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ABSTRACT

Through forward multiple-event analysis of teleseismic P-waves using source 
time functions (STFs), derived by non-negative time-domain deconvolution, we in-
ferred the rupture features of the 2018 Hualien earthquake. At least six sub-events 
composed the Hualien earthquake, with the largest one (corresponding to Mw = 6.3) 
occurring 4.8 s later than the initiation of rupture. The total seismic moment (M0) 
of 6.48 × 1018 Nm (Mw = 6.5) and radiated seismic energy (ES) of 1.76 × 1014 Nm 
led to the ES/M0 ratio ~2.72 × 10-5. A static stress drop (∆σS) of 5.03 MPa was also 
derived for the earthquake. On average, the rupture parameters of the 2018 Hual-
ien earthquake from this study were similar to globally average values. From M0 
and source duration (10.9 s), this implied an average rupture velocity (Vr) less than  
2.0 km s-1. The forward multiple-event modeling showed that ∆σS varied with the 
sub-events and increased with ES/M0 to imply the frictional strength being heteroge-
neous along the fault. From the highest STF peak (6.9 s after the initiation) near the 
land-sea interface, we suggested that the Hualien earthquake be divided into two rup-
ture processes. One with low ∆σS, low ES/M0, and high Vr occurred at sea; the other 
with high ∆σS, high ES/M0, and low Vr occurred on land. Both seawater and local 
velocity structures probably played crucial factors behind these rupture discrepancies 
during the 2018 Hualien earthquake.
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1. INTRODUCTION

On 6 February 2018, a moderate-sized earthquake oc-
curred offshore Hualien in eastern Taiwan (Fig. 1). It caused 
the destruction of several buildings along the Milun fault and 
loss of life. Initially, the Central Weather Bureau (CWB) 
reported that the earthquake had ML = 6.0, a focal depth of 
10 km, and an epicenter at 24.14°N and 121.69°E, which 
is relatively close to that of the ML 7.3 Hualien earthquake 
that occurred on 22 October 1951, at 03:29 (UTC) (Cheng et 
al. 1997). The location of the 2018 Hualien earthquake ap-
peared to be the forefront of the subduction zone, in which 
the Philippine Sea plate is subducting beneath the Eurasian 
plate in a northward direction. The aftershock distribution 

indicated that the earthquake ruptured southwestward from 
its epicenter and had almost terminated by the southernmost 
portion of the Milun fault, as shown in Fig. 1. The focal 
mechanisms proposed by several organizations demon-
strated that a westward-dipping plane with strikes of 208 - 
220°, which was consistent with the aftershock distribution, 
might have been the fault plane on which the 2018 Hualien 
earthquake occurred (Fig. 1). Through geological survey, 
however, the Milun fault was interpreted to be a left-lateral 
strike-slip fault dipping eastward at a high angle (Cheng et 
al. 1997; Shyu et al. 2016). This resulted in a remarkable 
controversy regarding whether the 2018 Hualien earthquake 
occurred on the Milun fault. A field survey revealed that the 
largest deformation on land was in the northernmost sec-
tion of the Milun fault; however, the surface vertical offset 
was absent in the middle portion of this fault; the surface 
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vertical offset was observed again in the southernmost sec-
tion (Yen 2018). Historical records indicated that the 1951 
ML 7.3 Hualien earthquake ever ruptured the Milun fault to 
cause a rupture length of approximately 21 km (cf. Shyu 
et al. 2016). Probably, the occurrence of the 2018 Hualien 
earthquake was related to the Milun fault. However, here 
we concentrated on investigating the rupture features of the 
Hualien earthquake rather than probing into whether it oc-
curred on the Milun fault.

