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ABSTRACT

We proposed an effective approach to improve the accuracy of
offshore earthquake location in the earthquake early warning
(EEW) system of Taiwan. The EEW system was built upon
Geiger’s method for earthquake location that requires a set of
initial estimates (epicenter, depth, and origin time). Because
the initial epicenter highly depends on the locations of inland
stations, for far offshore events the final solution falls effort-
lessly into a local minimum which may far away from the actual
position. To solve this problem, an approach for choosing a
better initial epicenter was proposed. We added predefined
initial epicenters on the offshore area and then implemented
several programs running Geiger’s method simultaneously. Each
of the programs adopted a different predefined initial epicenter.
The best earthquake location is given by the most timesaving
run, assuming that the solution is converged most efficiently re-
lated to the closest distance between the initial and true epicen-
ters. The modified method has been tested with the online EEW
system from June 2016 to July 2017 for offshore eastTaiwan. A
total of 60 earthquakes with magnitudes ranging from 3.3 to 6.0
were detected successfully. The results were compared with the
estimations from the original EEW system, showing that our
proposed method for offshore earthquakes is able to reduce
location error by about 4.9 km on average.

INTRODUCTION

Taiwan is located on the collision zone between the Philippine
Sea plate (PSP) and the Eurasia plate (EP) and is one of the
most seismically active regions in the world. In the eastern off-
shore area of Taiwan, the PSP subducts northward underneath
the EP along the Ryukyu trench, causing numerous large earth-
quakes with magnitude above 7.0 in the past (Fig. 1). Subduc-
tion zone earthquakes in general can cause large ground
shakings to the Taipei metropolitan area and caused severe
damages due to the amplification effect (Huang et al., 2010).
For example, the ground shakings from the 1986 Mw 6.8
(Mw 7.3) earthquake and the 2002 Mw 6.8 (Mw 7.7) earth-
quake caused damage to buildings or caused buildings to col-
lapse. The largest instrumentally recorded earthquake of
Mw 8.0 (Mw 7.7) in Taiwan may have also caused some dam-
age at that time (moment magnitudes were recalculated by

Theunissen et al., 2010). Moreover, according to the geodetic
data, the plate interface in this area is fully locked and has po-
tential to produceMw 7.5–8.7 tsunami earthquakes (Hsu et al.,
2012). Therefore, it is important to enhance the ability of
earthquake monitoring and to accelerate the speed of earth-
quake notification for offshore earthquakes of eastern Taiwan
(Kao, 1998; Wu et al., 1999).

To reduce earthquake hazard from offshore east Taiwan,
one of the most practical approaches is to develop an earth-
quake early warning (EEW) system that issues warnings to citi-
zens and facilities automatically before ground shakings hit the
target areas. Making as much lead time as possible for a warning
notification before the arrival of ground shaking is a crucial
task for a successful EEWsystem. When earthquakes occurred
on land and near target areas, the lead time is quite small or
even not available. On the contrary, when earthquakes occur in
far offshore area, a lead time of tens of seconds is possible. This
is especially true for subduction zone earthquakes with magni-
tude larger than 7.0, because the ground shaking would be large
enough to cause damage to land. The 2011 Mw 9.0 Tohoku
earthquake demonstrates that the EEW system is useful for
mitigating earthquake damage, for example (Hoshiba et al.,
2011).

The Central Weather Bureau (CWB) of Taiwan has
developed the EEW system for about two decades. The initial
EEWsystem was based on the strong-motion seismic network
transmitting real-time data via telephone line with 16-bit
amplitude resolution and 50 Hz digitization (Wu et al., 1999).
Because the original design of the procedure aimed for a quick
warning notification after earthquake occurrence, a short time
window of only 10 s after P-wave arrival was adopted for mag-
nitude determination and only the nearest stations triggered by
epicenter were used for source parameter determination (Wu
and Teng, 2002). With this approach, alarms were issued by
the EEWsystem after about 22 s of processing time on average,
and the EEWmessages were only available for limited agencies.

