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ABSTRACT

Threshold magnitude (M,) is an important factor in determining the magnitude of completeness in calculating seismic b
values. Seismic b values can assist in determining the likelihood of earthquake events; therefore, seismic b values should be
re-determined repeatedly with ever increasing precision. In this study, we use a median-based analysis of the segment slope
(MBASS) to detect change points in Gutenberg-Richter frequency-magnitude distributions (FMDs) to determine M,. Results
give the b value for M, - 0.5 to be smaller than the b-value for M, + 0.5, and the difference in b values between M, and M, - 0.5
is larger than the difference in b values between M, and M, + 0.5. Therefore, b values resulting from M, + 0.5 should therefore
be more accurate than b values from M, - 0.5 when calculating b values using the threshold magnitude (M,). This is especially
true when earthquake events are few and M, is large such as for the time periods 1900 - 1935, and 1936 - 1972 as noted in of

Taiwan’s earthquake catalog.
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1. INTRODUCTION

Since the installation of Taiwan’s first seismograph
in 1897, Taiwan’s earthquake catalog has been relatively
complete. However, changes in seismographic characteris-
tics, network coverage, and observational practice, as well
as definitional and procedural changes in magnitude deter-
mination led to inconsistent measures of earthquake magni-
tude. Wang (1992) also reviewed in details the magnitude
scales and their relationships for earthquakes in Taiwan.
Chen and Tsai (2008) recompiled the different definitions
of magnitude for five different time periods into a uniform
standard: moment magnitude (My) (see Fig. 1a). To the
homogenized My, of Fig. la, we add supplementary data
found in the literature for the period from 1900 to 1935 (see
Fig. 1b) with the results which enriches the content with
magnitude My, = 5.5 during this period. Therefore, this ar-
ticle is based on the dataset displayed in Fig. 1b.
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We then use the size distribution of the earthquake
Gutenberg-Richter frequency-magnitude relationship (Ishi-
moto and lida 1939; Gutenberg and Richter 1944) to evalu-
ate b values, in most cases the fundamental relation is ex-
pressed as:

log,,N(M) =a-bM (1)

where a is proportional to the seismicity rate; b describes the
size distribution of events; M is the magnitude; and N(M)
is the cumulative number of earthquakes with magnitude
equal to or greater than M. The b value is an essential and
important factor in seismic hazard analysis and demands
ever increasing accuracy as advances in scholarship permit.
Therefore, we must accurately calculate b values by first
determining threshold magnitude (M,), and then following
maximum likelihood procedures to find b values. For ex-
ample, Enescu et al. (2009) used the ¢ value of the Omori-
Utsu law to detect the magnitude of completeness for a
series of aftershock sequences in Japan and then determine
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Fig. 1. (a) Plots of the logarithm of cumulative number of earthquakes per year versus the new My, magnitude for Taiwan earthquakes over different
time periods since 1900. (b) Plots of the logarithm of cumulative number of earthquakes per year versus the new My, magnitude for Taiwan earth-
quakes over different time periods since 1900, with additional data for 1900 - 1935.

the threshold magnitude (M,). They then used a maximum
likelihood procedure (Aki 1965; Utsu 1965) to calculate b
values. Wiemer et al. (2002) developed a “window” of 100
events, with an M, calculated for every 50 events, and then
applied a maximum likelihood method (Aki 1965) to calcu-
late b values. In addition, various methods have been sug-
gested to measure b values and its confidence limits (Aki
1965; Utsu 1965, 1992; Shi and Bolt 1982; Bender 1983;
Wang 1988; Frohlich and Davis 1993; Kagan 1999; Wi-
emer 2002).

2. METHOD

Some breakpoints certainly exist in the earthquake
Gutenberg-Richter frequency-magnitude distribution (see
Fig. 2). Such breakpoints are useful in determining the
threshold magnitude (M,) for calculating b values and cor-
rect determination of b values is likewise dependent upon
accurate analysis of threshold magnitudes (M,).

In this study, we use a nonparametric statistical method
called median-based analysis of the segment slope (MBASS)
(Amorese 2007). This method can help to detect change-
points of lower magnitudes to find the threshold magnitude
(M,), and also detect breakpoints toward higher magnitudes.
The method is briefly described as below:

If M, and M, are the magnitudes of two consecutive
points of the FMD, respectively, the segment slope for M =

M, was as approximated by :

(b = LN log N3 -

The segment slope was computed for each magnitude incre-
ment based upon an analysis keyed to any magnitude value
corresponding to a significant and stable change in the me-
dian of the segment slope of the FMD (the method is well
described by Amorese 2007).