Imaging the source rupture process provides not only 
information about the physics of an earthquake but also seis-
mic hazard assessments. At present, there were two methods 
usually employed to image the time-space distribution of an 
earthquake rupture: one is finite-fault modeling (e.g., Lee 
et al. 2019), and the other is seismic-wave back-projection 
(e.g., Jian et al. 2019). Lee et al. (2019) constructed a com-
plex finite-fault model of the 2018 Hualien earthquake and 
discovered that the outset of ruptures on the Milun fault had 
large slips at shallow depths near the land-sea interface. Sub-
sequently, ruptures occurred in deeper areas, and then a rela-
tively slow rupture velocity less than 2.0 km s-1 took place 
along the Milun fault. Such rupture variation appeared to 
be comparable with a surface vertical offset survey by Yen 
(2018) along the Milun fault. A result of P-wave back-pro-

jection, obtained by Jian et al. (2019), also displayed a slow 
rupture velocity, 1.85 - 2.0 km s-1. In addition to the afore-
mentioned methods, the source time function (STF) would 
also be a useful approach for investigating the complex rup-
tures of the source (e.g., Ruff and Kanamori 1983; Hwang 
2013). The STF, which describes the ruptures of an earth-
quake from its initiation to its end, is a crucial source param-
eter in understanding an earthquake’s rupture time history 
(e.g., Tanioka and Ruff 1997). In general, the STF is derived 
from the deconvolution of the mainshock and a reference 
earthquake (called empirical Green’s function, EGF), which 
is usually an aftershock of the mainshock (Hartzell 1978). 
The EGF must be of much smaller magnitude relative to the 
mainshock. In addition, the focal mechanism and location of 
the EGF must be similar to those of the mainshock. The EGF 
could be also a synthetic wave, created in the position of the 
mainshock, to avoid inconsistency of the focal mechanism 
between the mainshock and EGF (e.g., Ruff and Kanamori 
1983; Bilek et al. 2004; Ammon et al. 2006; Chu et al. 2009; 
Hwang 2013; Benz and Herrmann 2014). Through the STF, 
not only can the source rupture history be understood, but 
the source duration, seismic moment, radiated seismic ener-
gy, multiple sources, and static stress drop can be estimated 
(Bilek et al. 2004; Ammon et al. 2006; Hwang 2013; Vallée 

Fig. 1. Map showing the epicenter of the 2018 Hualien earthquake (star) and its aftershocks (circles). Blue star is the 1951 ML 7.3 event. Orange 
circles are the aftershocks with 5.0 ≤ ML < 6.0; green circles, 4.0 ≤ ML < 5.0; grey circles, 3.0 ≤ ML < 4.0. Red dashed line indicates the Milun fault. 
Included also in this diagram are the focal mechanisms reported by the CWB, AutoBATS, and GCMT. The insert in the lower right denotes the 
rupture velocity (Vr) variation during the Hualien earthquake. The former rupture in sea (p1) has Vr > 2.0 km s-1; the latter one (p2) on land has Vr 
< 2.0 km s-1.
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2013; Courboulex et al. 2016). The source parameters de-
rived through the STF can also act as the primary input for 
ground-motion simulations in seismic hazard assessments 
(Graves et al. 2011). In this study, we used a non-negative 
time-domain deconvolution with smoothing constraints and 
damping to separate the STF from the teleseismic P-waves 
for the 2018 Hualien earthquake. For rapidly estimating the 
STF of the Hualien earthquake, only the stations with an 
azimuth normal to the rupture direction of the source were 
analyzed to negate the effect of rupture directivity.

2. DATA

The STFs were extracted from the teleseismic P-waves, 
which were provided by the IRIS DMC (Incorporated Re-
search Institutions for Seismology Data Management Cen-
ter). We selected seismic data with epicentral distances of 30 
- 90° and a clear onset of P-waves. Prior to the deconvolu-
tion, the teleseismic P-waves were converted into displace-
ments after removing instrument responses and then filtered 
between 0.01 and 1.0 Hz. To accelerate the deconvolution, 
we also downsampled the data to 0.1 s. Each teleseismic 
P-wave had a 35-s long, with 5 s before the P-onset and 
30 s after the P-onset. In addition, for rapidly determining 
the STF of the 2018 Hualien earthquake, we used seismic 
data only from stations with an azimuth perpendicular to the 
rupture direction, which negated the effect of the rupture 
directivity of the source on the STF estimation (Fig. 2). The 
rupture direction of the Hualien earthquake was estimated 
to be N215°E from the average of fault plane strikes deter-
mined by the CWB centroid moment tensor (CMT), Auto-
BATS (Broadband Array in Taiwan for Seismology) CMT, 
and the GCMT (Global CMT) (also see Fig. 1).

