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Decreased b-value prior to the M 6.2 Northern Miyagi, Japan, earthquake of
26 July 2003
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We developed a method to map and investigate temporal changes in the b-value using the signed Akaike infor-
mation criterion (AIC) value and seismicity rate before the 2003 September 26–27 Northern Miyagi earthquake
sequence. We studied the seismicity within a radius of 30 km around the epicenter of the largest shock, which
was M 6.4, by three approaches: an analysis of all the events listed in the catalog; an analysis of only background
events, but on data extracted by two different methods. We found that the change in the b-value of the clustered
activities and background activities are different. The b-value of all events decreased from 1.2 to 0.7 and that of
background event decreased even more. We empirically modeled the precursory temporal variation of the b-value
and searched similar patterns among 971 areas chosen sequentially from inland Japan. The precursory pattern
was both rare and significant; the AIC value was the second most significant factor among the more than 3000
tests conducted on 971 areas, each with four time windows. If the catalog was not declustered, the AIC of the
precursory pattern became lower.
Key words: b-value, precursory, ETAS model, seismicity.

1. Introduction
Although some doubt their significance of precursory

seismic patterns before large earthquake, there have been
a number of reports on such patterns, including precursory
swarm or preshocks (Sekiya, 1976), accelerating seismic
moment release (Varnes, 1989; Sykes and Jaume, 1990),
precursory seismic quiescence (Inouye, 1965), decreases in
b-value (Imoto, 1991), donut pattern (Mogi, 1969), hori-
zontal migration (Kagan and Knopoff, 1976), downward
migration (Mogi, 1988), and bursts of aftershocks (Kelis-
Borok et al., 1980). Rundle et al. (2002) obtained some
positive results on the possibility of earthquake prediction
based on seismicity pattern. Such patterns should be inves-
tigated given the impact of earthquake prediction to society.
As seismic activity reflects the physical condition of Earth’s
crust, any information relating to forthcoming, potentially
damaging earthquakes is of importance.

Temporal variations in b-values and their relation to the
forthcoming damaging earthquakes have been discussed by
many authors. Cases where the b-value decreases before
large earthquakes have often been reported. Wyss and Lee
(1973) reported a decrease in the b-value before four out
of five California earthquakes with magnitudes of 3.9 to
5.0. Smith (1981, 1999) found that an increase in the b-
value was present for several years before the occurrence of
large earthquakes and that the b-value decreased to normal
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in the short interval before the large event itself. Ogata
and Katsura (1988) also found low b-values before large
aftershocks. Li et al. (1978) found a decrease in the b-value
before the Tanshang earthquake, and Imoto (1991) reported
a decrease in the b-value before several earthquakes that
occurred in inland Japan. Hirose et al. (2002) studied the
temporal variation of b-values in asperities of subduction
zones and found that a significant decrease in the b-value
occurred in an asperity (asperity b in their paper). Imoto
(2003) developed a testable model based on an increase in
mean event size (equivalent to a decrease of the b-value)
and obtained a probability gain of two- to fourfold in the
Kanto area, Japan.

A decrease in the b-value prior to large earthquakes has
also been observed in numerical simulations (Yamashita
and Knopoff, 1992; Hainzl et al., 2003) and labora-
tory experiments (Scholz, 1968; Ohnaka and Mogi, 1982;
Sammonds et al., 1992; Lei et al., 2004), which real-
ized several well-founded properties of seismicity, such as
Gutenberg-Richter’s magnitude-frequency relation (Guten-
berg and Richer, 1944) and modified Omori’s law (Utsu,
1961). See Main et al. (1989) and Main (1996) for a com-
prehensive review on these subjects.

Several earthquake prediction trials based on these pre-
cursory patterns have been proposed and tested. The appli-
cation of a b-value model (Imoto, 2003) and M8 algorithm
(Kellis-Borok and Kossobokov, 1990) shows that these pat-
terns can improve the time-dependent earthquake hazard
models. However, these algorithms also produce an ineli-
gible number of false alarms, clearly illustrating that more
knowledge on seismic activity is required.

