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ABSTRACT

In this study, we compiled the Central Weather Bureau (CWB) data in order to 
study the Gutenberg-Richter magnitude-frequency slopes (i.e., b-values) and seis-
micity rates of significant earthquake sequences in the area of Hualien. A total of 
ten events between 1973 and 2018 were selected for analysis. Using time windows 
72 h before and after the main shock, we first examined the existence of detectable 
foreshocks and then applied the Gutenberg-Richter law and Omori’s law to deter-
mine the b-value and seismicity rate, respectively. The compiled results were used to 
assess the abnormalities and other characteristics of the 2018 Hualien earthquake for 
their forecast potential. We concluded that seismicity rates alone are not sufficient 
to forecast whether a greater main shock is forthcoming. The foreshock sequence of 
the 2018 Hualien earthquake was characterized by a low b-value and a high seismic-
ity rate. Another earthquake with a prominent foreshock sequence occurred in 1990, 
but it showed a different relationship between the magnitude and the seismicity rate. 
For both the 1990 and the 2018 Hualien earthquakes, we found that the b-values of 
the foreshocks were lower than those of the respective aftershocks. The b-values for 
earthquake sequences are depressed relative to the background seismicity in the area. 
The mechanisms proposed for temporal variation in b-values are briefly reviewed to 
explain the observed b-value patterns. Finally, we established an empirical relation-
ship with moment magnitude (Mw) in order to estimate the spatial range of after-
shock distributions in the area of Hualien for shallow earthquakes (hypocenter depth 
≤ 20 km) with Mw ≥ 5.3.
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1. INTRODUCTION

On 6 February 2018, an earthquake with a moment 
magnitude (Mw) of 6.4 hit Hualien, east Taiwan, toppling 
several buildings and causing more than a dozen casualties 
(Chang et al. 2019; Chen et al. 2019; Hwang et al. 2019; 
Wen et al. 2019). Unlike another hazardous Mw = 6.4 earth-
quake that occurred two years ago in Meinong, Southwest 
Taiwan (Kanamori et al. 2017; Kuo-Chen et al. 2017; Lee 
et al. 2017), the 2018 Hualien earthquake was preceded by a 
prominent foreshock sequence, including a Mw = 6.1 event 
followed by more than 50 events of local magnitude ML ≥ 
3.0 within 12 h that migrated southwest and upwards (Fig. 
1). These events fall into the category of immediate fore-
shocks, in which earthquakes of smaller magnitude occur a 

few hours to days prior to the main shock within a few source 
dimensions (Dodge et al. 1995). The feasibility of using 
immediate foreshocks to forecast the ensuing main shock 
remains an open question, as their causal and statistical re-
lationships remain unclear. The optimistic school attributes 
foreshocks to a nucleation process, with premonitory slips 
leading to the dynamic rupture of the main shock (Jones and 
Molnar 1979). The nucleation process itself, being a short-
term precursor, has been modeled in laboratory experiments 
(Ohnaka 1992). On the other hand, the pessimistic school 
attributes foreshocks, main shocks, and aftershocks all to 
the same triggering dynamic, such that no precursor can be 
used for the purpose of forecasting (Helmstetter and Sor-
nette 2003; Felzer et al. 2004). The occurrence of the 2018 
Hualien earthquake indeed provides an opportunity for an-
swering the question from observational point of view.
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The characteristics that are most often observed in 
foreshock sequences are changes in the b-value and in the 
seismicity rate. Here, the b-value refers to the slope in the 
magnitude-frequency relationship that was proposed by 
Gutenberg and Richter (1944):

log N a bM10 = - 	 (1)

where N is the number of events with magnitude greater than 
or equal to magnitude M and a represents the total number 
of events. Analyzing the world earthquake catalog (1964 - 
1980, M ≥ 4), Molchan and Dmitrieva (1990) found that the 
b-value typically drops to half of the background value dur-
ing the period beginning a few hours before the main shock.