Recently, the greatly improved EEW system of CWB has
started to release EEWmessages to the general public, after the
upgrade of the seismic network and the modification on
algorithms for earthquake monitoring. The CWB Seismic Net-
work (CWBSN) consists of strong motion, short period, and
broadband stations, which had been fully upgraded to 24 bit in
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data resolution and 100 Hz in sampling rate by 2012. To
improve station density, the CWB incorporates more broad-
band stations into the current CWBSN, mainly those in
Taiwan Island from the Institute of Earth Sciences of Academia
Sinica. One station distributed on the eastern offshore area by
the Japan Meterological Agency is also included for better cover-
age. Figure 2 shows the station distribution of the CWBSN and
those incorporated in this study. All of the real-time seismic data
streams are integrated by Earthworm software, developed by the
U.S. Geological Survey (Johnson et al., 1995).

The Earthworm software is one of the most popular earth-
quake monitoring systems worldwide because it has complete
functions for data acquisition, exchanging, processing, archiving,
and it is free of charge (Johnson et al., 1995). The software was
designed as modularity and scalability (Johnson et al., 1995),
meaning that users can establish any kind or any size seismic mon-
itoring system, depending on their requirements. In addition,
users are able to customize their systems because the Earthworm
software is open source. Nowadays, many seismic monitoring cen-

ters have created their own Earthwormmodules for specific earth-
quake monitoring purposes (Olivieri and Clinton, 2012).

With the Earthworm platform, Chen et al. (2015) estab-
lished a new EEW system called the Earthworm-based alarm
reporting (eBEAR) system in CWB. This innovative system,
adopting P-wave information for the determination of earth-
quake location and magnitude, is able to provide EEWmessages
about 15 and 30 s after inland and offshore earthquakes
occurred, respectively. The CWB started to send EEWmessages
to schools in 2014 and to the general public via television and
cell phone in 2016.

In the eBEAR EEW system of CWB, the estimations of
earthquake locations were developed based on Geiger’s method
(Geiger, 1912) using a 1D two-layered velocity model for
calculating travel time of each triggered station (Lee and
Dodge, 1992; Chen, 2015). Occasionally, the location deter-
mined by the EEW system shows large location error for off-
shore earthquakes. In the EEW system, the initial epicenter,
given by the centroid of trigged stations, may be far away from
the actual epicenter due to poor station coverage. This errone-
ous initial epicenter may lead to final solution in the local mini-
mum rather than the true location. Moreover, the location

▴ Figure 1. The distribution of the eastern offshore historical
earthquakes from 1900 to 2017 with depth less than 40 km, pro-
vided by the Central Weather Bureau (CWB) earthquake catalog.
The event number 1 is the largest earthquake in the history. The
events 2 and 3 caused a lot of damages in Taipei basin due to site
effect. The color version of this figure is available only in the elec-
tronic edition.

▴ Figure 2. The station distribution of the CWB seismic network.
Solid squares represent stations operated by external institutions.
Solid triangles represent stations operated by the CWB. Open tri-
angles represent cable-based ocean-bottom seismometers
(OBSs) that were not used in this study. JMA, Japan Meteoro-
logical Agency.
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error may further cause incorrect estimation in magnitude.
Consequently, the predicted ground motions could be overesti-
mate or underestimate that means the EEWsystem would issue
false alarms or miss to issue alarms. In this study, we proposed
an approach in providing a suitable initial epicenter for an off-
shore earthquake based on the iterative procedure of Geiger’s
method. The EEW system of Taiwan can be benefit from the
improvement of offshore earthquake location.

AN APPROACH FOR CHOOSING SUITABLE
INITIAL EPICENTER

Geiger’s method is a linearized iterative process for earthquake
location (Geiger, 1912). In each iteration, the method mini-
mizes the travel-time residuals between the theoretical predic-
tion and the observation of the seismic phases at triggered
stations. After giving a set of initial parameters including epi-
center, focal depth, and origin time, the differences between the
set of the initial parameters and the expected true parameters
are determined and be used to adjust the trial parameters in the
next iteration. This procedure is iteratively performed until
the residuals fall below certain predefined criteria. Finally, the
estimated source parameters are given.

