 5.35 3.99 24.28 121.83 5.05 21 
1994/06/05 04:49:54.71 24.44 121.77 2.50 4.54 24.27 121.73 5.73 13 
1994/06/05 04:59:38.52 24.42 121.81 1.04 5.02 24.69 121.70 5.41 18 
1994/06/05 05 :51 :43 .02 24.46 121.91 4.99 4.83 24.27 121.73 5.44 19 
l 994/06111 16:50:17.65 24.46 121.76 5.67 4.72 24.27 121.73 4.99 18 
1994/06117 21 :13:09.25 23.91 121.53 18.34 3.86 23.98 121.55 4.90 12 
1994/06/22 22:59: 11.18 23.93 121.52 18.85 3.79 23.87 121.59 5.51 16 
1994/07126 15: 18:49.41 23.69 121.43 1.30 4.53 23.72 121.37 5.26 13 
1994/07127 10:38:27.85 24.09 121.75 26.68 4.93 24.19 121.60 5.51 16 
1994/10/05 05:00:33.67 23.74 121.57 12.83. 4.38 23.60 121.56 5.03 16 

* Tr : Response time 
** Ter : Effective response time 
*** No detennined by this system 
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station and the system reporting time. Basically , the response time is defined from the seismo
logical point of view; whereas, the effective response time is more suitable for assessing the 
system performance, since there is no seismic signal available to process until the first P wave 
arrived at the nearest station. For Plan A system the response time varies from 11 to 21 sec for 
the thirty-two earthquakes listed in Table 1, with an average of 15 sec and a standard deviation 
of 3 sec. Effective response time of these earthquakes varies from 10 to 16 sec with an average 
of 12 sec and a standard deviation of 2 sec. The response time variation is generally larger 
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than the effective response time, because deeper and further earthquakes occurred from the 
network will lead to larger response times. According to these two parameters, we find that 
this system can report earthquake information within about 20 sec after an earthquake has 
occurred and within about 15 sec after the first P arrival at the nearest station. 

2.2 Location 

As a comparison, epicenters of thirty-two earthquakes in Table 1 as determined by this 
system versus the manual locations are shown in Fig. 3. The average difference in epicenter 
location is about 22 km with a standard deviation 12 km. This system did not determine the 
focal depth, because deeper earthquakes are less likely to cause severe damage. The epicenter 
determinations are poor because of an inadequate automatic phase picker software and a very 
small station coverage. 

2.3 Magnitude 

A good magnitude determination requires a reliable earthquake location. Unfortunately, 
the precision of epicenter determination by this system is poor. We use all the data for compar
ing the on-line determined magnitudes with the manually determined ones. The result is listed 
in Table 1. An overestimation of about 0.7 unit of magnitude is shown by the on-line system. 
The standard deviation is 0.5 of magnitude unit. 

3. PLAN B: HUALIEN SUB�NETWORK (I) OF THE TREIRS 

TREIRS was implemented using the existing telecommunication facilities of the Central 
Weather Bureau Seismic Network (CWBSN, with 75 short-period, 3-component seismic sta
tions). CWBSN uses only half of the bandwidth of 9600-baud telephone lines for telemetry. 
Thus the remaining half of the bandwidth of 9600-baud telephone lines can be utilized to 
telemeter the co-sited strong motion data to the CWB Headquarters without an increase in 
operational costs. With the availability of digital accelerographs capable of digital data stream 
output and the IASPEI real time seismic monitoring software (Lee, 1994), CWB implemented 
a real-time, regional, telemetered strong-motion network for earthquake information rapid 
reporting. Through previous studies (Teng et al., 1997; Wu et al., 1997a; 1998a; Wu, 1999), 
we concluded that using a dense sub-network under TREIRS is a good approach to shorten the 
effective reporting time, and thus gaining some earthquake early warning capabilities. 

The Hualien sub-network (I) of Plan B consists of 16 stations. The incoming signals are 
juxtaposed with TREIRS in CWB Headquarters in Taipei (Fig. 4). Learning from the experi
ence of the Plan A system that a small station coverage can cause large location uncertainty 
(Wu et al., 1998b ), this sub-network has a much larger station coverage than the Plan A system 
(Wu et al., l 998d). A digitization rate of 50 sps with 3 channels and 16-bit resolution was 
configured for each station in order to utilize the remaining 4800-baud of the CWB telephone 
lines. The recording range is from -2g to +2g. The incoming data are pre-processed by a 
software program called XRTPDB published by IASPEI (Tottingham and Mayle, 1994). 



z -

Wu et al. 