As for the seismicity rate, the decay of a main shock-
aftershock sequence follows Omori’s law (Omori 1894):

( )n t t c
K= + l 	 (2)

where n(t) is the number of aftershocks per unit time above 
a given magnitude, t is the time after the main shock, and 
K and c are constants. Utsu (1961) introduced a modified 
version of Omori’s law, in which an exponent (p), typically 
close to 1, is applied to the denominator. By identifying 
earthquake clusters from the catalog of the Japan Meteo-
rological Agency, Ogata et al. (1995) found that the 30-day 
statistical features of foreshocks are well fitted by modified 
Omori curves with a reverse time span preceding the main 
shock, with a tendency to spatially converge to the epicenter 
of the main shock. The prominent foreshock sequence of the 
2018 Hualien earthquake allows us to analyze its b-value 
and seismicity rate for comparison.

Hualien and its vicinity in eastern Taiwan are an ideal 
place for statistically studying the b-value and seismicity rate 
of earthquake sequences, in particular those of foreshocks 
(Lin 2009). Here, the Philippine Sea and Eurasian plate 
boundary transitions from offshore easterly subduction to 
onshore westerly collision (Wu et al. 2009), making Hual-
ien highly seismically active. The average b-value in Tai-
wan is about 1.1, as determined from shallow earthquakes 
(hypocenter depth < 40 km) that occurred during the period 
from 1973 to 1985 (Wang 1988). Please refer to Wang et 
al. (2015) for a comprehensive review of b-value studies of 
earthquakes in the region of Taiwan. As for foreshocks in the 
region of Taiwan, Lin (2009) examined the Central Weather 
Bureau (CWB) catalog records between 1990 and 2004 and 
found ten earthquake sequences with felt foreshocks (ML ≥ 
4.0), mostly on the heterogeneous crust of east Taiwan. The 
seismicity rates of these foreshock sequences, unlike that of 
the 2018 Hualien earthquake, tend to be lower than that of a 
typical main shock-aftershock sequence.

In this study, our aim is to examine the suitability of the 
2018 Hualien earthquake for forecasting potential, by ana-
lyzing the data for any abnormality. The abnormality must 
be assessed in comparison with other earthquake sequences 
in the Hualien area. To this end, we compiled data from the 
CWB catalog in order to investigate the characteristics of 
significant earthquake sequences in the Hualien area. First, 
we examined the existence of detectable foreshocks in each 
case. Secondly, we determined the b-value and seismicity 
rate for the main shock and foreshock sequence (if any). 
The compiled results were compared with those of the 2018 
Hualien earthquake. We focused on 72 h time windows im-
mediately before and after the main shock. The time win-
dows used is for analysis of short-term precursors, which 
differs from those studies that focus on long-term precur-
sors (e.g., Chen et al. 2017; Wen and Chen 2017).

2. DATA AND METHODS

The CWB catalog is relatively complete for earthquakes 
in Taiwan and its vicinity since the 1970s, beginning with the 
installation of Taiwan’s Telemetered Seismographic Net-
work (TTSN) (Wang 1989). Using the TTSN, the sizes of 
earthquakes were routinely measured as duration magnitude 
(MD). Since 1991, with the deployment of the CWB Seismic 
Network (CWBSN) in Taiwan, the local magnitude (ML) 
of earthquakes has been determined by simulating Wood-
Anderson seismograms using three-component short-period 
CWBSN seismographs. The relationship used to convert MD 
into ML was established for earthquakes in the TTSN period 
(Shin 1993). The CWBSN operated in trigger mode until 
1994, when it switched to continuous mode, resulting in the 
improvement in monitoring small events. The magnitude of 
completeness (MC) before 1994 was ~2.5 as determined by 
our frequency-magnitude analysis and that after 1994 was 
~2.0 as determined by Wu and Chiao (2006).