3. METHOD

Let g(t), s(t), and b(t) be the EGF, STF, and observed 
P-wave, respectively; then g * s = b, where the asterisk (*) 
denotes the convolution operator, and the integral of convo-
lution is as follows:

( ) ( ) ( )s t g t b tx - =
3

3

-
#  (1)

For finite data, Eq. (1) can be represented in a discrete form:
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where Δt is the sampling rate, m and n are the data points of 
s(t) and g(t), i is the time step, and k = m + n + 1. Equation 
(2) can be expressed in matrix form as follows:
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Equation (3) can be rewritten in simple form as

GS B=  (4)

where G, S, and B are the matrices in Eq. (3) from left to 
right. In this study, we solved Eq. (4) through single-round 
inversion, which differs from the iterative time-domain de-
convolution (Ammon et al. 2006; Chu et al. 2009; Benz and 
Herrmann 2014). For stably solving Eq. (4), we used non-
negative solutions, smoothing constraints, and damping in 
the inversion process according to least-squares theory (cf. 
Lawson and Hanson 1974; Menke 2012). Thus, the final so-
lution, Sest, of Eq. (4) was

( )S G G W W G Best T T T2 1m= + -  (5)

where W is the smoothing matrix, which connects two 
nearby data points and is quantified by the second deriva-
tive (Menke 2012); WT and GT are the transpose matrices 
of W and G, respectively; λ2 is the damping value. The 
superscript “-1” in Eq. (5) denotes the inverse matrix of 
(GTG + λ2WTW). The damping value, related to GTG, was 
a rather important factor in the inversion, and was defined 
as ( )

( )C Tr W W
Tr G G

T

T
2 #m = , where Tr denotes the trace of an 

square matrix and C is the damping factor, which must be 
carefully selected in the inversion (Press et al. 1992). We 
used the so-called L-curve (cf. Aster et al. 2012) to pick out 
the damping factor. Finally, an optimal damping factor of 
100 was selected for the inversion.

The EGFs used in this study were synthetic teleseis-
mic P-waves, calculated including direct P-waves and two 
depth phases (pP and sP waves) for a shallow source using a 
known focal mechanism, the IASP91 velocity model (Ken-
nett and Engdahl 1991), and an attenuation factor t* = 1.0 
for teleseismic P-waves (Okal 1992; Lin et al. 2006; Hwang 
et al. 2012). The EGFs without source duration were gener-
ated at the source position of the mainshock to avoid the 
inconsistence of location.
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Because of the adopted time-domain deconvolution 
being a single-round inversion rather than the iterative time-
domain deconvolution (e.g., Ammon et al. 2006; Chu et al. 
2009), the deconvolved time function (DFT) included in-
formation not only from source but also from non-source 
along the entire time-axis (Fig. 3a). Intuitively, the front of 
the DFT was due to the source; the back of the DFT is not 
from the source. A long duration in the DFT would inter-
pret excessively the observed data (Fig. 3a). Hence, to select 
an appropriate time-length from the DFT as the STF in the 
single-round inversion was necessary. Following informa-
tion theory, we used the corrected Akaike information crite-
ria (AICc) (Akaike 1974; McQuarrie and Tsai 1998) as an 
auxiliary to estimate the duration of the STF from the DFT. 
The AICc is defined as ln n