Plan A Hualien Prototype System(94/05-94/10) 
25·5 

32 Samples, Epicenter difference 21.5 ± 12.1 km 

25.0 

24.5 

24.0 

23.5 

1z On-line Automatic 
* Off-line Manual 

• 10 Stations 

23.0 "-----L.--"--...... -'--...... -....a. __ ..___--" __ 
120.5 121.0 121.5 . 122.0 122.5 

Longitude (E) 
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Whenever the pre-specified trigger criteria are met, the digital waveforms will be continu
ously recorded for 8 sec. Then the digital waveforms are stored in memory and are automati
cally analyzed by a series of programs (Wu et al., 1998b ). 

Results are disseminated by two different ways: (1) through e-mail to inform the system 
manager, (2) through Microsoft Windows' WINPOPUP function to notify the CWB staff. 
Over an experimental period from July 1997 to February 1998, twenty-two earthquakes were 
recorded and processed. The recorded earthquakes with magnitudes, ranging from 3.7 to 5.5, 
are too small to give actual early warnings. However, these earthquakes are still very useful 
for assessing the performance of this system. 

· 
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The response time of twenty earthquakes listed in Table 2 varies from about 14 to 24 sec. 
Their average is 18.5 sec with a standard deviation of 2.5 sec. The effective response time 
varies from 10 to 17 sec. Their average is 14 sec with a standard deviation of 2 sec. Generally, 
this system will be triggered at 2-3 sec after the nearest station received the P arrival, then 
signals are recorded continuously for about 8 sec, this plus a 3-4 sec processing time, will give 
the effective response time. Accordingly, this system can report earthquake information within 
about 20 sec after an earthquake has occurred. The reporting time is slightly longer than that 
for the Plan A system. 

3.2 Location 

As a comparison, the epicenters and focal depths of 22 earthquakes in Table 2, as deter
mined by this system versus manual location are shown in Fig. 5. The average difference in 
epicenter location is about 8 km with a standard deviation of 9 km, and the average difference 
in focal depth is about 2 km with a standard deviation of 5 km. These results are close to the 
TREIRS reported results (Wu et al., 1997a; 1997b; Lee et al., 1997; Wu, 1999), and these 
results are significantly better than those in the Plan A system. But in cases involved in early 
warning applications, these errors are tolerable because they are smaller than the source di
mensions of a large earthquake. 
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Table 2. Parameters of twenty-two events recorded by the Plan B Hualien sub
network (I) determined from on-line and off-line procedures, during 
the period from July 1997 to February 1998, with magnitudes ranging 
from 3.7 to 5.5. 

Off-line (manual) On-line (automatic) 
Date Time Tr 

Lat. (N) Long. (E) Depth ML Lat. (N) Long. (E) Depth ML (sec) 
(km) (km) 