We scanned the CWB catalog (since 1973) for the 
Hualien area as bounded by the 23.5 and 24.7°N parallels 
and the 121.2 and 122.2°E meridians (Fig. 2). We selected 
only those sequences with more than ten events of ML ≥ 
4.0 within 72 h, and the maximum ML event was treated as 
the main shock. A search was conducted again on each se-
quence with time periods limited to within 72 h before and 
after the main shock, resulting in sequences spatially clus-
tering around the main shock and a few outliers distributed 
relatively far away from the main shock. For each sequence, 
we used events with ML ≥ 3.0 to estimate the spatial distri-
bution. The reason why ML = 3.0 was used as a threshold 
value is practical: Smaller events are generally not reported 
in real time by the CWB.

For each sequence, we discarded outliers as follows. 
First, the average latitude, longitude, and depth were taken 
as a center from which to calculate distances of events in 
the same sequence. Then, we derived the average distance 
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and standard deviation over all events in a sequence. Those 
events occurring more than twice the standard deviation be-
yond the average distance were discarded. This procedure 
was conducted twice in order to avoid the effects of faraway 
outliers, with the resulting average distance taken as the 
characteristic radius (R). Since 95% of statistically relevant 
events should occur within two standard deviations of R, 
the above procedure accordingly should cover 90% of the 
events in the sequence. We thus deem R as a fair measure-
ment for the spatial distribution of aftershocks, at least for 
the first 72 h. A total of 10 sequences (Table 1, Fig. 2) were 
thereby selected and ordered chronologically. We excluded 
the 1999 Chi-Chi earthquake sequence owing to the lack of 
event clustering, as well as the Mw = 7.1 earthquake of 31 
March 2002, located very near to the edge of the study area. 
For the 2018 Hualien earthquake, we used HF to refer to 
the foreshock sequence and HM to refer to the main shock 
sequence. We treated HF and HM as two individual clus-
ters in order to determine each cluster’s characteristic radius 
(R) (Fig. 1). The total number of discarded events is 60 for 
one-cluster treatment and 25 for two-cluster treatment. This 
substantial reduction of discarded events justified the spatial 
distinction of HF and HM.

We adopted Mw in the Global Centroid Moment Ten-
sor catalog (GCMT, Dziewonski et al. 1983) for the main 
shocks in Table 1 and for the 2018 Hualien earthquake (HF 
and HM). Conversion from ML into Mw is necessary to es-
timate the cumulative seismic moment release for historical 
records measured as ML. Notably, there exists some discrep-
ancy between ML in the CWB catalog and Mw in the GCMT 
catalog for the same sequences. Due to the fact that this 
discrepancy is not unidirectional but rather found to point 
in different directions for different sequences, it cannot be 
due solely to the saturation of ML. An empirical relationship 
of ML-to-Mw conversion was therefore derived by linear re-
gression using events within the study region as recorded by 
both catalogs (Fig. 3). For each sequence, the hourly cumu-
lative moment release was summed, and the hourly number 
of events with ML ≥ 3.0 was counted, using the time of the 
main shock as a reference, and marked as zero (Fig. 4). By 
counting the number of aftershocks with ML ≥ 3.0 every 12 h 
through the 72 h span, we were able to estimate the best-fit 
value of the constant K in Eq. (2), since it is proportional to 
the seismicity rate. These six sequential data points were 
used for fitting with nonlinear least-squares regression us-
ing MATLAB software (MathWorks, Natick, MA, USA) 
for the determination of K and c in Eq. (2). A frequency-
magnitude analysis was also conducted to determine the b-
values of earthquakes within 72 h after the main shock. We 
adopted a simple linear regression to fit between ML and the 
cumulative number of events greater than ML (Bevington 
1969). We visually selected the range of ML for fitting so 
that the resulting correlation coefficient would be greater 
than 0.99 (Table 1).

3. RESULTS

Among the histograms of the 10 selected sequences 
(Figs. 4, S1, and S2), six exhibited immediate foreshocks 
(Sequences 2, 3, 4, 6, 9, and 10). Most of the immediate 
foreshocks were distributed sporadically in time, concurring 
with the previously observed foreshock sequence deficiency 
(Lin 2009). However, the 1990 event (Sequence 4) also ex-
hibited a prominent foreshock sequence preceding the main 
shock, similar to that of the Hualien earthquake (Fig. 4). 
Here, we refer to the 1990 foreshock sequence as 4F and the 
main shock sequence as 4M.