An increase in the number of detailed case studies on
precursory patterns is expected to result in empirical in-
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formation that will improve the time-dependent earthquake
hazard model. Although very wide variations in the ma-
turity, inhomogeneity, geometry, and physical condition of
the seismogenic faults exist, the number of case-studies is
too small to enable any expert discussion of the relation of
seismicity patterns, including precursoric ones, to such dif-
ferences.

We studied the seismicity prior to the Northern Miyagi
sequence. The b-value change was investigated by separat-
ing the total event into background events and their after-
shocks with the aim of identifying new patterns. We con-
sider this separation to be important because the b-value
of the aftershocks can behave differently from those of
the background events. Considering the b-value of after-
shocks in a sequence is often temporally invariant (e.g.,
Utsu, 1961), as the b-value of aftershock may depend on
the mainshock and not on the forthcoming earthquakes.

2. Data
Our data were drawn from the JMA (Japan Meteorologi-

cal Agency) catalog. From October 1997 up to June 2003,
the completeness level of magnitude is considered to be
smaller than 2.0 for the most inland part of Japan (Ohta et
al., 2004).

Several changes in the observatory networks occurred
during our study period. In October 1997, the JMA began to
collect seismograms that had been installed by various uni-
versities and institutes throughout Japan. In October 2001,
the High Sensitivity Seismograph network commenced op-
erations in the territory of the Sendai district meteorological
observatory, which covers the study area. We paid attention
to these changes and show the results with b-value changes
by natural causes in a subsequent section of this article. We
ultimately concluded that these changes did not affect the
reporting of earthquakes with a magnitude ≥2.0.

Using a consistent magnitude scale is essential when dis-
cussing b-value changes because the use of different magni-
tude scales would give different b-values. Here we mostly
used the old JMA magnitude scale and applied the newer
one (Katsumata, 2004) as a supplement despite the recent
revision of the JMA magnitude scale. We did this be-
cause the revised magnitude may be temporally inhomoge-

neous. As the magnitude scale is sensitive to the observa-
tory network (e.g., Habermann and Craig, 1988; Mashiko
and Noguchi, 2003), the new stations installed during our
study period (from 1997 to 2003) may induce systematic
change in the reporting of the magnitude scale. Also, small
earthquakes are attached greater weights when the b-value
is estimated by the maximum likelihood estimate compared
to least square estimation (Utsu, 1965). To avoid misunder-
standing; we should be careful that the relative insensitivity
of the estimated parameter b to the number of large events
does not mean that the number of large events does not af-
fect the problem of model selection at all.

We selected events shallower than 20 km in order to re-
move deep events from the data. The depth was selected be-
cause the subducting plate boundary is deeper than 20 km in
most of inland Japan. We used events with a precision flag
‘K’, which means the epicenter is reliable. While this pre-
caution prevented our counting wrong events, most events
in the catalog with a magnitude >2.0 are marked with the
‘K’ flag, and our step may therefore be considered almost
redundant.

3. Method and Model
3.1 Gutenberg-Richter’s relation and cumulative mag-

nitude plot
The representation of Gutenberg-Richter’s law (Guten-

berg and Richter, 1944) for frequency-magnitude distribu-
tion can be expressed by the following probability density
function.

P(M | b) = (log10(e)/b)10−bM

where M is the magnitude of the event, b is a constant, and
P(M | b) is the probability density function.

The maximum likelihood estimate of the parameter b is
given by the following simple equation

b̃m.l.e. = log10(e)/(E[M] − M0)

(Aki, 1965), where E(M) denotes the average of magnitude
of the sample, and M0 denotes the lower magnitude thresh-
old.
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Fig. 1. Explanatory figure of cumulative magnitude plot. Using this plot, the slope of the plot coincides with the maximum likelihood estimate of the
b-value. Also, the time of the b-value change can be read by using the cumulative number plot drawn with the same vertical axis.
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Smith (1986) studied b-value change by a method called
CUSUM. The y-coordinate of CUSUM is given by