RSS
n k
n k

2AICc = + - -
+ , where 

RSS is the residual sum of squares between the observed 
and reconstructed P-waves, n is the number of data point 
(observed), and k denotes the number of model parameters 
(i.e., the selected time-length). The minimum AICc denoted 
the optimal model (i.e., time-length), selected to have a best 
interpretation on the observed data. In theory, the STF must 
be a continuous function, increasing from zero to a maxi-
mum value and decreasing to zero again (Udías et al. 2014). 
Hence, the continuity in the DFT would be an indicator in 
judging the STF. In addition, the selected STF also had to 
give a reasonable seismic moment. Figure 3 shows the time-
domain deconvolution and the selection of time-length of 
the STF for station GAZ (also see Fig. 2). In Fig. 3a, the 
DFT had a discontinuity of time at 11.0 s, close to the time 
indicated by the AICc (9.9 s; Fig. 3b). In terms of the AICc, 

only using the first 10-s DFT would not result in overfitting 
between the observed and resulting P-waves (convolution of 
the EGF and selected STF). Additionally, the 11-s STF gave 
a seismic moment of 6.78 × 1018 Nm, comparable with 5.35 
× 1018 Nm from USGS and 4.37 × 1018 Nm from GCMT. If 
we use the entire DFT, the estimated seismic moment will 
be 1.2 × 1019 Nm, an unreasonable value for the Hualien 
earthquake. According to the above-mentioned criteria, we 
finally determined the first 11-s DFT as the STF, which can 
also reconstruct most of the observed P-wave (Fig. 3a).

4. RESULTS

Because only stations with an azimuth perpendicular to 
the rupture azimuth were used to complete the STF analysis, 
the rupture azimuth first had to be determined. The after-
shocks were distributed southwestward, which appeared to 
indicate that the 2018 Hualien earthquake ruptured toward 
the southwest from its epicenter (Fig. 1). The focal mecha-
nisms determined by the CWB, AutoBATS, and GCMT all 
showed the fault plane to be a northwest-dipping plane with 
strikes of 208 - 220°, which correspond to the aftershock 
distribution; by contrast, the Milun fault dips in the oppo-
site direction (Cheng et al. 1997; Shyu et al. 2016). Herein, 
whether the actual fault dipped eastward or westward was 
irrelevant because we only considered the rupture history for 
the earthquake along the rupture direction. Assuming that 
the northeast-to-southwest plane was the fault plane because 
of the aftershock distribution, the rupture azimuth was deter-
mined to be N215°E from the average of strikes determined 

Fig. 2. Five stations with azimuth normal to the rupture direction (arrow) are used to perform non-negative time-domain deconvolution. Shown also 
is the focal mechanism determined by the CWB, which was used to generate synthetic P-waves, taken as the EGFs.
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by the CWB, AutoBATS, and GCMT. Five stations met the 
criterion that the station azimuth was normal to the rupture 
direction, as displayed in Fig. 2. In this study, we produced 
the synthetic teleseismic P-waves without source duration 
at the location of mainshock as the EGF instead of the ref-
erence earthquakes (aftershocks or small-sized earthquakes 
around the mainshock; Hartzell 1978) (e.g., Ruff and Ka-
namori 1983; Bilek et al. 2004; Ammon et al. 2006; Chu 
et al. 2009; Hwang 2013; Benz and Herrmann 2014). The 
time-domain deconvolution can be regarded as a waveform 
inversion, so being controlled by large amplitudes in obser-
vations (Ruff and Kanamori 1983; Bilek et al. 2004). That is, 
a centroid depth used could be more suitable than an initial 
focal depth used in the time-domain deconvolution. Hence, 
an appropriate focal depth and focal mechanism used to gen-
erate the synthetic P-wave were necessary for the follow-up 
deconvolution. We tested focal depths from 1 to 30 km at 
1-km intervals and three fault plane solutions (from CWB, 
AutoBATS, and GCMT; see also Fig. 1) in the deconvolu-
tion process. Figure 4a illustrates that the best results in the 
deconvolution was obtained using a focal depth of 9 km and 
the CWB’s fault plane solutions (also see Fig. 2). The depth 
of 9 km estimated from this study was also comparable with 
those determined by moment tensors inversion from Auto-
BATS (10 km), CWB CMT (13 km), and GCMT (13.2 km). 
We averaged the STFs from the five stations to obtain the 
resultant STF (Fig. 4b). The misfit for each station in Fig. 
4a was calculated through waveform fitting between the ob-
served and resulting P-waves, obtained from the convolution 
of the EGF and resultant STF (averaged STF).

