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ABSTRACT

The Chi-Chi earthquake that occurred in central west Taiwan is one of
the most well-recorded large earthquakes in the world. Consequently, one
should be able to reliably locate the point of nucleation from the impulsive
onsets on short-period seismograms. But in fact, the hypocentral locations
reported by various agencies are different. Our approach is to relocate the
Chi-Chi mainshock with the most unambiguous arrival readings and a 3-D
velocity structure using the Master Station (MS) method. In addition to
the usage of a reasonable 3-D velocity model, the MS method is superior in
two aspects: it is unaffected by the nonlinear nature of traditional earth-
quake locating process and does not have the trade-off problem between
the focal depth and the assumed origin time. Our results indicate that the
best solution of hypocenter always converges to 23.86+0.01°N,
120.8110.01°E, and a depth of 10 km, no matter which initial conditions are
adapted. This location is essentially the same as that later refined by CWB
using a combined dataset of both arrivals on short-period seismograms and
S-P time intervals measured from near-source strong-motion records. An
important implication of our study is that reliable hypocenter can be de-
rived using as few as 10 accurately determined arrival times from nearby
short-period stations when a reasonable 3-D velocity model and the MS
method are used in the hypocenter determination. Thus, the performance
of CWB RTD system, which is already the leading example of its kind, can
be further improved in the near future.
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1. INTRODUCTION

Hypocentral location is a fundamental parameter in earthquake study. A mislocated hy-
pocenter can cause great uncertainties in many aspects, including the calculations of travel
times, epicentral distances, epicentral azimuths and back azimuths...etc. Consequently, stud-
ies which depend on these parameters may be significantly affected and can sometimes result
in erroneous interpretations (e.g., Kao and Chen 1991).

Because an earthquake fault is of finite dimension, it is sometimes very difficult to asso-
ciate a particular location as the hypocenter. This is especially true for large earthquakes
whose fault dimension can be much larger than the wavelength of the recorded P or S phases
(e.g., Billings et al. 1994). For examples, the hypocenter determined from short-period seis-
mograms usually corresponds to the initial phase (or nucleation) of an earthquake rupture,
whereas the one from long-period waveforms is associated with the average (or centroid)
location of the seismic moment release. For small and moderate-sized events, the rupture
dimension is very limited, often on the order of a few km or less (e.g., Kanamori 1978; Sacks
and Rydelek 1995), such that there is no distinguishable difference between locations of initial
rupture and centroid. For large earthquakes, on the other hand, the location of initial rupture
can significantly deviate from the centroid hypocenter. Depending on the distribution of seis-
mic moment release, the difference sometimes can be as much as several tens of km.

The Chi-Chi earthquake is a very big event along with more than 80 km of surface rupture
(Fig. 1). Thus, it is expected to have a noticeable difference between the locations of rupture
nucleation and centroid. On the other hand, one should be able to reliably locate the point of
nucleation from short-period seismograms because of the sharp onsets associated with the
earthquake’s large magnitude. But in fact, there are some differences among the hypocentral
locations reported by various agencies, including the Seismology Center of the Cenwal Weather
Bureau (CWB), the U.S. Geological Survey (USGS), and the Harvard University. Which one
is the closest to the true nucleation point of the Chi-Chi mainshock? Given the fact that the
Chi-Chi earthquake is the most well-recorded (and probably will also be the most well-stud-
ied) large event in the Taiwan region, the above question deserves a detailed investigation.

It is well known that mislocation of earthquakes can happen if the complex velocity swuc-
ture is represented by a simple one in the determination of earthquake hypocenters (e.g., Bill-
ings et al. 1994; Chiu et al. 1997). So far, all the reported hypocenters for the Chi-Chi earth-
quake are determined assuming horizontal-layered velocity models. In this study, we try to
relocate the Chi-Chi mainshock using unambiguous arrival phases and a three-dimensional (3-
D) velocity model (Rau and Wu 1995). The Master Station (MS) method (Zhou 1994), which
depends on the differential travel times among different stations but not the assumed earth-
quake origin time, is used in the relocation process. Tests with various subsets of arrival time
data are also performed to evaluate the robustness of our results.