Cn =
n−1∑
i=0

(
Mi − M̄

)
,

where M̄ is the average of the magnitude of the entire sam-
ple or an approximation of the average. Instead, we subtract
the magnitude of the lower threshold to find the changes
in the b-value. This makes the gradient of the plot the re-
ciprocal of the b-value (Faculty of Science, Tohoku Uni-
versity, 1991). If we swap the x- and y-axis, we obtain
the b-value itself. In other words, we plot on the point

(xi , yi ) =
(∑i

j=0

(
M j − M0

)
, i

)
(Fig. 1). The gradient of

the plot is then given by:

δy/δx = i

/ (
i∑

j=0

(
M j − M0

))

= 1/E[(M − M0)]

= loge(10)b̂m.l.e., e = 2.7182 · · · .
The advantage of this method is that we can understand

the time of the b-value change easily by comparing the
plot to the cumulative number versus the time plot. We
can choose the same vertical axis of the above plot and
the cumulative number plot because both vertical axes are
the cumulative number of events (Tsukakoshi et al., 2007,
2008).
3.2 Treatment of aftershocks

3.2.1 Clustered activities and b-value Intensity
functions are expressed by the sum of two terms: indepen-
dent and their aftershocks.

We removed aftershocks because the lower level of
magnitude completeness becomes significantly higher after
large events occur (e.g., Kagan, 2004). Due to the long-
lasting coda wave, the arrival phases of small earthquakes
can not be picked, and their hypocenters are therefore not
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Fig. 2. Apparent b-value changes after the Western Tottori earthquake.
The downward arrow shows the occurrence of the M 7.3 event. The
b-value is low after the event, but this is due to the detectability of small
events. The slope recovers at about the thousandth event, which means
that small events are picked. After the thousandth event, the slope is
constant until the end of the graph, which indicates that the b-value is
almost constant during the sequence.

determined. The apparent b-value becomes smaller but
does not reflect actual seismic activity. For example, Fig. 2
shows the cumulative magnitude plot that includes the 2000
M 7.3 Western Tottori earthquake and its aftershocks. The
tip of the downward arrow in the figure shows the occur-
rence time of the mainshock. The cumulative magnitude
curve bends at the occurrence time and the slope becomes
gentle. This means that the calculated b-value was tem-
porally low after the event. The low b-value estimated by
the gentle slope is not generally a natural phenomenon but,
rather, caused by the indefectibility of the aftershocks. The
absence of a small event increases the mean magnitude and
decreases the estimated b-value.

Nevertheless, some authors have made several observa-
tions on using the declustered catalog to calculate b-value
(Knopoff et al., 1982; Frohlich and Davis, 1993; Lombardi,
2003). They claim that many declustering procedures inten-
tionally retain large events and discard smaller ones. This
selection biases the estimated b-value, but it is not a serious
problem in our study because we apply the same method to
the whole period. The bias of two periods would therefore
be equal.

3.2.2 Declustering method Two declustering meth-
ods have been adopted. Because the background events can
be defined in many ways, the result would be affected to a
greater of lesser extent by the definition that is used. Conse-
quently, our approach of using two methods is very mean-
ingful. One of the algorithms we adopted is Reasenberg’s
algorithm (Reasenberg, 1985), and the other is based on the
space-time extended ETAS model (Ogata, 1998). These
two algorithms have completely different methodologies.
The Reasenberg’s algorithm determines cluster based on the
time and distance between events, while the ETAS model
determines background seismicity based on the stochastic
model of background and clustered activity.

For the Reasenberg’s algorithm, we used the following
options: Rfact = 10 and an adjustment of the hypocentral
errors. The source code was obtained from USGS’s home-
page (URL: http://quake.wr.usgs.gov/research/software/).
We made minor modifications on it to deal with the for-
mat of the JMA catalog and the Y2K problem. There are
about 200,000 events with a magnitude of not less than 2.0
in the catalog and about 120,000 clusters are reported in the
period from October 1997 to June 2003.

3.2.3 Estimating the b-value using ETAS model
The methodology of using the space-time ETAS model to
extract background event information is the same as that de-
scribed by Tsukakoshi and Shimazaki (2006) except that we
considered magnitude-frequency distribution in our study.
A brief outline of the methodology is as follows. If we de-
note the probability density function (p.d.f.) on the space-
time distribution of earthquake occurrence by P(x, y, t),
the total distribution function is given by a simple multi-
plication theorem for probability:

P(x, y, t, M) = P(x, y; M)P(M).