Figures 5 and 6 show the K-values and b-values, respec-
tively, of each sequence, including all 11 true main shock 
sequences as well as the 4F and 4M foreshock sequences. 
Due to the seismicity patterns, the K-value or the b-value 
could not be reasonably determined for every sequence. For 
the K-value, the aftershock seismicity in Sequences 1 and 2 
did not strictly decay with time, so the regression for each 
yielded no reliable solutions (Fig. 5). For the b-value, the 
frequency-magnitude distribution of Sequence 6 suffered 
from severe undersampling, preventing confident fitting 
(Fig. 6). For all other sequences, Fig. 7 shows the results on 
the b-K-plane, with different symbols for different ranges 
of earthquake depths. We analyzed these overall patterns 
in order to assess the characteristics of the 2018 Hualien 
earthquake.

Across these 10 sequences, the composite distribution 
of K coupled with earthquake size and depth appears to show 
three groupings—high K, middle K, and low K—with divi-
sions at K-values of roughly K = 15 and K = 35 (Fig. 7). Only 
those sequences with Mw ≥ 6.3 and shallow depth (0 - 10 km) 
are in the high K group (Sequences 4M, 5, and HM). Those 
sequences with Mw ≤ 5.6 (Sequences 3 and 10) tended to 
be low in the K-values, regardless of the depth range. How-
ever, the 2015 Mw = 5.3 earthquake (Sequence 9) was an 
exception, grouping in the middle K with its high seismicity 
rate of aftershocks continuing for at least 24 h (Figs. 5, S2). 
Earthquake size constitutes a necessary rather than a suffi-
cient condition for high seismicity rates, as exemplified by 
three Mw ≥ 6.3 events (Sequences 4F, 7, and 8) in the low 
K group. Among these, the 43.8 km depth of Sequence 7 is 
surely responsible for its low K, whereas the 15.0 km depth 
of Sequence 8, being beyond the 10 km threshold, may play 
a similar role. However, the low K-value exhibited by fore-
shock sequence 4F (Mw = 6.3 at a 2.8 km depth) is surprising 
and may represent another example of foreshock sequence 
deficiency. In contrast, the foreshock Sequence HF from 
the 2018 Hualien earthquake (Mw = 6.1 at a 10.6 km depth) 
shows a middle K-value. Looking at Sequences 9, 4F, and 
HF together, we conclude that the seismicity rate alone is 
not sufficient to tell an immediate foreshock sequence from 
a main shock-aftershock sequence.

However, if we combine these K-value results with the 
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No. Date Lat. Lon. Dep. (km) ML/Mw ΔML R (km) K b Mmin
L

Mmax
L

P

1 1986/05/20 24.082 121.591 15.8 6.5/6.2 0.7 9.2
(6.2) NA 0.86

(0.02)
2.3
4.2 F

2 1986/11/14 23.992 121.833 15.0 6.8/7.3 0.5 20.2
(9.8)

660
(1128)

0.89
(0.01)

2.7
5.7 T

3 1988/04/07 23.979 121.628 1.4 5.7/5.6 0.6 4.7
(3.3)

5
(3)

0.96
(0.03)

3.0
4.5 T

4F 1990/12/13 23.879 121.548 2.8 6.5/6.3 1.8 9.8
(5.1)

9
(11)

0.85
(0.02)

2.9
4.7 T

4M 1990/12/13 23.765 121.627 1.3 6.7/6.3 1.5 9.8
(5.1)

61
(27)

0.90
(0.03)

2.7
5.1 T

5 1994/06/05 24.462 121.838 5.3 6.5/6.3 1.4 8.5
(5.3)

38
(12)

0.92
(0.05)

2.0
5.1 F

6 2000/07/14 24.048 121.728 7.2 5.7/5.4 0.6 6.0
(3.8)