2. REPORTED HYPOCENTERS BY VARIOUS AGENCIES

Table 1 and Fig. 1 summarize the locations of hypocenters reported by various agencies
for the Chi-Chi mainshock. The first report was from the Taiwan Rapid Earthquake Informa-
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Fig. 1. Map showing epicenters of the Chi-Chi earthquake as reported by various
agencies. Marks 1 and 2 are the locationsreported by the Central Weather
Bureau (CWB) using data from the Taiwan Rapid Earthquake Informa-
tion Release System (RTD) and from the short-period (S13) seismographic
network, respectively. Marks 3, 4, and 5 are those determined by USGS,
listed in PDE’s daily, weekly reports, and NEIC’s Internet homepage,
respectively. Mark 6 is the one reported in Harvard’s CMT catalog.
Thick lines correspond to surface traces of the Changhua fault (F1),
Chelungpu fauit (F2), and Shuangtung fault (F3).

tion Release System of CWB (RTD; Wu et al. 1998), which located the epicenter at 23° 52.2'N,
120° 45.00'E, with a depth of 10 km. Because the resolution of epicentral determination
depends heavily on the inter-station spacing which is in the order of ~5 ki (Shin et al. 2000),
it becomes less meaningful to list the epicenter with units <1 km (~0.009°). Therefore, we will
limit the spatial resolution in our discussion to one hundredth of a degree hereafter.
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Table 1. Hypocenters Reported by Various Agencies.

Agency Latitude (°N} Longitude (°E) Depth (km) Origin Time (UT)
CWB, RTD network 23.87 - 120.75 10 17:47:15.89
CWB, S13 network 23.85 120.81 7 17:47:15.85

CWAB, final report 23.85 120.82 8 17:47:15.85
PDE, daily report 23.73 121.06 33 17:47:18.40

PDE, weekly report 23.717 120.98 33 17:47:18.40
NEIC homepage* 23.78 121.09 33 17:47:19.01
Harvard CMT 24.15 120.80 21 17:47:35.30

* http://earthquake.usgs.gov/neis/bulletin/99 EVENTS/990920174719/990920174719.HTML

Using data from the short-period (S13) seismographic network, CWB later revised the
epicenter to 23.85°N, 120.81°E -~ about 5 km to the east of the original report. The focal depth
was slightly-changed from 10 km to 7 km (Shin et al. 2000). CWB issued the final report at
23.85°N, 120.82°E, with a depth of 8 km, using combined data from both the strong-motion
and short-period weak-motion networks. -

The epicenter listed in the daily report of the Preliminary Determination of Epicenters
(PDE) of USGS, which is based on data from global networks, is at 23.73°N, 121.06°E. PDE
later shifted the epicenter to 23.77°N, 120.98°E in its weekly report (both the daily and weekly
reports are available from the ftp server of the Data Management Center of IRIS). In the
homepage of the National Earthquake Information Center (NEIC) of USGS that contains in-
formation of all large earthquakes occurred in 1999, the epicenter is listed as 23.78°N, 121.09°E
(Table 1). The focal depth of 33 km in all PDE’s reports should not be considered as the true
depth, but an indication of shallow earthquakes due to the insufficient resolution of the inver-
sion algorithm (Sipkin 1982).

On the other hand, the epicenter reported by the Harvard University, 24.15°N, 120.80°E,
is some 30-40 km north of those reported by CWB and USGS. Such a discrepancy is well
expected because the location of epicenter is parameterized in the Harvard CMT inversion
algorithm (Dziewonski et al. 1981) and presumably corresponds to the centroid of seismic
moment release, not the rupture nucleation point. This is also consistent with many prelimi-
nary studies showing similar distance interval between the locations of initial rupture and the
largest seismic slip (e.g., Chen and Zeng 1999; Kao and Chen.2000; Ma et al. 1999).

3. THREE-DIMENSIONAL RELOCATION: MASTER STATION (MS) METHOD

Our approach is to relocate the Chi-Chi earthquake with the most unambiguous arrival
readings and a 3-D velocity structure. Here, we briefly describe the MS method used for such
a task. In a nutshell, the advantage of MS method is its capability of locating an earthquake
within a given velocity model (certainly including a very complex 3-D one) without frequent
recalculation of ray paths and travel times, which turns out to be the most time-consuming
process (Zhou 1994).
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The conventional way of locating an earthquake is to minimize the sum of square of the
residual between the calculated and observed travel times across the seismic network, i.e.,

E(r)=Y (wdty, j=1..N, (1)
dt; =T, —(z,(n)+T,) (2)

where w, is the weighting factor for station j depending on the quality of data, T, is the observed
arrival time at station j, ¢(r) is the calculated travel time for station j assuming the hypocenter
isatr,and T is the assumed origin time.

There are two major weaknesses associated with the method described above. First of all,
because E(r) is a measure of the variance of the residuals which depends on both the location
of the hypocenter and the origin time, there is a significant trade-off between the two param-
eters (e.g., Christensen and Ruff 1985; Zhou 1994). The second is that the process is highly
nonlinear with respect to the variation of hypocentral coordinates. Thus, there is always a
possibility that the inversion is trapped by a local minimum.

