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ABSTRACT
Although the unconditional probability of a major earthquake
in an area is extremely small, the probability can increase in the
presence of anomalies that act as potential precursors. Precursor-like anomalies of only a single type may not sufficiently
enhance the probability of a large earthquake, but the probability can be substantially increased using the multielements
prediction formula when independent precursor-like anomalies of plural types are observed at the same time. Despite some
illustrative applications for successful predictions in the late
1970s, this idea has seldom been applied for more than 40 yrs.
This is because of the scarcity of remarkable anomalies preceding large earthquakes and a lack of extensive statistical studies
on anomalies relative to large earthquakes, which prevents stable assessment estimates of probability gains. This article aims
to provide an outlook for future study on these issues. I focus
on evaluating the probability gains of a large earthquake using
anomalies of seismic activity based on statistical diagnostic
analysis. Specifically, I illustrate the evaluation methods with
reference to seismic activity before the 2016 M 7.3 Kumamoto
earthquakes. Furthermore, I discuss outlooks using similar and
extended approaches in seismicity and other monitoring fields.

INTRODUCTION
Although the unconditional probability of a major earthquake
in a specific area is very small, the probability may increase
when information about anomalies that act as potential precursors and other relevant information is available. Specifically,
we can estimate the conditional probability of a major earthquake occurring in the presence of observed anomalies and
other information, and also increase the probability gain; that
is, the ratio of the conditional probability to the underlying
unconditional probability. This compels us to perform quantitative studies on the statistics of anomalies against earthquakes using relevant data sets such as the causal relations
of anomalies and other predictive factors relative to major
earthquakes.
Furthermore, abnormal phenomena of only a single type
may not sufficiently enhance the ordinary probability of an
earthquake. However, observing independent abnormal phenomena of plural types during the relevant period can further
increase the probability. Using observations of long-term,
medium-term, and short-term anomalies, we should look for
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knowledge and abnormal phenomena that can constitute
the multielements prediction formula of Utsu (1977). Aki
(1981) confirmed the formula using the Bayes rule, which assumes that precursory anomalies are mutually independent of
each other, and then approximated the multielements formula
by the multiplication of probability gains (see Appendix). In
the Plural Precursory Anomaly Phenomena section, I summarize the retrospective forecasting procedure used in the case
of the 1978 M 7.0 Izu Kinkai earthquake calculated by Utsu
(1979a).
However, as far as I am aware, a multielements prediction
formula has not been implemented for more than 40 yrs despite its importance. One reason for this is the scarcity of
clearly recognizable anomalies preceding large earthquakes,
which has prevented stable estimates of probability gains. Furthermore, we have not completed sufficient statistical studies
on precursory anomalies for assessing the probability gains
of large earthquakes despite the accumulation of large amounts
of relevant data by various monitoring measurements.
This article considers seismicity anomalies such as relative
quiescence in aftershock activity and statistical discrimination
of foreshocks from other types of earthquake clusters, as well
as the evaluation of active fault ruptures. We can obtain such
anomalies and probability gains using statistical models of
earthquake occurrence data and their diagnostic analysis. As
an illustrative application, I retrospectively forecast an M ≥ 7
earthquake during the period preceding the 2016 M 7.3 Kumamoto earthquake in Kyushu, Japan. Furthermore, I discuss a
possible outlook on relevant studies in seismic activity and
other monitoring fields.

PLURAL PRECURSORY ANOMALY PHENOMENA
In the second half of the 1970s, there were several anomalies
observed in and around the Izu Peninsula, Japan, such as
crustal uplift (gravity changes), volumetric anomalies, water
level changes, and chemical radon component changes. Those
anomalies were reported and discussed in the Coordinating
Committee of Earthquake Prediction (CCEP, 1976–1978).
Then, when seismic activity started near Izu-Oshima Island,
the Japan Meteorological Agency (JMA) announced a warning
a few hours before the 1978 M 7.0 Izu-Oshima-Kinkai earthquake occurred.
Later, Utsu (1979a) reviewed these anomalous events, and,
based on his expert knowledge and opinion of past sequences
in the Izu area, assigned the secular and conditional probabilities of occurrence of a target earthquake of M ≥ 6:5 based on
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Table 1
Multielement Prediction of Izu-Ohshima-Kinkai Earthquake
3 hours
Case I
PM ≥ 6:5jA∩B∩C
PM ≥ 6:5jA∩B
PM ≥ 6:5jB∩C
Case II
PM ≥ 6:5jA∩B∩C
PM ≥ 6:5jA∩B
PM ≥ 6:5jB∩C