Figure 5a shows that the seismic moment rate varied 
with rupture time up to approximately 11 s, and then sug-
gests that the 2018 Hualien earthquake should consist of sev-
eral sub-events. Using forward multiple-event analysis (cf. 
Hwang 2013), we carefully decomposed the averaged STF 
(Fig. 4b) using triangular STFs and obtained at least six sub-
events during the earthquake rupture. Given that all six sub-
events occurred at a 9-km depth and had the same fault plane 
solutions, the synthetic P-waves generated from the six sub-
events showed high consistencies with the observed ones up to 
90% for these used stations (Fig. 5b). Table 1 lists the source 
parameters for the six sub-events. In Table 1, the seismic mo-
ment (M0) for each sub-event was calculated from the area of 
the triangular STF, and the radiated seismic release (ES) of 
each sub-event was determined using the method of Vassil-
iou and Kanamori (1982). Following a circular fault (Brune 
1970, 1971), the static stress drop ( )SvD  for each sub-event 
was derived by 7

.
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triangular STF, where Trup is the rupture time, 0.85 times the 
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(cf. Heaton 1990). The average static stress drop ( ),S avevD  
can be calculated by M
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M0i are the static stress drop and seismic moment of the ith 
sub-event (Kanamori and Heaton 2000). The total M0 and ES 
were 6.48 × 1018 and 1.76 × 1014 Nm, respectively, with the 
ratio ES/M0 = 2.72 × 10-5. The average SvD  was 5.03 MPa, 
determined by considering each sub-event’s SvD  weighted 
by M0 itself (Kanamori and Heaton 2000; Ye et al. 2016).

(a) (b)

Fig. 3. (a) Example of non-negative time-domain deconvolution. (Upper) Observed P-wave (black line) and two resulting P-waves. Red line de-
notes the convolution of the EGF and DTF; blue one is the convolution of the EGF and the 11-s STF. (Middle) EGF created at the location of the 
mainshock by a known focal mechanism. (Lower) DFT (red line) extracted from the deconvolution of the observed P-wave and EGF. The 11-s STF 
(blue shading) is determined by using three criteria, including the continuity of the STF, the AICc, and the selected STF to give a reasonable seismic 
moment. For details, refer to the text. (b) The plot of AICc versus time (i.e., source duration) for the first 25 s shows a global minimum at 9.9 s. The 
insert displays the entire AICc distributed with time.
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(a) (b)

Fig. 4. (a) Misfit between the observed and resulting P-waves versus focal depth for the five investigated stations. Average misfit curve (AVE dis-
played by red line) denotes an optimal depth of 9 km. (b) The STFs derived from the five stations. Red line is the average STF.

Fig. 5. (a) The STF (black line) of the 2018 Hualien earthquake, as displayed in Fig. 4b. A decomposition of the STF shows the mainshock to be 
composed of six sub-events (triangles). The source parameters of the sub-events are listed in Table 1. (b) Comparisons of the synthetic (red lines) 
and observed (blue lines) P-waves for the investigated stations. The synthetic P-waves are produced from the six sub-events. Also stated are the 
epicentral distance (D) in degrees, station azimuth (az) in degrees, and misfit between the synthetic and observed P-waves below each station.

(a)