The trade-off problem is eliminated in the MS method because it determines the hypo-
center using the concept of equal differential time (EDT) surfaces. An EDT surface is defined
as

Sjkzj}_nsz(E)_Tk(r)’ 3)

if and only if the assumed location of hypocenter, r, is indeed the true location. Therefore, in
the process of searching for the best location that satisfies (3), there is no need to assume an
origin time.

To avoid the nonlinearity problem, the MS method determines the best solution in a for-
ward sense. It is clear that implementing the MS method depends critically on the algorithm
that determines the travel times between seismic stations and an assumed hypocenter. Given
the computing power of today’s workstations, it is not practical to recalculate all the ray paths
through a 3-D velocity model in a forward grid search. On the other hand, workstation’s input/
output (I/O) speed is quite sufficient for searching through a very large database stored on line.
Therefore, the first task in the MS method is to systematically calculate the travel times and
paths from a set of stations to all the grid points within a given 3-D velocity model and then
stores the results on fast 1/O hard disks, known as the reference files (Moser 1991; Zhou 1994).
In other words, the MS method takes advantage of computer’s fast /O performance and big
capacity of storage in exchange for computation time later.

In practice, once a set of N observed arrival times is inputted, (N-1) EDT surfaces will be
formed and the pre-stored travel-time and ray path reference files will be searched to find out
the location(s) passed by the largest number of EDT surfaces. Then the immediate neighbor-
hood of these preliminary locations is searched in grid to find out the best solution that satis-
fies equation (3). Readers are referred to Moser (1991) and Zhou (1994) for more technical
details.
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4. THREE-DIMENSIONAL RELOCATION: RESULT

Table 2 is a list of P arrival times that are used in this study. We have personally re-picked
all the first arrivals to ensure the highest accuracy. The list is grouped into two categories: one
with stations showing impulsive first arrivals such that the identification of the arrival time is
unambiguous, and the other with less impulsive first arrivals. Typical examples of seismo-
grams are shown in Fig. 2.

Due to our insufficient knowledge of the true 3-D velocity model, it is anticipated that
stations far away from the epicenter would correspond to larger wavel time uncertainties. Pre-
vious studies also indicated that, under a couple of specific conditions, a hypocenter deter-
mined from a smaller dataset may actually be closer to the true location than that from a larger
one (Tsai and Wu 1997). Such conditions include (1) the velocity structure is very complex
and (2) the stations forming the smaller dataset are all within a short distance from the true
epicenter. Consequently, we have performed 3-D relocation with various numbers of stations
to see if there is any systematic bias in the dataset used in this study.

Tabie 3 and Fig. 3 show the results of our 3-D relocation. Using arrivals from the first 10
stations (SMI.-NSY, Table 2), the epicenter is located at 23.86°N, 120.81°E, with a depth of
10 km. This epicenter is ~5 ki away from that initially reported by the CWB RTD system,
essentially is the same as that in CWB’s final report, but is more than 20 km away from that
listed in the PDE weekly report (Table 1). The root-mean-square (RMS) travel time residual
between the observed and synthetics is very small (0.075 s, Table 3), equivalent to an uncer-
tainty of only 0.5 km. As we increase the number of arrivals used in the process to 20 and 30,
the resulted hypocenters migrate slightly to (23.98°N, 120.99°E, depth 30 km) and (23.94°N,
120.81°E, depth 13 km), respectively. Notice that the associated RMS residuals are signifi-
cantly higher than that in the previous case (2.32 and 2.22 s, respectively). Although an in-
crease in the RMS residual is expected when a larger number of observations is used in the
process, such a huge increase (~30 times) may be, at least in part, due to the discrepancies
between the 3-D velocity model used (Rau and Wu 1995) and the realistic velocity structure.

Next, instead of using EDT surfaces to determine the preliminary locations, we fix it at
that reported by the CWB RTD system (i.e., 23.87°N, 120.75°E, depth 10 km) and perform the
finer grid search in the surrounding region. For the maximum ray numbers of 10, 20, and 30,
the hypocenters are located at (23.86°N, 120.81°E, depth 10 km), (23.97°N, 120.88°E, depth
28 km), and (23.92°N, 120.80°E, depth 19 km), respectively (Fig. 3). If we use the hypocenter
determined by the CWB’s S13 network (i.e., 23.85°N, 120.81°E, depth 7 km) as the prelimi-
nary location, then the results remain similar (Table 3 and Fig. 3). Finally, we use the hypo-
center listed in the PDE’s weekly report as the preliminary location. We obtained again a
similar pattern (Table 3 and Fig. 3).