1
(1) NA NA T

7 2009/12/19 23.788 121.663 43.8 6.9/6.4 2.1 7.4
(5.2)

8
(9)

0.82
(0.01)

2.2
4.8 F

8 2013/10/31 23.566 121.349 15.0 6.4/6.3 1.3 11.7
(11.0)

5
(8)

0.66
(0.01)

1.5
4.6 F

9 2015/09/15 24.248 121.820 19.8 5.7/5.3 0.1 3.0
(1.5)

28
(34)

0.81
(0.06)

1.5
4.6 T

10 2016/04/27 24.237 121.784 11.9 5.7/5.5 0.6 4.0
(2.2)

7
(12)

0.75
(0.01)

1.5
4.6 T

HF 2018/02/04 24.151 121.744 10.6 5.9/6.1 0.6 7.1
(2.9)

22
(15)

0.63
(0.01)

2.5
4.8 T

HM 2018/02/06 24.101 121.730 6.3 6.3/6.4 0.5 10.5
(5.1)

62
(29)

0.68
(0.02)

2.3
5.0 T

Table 1. Source parameters of earthquake sequences. ΔML represents the ML difference between the main 
shock and the largest aftershock. The penultimate column is the ML range for b-value determination. The 
final column is for foreshocks (true or false). See the text for other parameters. The numbers in parentheses 
represent the standard deviation.

Fig. 3. Regression (black line) of ML-Mw relationships using earthquakes recorded in both the CWB and the GCMT catalogs, followed by a con-
version from ML to seismic moment (Mo in dyne-cm). Square points were not used for regression. The stars are events in Table 1 with numbers 
indicated. The square with Mw = 7.1 is the 31 March 2002, earthquake. The red line represents ML = Mw, for reference. Note that earthquakes with 
a depth greater than 20 km tend to fall to the right of the red line (ML ≥ Mw).
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b-value results, the 2018 Hualien earthquake can be shown 
to have presented distinctive features not observed in pre-
vious earthquake sequences in the area. We estimated the 
long-term average b-value for overall seismicity in the area 
to be 0.99 ± 0.01, comparable to the b-value of 1.1 in previ-
ous studies. On the other hand, the b-values for seismicity 
within 72 h of earthquake main shocks tended to be smaller 
than the long-term average, ranging from 0.63 to 0.96. The 
b-values of the 2018 Hualien earthquake sequences, both 
HF and HM, are among the lowest of all, suggesting a rela-
tively large ratio of big events to small events. As regards 
the forecast potential, the foreshock sequence of the 2018 
Hualien earthquake did exhibit a high seismicity rate with 
events of relatively large magnitude. These characteristics 
are distinct and unprecedented compared to other sequences 
previously recorded in the area. Whether these characteris-
tics constitute a sufficient condition for predicting an ensu-
ing main shock remains to be explored.

Finally, we found that the characteristic spatial radius 
R of the earthquake sequences is generally linearly pro-
portional to the size of the main shock for shallow earth-
quakes (≤ 20 km). Sequence 7, the only lower crust event 
at a 43.8 km depth, has a relatively low R and was excluded 
from the linear regression analysis. Thus, an empirical rela-
tionship was established (Fig. 8) between R and Mw:

R = (7.80 ± 0.82)Mw - (38.68 ± 4.98)	 (3)

This relationship is mostly applicable to spatial range esti-
mates for aftershock distributions for shallow earthquakes 
(≤ 20 km) with Mw ≥ 5.3 in the Hualien area.

4. DISCUSSION

Differences in the b-values between foreshock and 
aftershock sequences have been investigated as a potential 
precursor (Knopoff et al. 1982). The statistical analysis of 
regional and global earthquake data shows a typical drop in 
the b-values for immediate foreshocks relative to long-term 
seismicity (Molchan et al. 1999). Here, we examined the 
change in the b-value for Sequence 4F versus Sequence 4M 
and for Sequence HF versus Sequence HM. In the frequen-
cy-magnitude analysis (Fig. 9), the total number of events 
for foreshock and aftershock sequences was normalized by 
moving them into the same horizon. The normalized results 
show foreshocks extending to higher ML values than the cor-
responding aftershocks. This finding suggests that relatively 
low b-values of foreshock sequences are genuine and not 
artificially diminished by the measurement methods. How-
ever, the mechanisms behind such changes in the b-value 
are still not clear.