1 day

0.080 (0.011) 0.41 (0.081)
0.0024
0.019
0.042
0.26
0.49 (0.11)
0.0079
0.13

0.89 (0.49)
0.060
0.54

3 days
0.68 (0.21)
0.056
0.52
0.96 (0.75)
0.16
0.78

Probability of earthquake calculated using the multielement
prediction formula (Utsu, 1979a). Conditional probabilities
are given for three prediction intervals. In parentheses,
probabilities are provided for cases when P A , P B , and P C
(see text below for each of the probabilities) are each
1/2 of their original value or when P A × P B × P C is 1/8 of
the original value, in the table. Cases I and II stand for the
wider and narrower Izu region, respectively, where secular
probability of the target earthquake is assumed.

years; it is difficult to gather earthquake prediction data, except
for seismic activity, within a short time frame. Monitoring in
and around the Izu Peninsula region has been special and exceptional because it is a natural laboratory with both strong
earthquakes and various monitoring stations. Another dense
real-time monitoring system has been operating near the Tokai
District since 1979 to watch for an expected M 8 class Tokai
earthquake (JMA, 2016). However, there have been few strong
earthquakes or clearly recognizable anomalies except for slow
slips around the focal region.
The following case introduces a similar evaluation procedure, in which only seismic information that may be applicable to the regions of intensive seismic activity in and around
Japan are used.

CASE OF KUMAMOTO EARTHQUAKE

long-term, medium-term, and short-term anomalies. Aki
(1981) explained the bases of the Utsu’s assessments as follows:
• (S) Secular probability of an M ≥ 6:5 earthquake (case I)
for the wider Izu region is evaluated to be once per 30 yrs
(e.g., P S  0:009% per day); (case II) for the narrower Izu
region, the probability is evaluated to be once per 100 yrs
(P S  0:003% per day).
• (A) As a long-term anomaly, uplift of Izu Peninsula took
place, thus the earthquake probability is evaluated as 1/3
within 5 yrs (PA  0:02% per day) from when the uplift
started.
• (B) The medium-term probability of an earthquake occurring within one month is 1/10 (P B  0:3% per day) based
on the composite of radon anomalies, anomalous water
table changes, and volumetric strain anomalies.
• (C) The short-term anomaly is that seismic activity started
west of Oshima Island on the morning of 14 January. The
foreshock probability is 1/35 within 3 days (P C  1%
per day).

On 16 April 2016, an M 7.3 earthquake occurred on the Futagawa fault in Kumamoto Prefecture, Kyushu Island, Japan (for
the general references, see Hashimoto et al., 2016–2017).
Twenty-eight hours prior to this event, an M 6.5 earthquake
occurred, followed by what seemed to be aftershocks, including
an M 6.4 aftershock (Fig. 1b). This aftershock sequence was actually the foreshock activity of the M 7.3 earthquake. Figure 2
delineates snapshots of the short-term probability forecast using
the hierarchical space–time epidemic-type aftershock sequence
(HIST-ETAS) model (Ogata, 2011a) that was submitted to
the Collaboratory for the Study of Earthquake Predictability
Japan Testing Center (Nanjo et al., 2011).
Ogata et al. (1996) formulated foreshock-type activity
when the largest earthquake in the beginning of a cluster is
replaced by a much larger earthquake with a difference of 0.45
or more in magnitude. During the period of aftershock activity
between the M 6.5 and 7.3 earthquakes, I want to retrospectively evaluate such a probability. Namely, I assume the size of
the target earthquake is M 7.0 or larger. Also, there were several
medium-term seismicity anomalies in addition to the longterm probability of large earthquakes in this region. In the following sections, I retrospectively evaluate (using information
from the anomalies preceding the M 7.3 event) the conditional
probability of each anomaly leading to a large earthquake
of M ≥ 7:0.

Because the three anomaly period scales for A, B, and C
are markedly different in the time scale of appearance, Utsu
(1977) regarded them as independent phenomena (see Appendix). Thus, based on the multielements probability formula
(see equation A1), Utsu (1979a) obtained Table 1. Surprisingly,
despite the conditional probabilities PA , P B , and P C are very
small values; PM ≥ 6:5jA∩B∩C becomes considerably large,
bounded in the 8%–89% range per day as given in Table 1.
Using a similar procedure, Cao and Aki (1983) assessed
the probabilities as being nearly 10% per day just before the
1975 M 7.3 Haicheng earthquake and three other major earthquakes in China.
In general, we should only examine the probability values
for each item after accumulating observation data over many