In general, the focal depth is more difficult to constrain than the location of epicenter
because of two reasons. One is the well-known trade-off between the assumed origin time and
focal depth, and the other is the limited resolution of travel time curves with respect to depth.
Thus, another common way to relocate an earthquake’s hypocenter is to set a priori constraint
on the focal depth, if reliable and independent estimates are available, and invert only for the
epicenter (e.g., Kao and Chen 1996).



Keao et al.

Table 2. List of re-picked first arrival times used in this study.

Station* Latitude (N)  Longitude (E)  First Arrival Time

(deg. min.) {deg. min.) {min. sec.)
Impulsive First Arrivals
SML 2352.98 120 53.99 47 18.68
WNT 2352.70 120 41.06 4719.25
WGK 2341.17 120 33.73 4723.10
ALS 2330.62 120 48.31 4724.07
YUS 23 29.00 120 57.00 47 24.68
TWQ1 24 20.89 120 46.40 47 26.93
CHY 2329.86 12025.47 472720
CHN4 23 21.06 12035.59 4727.82
WSF 23 38.28 120 13.30 4727.97
NSY 242497 120 45.64 4728.52
CHN7?7 2329.02 120 14.12 47 29.53
TWL 23 15.99 12029.28 4729.75
ELD 23 11.32 121 01.01 4729.96
CHNB8 2320.78 120 12.68 4731.20
NST 24 37.87 121 00.03 47 32.28
SCL 23 10.51 12011.62 4733.81
CHK 23 05.95 12121.92 4735.23
TAIl 23 02.41 12013.70 47 35.57
TWG 224924 121 04.30 47 37.18
PNG 2334.03 1193331 47 37.57
SSD 22 44.76 120 37.92 4737.78
WDG 23 15.57 119 39.57 47 38.44
ECL 22 35.84 120 57.26 47 40.30
TAP1 2502.35 121 31.30 47 40.95
TWA 24 58.81 121 34.81 47 43.33
SCz 222232 12037.22 47 43.60
TAW 2221.45 120 53.74 47 44 .49
LAY 22 02.32 121 33.04 47 49.83
Less Impulsive First Arrivals
TCU 24 08.85 120 40.56 47 23.61
CHN1 23 11.09 120 31.68 47 33.79
HSN 24 49.79 121 00.36 47 35.65
TWMI1 22 49.40 120 25.36 4738.24
NCU 24 58.20 12111.20 4739.03
TTN 224524 121 08.79 47 39.51
SGL 2243.51 120 29.45 47 39.67
KAU 22 34,07 120 18.48 4741.83
WLC 2220.87 12021.70 474498
HEN 2200.33 120 44.28 47 48.76
TWK1 21 56.60 120 48.32 4749.49
KNM 24 25.00 11826.00 4751.84

* Stations are listed according to the arrival times.
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Table 3. Relocated hypocenters using the 3-D Velocity Model of Rau and Wu

(1995).
No. of Arrivals Lat, (°N) Long. (°E) Depth (km) RMS of dt
Case 1: MS method, intersection of most EDT surfaces
10 23.86 120.81 - - 10 0 0.075
20 23.98 120.99 © 30 2.320
30 23.94 120.81 13 2220
Case 2: CWB RTD system '
10 - 23.86 120.81 10 0.075
20 23.97 120.88 : 28 2.188
30 23.92 120.80 . 19 2.189
Case 3: CWB S13 network .
10 23.86 120.81 10 . 0.075
20 23.95 121.05 22 2.376
30 23.94 120.82 13 2.237
Case 4: PDE weekly report
10 23.87 120.81 10 0.075
20 23.92 121.00 33 2.350
30 23.91 120.95 15 2.346
Case 5: Case 2 + Depth fixed at 10 km :
10 23.86 120.81 - 0.075
20 23.93 120.98 - 2419
30 23.90 120.86 - 2.208
Case 6: Case 3 + Depth fixed at 8 km ;
10 23.86 120.80 - 0.176
20 23.94 120.80 - : 2.401
30 23.93 120.81 - _ 2.226
Case 7: Case 4 + Depthfixed at 12 km . .
10 23.86 120.82 - 0.207
20 24.00 121.04 - . 2.654
30 2391 120.98 - 2.482

* For each case, the way of selecting a preliminary location is different.. In case 1, it is
set at the intersection of most EDT surfaces, whereas in all other cases it is adapted from
locations reported by various agencies (Table 2).