For an earthquake occurred within a seismic network, the
initial epicenter, given by the centroid of triggered stations,
could be close to the actual epicenter. This algorithm, however,
may fail when earthquakes occurred outside and far away from
a seismic network. Even if the initial epicenter is given by the

nearest station (Lee and Valdes, 1985) or the
centroid of triggered stations, the position of
the initial epicenter is still far away from the
actual epicenter. In this case, it is difficult to re-
duce the travel-time residuals in the iterations.
It may lead the solution converges to a local
minimum. The resulting large location errors
for offshore earthquakes are our main concerns
that need to be improved.

In principle, when an initial epicenter is
close to the actual epicenter, the earthquake
location can be well determined. However, the
lack of triggered stations in the offshore area
makes it difficult to choose one initial epicenter
that is close to the actual epicenter in advance.
To solve this problem, we can predefine several
initial epicenters in the global space and assume
that one of them must be closest to the actual
epicenter. The idea is that if one of the prede-
fined epicenters is closest to the actual epicenter
then the program running Geiger’s method with
this predefined one will be the most time-
saving run.

If the predefined initial epicenters were not
dense enough, the estimated epicenter from the
proposed method could be wrong because the
initial hypocenter location is very close to a local
minimum travel-time residual, and the global

travel-time minimum is relatively far from the initial locations.
If the chosen initial epicenter was close to the global travel-
time minimum (because of dense predefined epicenters), the
final estimated epicenter should be near the chosen initial epi-
center. Therefore, we proposed the constraint that the distance
between the estimated epicenter and the chosen initial epicen-
ter should be less than the interval of each predefined epicenter.

SYSTEM CONFIGURATION FOR IMPLEMENTING
THE NEW APPROACH

The current eBEAR EEWsystem of Taiwan has been developed
on the Earthworm software and consists of three developed
Earthworm modules for the purpose of EEW (Chen et al.,
2015). One is the waveform process module, which picks P-wave
arrivals and measures amplitude in a certain time window after
the P-wave arrival. Second is the source determining module,
which associates P-wave arrivals for the estimations of earth-
quake location and magnitude. The third is a decision-making
module, which receives earthquake messages from the second
module and chooses some of them as EEW messages to issue
to the public.

For the current system, the source determining module
may provide an incorrect earthquake location for offshore
earthquakes, because the module takes the centroid position
of all triggered stations as an initial epicenter for the iterative
linearized procedure of Geiger’s method. In our new approach,
we assumed the initial depth to be 30 km, which is equal to the

▴ Figure 3. System configuration of the proposed approach. (a) The distribution of
the 20 predefined initial epicenters. (b) Data flow of the new system adopting the
proposed approach in this study. When an earthquake occurs, the waveform
processing module will provide P-wave arrival time and put it into the shared
memory. A total of 20 source determining modules were receiving those param-
eters and estimating source parameters in parallel. Earthquake messages from
these modules were sent to the same shared memory. Finally, the decision-making
module will choose the most timesaving run as the result for the earthquake early
warning (EEW) report.
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average focal depth of the eastern offshore earthquakes in
Taiwan. The initial origin time of the earthquake is provided
by the P-wave arrival of the first triggered station. To improve
the initial epicenter, we added 20 predefined epicenters on the
eastern Taiwan offshore area, shown in Figure 3a. Each of them
was adopted from one source determining module, respectively.
Figure 3b illustrates the flow of processing to produce a EEW
report. After the data streaming in through the data import
module, P-wave arrivals were picked automatically on the seis-
mic waveforms by the waveform processing module and then
written into a shared memory. The shared memory passed
information regarding P-wave arrivals to a total of 20 source
determining modules, which were implemented for earthquake
location in parallel using predescribed initial epicenters. When
the root mean square of the travel-time residuals is less than 0.8,

the earthquake report will be generated by each
module and sent to the same shared memory
successively. The decision-making module reads
messages from the memory, filters them by
checking the number of triggered stations (at
least 13 stations), and then takes the earliest
result as the EEW message.