Let the probability density function of earthquake occur-
rence defined on the study area and period be μ+ K , where
μ is the p.d.f. of the background event and K is the p.d.f.
of the aftershocks. Assuming that the two types of earth-
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quake has different b-values, we obtain the following p.d.f.
for total seismicity.

λ(x, y, t, M) = βbackground(t) exp(−βbackground(t)M)μ

+ βaftershocks(t) exp(−βaftershocks(t)M)

× K (x, y, t) (β• = b• loge 10) (1)

Using Eq. (1), we estimated the parameter bbackground and
baftershocks, by maximizing the likelihood function for the
above intensity function. The b-values are not fixed and
estimated for each case.

There is one important difference between the signifi-
cance of the b-values of the background events estimated
by using the two declustering methods. Reasenberg’s al-
gorithm selects the largest event in the cluster as the main-
shock, but the ETAS model holds immigrants or the first
one in the cluster. There is also a difference in the deter-
mination method of the magnitude of the mainshock. The
magnitude of main events calculated from the former is ob-
tained by summing up the moment of each and every earth-
quake in the cluster; the latter simply takes the magnitude
of first event. If these two methods give similar results, the
result is reliable.

To draw a cumulative magnitude plot of the background
event using ETAS model, we need additional information
because the model does not determine the background event
explicitly. Instead, we can use the fact that the model gives
the probability of independence for event i as below:

pi = (βb(ti ) exp(−βb(ti )Mi )μ)

(βb(ti ) exp(−βb(ti )Mi )μ) + (βa(ti ) exp(−βa(ti )Mi )K (xi , yi , ti ))
,

βb = bbackground, βa = baftershocks, (β• = b• loge 10),

(Dempster et al., 1977; Kagan, 1999; Zhuang et al.,
2004). Using this probability, we defined the x-y coor-
dinates of the point of cumulative magnitude as (x, y) =
(sum(p), sum(pM)). The slope of the plot gives the recip-
rocal of the weighted mean of magnitude, and the slope of
the curve obtained using the entire sample coincides with
bbackground.

The mathematical justification of the procedure is given
as follows. The log-likelihood of a point-process model is
given by

log L = log λi −
∫

R
λ dr , (2)

where R is the support of the intensity function λ (a sup-
port is a subspace of the domain of a function where λ

has non-zero value; e.g., Ogata, 1998). Where the log-
likelihood takes the maximum value, the optimal param-
eters of bbackground are given. Then, differentiating both
sides of the equation, the left side of the equation becomes
0. Substituting Eq. (1) into Eq. (2) and differentiating by
bbackground gives

bbackground = log10(e)
∑

i

pi

/ (∑
i

pi (Mi − M0)

)
.

Thus, the slope of plot (x, y) = (sum(pi ), sum(pi M))

becomes the bbackground if p is calculated using the maxi-
mum likelihood estimate of bbackground. It may initially ap-
pear confusing to speak about the change in the b-value

using the probability obtained by assuming a constant b-
value is constant, however, we expect the slope is close to
bbackground. This equation for estimating bbackground is also
given in Zhuang et al. (2004) based on the consideration of
probability. In this study, the relation between the equations
to the maximum likelihood estimate was revealed, and we
applied it to the cumulative magnitude plot to study tempo-
ral variations of bbackground.

4. Precursory Patterns of the Northern Miyagi
Event

4.1 The 2003 September 26 Northern Miyagi event
The Northern Miyagi earthquake sequence can be de-

scribed as follows. The mainshock took place at 7:16 26
July 2003. According to the National Research Institute
for Earth Science and Disaster Prevention, it was an in-
traplate shallow crustal event with a depth of 12 km. It had
a reverse-type mechanism, and the magnitude of the main-
shock is estimated to be 6.4 in the JMA catalog. An M 5.5
event preceded the main event by 7 h. The foreshock oc-
curred in close vicinity of the epicenter of the mainshock,
to the north, but its rupture zone spread south, close to the
source region of the mainshock (Yagi et al., 2003; Hikima
and Koketsu, 2004). The moment tensor mechanism of both
the foreshock and the mainshock was of the reverse type.
We can consider that the foreshock triggered the mainshock
because the distance from the rupture area of the foreshock
is close to the epicenter of the mainshock. The southern part
ruptured first because it is heterogeneous and weak.

