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Abstract

In order to find a practical method to assess forthcoming activity of aftershocks, an attempt
was made to predict a plausible range of the number of major aftershocks of the 1999 Chi-Chi,
Taiwan earthquake of September 20 (UTC; M,=7.7). Although a method of predicting the
probability of aftershocks had been proposed, assuming that parametersin the modified Omori
formula would not change during the period of prediction, such an assumption might some-
times be invalid at the time of the especially large aftershocks. For this reason, a range of the
number of aftershocks was experimentally discussed between September 22 and November 21
based on the 5-95% or the 0-90% points of the Poisson distribution. ‘As a result, 11 cases were
successful among 13 trials, suggesting that a prediction of the range of the number of after-
shocks will be available for practical use, at least to some extent.

Key words: earthquake prediction, aftershock, modified Omori formula, Poisson distribution,
the Chi-Chi earthquake

1. Introduction

Based on the modified Omori formula and the Gutenberg-Richter relation for
aftershock activities, a method of predicting the probability was proposed by
REASENBERG and JoNEs (1989, 1994), and was applied to, for example, the 1984 Western
Nagano Prefecture, Japan earthquake of M;a=6.8 by ABE (1991, 1994). The proba-
bility P (M, t,,%,) that more than one aftershock with a magnitude equal to or greater
than M will occur between ¢, and &, is,

PM, t1,8) =1—exp{—NWUM t1,t)}

{ 1—exp[— 10472 W =Mmin) {(#; + )12 — (t,+c) "}/ (p—1)] GESY

1—exp[— 102 M Mwind |n {(t,+¢)/ (ti+c)} ] ®»=D,

being slightly modified from the formulation of Hosono and YosHIiDA (1992). Here, K,
¢, p, a (=logK), and b are parameters in the modified Omori formula and the
Gutenberg-Richter relation. Mui is minimum magnitude to be discussed and ¢ and
¢, are the time intervals from the occurrence of the main shock. N(JVI, t1,t2) is the
expected number of aftershocks with a magnitude equal to or greater than M
between f; and . In 1998, based on these discussions, probability predictions of
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aftershock activities began for official announcement by JMA (Japan Meteorological
Agency, Tokyo) when major earthquakes occur in Japan (TsukakosHI et al., 2000).

However, it was discussed that there is an inevitable limitation in this method of
probability prediction at the first official announcement for the 1998 Northern Iwate
Prefecture earthquake of Mmya=6.1. That is, if we intend to apply a probabilistic
method for the prediction of especially large aftershocks, the probability may some-
times be underestimated. This is because aftershock activity may be activated just
after the occurrence of a large aftershock, and the curve of a cumulative number of
aftershocks will vary from the slope expected by the modified Omori formula that is
fitted to the data before the large aftershock. Such a discontinuity of the slope of a
cumulative curve may also be intensified by possible quiescence which sometimes
appears before major aftershocks (e.g. OHTAKE, 1970; MATSU'URA, 1986). Since the
method for probability prediction is based on the expected total number of events
above the minimum threshold of M, for a certain period, an error in the predicted
number would result in the incorrect probability of a large aftershock.

Considering the problem mentioned above, it might be useful to predict a
plausible range of the number of aftershocks, in addition to discussing the probabil-
ity value itself. In order to find practical efficiencies and/or difficulties, a range of
the number of aftershocks was experimentally predicted from June 1999. In the
next section, a method of predicting a plausible range is discussed. Subsequently,
the result of a case study on the 1999 Chi-Chi, Taiwan earthquake (M;=7.7) is shown
for evaluating the method.

2. Method of predicting the range of the number of aftershocks

As shown in the previous section, the expected number N (¢, %) of aftershocks
‘between #, and ¢, is well known for any threshold of minimum magnitude as long as
we can assume the modified Omori formula as »n ({)=K/(+c): (n(¢) is the frequency

of aftershocks occurred in a unit time interval at the lapse time ¢ after the main

shock);

K{tito)' 7=t/ (o—D @#D)
Nty )=
K In{(t;+c)/ (1 +o)} @=D.