Traditionally, three kinds of criteria are
considering for evaluating location estimations,
including number of stations, station coverage
gap, and travel-time residuals. The station cover-
age gap is a good indicator of the quality of hypo-
center estimation, but for offshore earthquake
this factor is usually large. The travel-time
residuals have been considered in the source
determining module. Therefore, in the decision-
making module, we only used number of trig-
gered stations as criteria, which corresponds to
the quality of hypocenter more directly than
comparing with others.

PERFORMANCE OF THE SYSTEM
IMPLEMENTING THE NEW
APPROACH

To calibrate the new system that applies the pro-
posed approach for choosing the best initial epi-
center in Geiger’s method, we implemented an
online test with the CWBSN and other stations
as shown in Figure 2. From June 2016 to July
2017, the system detected 60 earthquakes with
magnitude ranging from 3.3 to 6.0. In addition,
the old system, which applies centroid position of
all triggered stations as initial epicenter in Gei-
ger’s method, was also implemented at the same
period. Comparisons of the earthquake location
and processing time in the new system with those
in the old system were discussed here. The
processing time is defined as the time between
the occurrence of an earthquake and the time
the EEW system issues the earthquake alarm.

To analyze the accuracy of epicenter, we use the earthquake
catalog maintained by the CWB staff as a standard reference to
compare the results produced from the new and old system. We
define the distance between the epicenter determined from the
new system and from the catalog as ERRNew (in which ERR
denotes error), the distance between the epicenter determined
from the old system and from the catalog as ERROld, and
the difference between ERRNew and ERROld as ΔERR. In
30 cases (50%), hypocenter locations from the new system
are closer to the catalog than those from the old system (Fig. 4b;
ΔERR is about 12.1 km in average for these 30 events). This
indicates that the proposed algorithm can effectively improve the
accuracy of offshore earthquake location. Using event numbers 1
and 2 in Figure 4b as examples, the location error can be reduced
by the new system about 100 and 30 km, respectively (Fig. 4b,c).

▴ Figure 4. Comparisons of epicenter locations in the old and new EEW systems.
(a) Cases for unimproved estimates of epicenters from the new system. (b) Cases
for improved estimates of epicenters from the new system. (c) Histogram of the
difference between ERRNew and ERROld for improved and unimproved cases. Sym-
bols mark the locations determined from the new system (solid triangles), old sys-
tem (solid squares), and the CWB relocated earthquake catalog (solid circles).
Numbers in the open squares indicate outliers in (c) corresponding to earthquake
locations in (a) and (b). SD, standard deviation.
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Although there are 30 unimproved cases in which the locations
from the old system are more accurate than those from the new
system, the overall average ΔERR is about −2:9 km, which is
comparable with the average error inland and can be considered
an acceptable value. However, there is still one worst case (event
number 3) for which the location error is increased 17 km from
the new system (Fig. 4a,c).

Figure 5 illustrates the performance comparisons of the new
and the old system, including processing time and error of epi-
center, depth, and magnitude. In terms of epicenter locations
(Fig. 5a), the new system has less or equivalent chance to produce
the epicenter error from 15 to 75 km and has no error larger
than 75 km. In other words, extremely large errors in epicenters
are avoided in the new system. As indicated by Figure 5b, the
new system also has slightly smaller errors in focal depth, most of
which are within 20 km. The new system produces magnitude
that are more consistent with the CWB results and reduces the
frequency of reporting extremely overestimated magnitude
(0.65–0.85), as in Figure 5c. Figure 5d compares the processing
time for the 60 earthquakes in the old and new system. Overall,
we can conclude that the new system is able to improve the es-
timations of epicenter, focal depth, and magnitude according to
the means and standard deviations, although the processing time
improved insignificantly by 1 s in average.