The foreshock-mainshock-aftershock sequence has a rare
property in that the magnitude of the foreshock is large and
the difference between the magnitudes of the foreshock and
mainshock are very small—only 0.8. Considering the 1995
M 7.3 Southern Hyogo earthquake had foreshock whose
magnitude was only 3.3, this difference of Miyagi event is
very small. According to JMA (2003), between 1996 and
2003, there have been 163 sequences where the first event
has a magnitude greater than 5.5 and shallower than 30 km.
However, there are only three cases where the following
event is larger than the first and the event is separated by
more than 20 km from the quaternary volcano.
4.2 Time evolution of the b-value and seismicity rate—

inclusion and removal of aftershocks, respectively
A cumulative magnitude plot of the source region prior to

the Northern Miyagi event is shown in Fig. 3. As seen from
the slope of the plot (keeping in mind that the slope is the
b-value), the b-value suddenly decreases at the end of 2002
and remains low during 2003. The M 6 events occurred
on 26 June 2003. It may appear that the b-value decrease
started early in 2002, but this is not correct. The right plot
shows the time versus cumulative number plot where the
vertical axis is identical to the left axis. From this, it is ap-
parent that most of the seismicity observed in 2002 is from
swarm activity at the end of 2002. The lower two plots show
the cumulative magnitude plot of background events only.
We studied background seismicity by the two methodolo-
gies described above. While the number of earthquakes de-
creases with removal of the clusters, the change in the slope
is very distinct. We do not use data before 1998 because the
change point in the b-value coincides with the time when
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Fig. 3. Cumulative number plot versus cumulative magnitude plot before the Northern Miyagi earthquake. (a): cumulative magnitude of all events. (b):
cumulative magnitude of declustered event from Reasenberg’s algorithm. (c): the background event from ETAS model.

new observatory stations were installed.
4.3 Modeling the precursory anomaly

We first modeled this pattern in a very simple way: 4
years of a high b-value period followed by 1 year of a low
b-value period. This model is described as:

Bbackground(t) = B1boxcar(t; 1998.5, 2002.5)

+ B2boxcar(t; 2002.5, 2003.5), (3)

where boxcar(t; 1998.5, 2005) denotes a boxcar function
that is applied from July 1998 to June 2002; otherwise zero
is used. The calculated b-value of the former period (b1) is
1.2; we obtained 0.7 for the latter (b2) without discriminat-
ing background events and aftershocks.

In the circular area with radius 30 km centered by 141.4E,
38.4N, the log N -M plot is straight and the G-R relation
holds very well (Fig. 4) for a magnitude >2.0. (We can not
discuss magnitude below this range because the complete-
ness of reporting was not adequate.) Some authors discuss

the deviations from Gutenberg-Richter’s law prior to large
fractures on the source fault (Rundle et al., 2000). Such an
effect was not apparent in our seismicity patterns near or
on the extension of the source fault nor on the source fault
itself.

The null hypothesis for the existence of change can be
described as follows;

Bbackground(t) = B0boxcar(t; 1998, T ).

The difference in the AIC (Akaike, 1974; Utsu, 1992)
is 6.7 for the b-value change testing of the background
events extracted by the Reasenberg’s decluster method. The
AIC using the ETAS model was 7.3. When we test the b-
value change of both background and aftershocks (without
declustering), the AIC difference is 3.9. Although the de-
crease in the b-value is significant in this case, the removal
of the aftershocks from the data increases the AIC value.

The change in the b-value seems to have a very fast onset
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law holds well.

time; as such, the boxcar function is more suitable than
smooth functions, such as spline functions. Similar fast
onset times of the precursory event have often been reported
(Ohtake, 1980; Wyss and Habermann, 1988).