According to this relation, after estimating the values of X, ¢, and p using data by
time ¢;, we can obtain the possible number N (¢1,£,). However, more precisely, it is the
average number expected. In some cases, more aftershocks may occur than this
estimation. Otherwise, only a small number of aftershocks may occur within the
predicted period. Consequently, a plausible range of the number of aftershocks is
desirable. Here, there is a problem in that a wide range may be necessary in order
to prevent a false prediction, although the range should be narrow for practical use.

The binomial are Poisson distributions are useful for considering the plausible
width of the predicting range. Let N be the expected number (i.e. expectance)
between ¢; and t;, and Ny be a certain large value; e.g., total number expected in the
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Fig. 1. Calculation of the binomial distributions: Probability densities (bars)
and cumulative distributions (circles) that i events will occur among the
total number N,, with an assumption for the expected number N=5.

remaining period. Based on a definition of the binomial distribution, a probability
P (i; No, N/Ny) that i events among N, will occur during the interval of ¢, and £, is,

P(Z, Ny, N/NO):NO CI(N/No)l (1_N/N0)No_i .

For example, a calculation of P (i; Ny, N/Ny) for N=5 is shown in Fig. 1 for different
values of Ny. Fortunately, the results are practically identical in spite of the differ-
ence of N, as long as No>N, and they converge into the Poisson distribution P, (i; N),
defined by,

P, (i; N=exp(—N)N/i! (i=1,2, --).

Alternative explanations will be possible for the binomial and Poisson distribu-
tions. Let us divide the time interval between ¢ and #, into successive Ny sub-
intervals with the expected number of N/N,. If the events are considered to occur
independently of each other, a probability P (i; Ny, N/Ny) or rather P, (i; N) for Ny—>oo
can be obtained.

Fig. 1 shows that i=5 is the most common, but the range of i=3-8 or 2-9 is
necessary if we hope to have a successful prediction with a rate of more than 80 or
90%, respectively. Calculations of the 5-95% range of P, (i; N) for various values of
N are shown in Fig. 2. Exactly 5 and 95% points of the Poisson distribution (Tables
2-3) and their approximate formulae are shown in Appendix. However, if the lower
threshold of i is zero, the 5-95% range is in fact identical to the 0-95% range. Insuch
a case, the 0~90% range may be enough to predict a plausible width, as long as the
parameters K, ¢, and p are well determined. Accordingly, the 90% point of the
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Fig. 2. 5-95% range of the number of events i for the Poisson
distribution. The horizontal axis is the averaged number N for (a)
N=05 to 11 and (b) N=10 to 110. Ranges of 1/2-2, 1/1.5-1.5 and
1/1.2-1.2 times of N are also shown by broken lines.

Poisson distribution is also shown for small values of NV in Appendix {Table 4). As
shown in Fig. 2, the 90% range (i.e. the 5-95% or 0-90% range in a cumulative
distribution curve) will be achieved by, approximately, 1/2-2 times of N for small
values of N up to around b (omit fractions for the lower boundary; ranges for N=0.2
and 2.0-2.2 are not reliable), and 1/1.5-1.5 times of N for N=20-30.

In the actual earthquake activity, however, the data fluctuate from the ideal
relation; i.e., the modified Omori formula. In addition, a lack of data may also exist
in the available earthquake list, especially soon after the earthquake occurrence.
Therefore, the parameters K, ¢, p, and thus the expected number N (¢, ;) may include
errors that are not so small. At the time of a prediction, such errors should also be
considered for a plausible range.
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Fig. 3. Earthquakes at a depth of less than 100km during
September 20 and November 30, 1999 (UTC) after USGS.
Events within a dotted square are regarded here as aftershocks
of the Chi-Chi, Taiwan earthquake of September 20, 1999.

3. Case study for predicting the Chi-Chi, 1999 Taiwan aftershocks

Worldwide earthquake lists are available from NEIC (National Earthquake Infor-
mation Center at Golden, Colorado) of USGS (United States Geological Survey) with
time lags of zero to one day (Near Real Time Earthquake List) or a few days (List of
Recent Earthquakes). Based on these data, aftershock activities of the 1999 Chi-Chi,
Taiwan earthquake (Fig. 3) were predicted unofficially. The current experience is
shown in both Table 1 and Fig. 4 for events with a magnitude of 5.0 or larger. Here,
all activities around the main shock were regarded as aftershocks as shown in Fig.