97/08/11# 13 :25:57.85 24.06 121.49 26.72 4.33 24.04 121.51 28.32 4.43 --

97/08/20# 07: 12:04.86 24.23 120.95 32.52 4.71 24.21 120.98 26.31 4.60 --

97110122 19:0 I :51.22 24.13 121.89 48.27 4.79 24.12 121.82 52.84 4.48 18 

97110/31 23:08:35.73 24.73 121.75 12.01 3.71 24.74 121.76 11.64 3.71 14 

97/11/07 10:19:25.65 24.13 121.90 49.5 4.49 24.21 121.69 36.84 4.32 20 

97/11112 22:36:48.38 24.19 121.67 8.73 4.92 24.18 121.70 14.12 4.69 15 

97/1 J/13 14: 12:52.32 24.21 121.62 4.23 3.69 23.99 121.91 14.53 4.25 19 

97/11/14 04:29:54.36 24.19 121.70 6.71 5.50 24.18 121.72 9.03 4.94 15 

97/11/17 04:58:56.68 24.14 121.66 9.07 4.14 24.17 121.61 11.58 3.99 17 

97/11/19 03:31:13.85 23.80 121.74 31.39 4.88 23.86 121.60 40.82 4.53 20 

97/11/23 16:04: 10.80 24.19 121.59 10.45 4.08 24.20 121.56 10.22 4.12 21 

97/11/24 03:47:10.22 23.82 121.70 17.50 4.70 23.89 121.58 27.35 4.22 17 

97/12/09 21 :39:26.65 24.45 121.89 16.58 4.56 24.46 121.87 15.63 4.38 19 

97112115 16:26:47.64 24.63 121.81 6.72 3.94 24.63 121.80 2.40 3.86 16 

97/12/21 14:52:22.03 24.42 121.91 10.81 4.23 24.39 121.96 13.92 4.29 19 

98/01/05 14:43:30.20 23.87 121.49 17.78 3.69 23.95 121.38 19.43 4.04 17 

98101/15 02:12:48.41 24.82 121.98 7.22 4.47 24.76 121.95 12.72 4.25 21 
98/01/23 22:20:37.03 24.35 122.06 6.81 4.58 24.36 122.08 5.00 4.43 24 

98/02/03 03:21 :20.47 24.04 121.49 20.56 4.11 24.09 121.41 17.72 4.12 19 

98/02/07 07:21 :38.62 23.64 121.43 7.03 4.65 23.65 121.41 8.72 4.35 17 

98102124 06:45:33.79 24.39 121.68 27.16 4.84 24.35 121.70 32.5 4.88 22 

98/02/24 06:59:47.58 24.39 121.67 28.08 4.75 24.40 121.69 30.9 4.69 20 

# Testmg penod did not record reportmg time 

3.3 Magnitude 
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A prerequisite for good magnitude determination is to have a reliable earthquake location, 
thus seventeen earthquakes with location difference smaller than 15 km in Table 2 are selected 
for comparing the magnitude difference between the on-line automatic solutions and the off
line manual results. As shown in Fig. 6, the differences between the on-line and off-line 
magnitude procedures have an average of 0.1 unit with a standard deviation of0.2 unit. The 
on-line determined magnitudes are smaller than the off-line values, especially for earthquake 
magnitude larger than 4.25. When the system was triggered by a large earthquake, the continu
ous recording time of 8 sec may not be long enough for the shear wave trains to be recorded 
completely at distant stations. Although those stations would offer P arrivals for location, they 
would underestimate the magnitude value. However, there exists a linear relationship between 
magnitudes determined from on-line and off�line procedures as given by our previous study 
(Wu et al., 1998c). After the linear correction, the magnitude difference can be limited within 
0.3 unit. Magnitude determination of this network is significantly better than that of the Plan A 
system. 
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Fig. 5. Comparison of the automatic location and the manual location deter
mined by the Plan B Hualien sub-network (I). The small solid squares 
are present the station location of this network. 

4. PLAN B: HUALIEN SUB-NETWORK (II) OF THE TREIRS 

Although the Plan B Hualien sub-network (I) performs significantly better in location and 
magnitude determination than the Plan A system, the Plan A system gives a quicker reporting 
time. There still exists some problems in these two systems: (1) The Plan A system gives large 
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uncertainty of source parameter determinations caused by small station coverage, unsuitable 
automatic phase picker software, and using P wave signals in determining the magnitude. (2) 
Plan A uses commercial software, which performs faster in communication and data process
ing functions. But it is difficult to modify the system configuration and add user-defined func
tions. (3) For monitoring earthquakes in the Hualien, the Plan B Hualien sub-network (I) sta
tion coverage is too low. Thus, the magnitude determination is smaller than that from the off
line procedure (about 10 sec after earthquake occurred, stations more than 40 km away do not 
record enough shear waves for determining magnitude). If more dense station coverage in the 
Hualien sub-net can be achieved, the magnitude determination will be better estimated. 

Considering the above problems, we decided to phase-out the Plan A system, and com
bined the Plan A stations with the Plan B Hualien sub-network in 1998. With that we have 
reorganized a new integrated network. The "Plan B Hualien sub-netw,ork (II)" consists of 16 
stations (Fig. 7) with high-density station coverage in the Hualien, and lesser density outside 
Hualien. From August 1998 to April 1999, twenty-seven earthquakes with magnitude ranging 
from 3.6 to 5.2 (Table 3) were recorded and processed. The performance of this system is 
shown below. 