(b)
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5. DISCUSSION

From the multiple-event analysis (Table 1 and Fig. 5), 
at least six sub-events constituted the 2018 Hualien earth-
quake, which had a total M0 of 6.48 × 1018 Nm, correspond-
ing to Mw = 6.5. The earthquake began with a sub-event 
of Mw = 5.4 and ended with one of Mw = 5.9. The largest 
sub-event, which had M0 = 3.22 × 1018 Nm (Mw = 6.3) and 
a source duration of 4.2 s, occurred 4.8 s after the initia-
tion of the earthquake. The total source duration was 10.9 s, 
slightly longer than that (9.7 s) estimated from an empirical 
moment-duration relation (Duputel et al. 2012) using the M0 
= 6.48 × 1018 Nm from this study. This might imply a lower 
average rupture velocity during the earthquake rupture. Fol-
lowing an empirical relationship between seismic moment 
and rupture length (Yen and Ma 2011), we derived a rup-
ture length of approximately 21.2 km using M0 = 6.48 × 1018 
Nm. This indicates an approximate rupture velocity (Vr) 
of 1.94 km s-1, which is 0.58 Vs, where Vs = 3.36 km s-1 
is the crustal S-wave velocity. From the product ∆σSVr3 = 
29.3 MPa·km3 s-3 for seismogenic earthquakes in Taiwan 
(Ruey-Der Hwang, unpublished manuscript), we obtained 
Vr = 1.80 km s-1 by using ∆σS = 5.03 MPa as in Table 1. In 
addition, Lee et al. (2019) and Jian et al. (2019) calculated 
Vr to be less than 2.0 km s-1 along the Milun fault from the 
finite-fault model and 1.85 - 2.0 km s-1 by an analysis of 
teleseismic P-wave back-projection, respectively. As men-
tioned above, on average, the rupture velocity for the Hual-
ien earthquake is less than 2.0 km s-1 (~0.6 Vs), relatively 
slower than that (Vr ~ 0.8 - 0.9 Vs) for crustal earthquakes 
(cf. Kanamori and Heaton 2000). Table 1 and Fig. 5 show 
that the maximum moment rate occurred at 6.9 s, corre-
sponding to a distance of approximately 13 km from the epi-
center of the mainshock along the rupture direction using Vr 
= 1.94 km s-1. This distance is located near the northernmost 
portion of the Milun fault on land (also see Fig. 1), i.e., near 
the land-sea interface. At the location, a field survey iden-
tified the largest vertical deformation on the surface (Yen 

2018), and the finite-fault model showed large slips appear-
ing at a shallow depth from Lee et al. (2019). Suppose that 
the maximum moment rate occurred at the northernmost 
portion of the Milun fault, to which the distance from the 
epicenter of the mainshock was ~15 km. To meet such dis-
tance, the rupture velocity in the sea area had to be faster up 
to ~2.2 km s-1. This also implies a relatively slow rupture 
velocity traveling across the land since the average rupture 
velocity is less than 2.0 km s-1. In other words, the rupture 
velocity varied from sea to land during the earthquake. Such 
variation might be associated with local velocity structures, 
where there is relatively lower velocity structures on land 
(Huang et al. 2014; Wen et al. 2019).

The total ES of 1.76 × 1014 Nm obtained in this study 
was approximately three times larger than that estimated 
from the integral of velocity seismograms and reported 
by the IRIS (5.0 × 1013 Nm; http://ds.iris.edu/spud/eqen-
ergy/16344247). Our higher ES might indicate that high-
frequency energy can be retrieved from the multiple-event 
analysis (e.g., Kikuchi and Fukao 1988; Hwang 2013). The 
largest ES was in the third sub-event (Table 1); however, 
the fourth sub-event had the highest ES/M0 ratio. The ra-
tio ES/M0, a dimensionless source parameter, is an impor-
tant factor to account for the dynamic rupture features of 
an earthquake (Kanamori 1994). A large ES/M0 indicates a 
rapid drop in friction during earthquake faulting, whereas 
a small ES/M0 indicates a slower drop in friction (cf. Kana-
mori and Heaton 2000). From Table 1, ES/M0 varies with 
sub-events to reveal that the frictional strength on the fault 
was heterogeneous. This also resulted in variation in ∆σS 
during earthquake faulting. A sub-event with a large ES/M0 
has a high ∆σS; inversely, a sub-event with a small ES/M0 has 
a low ∆σS (Kanamori 1994; Kanamori and Heaton 2000). 
For simplification, we divide the 2018 Hualien earthquake 
faulting into two rupture processes; process 1 consisting of 
the first four sub-events, and process 2 composed of the last 
two sub-events. Process 1, occurring mostly in the sea area, 
had ∆σS ~ 4.3 MPa, whereas process 2, occurring in the land 

No. Focal mechanism
(strike/dip/slip)

Source duration
(sec)

Start time
(sec)