"3, even if some of them might have occurred outside the main fault region.

The main shock occurred at 17: 47 on September 20, 1999 (UTC). An estimation
of the parameters in the modified Omori formula was carried out for data 2 hours
after the main shock, because many aftershocks might be missing in the catalog just
after the main shock. Without using these data, however, it was impossible to
estimate a reliable value for the parameter ¢, which is assumed here to be 0.05 (day)
referring to the typical value obtained in Japan (e.g. UTsu, 1999). The value p was
also unreliable for estimating in the beginning of activity, and was, if necessary,
assumed to be 1.15 referring again to the typical value in Japan (e.g. Utsu, 1999). In
the present case study for M =50 or larger, the expected number N (4,t;) was
generally small and the range of the prediction was basically taken to be around
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Fig. 4. Cumulative number of aftershocks of the 1999 Chi-Chi, Taiwan earthquake with
a magnitude of 5.0 or larger between September 20 and November 30, 1999 (UTC) after
USGS. Dotted squares represent the range of the number of experimentally predicted
aftershocks.

Table 1. List of the present experimental predictions for a range of
the number of aftershocks (M=5.0 or larger) of the 1999 Chi-Chi,
Taiwan earthquake. False predictions are shown by X.

Date of Period of Predicted Observed

prediction prediction number number
Sep. 22 1200 Sep. 22-1200 Sep. 23 0-3 1
Sep. 22 Sep. 23 0-2X 3
Sep. 22 Sep. 24 0-2 0
Sep. 22 Sep. 25 0-2 2
Sep. 25 Sep. 26-Oct. 2 0-4 2
Oct. 2 Oct. 3-Oct. 9 0-4 1
Oct. 8 Oct. 10-Oct. 16 0-3 1
Oct. 17 Oct. 17-Oct. 23 0-2X 3
Oct. 26 Oct. 24-Oct. 30 0-2 1
Nov. 1 Oct. 31-Nov. 6 0-2 1
Nov. 7 Nov. 7 -Nov. 13 0-2 0
Nov. 14 Nov. 14-Nov. 20 0-2 1
0

Nov. 21 Nov. 21-Nov. 27 0-2

1/2-2 times of N (f1,%;) as shown in the previous section. However, its range was
extended to, for example, 1/3-3 or even 1/4-4 according to the degree of the errors in
the expected values of N (¢, %) '

The prediction included 13 trials from September 22 to November 21. Among
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Fig. 5. Cumulative number of aftershocks of the 1999 Chi-Chi, Taiwan
earthquake, and re-determined parameters K, ¢ (in day) and p of the modified
Omori formula for the events with magnitude M=5.0 or larger. The
continuous curve in the figure for the cumulative number is the modified
Omori formula fitted to all the data by November 30. The values of X, c,
and p are plotted at the end of the analyzed period.
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quake, and re-determined parameters K, ¢ (in day) and p for the events with

Day in September—November 1999

magnitude M =45 or larger. The explanations are the same as in Fig. 5.

them, 85% were successful, but underestimations occurréd twice. One of the false
In this case, 0-2 events were expected.
Against this, however, 3 events were reported by USGS. Considering the uncertain-
ty of the expected number N (¢1,%), a wide range should have been needed in this case.
On October 22-23, a new activity of My=5.9 occurred southwest adjacent to the

predictions occurred on September 23.
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previously active region. Including this extended activity, observed events in the
week from October 17-23 totaled 3 against the predicted number of 0-2. As shown
in these cases, the present simple method is not of course perfect, and results in false
predictions in some cases with a small probability.