The seismicity rate was also changed and was bumped up
due to swam activity. Accelerating seismicity on adjacent
faults, which was pointed out previously by Varnes (1989),
was found in this region.

The background seismicity rate has been modeled such
that it has a quiescence period of 2 years.

1 μbackground(t) = μ1boxcar(t; T − 5, T − 3)

+ μ2boxcar(t; T − 3, T − 1)

+ μ1boxcar(t; T − 1, T )

2 μbackground(t) = μ0boxcar(t; 1998, T )

The first model assumes a quiescent period of 2 years
and the recovery of the background level within 1 year.
Model (1) is better than the constant background level
model (Model 2) by an AIC difference of 3. Although this
difference is statistically significant, it would not be dis-
criminated beforehand from other random fluctuations of
seismicity rate that are not followed by large earthquakes
(Tsukakoshi and Shimazaki, 2006).
4.4 Validation of the model

The hypothesis that there was a decrease in the b-value
prior to the Northern Miyagi event is also tested by applying
different magnitude thresholds (Table 1), as is the revised
magnitude scale. The decrease in the b-value is signifi-
cant for a magnitude threshold higher than 1.8 in the catalog
used in this study and 1.0 for the revised magnitude; these
represent the completeness level of the magnitude. The dif-
ferences are due to new magnitudes tending to be smaller
than the earlier ones. The Data Analysis Section, Earth-
quake Prediction Information Division, Seismological and
Volcanological Department, JMA (2004) reported a differ-
ence of 0.6 for events with a magnitude of 2.0. A higher
magnitude threshold restricts the number of events that can
be used for the analysis and would provide a decrease in the
b-value that can be tested at only a low significance level.

As a case study of the decrease in b-values before a large
earthquake, the result from the other spatial window used
for sampling is shown in Table 2. When we apply a 20-km
radius for sampling, a decrease in the b-value is found. The
AIC is smaller than 2.0, but the sample size is too small to
enable any discussion of the significance.

The decrease in the b-value can not be accounted for by
the improvement in the observatory system. This conclu-
sion can be drawn not only because we carefully selected
lower magnitude thresholds and there was no sign of any
incomplete reporting of events in the cumulative-number
versus magnitude plot (Fig. 4) but also because the improve-
ment will increase the number of small events, thus increas-

Table 1. The SAIC (a parameter which shows the significance of the b-value decrease) and the lower magnitude threshold applied for analysis.

A) Old magnitude scale

Magnitude range Background + event aftershocks Background events

M ≥ 2.2 −3.0 −5.9

M ≥ 2.0 −4.0 −7.4

M ≥ 1.8 −5.7 −4.5

B) Revised magnitude scale

Magnitude range Background event + aftershocks Background events

M ≥ 1.6 −1.8 −5.1

M ≥ 1.4 −6.0 −4.6

M ≥ 1.2 −4.9 −5.2

M ≥ 1.0 −3.8 −3.5

Table 2. Relation between sampling radius and the SAIC.

Sampling radius (Number of events) Background + event aftershocks Background event

20 km (N = 22) −0.7 −1.2

30 km (N = 68) −4.0 −7.4

40 km (N = 134) −4.5 −1.5



Y. TSUKAKOSHI AND K. SHIMAZAKI: DECREASED B-VALUE BEFORE THE NORTHERN MIYAGI EARTHQUAKE, 2003 921

-9 -6 -3 0 3 6 9

 No declustering

Declustered 
catalog by the
Reasenberg's
algorithm

Background
seismicity of the 
ETAS model

a)

b)

c)

SAIC

Pacific Ocean
Sendai

Main shock
Foreshock

Largest Aftershock

Fig. 5. Map of b-value change. The b-value change is estimated by SAIC defined in the text. The three figures each show a different declustering
scheme. In most cases, the lower figure is the result obtained by removing triggered events using the ETAS model (Ogata, 1998) and the middle figure
is the process by Reasenberg’s algorithm (Reasenberg, 1985). The red cells indicate the existence of a significant b-value decrease. The number of
red cells decreases as aftershocks are removed, but the decrease in b-value becomes more significant before the Miyagi event.

ing the b-value.