M0

(Nm)
ES

(Nm) ES/M0
∆σS

(MPa) Mw

1 216°/56°/26° 1.8 0 1.43 × 1017 1.78 × 1012 1.24 × 10-5 2.30 5.4

2 216°/56°/26° 2.0 1.2 4.77 × 1017 1.44 × 1013 3.02 × 10-5 5.59 5.7

3 216°/56°/26° 3.0 2.8 1.31 × 1018 3.22 × 1013 2.46 × 10-5 4.56 6.0

4 216°/56°/26° 4.2 4.8 3.23 × 1018 7.14 × 1013 2.21 × 10-5 4.09 6.3

5 216°/56°/26° 2.0 7.5 5.83 × 1017 2.15 × 1013 3.69 × 10-5 6.84 5.8

6 216°/56°/26° 2.0 8.9 7.42 × 1017 3.49 × 1013 4.70 × 10-5 8.70 5.9

Total 10.9 6.48 × 1018 1.76 × 1014 2.72 × 10-5 5.03* 6.5

Table 1. Multiple-source parameters for the 2018 Hualien earthquake.

Note:  * This is an average ∆σS calculated by making ∆σS weighted by M0 for each sub-event (cf. Kanamori and Heaton 
2000).

http://ds.iris.edu/spud/eqenergy/16344247
http://ds.iris.edu/spud/eqenergy/16344247
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area, had ∆σS ~ 7.9 MPa. Apparently, the two ruptures thus 
had different ∆σS, implying that the presence of water was 
the key factor that gave rise to the discrepancy in rupture 
processes from sea to land. From discussions as mentioned 
above, our finding appears to imply an inverse relationship 
between Vr and ∆σS during the 2018 Hualien earthquake. Of 
course, a detailed analysis of rupture directivity can provide 
further information regarding the rupture propagation in the 
2018 Hualien earthquake. This analysis will be performed 
in our next study.

The ES/M0 ratio (~2.72 × 10-5) and apparent stress (σa 
~0.75 MPa) obtained in the present study are close to the val-
ues (3.0 × 10-5 and 1.0 MPa, respectively) determined by Ide 
and Beroza (2001) from a wide seismic moment distribution. 
Generally, the average ∆σS was calculated from M0 and fault 
area (e.g., Ye et al. 2016). Likewise, the average ∆σS can 
be also estimated from the source duration of the complex 
STF after simplifying it into an isosceles triangle STF, i.e., 
as a single source (e.g., Tanioka and Ruff 1997; Bilek et al. 
2004; Vallée 2013; Courboulex et al. 2016). However, this 
was likely to underestimate the value of ∆σS. An alternative 
way was to use the multiple-event analysis by considering 
that ∆σS of each sub-event was weighted by M0 itself to cal-
culate the average ∆σS (Kanamori and Heaton 2000; Ye et al. 
2016). The average ∆σS of the Hualien earthquake was calcu-
lated as 5.03 MPa, in agreement with the global observations 
(4 - 6 MPa) (e.g., Kanamori and Anderson 1975; Allmann 
and Shearer 2009; Ye et al. 2016). On average, the rupture 
parameters of the 2018 Hualien earthquake were similar to 
globally average values, but our detailed rupture analysis re-
vealed inhomogeneous faulting during the earthquake.

6. CONCLUSIONS

Multiple-event analysis from the STF demonstrated 
heterogeneous ruptures during the 2018 Hualien earth-
quake, with ES/M0 and ∆σS varying between sub-events. The 
maximum moment rate of the STF occurred at 6.9 s, cor-
responding to a distance of approximately 13 km, where the 
ruptures entered the land. By taking the maximum moment 
rate in the STF as the demarcation of the rupture process, 
source ruptures implied higher Vr and lower ∆σS in the sea 
area relative to lower Vr and higher ∆σS in the land region. 
Seawater and local velocity structures were probably key 
factors behind these heterogeneous ruptures. On average, 
source parameters—including ES/M0, ∆σS, and σa—for the 
Hualien earthquake were comparable with averages in glob-
al earthquake observations.
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