Incidentally, the parameters of K, ¢, and p are re-examined based on all data
prepared six months after the main shock (Figs. 5-6). For events with M=5.0 or
larger, K, c, and p were found to be 4-5, 0.01 or less, and 0.7-0.8, respectively, in the first
several days using a maximum likelihood method (e.g. OcaTa, 1983). Hereafter, X, c,
and p were relatively stable at 4, 0.02 and 0.9-1.0, respectively. In this calculation,
however, the total number of M=5.0 or larger were only about 20-30, suggesting a
possible lack of confidence in the reliability of the estimated values. In the magni-
tude range of M=4.5 or larger, K, ¢, and p varied wider around 9-13, 0.06-0.16, and
1.1-1.7, respectively, up to September 26. Subsequently, K, ¢, and p became about 183,
0.03-0.06, and 0.9-10, respectively. The results suggest a question over the first
several days, but proved that ¢ was commonly small to be 0.02-0.06 and p was 0.9-1.0
throughout the total period of 60-90 days. Among them, small but marked step-
downs in the values of ¢ and p were caused by the activity on October 18 and 22-23.
Prior to October 18, a relative quiescence was recognized in the curve of the
cumulative number of aftershocks (Fig. 6).  Such a quiescence and a possible recov-
ery on October 18 (m,=5.0 and others) might have been a precursor to forthcoming
activity; ie., the My=5.9 event on October 22. Unstable results obtained in the first
several days suggest a lack of data, especially in the magmtude range of less than
M=5.0.

4. Additional comments and conclusions

Considering that events of less than M =5.0 seem to be incompletely listed in the
catalog of USGS, an experimental prediction for M=4.0 or larger was carried out
based on the catalog of JMA. As a result, the number of successful predictions was
almost identical to that of M=5.0 or larger. However, this is omitted in this paper
because it was proved that the list of JMA was also incomplete in this region located
outside the Japanese seismic network, and that magnitudes of M=4-5 were, in many
cases, slightly smaller than those determined by USGS.

A similar problem was also found in the preliminary catalog of CWB (Central
Weather Bureau, Taipei). In this case, the magnitudes were systematically larger
than those of USGS. For example, 1.6 times of events of M=5.0 or larger were listed
by CWB compared to the data of USGS.

In conclusion, a range of the number of aftershocks was expenmentally pre-
dicted for the 1999 Chi-Chi, Taiwan earthquake. When an expected number N
between #; and ¢, was obtained after estimating the parameters in the modified Omori
formula, a plausible range was obtained from; e.g, the 5 and 95% points of the
Poisson distribution. If we approximate the range by 1/a-a times of N, a will be
around 2 for N=5 or less, and 1.5 for N=20-30, in order to achieve the probability of
a successful prediction around 90%. In addition, when the estimation of N is not so
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convincing, the value of @ should be increased, for example, to 3 or 4.

In the present test, the rate for successful predictions is 85%, which is close to the
expected value of 90%. This proves that a method for predicting a range of the
number of aftershocks can be put to practical use. Although the predictions in-
cluded a not so small range, it is still useful to know an outline of forthcoming
aftershock activity for the people in the epicentral area, especially for the staff of
offices involved with disaster prevention. Rapid and reliable data obtained by near
real-time monitoring of earthquakes is desirable to develop the present prediction
efforts.
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Appendix: 5 to 95% range of the Poisson distribution

The 5 and 95% points of the cumulative values of the Poisson d1str1but10n are
calculated for the expected number N=0 to 15 (Table 2), and for N up to 1,000 (Table
3). In addition, the 0 and 90% points are shown in Table 4 for N up to 2.99.

Although the cumulative distributions can be easily computed from the notation
of the Poisson distribution, explicit formulations for the 5 and 95% points will also be
useful. For large N, the Poisson distribution is well known to be approximated by
the x? distribution and thus the normal distribution, after a certain transformation of
the parameters (e.g. YamaucHhi, 1972).  Let xg05 and xo95 be the 5 and 95% points for the
Poisson distribution, respectively. Then,

%005 =[ {(— a4 ul +4N )/2}*—0.5]
%o095=[ {(Ua+yu.+4N )/2}* —0.5].
Here, U=z —(ao+az)/(1+bz+byz%),

=y—2In(—-a),1—a=0.05,

Table 2. 5 to 95% range of the Poisson distribution

The 5 and 95% points of the Poisson distribution P, (i; N) are defined by the minimum
value of x satisfying,

X x
X P, (i; N)=0.05 and X P, (i; N)=0.95,
i=0 i=0

respectively. Expected number is the expectance N, and N=0.05 in the first line, for
example, does not necessarily include 0.051. Similarly, N=0.06 in the second line does
not necessarily include 0.059. Values in parentheses are calculated using proposed
approximate formulae.