5. Uniqueness of the Precursory Pattern
5.1 Grid search

By analyzing the seismic activity prior to the Miyagi
event, we obtain an AIC as large as 7. Therefore, the sig-
nificance level far exceeds 99%. If the b-value is constant
for most of area and period where no earthquake followed,
we may be able to predict any forthcoming earthquake by
searching similar patterns prospectively.

To test the uniqueness of the observed precursory pattern
and study the feasibility of the earthquake prediction based

on b-value change, we applied the obtained empirical model
to various areas taken from throughout inland Japan. Our
aim was to determine how often we would find a similar
pattern in areas where no large earthquake had occurred in
the preceding 1 year.

We mapped a grid covering all Japanese inland areas,
with a 0.2◦ spacing in both longitude and latitude. We
then selected a node and gathered all shallow events within
a circular area of 30 km in radius using the methodology
of ZMAP (Wiemer, 2001). The events within the circle
were analyzed to obtain the maximum likelihood estimate
of parameters. We compared the two b-value models (2.4.1)
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and (2.4.2) using the AIC (Akaike, 1974) calculated for
both models. Here we denote its difference between models
as δAIC. For convenience, we define SAIC as.

SAIC = sign(B1 − B0)δAIC Boxcar(δAIC; 0, ∞).

The absolute value of SAIC is the difference in AIC
between the two models, and the sign is positive when the
b-value increases and negative when it decreases. If the
null hypothesis has a lower AIC, the b-value change is not
significant and is truncated to 0.
5.2 Results

Figure 5 shows the map of changes in the b-value. The
three plots depict the result with different declustering pro-
cedures. The map is colored according to the significance
level of the existing of b-value decreases in the preceding 1
year.

Using the ETAS model, the significance level of the ex-
istence of b-value decreases near the Miyagi event was the
highest among the 971 tests. Analysis of the catalog declus-
tered by the Reasenberg’s algorithm reveal that the level of
significance is the third highest among all of the Japanese
inland areas tested.

The minor differences between the results emerge as a re-
sult of the different approaches applied in the two decluster-
ing methods for removing the afterschocks. In most cases,
the ETAS model removes more events as aftershocks than
Reasenberg’s algorithm. However, in areas where the after-
shock sequence is represented well by the modified Omori’s
law (Utsu, 1961) and a special cluster coexists, the ETAS
model does not remove special clusters (Tsukakoshi and
Shimazaki, 2006).

We also conducted the same tests with three other mod-
els. Each model is created by shifting the time of Eq. (3) by
3 months.

Bbackground(t) = B1boxcar(t; 1997.75.5, 2001.75)

+ B2boxcar(t; 2001.75, 2002.75)
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Fig. 6. Empirical probability density distribution of SAIC. The solid
line shows the ascendant cumulative probability of SAIC obtained by
studying b-value change of background seismicity. The dashed line
shows that of all seismicity. The SAIC found prior to the Northern
Miyagi event is indicated by arrows. The decrease in the background
of the b-value is the second most significant among 3500 cells tested in
this study.

Bbackground(t) = B1boxcar(t; 1998.0, 2002.0)

+ B2boxcar(t; 2002.0, 2003.0)

Bbackground(t) = B1boxcar(t; 1998.25, 2002.25)

+ B2boxcar(t; 2002.25, 2003.25).

We can not study older data because a large change oc-
curred in the arrangement of the observatory stations in Oc-
tober 1997. Nonetheless, by considering the three models,
we can increase the number of tests by a factor of 4. The
distribution of SAIC of more than 3500 tests is shown in
Fig. 6. The significance prior to Miyagi event is the second
highest in more than 3500 cells. The highest SAIC in this
test is 7.6, which is a difference from the precursory SAIC
of only 0.3.

We also attempted a similar test without applying any
declustering algorithm and obtained SAIC = −3.9 near
the source region. The b-value change is statistically sig-
nificant, but the significance is in 19th place out of the 971
cells. If we try another three time windows, the rank is the
70th place in the 3500 cells. There are more significant
temporal b-value fluctuations if we include aftershocks.

6. Discussion
6.1 The precursory period

Several regression equations have been proposed for es-
timating the period of anomaly. Rikitake (1987) suggested

log10 T = 0.44M − 0.55 (T : days).