3. DATA AND PROCESSING

In this study, datasets are based on Chen and Tsai’s
(2008) recompilation of different definitions of magnitude
for five different periods into a uniform moment magnitude
(My) (see Fig. 1a). For this study the catalog has been up-
dated to include earthquakes occurred up to 2007, as well as
add supplementary data found in the literature for the time
period 1900 - 1935 (see Fig. 1b). Data, in this study, is based
on Fig. 1b. Descriptions of the five different periods in Tai-
wan’s earthquake catalog are given below:

(1) 1900 - 1935 dataset: a subset of the Taiwan earthquake
catalog recompiled from magnitude M, into My,

(2) 1936 - 1972 dataset: a subset of the Taiwan earthquake
catalog recompiled from magnitude M, into My,
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(3) 1973 - 1987.6 dataset: a subset of the Taiwan earthquake
catalog recompiled from magnitude M, 4, into My,.

(4) 1987.6 - 1991.2 dataset: a subset of the Taiwan earth-
quake catalog recompiled from magnitude M), into
My,

(5) 1991.3 - 2007 dataset: a subset of the Taiwan earthquake
catalog recompiled from magnitude M; into My,

After adding additional data to the original dataset for
the period 1900 to 1935, we need to determine the differ-
ence in M, for the two datasets. There were too few earth-
quakes in this time period to use MBASS to determine M, in
the original dataset. Therefore, we evaluate M, by plotting
the cumulative Gutenberg-Richter frequency-magnitude
distribution as shown in Fig. 3, then compare the results
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Fig. 2. Examples of Gutenberg-Richter frequency-magnitude distributions from a studied data set (1900 - 2007). The numbered arrows mark appar-
ent breakpoints of the cumulative distribution. Typically, breakpoint 2 has M, magnitude.
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Fig. 3. Gutenberg-Richter frequency-magnitude distributions for the period 1900 - 1935 (BSSA, 2008) dataset (white circles) and with added data
(black circles) of cumulative number. By comparing with Fig. 2, there is a distinct slope change at My, 6.0 (white circle) and My, 5.5 (black circle)
along the cumulative Gutenberg-Richter frequency-magnitude distribution; therefore, we determine the M, to be 6.0 and 5.5 respectively.
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with Fig. 2. Figure 3 shows cumulative Gutenberg-Richter
frequency-magnitude distribution to have a distinct slope
change at magnitude My, 6.0. We, therefore, determine M,
(original dataset) to be 6.0. After the addition of new data
into the original dataset, the number of earthquakes was
still too few to use MBASS to determine M,. Consequently,
we also used the cumulative Gutenberg-Richter frequency-
magnitude distribution to determine M, for this data, too
(see Fig. 3). Figure 3 shows cumulative Gutenberg-Richter
frequency-magnitude distribution having a slope change at
magnitude My 5.5. We, therefore, determined the M, (aug-
mented dataset) to be 5.5. This analysis shows that the ad-
dition of supplementary data enriched threshold magnitude
(M) from 6.0 to 5.5.

For the time periods: 1936 - 1972, 1973 - 1987.6,
1987.6 - 1991.2, and 1991.3 - 2007, we have adequate data
to use MBASS to determine M, (see Figs. 4, 5, 6, and 7).
The determined M, values are relative, individually, to the
main discontinuities as shown in Figs. 4b, 5b, 6b, and 7b,
respectively. The change points at high magnitudes are in-
dividually relative to auxiliary discontinuity as shown in
Figs. 4c¢, 5c, 6¢c, and 7c, respectively. In this study, we are
generally concerned with the main discontinuity for each
period. We list My, a, and b values for the different periods
in Table 1.

After applying the MBASS method, we obtain the b
value of M, - 0.5 which is smaller than the b value of M, +
0.5, with the difference in b value between M, and M, - 0.5
being larger than the difference in b value between M, and
M, + 0.5. b values resulting from M, + 0.5 should therefore
be more accurate than b values resulting from M, - 0.5 when
calculating b values using threshold magnitude (M,). This is
especially true when the amount of earthquakes is few and
threshold magnitude is large, as in our database during the
time periods 1900 - 1935, and 1936 - 1972. This suggests
that using M, + 0.5 to calculate the b value will cause less
error than M, - 0.5 for b values calculated by M,,.

4. RESULTS AND INTERPRETATION

We apply the MBASS method to determine break-
points with the resultant values in M, corresponding to the
main discontinuity magnitudes. The only important discrep-
ancy is for the time period 1900 - 1935, in which earthquake
numbers are too few to use MBASS effectively to determine
M,. Here, we determine M, by comparing the cumulative
Gutenberg-Richter frequency-magnitude distributions (see
Fig. 3) with Fig. 2.