Expected number (appr.) 5-95% range Expected number (appr.) 5-95% range
0.00-0.05 (0.00-0.05) 0-0 7.69- 7.75( 7.70- 7.76) 3-13
0.06-0.35 (0.06-0.35) 0-1 7.76— 8.46 ( 7.77- 8.46) 4-13
0.36-0.81 (0.36-0.82) 0- 2 8.47- 9.15 ( 8.47- 9.16) 4-14
0.82-1.36 (0.83-1.38) 0-3 9.16- 9.24 ( 9.17- 9.24) 5-14
1.37-1.97 (1.39-1.98) 0- 4 9.25-10.03 ( 9.25-10.03) 5-15
1.98-2.61 (1.99-2.63) 0-5 10.04-10.51 (10.04-10.52) 5-16
2.62-2.99 (2.64-2.99) 0- 6 10.52-10.83 (10.53-10.83) 6-16
3.00-3.28 (3.00-3.30) 1- 6 10.84-11.63 (10.84-11.63) 6-17
3.29-3.98 (3.31-3.99) -7 11.64-11.84 (11.64-11.85) 6-18
3.99-4.69 (4.00-4.71) 1- 8 11.85-12.44 (11.86-12.43) 7-18
4.70-4.74 (4.72-4.74) 1-9 12.45-13.14 (12.44~13.15) 7-19
4.75-5.42 (4.75-5.43) 2-9 13.15-13.25 (13.16-13.24) 8-19
5.43-6.16 (5.44-6.17) 2-10 13.26-14.07 (13.25-14.06) 8-20
6.17-6.29 (6.18-6.30) 2-11 14.08-14.43 (14.07-14.44) 8-21
6.30-6.92 (6.31-6.93) 3-11 14.44-14.89 (14.45-14.88) 9-21
6.93-7.68 (6.94-7.69) .90-15.70 (14.89-15.70) 9-22
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ap=2.30753, a;=0.27061, b;=0.99229, b,=0.04481.

[x] represents the maximum positive integer or 0, which does not exceed x. u, is the
approximation of the cumulative distribution of the standard normal distribution
proposed by HASTINGS et al. (1955). In order to improve the approximation for small
values of N;ie., especially for N<10, a correction term is proposed empirically as

follows, )
Xoos=[ U —ta+Vu+4N )/2}2—05+1.72exp (—1.22 N*32)]

%oss=[ {(ttat++y 12 +4N )/2}2—05—329exp (— 1.61 N*)].

Approximate values obtained from these relations are compared with exact values of
%, in Table 2.

Table 3. 5 to 95% range of the Poisson distribution

Expected number 5-95% range Expected number 5-05% range
0.15 0-1 15 9- 22
0.2 0-1 20 13~ 28
0.3 0-1 30 21~ 39
0.4 0-2 40 30- 51
0.5 0-2 50 39- 62
0.6 0- 2 60 48- 73
0.7 0- 2 70 57- 84
0.8 0- 2 30 66— 95
0.9 0-3 90 75- 106
1.0 0~ 3 100 84- 117
1.5 0- 4 150 130- 170
2 0-5 200 177- 224
3 1- 6 300 272- 329
4 1- 8 400 367- 433
5 2-9 500 464~ 537
6 2-10 600 560- 641
7 3-12 700 657 T44
8 4-13 800 754~ 847
9 4-14 900 851~ 950
10 5-15 1000 948-1052

Table 4. 0 to 90% range of the Poisson distribution

Expected number 0-90% range Expected number 0-90% range

0.00-0.10 0-0 1.11-1.74 0-3
0.11-0.53 0-1 1.75-2.43 0-4
0.54-1.10 0-2 2.44-2.99 0-5
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