4.1 Reporting time 

Response time of the twenty-seven earthquakes listed in Table 3 varies from about 14 to 
25 sec. Their average is 18 sec with a standard deviation of 3 sec. The effective response time 
of these earthquakes varies from 11  to 17 sec, their average is 13 sec with a standard deviation 
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of 2 sec. Comparing with the Hualien sub-network (I), the reporting time is shorter, about 1 
sec both in response time and in effective response time. 

4.2 Location 

As a comparison, the epicenters and focal depths of twenty-seven earthquakes listed in 
Table 3, as determined by the on-line system (Wu et al., 1998c) versus the off-line manual 
procedures, are shown in Fig. 8. The average difference in epicenter location is about 2 km 

with a standard deviation of 2 km; the average difference in focal depth is about 0 km with a 
standard deviation of 3 km. The result is significantly better than both the Plan A system and 
the Plan B Hualien sub-network (I). 

4.3 Magnitude 

Figure 9 shows the magnitude relationship of the twenty-seven earthquakes determined 
by this system and the off-line manual procedures. The magnitudes show a very good correla
tion. The magnitude difference varies from -0.2 to 0.2 unit, with average being 0 unit and a 
standard deviation of 0.1 unit. The results have significantly improved over both the Plan A 
system and the Plan B Hualien sub-network (I). 
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Table 3. Parameters of twenty-seven events recorded by the Plan B Hualien sub
network (II) determined from on-line and off-line procedures, during 
the period from August 1 998 to April 1999, with magnitude ranging 
from 3. 6 to 5.2. 

Off-line (automatic) On-line (manual) 
Date Time Tr 
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Ter 

Lat. (N) Long. (E) Depth M� Lat. (N) Long (E) Depth ML 
(sec) (sec) 

(km) (km) 
1998/08/08 17:49:05.93 24.01 121.59 28.04 4.51 24.03 121.53 26.81 4.36 16 11 

1998/09/04 10:40:52.56 23.92 121.50 12.57 5.07 23.92 121.51 13.77 4.92 15 12 

1998/09/21 16:29:39.01 23.92 121.49 13.03 4.64 23.93 121.5 13.81 4.68 17 14 

1998/09/29 07:53:26.81 24.06 121.45 5.00 3.58 24.06 121.45 12.40 3.65 16 12 

1998/10/10 21:58:38.60 23.92 121.41 17.36 3.91 23.94 121.40 14.38 3.88 20 16 

1998/10/11 04:56:35 .19 23.97 121.62 52.40 4.62 23.98 121.61 50.09 4.59 25 16 

1998/10/13 08:58:18.14 23.95 121.41 16.15 4.17 23.98 121.37 11.39 4.08 15 II 
1998/10/24 18: 18:45 .72 23.92 121.52 14.68 3.60 23.92 121.52 14.75 3.56 16 13 