DISCUSSION

Two strategies are typically used to deal with the earthquake
location problems in early warnings. One is a linearized iterative

method, such as Geiger’s method (Geiger, 1912).
This method requires a prior estimate for the
next iteration until the process reaches the con-
vergent state. The advantage of this method is
timesaving in computation, but the disadvantage
is that the solution is seriously affected by the
prior estimate. An incorrect prior estimate may
lead to a local minimum solution and cause an
incorrect earthquake location. The other ap-
proach is a direct grid-search method, which has
been implemented in the EEW system (Rydelek
and Pujol, 2004; Satriano et al., 2008; Sheen,
2015). This method does not need a prior esti-
mate, but finds solutions in a global solution
space. The advantage of the direct grid-search
method is that the solution is less affected by the
outlier of the picks. The disadvantages are that
the accuracy depends on the grid size and it is
time consuming.

The proposed system in this study is a
hybrid system of the grid-search method and
Geiger’s method. First, we predefined 20 initial
epicenters that are similar to the grid-search
method, then with each of the predefined epi-
centers we performed Geiger’s method simulta-
neously. The most timesaving run of those will
provide the epicenter estimation. To better

understand the advantages of the proposed method, Fig-
ure 6a–c shows the travel-time residual maps using 5 km by
5 km mesh over the whole Taiwan area. Event numbers 1
and 2 are the most improved cases in our study because the
proposed method can provide solutions in the area with global
minimum. The old method, however, keeps the estimated epi-
centers trapped in the area with local minimum (nearby the
area with higher residuals on land), shown in Figure 6a,b. On
the other hand, sometimes the old method provides a solution
in the area with global minimum. In this case, the difference
between the epicenters, estimated by both the new and the old
method, is small, as shown in Figure 6c. In summary, the new
method provided better estimated epicenters than the old
method. Figure 6d shows the relationship between the epicen-
ter error of the old system (ERROld) and the epicenter error of
the new system (ERRNew). When the epicenter error of the old
system is larger than 15 km, almost all records are under the 1
by 1 line. This means that the epicenter error of the new system
is less than that of the old system.

In practice, the new method and the old method will be
performed together in the EEW system. When an earthquake
occurs, the P-wave arrivals will be picked and put into the
shared memory by the waveform processing module. The
source determining modules running the new method and the
one running the old method will read the same picks from the
shared memory and perform location estimations separately.
Then, the decision-making module will adopt the most time-
saving result. If earthquakes occurs in an offshore area, the
source determining module running the new method will

▴ Figure 5. Performance comparisons in the old and new EEW systems; (a) epi-
center error, (b) depth error, (c) magnitude error, and (d) processing time. Symbols
mark the distribution of the new system (solid bars) and old system (open bars).
Average and standard deviation of the performance in the old and new EEW sys-
tem are also shown.
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provide results first. In contrast, if earthquakes occurs in an
inland area (i.e., within the seismic network), the source deter-
mining module running the old method will provide the result
first. Therefore, even though the event location is unknown in
the early stage of the EEW operation, the EEWsystem still can
use the old method for inland earthquakes and the newmethod
for offshore earthquakes.

CONCLUSIONS

Accurately locating offshore events is a big challenge for EEW
system. Because of the limited station coverage and few avail-
able arrivals, the EEW system may provide poor earthquake
locations in the initial reporting stages. The contribution of
this study is that our algorithm basically joins the concept of
direct grid search with the linearized iterative earthquake locat-
ing method. We proposed an approach that searches the best
initial epicenter on a global space by concurrently implement-
ing programs based on Geiger’s method. The most timesaving

run provides the best earthquake location. This
approach can prevent local minimum solution
and reduce location error, with a slightly shorter
processing time. More initial epicenters may be
able to accelerate the speed of convergence in
Geiger’s method procedure. In the future, we
can further take advantage of the Earthworm
software by implementing more source deter-
mining modules simultaneously to reduce not
only location error but also processing time.

DATA AND RESOURCES

Records used in this study were collected from
the Central Weather Bureau Seismic Network
(CWBSN) of Taiwan. Access to the waveforms
records can be obtained from the owners on re-
quest (http://www.cwb.gov.tw/eng/index.htm,
last accessed January 2018).
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