By substituting M for 6.4, we obtained approximately
half a year. One case is slightly longer, but the scatter in his
data is large.

A similar relation for the period of quiescence was given
by Wyss and Habermann (1988).

log10 T = 0.0 + 0.21M (T : Month)

or, changing the unit of T to a year,

log10 T = 0.21M − 1.08 (T : Year),

which is 1.75 years for M = 6.3. The period of anomaly is
close to our result of 1 year for the b-value and 2 years for
seismicity level.

The precursory time of 1 year does not contradict with
those studies. On the other hand, Enescu and Ito (2001)
reported a longer period.
6.2 Comparisons to precursory patterns of other

earthquakes
A similar pattern of b-value decrease is also found before

the 2000 Western Tottori earthquake: there are precursory
swarms on the source fault and the b-value is low (Shibutani
et al., 2002). These findings also support the proposal that
some earthquakes are preceded by an observable prepara-
tion process, such as pre-slip and fluid movement.
6.3 On the level of the b-value

Main et al. (1989) discussed the hypothesis that the crit-
ical failure in a large earthquake should occur at b = 0.5.
Our study shows a b-value of 0.7. Considering that some
unrelated events may be mixed in our sample, this study
does not refuse the proposal of Main et al. (1989). How-
ever, the b-value is affected by the magnitude scale used,
which is beyond the scope of our present investigation.
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Fig. 7. The b-value change along the south-north section of the aftershock region. Based on the spatial distribution of the aftershocks, they can be
divided into a northern cluster and southern cluster, respectively. The b-value of the southern cluster is higher than that of the northern part. On the
other hand, the b-value inside the cluster seems to be rather homogeneous.

6.4 One possible scenario on the Northern Miyagi se-
quence

The b-value of the aftershocks is lower at the northern
part of the aftershock zone than at the southern part (Fig. 7),
and the b-value at the northern cluster and southern cluster,
respectively, is discrete. Based on the tri-axial compression
test of Mogi (1962), a high b-value corresponds to a high
heterogeneity of the medium. Thus, the crust may be highly
heterogeneous in the south of the area. The low b-value
character in the northern sector may be extended to the low
b-value swarm area which resides to the north of the source
region.

While there are significant differences in the b-value be-
tween clusters, the b-value inside the cluster seems to be
homogeneous. The consistency of the b-value suggests the
homogeneity of the crust of the area. In the scale of rupture
size of the M 2 event, which is about several hundreds of
meters, the area may be relatively homogenous inside each
cluster.

7. Conclusions
The 2003 Northern Miyagi earthquake sequence was pre-

ceded by several precursory seismic activities. The b-value
of seismicity near the source region decreased significantly
during the year preceding the major event relative to the
b-value of the preceding 5 years. When we remove after-
shocks, the significance of the decrease of the b-value in
this area seems to be equally relevant. This area has the
highest significance among 971 other inland Japanese ter-
ritories which were also tested in the same manner. When
we conduct similar tests with four different time-windows,
we find only one spot that exceeds the significance of the
Miyagi event. We therefore conclude that monitoring the b-
value change of background seismicity only may contribute
to an estimation of the time-dependent seismic hazard.

By using the cumulative magnitude plot, we reveal that
the b-value of the aftershocks seem to change spatially
in a discontinuous manner, rather than in a gradual one.
This may reflect several discontinuous heterogeneities of

the crust. The spatial variety of the b-value suggests the
existence of crustal patches larger than the source fault of
M 2 class event.

Acknowledgments. We are grateful to Dr. Imoto at NIED and
Prof. Ohtake, and Prof. Matuzawa at Tohoku University for their
comments on the cumulative magnitude plot. We have used the
earthquake catalog compiled by the Japan Meterological Agency.
We have also used the GMT graphic package (Wessel and Smith,
1998) to plot some of the figures.

Appendix A. Data Sources
The earthquake catalog is provided by the Japan Meteo-

rological Agency. This can be obtained from their FTP site.
Contact johokan@redc-tk.eqvol.UkishUou.go.jp to obtain
the data.
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