In order to explain the low b-value of Sequence HF, 

we invoked causal mechanisms proposed for long-term tem-
poral variations in b-values around the main shock. These 
mechanisms have been supported either by experiments on 
fracture mechanics (Main et al. 1989) or by simulations of 
dynamical spring-slider models (Wang 1995). For the for-
mer, according to laboratory acoustic emission data, b-val-
ues are inversely correlated with the resistance to fracture (or 
the stress intensity factor). Resistance to fracture is in turn 
proportional to the product of the remotely applied stress and 
the square root of the length of the propagating crack or flaw 
(Meredith and Atkinson 1983). In anelastic failure model, 
the short-term drop in the b-value observed in the immediate 
foreshock sequence during the strain softening phase can be 
explained as a result of critical coalescence of neighboring 
microcracks before dynamic failure (Main et al. 1989). For 
the latter, Wang (1995) obtained power-law correlations be-
tween the b-value and the stiffness ratio of the system. Wang 
(2012) further deduced that, with increasing the P-wave 
velocity of the fault zone material, the b-value drops. The 
temporal variation in the b-value during an earthquake cycle 
would then be related to the percentage of water saturation 
in the fault zone, resulting in depressed b-values during the 
wait time before the main shock (Wang 2016).

The strategy of focusing on major earthquake sequenc-
es using criteria of more than 10 ML ≥ 4.0 events within 
72 h was motivated by the pattern of Sequence HF. This ap-
proach ends up selecting all earthquakes with Mw ≥ 6.0 and 
depth ≤ 20 km (Fig. 3). Earthquakes with depths greater than 
20 km tend to have greater ML than Mw (Fig. 3) and relative-
ly low seismicity rates. This explains why some events with 
ML greater than 6.0 and depths greater than 20 km were not 
selected by the criteria. However, the strategy here is valid 
in terms of seismic hazard mitigations, since at the same 
magnitude shallow earthquakes will cause greater damage.

5. CONCLUSIONS

By distinguishing significant earthquake sequences in 
the Hualien area and investigating their seismicity rates and 
b-values, we concluded that the seismicity rate alone is not 
sufficient to distinguish an immediate foreshock sequence 
from a main shock-aftershock sequence. The foreshock se-
quence of the 2018 Hualien earthquake is characterized by 
both a high seismicity rate and a low b-value, a combination 
unprecedented in the Hualien area. Another earthquake with 
a prominent foreshock sequence occurred in 1990, but the 
seismicity rate was not particularly high given Mw = 6.3 of 
that event. In both the 1990 and the 2018 Hualien earth-
quakes, the b-values were lower for the foreshock sequence 
than for the aftershock sequence. An empirical relation-
ship defined between the spatial range R of aftershocks and 
earthquake size Mw shows that R = (7.80 ± 0.82)Mw - (38.68 
± 4.98). This relationship is mostly applicable to shallow 
earthquakes (≤ 20 km) with Mw ≥ 5.3 in the Hualien area.
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Fig. 8. Linear regression of the characteristic radius and moment magnitude (Mw) of earthquake sequences. The empirical relationship is applicable 
to shallow earthquakes (≤ 20 km) with Mw ≥ 5.3.

Fig. 9. Frequency-magnitude distributions of foreshock (circles) and aftershock (squares) sequences for the 1990 and 2018 Hualien earthquakes, 
with the total number normalized between each earthquake’s foreshocks and aftershocks. The line segments indicate the range of ML for inverting 
b-values. Note that the circles are distributed to the right of the squares, suggesting a genuinely depressed b-value for foreshock sequences.
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