Consequently, we modified the MS program such that the focal depth can be fixed during
the relocation process. We repeat the above three cases with a given depth at 10, 8, or 12 km,
respectively. The resuits are summarized in Table 3. It is clear that almost all cases with fixed
depths bear higher RMS residuals than the ones without. Like in previous cases, results using
10 rays show significantly smaller RMS residuals than that using 20 or more. One important
point is that no matter which preliminary location is used in the process, the final location is
always at 23.8610.01°N, 120.81+0.01°E. However, the ones with facal depths fixed at 8 and
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12 km have the RMS residuals much higher (2.3 and 2.8 times, respectively) than our best
solution (i.e., at 10 km; Table 3), suggesting that the results have sufficient resolution with

respect to the focal depth.

1 2.6“ 120.8° 121° 1 212'

24.2° 24.2°
24° 24°
5
[]
23.8° * 23.8°
S
§
23.6“ I 23 6n
120.6° 120.8° 121° 121.2°

Fig. 3. Results of relocation using the 3-D velocity model of Rau and Wu (1995).
Different symbols represent results using different numbers of arrivals
in the process: star, triangle, and square for the maximum number of 10,
20, and 30 arrivals, respectively. Each set of star, triangle, and square
connecting by straight lines are results with the same preliminary loca-
tion, corresponding to various cases listed in Table 3. Notice that re-
gardless of the initial conditions, the best solution always converges to

the same location (the star).



Kao et al. 577

5. DISCUSSION AND CONCLUSION

From Table 3 and Fig, 3, it is quite obvious that no matter how the preliminary locations
are selected, the hypocenter with the minimum RMS residual (0.075 s using the earliest 10
arrivals) always converges to 23.8620.01°N, 120.81£0.01°E, and a depth of 10 km. Such
results clearly indicate that the process is very stable and virtually free from the nonlinear
nature of earthquake relocation. Furthermore, the RMS residual is very sensitive to both the
epicenter and focal depth, implying that the combination of this dataset and the MS method
has sufficient resolution for such a task.

Generally speaking, the RMS wavel time residual is proportional to the number of stations
used in the relocation. One interesting point in our result, however, is that solutions using 20
arrivals often have larger RMS residuals than that using the whole dataset (Table 3). To
investigate the implications of such a phenomenon, we plot out the distribution of seismic
stations used in various cases in Fig. 4. Clearly, stations of the first 10 arrivals scatter across
the central west Taiwan with distances <65 km (Table 2 and Fig. 4). The next 10 stations
distribute mostly to the south of the epicenter between 70 and 124 km, while the complete
dataset covers a wide distance range up to 160 km. It is important to point out that the ray
paths connecting the epicenter to stations at the distance range of ~100 km travel mostly within
the crust where a significant difference is found between the coastal plain of west Taiwan and
the Central Range (Rau and Wu 1995; Ma et al. 1996). Therefore, we suspect that the less
satisfactory results using 20 arrivals are due to the insufficient resolution of the used 3-D
velocity model for the large lateral variation within the crust. Furthermore, the better spatial
coverage in cases of using 30 stations may also contribute to the better result (e.g., Tsai and
Wu 1997). Obviously, more detailed mapping of regional 3-D velocity skuctures is warranted
in the future. Until a better model becomes available, careful selection of arrival dataset and
repeated forward search perhaps are necessary in the 3-D relocation of earthquake hypocenters.

Notice that our best solution is almost the same as that in CWB’s final report (Tables 2
and 3), although the two results were obtained using completely different approaches. The
CWB?’s final location is determined from a combined dataset of both arrivals on short-period
seismograms and S-P time intervals on near-source strong-motion records. An important con-
clusion of our study is that a reliable hypocenter can be derived using as few as 10 accurately
determined arrival times from nearby short-period stations, if a reasonable 3-D velocity model
and the MS method are used in the hypocenter determination process. This implies that the
performance of CWB RTD system, which is already the leading example of its kind, can be
further improved in the near future.

Finally, we conduct a test of relocation using all available arrivals, whether impulsive or
not, to examine if there is any bias in our preferred dataset (Fig. 4). It tums out that the best
solution always remains the same. Moreover, the results of various cases (Table 3) show
patterns similar to that presented in Fig. 2 (i.e., cases using 20 arrivals tend to shift to the east,
while cases using 30 tend to shift slightly to the north), although the exact locations are a little
different from case to case. This result indicates that the relocation is relatively robust even
under the influence of some arrivals that are less impulsive.
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Fig. 4. Map showing the distribution of seismic stations whose arrival times are
used in this study (Table 2). Stations with impulsive arrivals are shown
in solid triangles (1-10), open circles (11-20), and open squares (the rest)

according to their arrival times. Stations with less impulsive arrivals are
marked by smaller diamonds.
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