MBASS is an effective tool in determining the thresh-
old magnitude (M,) (Figs. 4, 5, 6, and 7) of the Gutenberg-
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Fig. 4. Gutenberg-Richter frequency-magnitude distributions and histograms of the magnitude discontinuities for the period 1936 - 1972. (a) Cu-
mulative (circles) and incremental (triangles) FMDs. (b) Histogram showing the distribution of the Main MBASS magnitude discontinuity (M)
obtained from 1000 bootstrap replications. (c) Same as (b) but for the auxiliary discontinuity.
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Fig. 5. Gutenberg-Richter frequency-magnitude distributions and histograms of the magnitude discontinuities for the period 1973 - 1987.6. (a)
Cumulative (circles) and incremental (triangles) FMDs. (b) Histogram showing the distribution of the Main MBASS magnitude discontinuity (M)
obtained from 1000 bootstrap replications. (c) Same as (b) but for the auxiliary discontinuity.
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Fig. 6. Gutenberg-Richter frequency-magnitude distributions and histograms of the magnitude discontinuities for the period 1987.6 - 1991.2. (a)
Cumulative (circles) and incremental (triangles) FMDs. (b) Histogram showing the distribution of the Main MBASS magnitude discontinuity (M)
obtained from 1000 bootstrap replications. (c) Same as (b) but for the auxiliary discontinuity.
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Fig. 7. Gutenberg-Richter frequency-magnitude distributions and histograms of the magnitude discontinuities for the period 1991.3 - 2007. (a)
Cumulative (circles) and incremental (triangles) FMDs. (b) Histogram showing the distribution of the Main MBASS magnitude discontinuity (M)
obtained from 1000 bootstrap replications. (c) Same as (b) but for the auxiliary discontinuity.

Richter frequency-magnitude distribution for calculating
accurate b values. The different b values by M, (for respec-
tive time periods) are given in Figs. 8 - 12. MBASS is also
useful in the detection of additional discontinuities in the
Gutenberg-Richter frequency-magnitude distributions. In
this study, even if respective cumulative Gutenberg-Richter
frequency-magnitude distributions show apparent #3 type
breakpoints (for breakpoint types see Fig. 2), datasets for
the time periods 1936 - 1972, 1973 - 1987.6, 1987.6 - 199.2,
and 1991.3 - 2007, did not show significant discontinuities
when their incremental distributions were investigated us-
ing MBASS procedures (Figs. 4c, 5c, 6¢, and 7c). These
results agree with that found in Amorese (2007).

We obtain different b values for different M, in the
same time periods which are listed in Table 2. From Table 2,
it is evident that the b value of M, - 0.5 is smaller than the b
value of M, + 0.5, and the difference in b value between M,
and M, - 0.5 is larger than the difference in b value between
M, and M, + 0.5. b values resulting from M, + 0.5 should
therefore be more accurate than b values from M, - 0.5 when
calculating b values using threshold magnitude (M,). This is
especially true when earthquake numbers for the period are
few and the threshold magnitude is large such as between
1900 - 1935, and 1936 - 1972. This suggests that if we use
M, + 0.5 to calculate b values less error will result than us-
ing M, - 0.5 in b value calculations.

Table 1. The threshold magnitude (M,), a, and b values of different
periods found in the catalog of Taiwan earthquakes.

M, a b
1900 - 1935 5.5 5.76 0.89
1936 - 1972 4.8 6.77 1.04
1973 - 1987.6 2.5 5.97 091
1987.6 - 1991.2 2.8 5.56 0.83
1991.3 - 2007 1.8 5.64 0.85
5. CONCLUSIONS

A nonparametric statistical method called median-
based analysis of segment slope was applied successfully
to Taiwan’s earthquake catalog (1900 to 2007) to detect
change points in the Gutenberg-Richter frequency-magni-
tude distributions. This approach is important for determin-
ing threshold magnitude (M,) for use in the application of
the Gutenberg-Richter frequency-magnitude relationship to
calculate reliable b values. b value is an important factor
in seismic hazard analysis, according to Wyss and Stefans-
son (2006) future mainshocks can be expected along zones
characterized by low b values. Therefore, we could obtain a
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Table 2. The a, b variation of different M, values of different periods found in the catalog of Taiwan earthquakes.

M, M,-0.5 M,+0.5
a b a b a b
1900 - 1935 5.76 0.89 +0.02 5.03 0.78 +£0.03 6.09 0.94 £0.03
1936 - 1972 6.77 1.04 +0.02 6.27 0.96 +0.02 6.86 1.06 +0.02
1973 - 1987.6 5.97 0.91 £0.01 5.74 0.86 +0.01 6.14 0.95+0.01
1987.6 - 1991.2 5.56 0.83 +0.01 5.38 0.80 +0.01 5.70 0.86 +0.01
1991.3 - 2007 5.64 0.85+0.01 5.51 0.82+£0.01 5.73 0.87 £0.01

better seismic hazard map, after applying the MBASS meth-
od to determine the threshold magnitude (M,), then to obtain
b values, it will be a profit for mitigating and preventing
seismic hazard. We present the following conclusions:

(1) We can obtain a different b value from the determined
M, range as shown in Figs. 8 - 12.

(2) The b value of M, - 0.5 is smaller than the b value of M,
+ 0.5, and the difference in b value between M, and M,
- 0.5 is larger than the difference in b value between M,
and M, + 0.5 (Table 2).

(3) If earthquake events are few and the threshold magnitude
is large, such as during 1900 - 1935, and 1936 - 1972,
M, + 0.5 gives a better result than M, - 0.5 when using
threshold magnitude to calculate b values.
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