1998/11/03 09:40:46.29 24.10 121.61 29.39 4.51 24.12 121.56 32.58 4.62 20 15 

1998111/10 04:12:25.75 24.10 121.46 13.84 3.87 24.IO 121.46 13.18 3.87 17 13 

1998/11/16 04:14:31.91 24.10 121.63 31.56 4.24 24.IO 121.61 25.46 4.14 18 13 

1998/11/19 10:30:04.66 23.85 121.55 53.24 5.22 23.86 121.55 58.42 5.17 23 15 

1998/11/22 05:19:08.22 24.10 121.59 31.22 4.21 24.09 121.62 30.55 4.15 17 11 

1998/11/25 20:22:09.46 23.99 121.58 11.49 3.65 24.00 121.58 11.65 3.66 16 13 

1998/12/04 01:35:45.51 23.92 121.45 13.36 3.63 23.93 121.44 12.88 3.68 17 13 

1998/12/30 17:49:56.61 24.26 121.70 15.08 4.46 24.26 121.70 15.19 4.28 20 17 

1999/01/18 15:18:00.19 23.96 121.46 14.11 3.85 23.96 121.45 13.95 3.88 17 13 

1999/02/09 19:11:07.81 23.94 121.41 17.13 4.63 23.93 121.42 16.57 4.68 17 13 

1999/02/12 05:26:59.86 24.15 121.64 31.96 4.02 24.16 121.66 36.25 4.21 21 16 

1999/02/17 00:16:07.47 23.94 121.43 13.19 3.76 23.95 121.42 11.33 3.58 15 11 

1999/02/20 10:29:57.82 23.96 121.44 14.57 3.80 23.98 121.43 13.28 3.74 17 13 

1999/02/21 00:50:32.51 23.97 121.44 16.69 3.80 23.94 121.46 17.36 3.77 18 13 

1999/03/05 09:44:52.72 24.09 121.50 19.97 4.06 24.09 121.50 24.91 4.02 18 14 

1999/03/21 14:50:25.78 23.84 121.63 50.77 4.40 23.83 121.65 48.27 4.38 22 15 

1999/03/29 10:28:28.99 23.93 121.63 13.22 3.75 23.94 121.62 13.87 3.77 14 11 

1999/04/02 06: 12: 14.07 23.97 121.44 16.48 4.01 23.98 121.42 10.66 3.86 16 12 

1999/04/10 07:52:25.18 24.11 121.64 11.27 4.84 24.11 121.62 13.58 4.83 17 14 

5. DISCUSSION AND CONCLUSION 

Based on the methodology employed in the above systems, there is an inevitable trade-off 
between the reliability of earthquake information and the reporting time. To gain a shorter 
reporting time (and thus a longer warning time), one must use a very short initial section of the 
waveforms. This will be less reliable and probably will cause false alarms. For example, the 
Plan A system is faster in reporting but gives poor results. On the other hand, the Plan B 
Hualien sub-network (II) gives more reliable information by spending a longer time in data 
acquisition and processing. It is thus important to find an optimizing point. 

Figure 10 shows the areas passed by the shear waves in eight seconds of recording time 
after system triggered for the twenty-seven events recorded by the Plan B Hualien sub-net
work (II). It essentially covers all the stations in Hualien area. Thus, a well-determined magni-
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Fig. 8. Comparison of the automatic location and the manual location deter
mined by the Plan B Hualien sub-network (II). The small solid squares 
are present the station location of this network. 

tude can be expected by using almost all shear waves recorded by the stations in the network. 
In Fig. 11, the dashed line shows the Hualfen network stations covered by shear waves of the 
twenty-seven events as recorded by the Plan B Hualien sub-network (II) with respect to the 
continuous recording time after the system triggered. This result shows that the station cover-
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Fig. 9. Relationship between the 
automatic- determined 
m ag n i t u d e  and the 
man ual-determined 
magnitude for twenty
seven events recorded 
by the Plan B Hualien 
sub-network (II). 

age almost reaches 100% (for all eight stations to record the shear waves) of continuous re
cording time in 8 sec. Then, if the continuous recording time is set to 5 sec, there will be about 
six stations (i.e., of 75% station coverage), which will record the shear waves completely. If 
we consider that six stations are enough to estimate the magnitude, we can gain 3 sec earlier in 
reporting. 

For the case of a larger earthquake, some distant stations will be triggered by the auto
matic phase picking process (due to reaching the threshold of the signal to noise ratio). The 
system may under-estimate magnitude value, since the P waves reaches and triggers the dis
tant stations, but the S waves are not yet received. To avoid this problem, we can use only the 
first six stations to determine the magnitude, and thus decrease the continuous recording time 
of system from 8 to 5 sec. The Taipei metropolitan area will have about 20 sec of early 
warning time if the event with the same location as the November 14, 1986 earthquake occurs. 
Most of the dense population areas in Taiwan will at least have 15 sec of early warning time 
(Fig. 12) as indicated by this analysis. 

· 

We are encouraged in the development of earthquake early warning system based on the 
successful experience of the latest results of Plan B Hualien Sub-network (II) for the Hualien 
area earthquakes. The 13-sec average effective response time of the network will give about 
15 sec of early warning time at Taipei before the arrival of strong ground shaking. This system 
can be improved to about 18 sec of early warning time in the future. However, the earthquake 
early warning information is not yet available for immediate public release in the current 
system. We realize that the release of an earthquake early warning will not produce social 
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Fig. JO. Map to demonstrate the area passed by the shear waves in the eight 
seconds after the system has been triggered. Each circle indicates the 
front that shear waves reach to, with respect to an earthquake (solid start). 
The eight stations in the target area (dashed line) are used for early warn
ing processing. 

benefits unless there is a comprehensive program to educate the public on how to respond to a 
warning message. 
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