(S) Secular Probability Forecast
First, we need to evaluate the unconditional secular probability
of an earthquake of M ≥ 7 in the rectangular target region
(K-Region) around the M 6.5 earthquake epicenter bounded
by dashed lines in Figure 1b. There were 182 earthquakes in the
JMA hypocenter catalog of M ≥ 4 in the K-Region from 1923
to March 2016, and the b-value estimate of the magnitude–
frequency is 0.99. Thus, the probability of an M ≥ 7 earthquake
in this region is 0:5821 × 10−5 events per day, assuming the
Gutenberg–Richter law of magnitude–frequency. Alternatively, I applied the epidemic-type aftershock sequence (ETAS)
model (Ogata, 1988) to the same data, and obtained its
maximum-likelihood estimates. Thus, the background seismicity
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nonzero occurrence rate. On the other hand,
ruptures of an active fault assume a renewal
process, and the rate increases from zero probability since the last M 7 class earthquake.
(B) Medium-Term Forecast
I want to assign the medium-term conditional
probability that major earthquakes before the
M 6.5 earthquakes in Kyushu will trigger a similar or larger size earthquake in K-Region (see
Fig. 1). Any earthquake can potentially trigger
larger earthquakes. Figure 3 shows such an empirical relationship: the occurrence rate in a
neighboring area per unit area is substantially
higher than the rate in remote areas due to the
▴ Figure 1. (a) Shallow earthquakes of M ≥ 4 (circles) down to 30 km depth in the
triggering effects of large earthquakes. From
period 2000–2016 in and around Kyushu superimposed on active fault segments
this, the conditional probability an M ≥ 7
map. (b) Aftershocks (M ≥ 2, gray circles) of the M 7.3 Kumamoto earthquake
event
inducing a proximate large earthquake
and aftershocks (M ≥ 2, black circles) of the M 6.5 event before the M 7.3 earthwithin about 100–300 km is about 0.2%–0.5%
quake. The rectangular area bounded by dashed lines (K-Region) is set to evaluate
per year.
the secular probabilities of a possible M ≥ 7 earthquake (see the Secular ProbaAnother conditional probability, that quibility Forecast section for the detail).
escence of previous aftershock activities in
Kyushu Island relative to the ETAS model prediction will enhance inducement of a large
rate (μ-value) of the ETAS model together with the b-value leads
earthquake in the K-Region, is available. Acto an alternative secular probability of 0:2427 × 10−5 events per
tually, the aftershock activity of the first M 6.5 earthquake
day for an M ≥ 7 earthquake in this region.
was significantly lower relative to the ETAS model after the
largest aftershock (M 6.4). Moreover, the aftershock sequences
(A) Long-Term Forecast
of the 2005 M 7.0 Fukuoka-Ken-Oki and 2016 Western SatThe Earthquake Research Committee (ERC, 2015) of Japan
suma-Oki earthquakes in Kyushu indicate the relative quieshas evaluated long-term probabilities of 30-yr active fault rupcence (Kumazawa, Ogata, and Tsuruoka, 2016). Physical
ture incidences of M ≥ 6:8, targeting forecasts of earthquakes of
interpretations of these quiescence phenomena in this particuM ≥ 7 in inland Japan. The ERC estimated the probability in
lar case have not yet been known until now. There may be
elapsed time since the last rupture using the Brownian passage
various possible reasons for the relative quiescence of aftertime (BPT) distribution (Matthews et al., 2002), estimating
shock activities, but some are known to be caused by the stress
the cumulative stress rate from recurrence intervals and geoshadow covering the aftershock zone, which is due to the prelogical information. On the other hand, the aperiodicity coefcursory slow slip on neighboring faults (see Ogata, 2006, 2007,
ficient (α-value) of the BPT model is set to the same value
2010, 2011b).
throughout inland Japan. Thus, the ERC evaluated a 0.9%
In this regard, Ogata (2001) studied the probability gain
probability over 30 yrs for an M ≥ 7:0 rupture on the Futagawa
of the relative quiescence using diagnostic analysis, fitting the
fault, which is the proximate fault from the M 6.5 earthquake
ETAS model to their seismicity data. Out of 76 analyzed afteron the Hinagu fault.
shock sequences from 1925 to 1999 in Japan, 34 aftershock
The ERC also divided Kyushu Island into three regions,
sequences have a significant changepoint followed by quiestaking into account the combinations of multiple active faults.
cence relative to the ETAS prediction. Figure 4a–c indicates
For each region, the ERC simulated the BPT for each fault,
triggering effects, showing again that probability gains depend
taking account of the uncertainty of the last occurrence. Thus,
on distance from the mainshock. Furthermore, the broken line
the probability of ruptures on one of the active faults in central
connecting the sign Q in Figure 4c shows that the probability
Kyushu ranged 18%–27% (95% range) for 30 yrs with 21% as
gain
in the neighboring region is about 10 times higher than in
the median value. In addition, I tentatively assigned 10.5%, a
remote
areas in the case of relative quiescence in contrast to
half probability for central Kyushu, for the K-Region indicated
normal activity. Specifically, the conditional probability of
in Figure 1b, which is about half the size of the central Kyushu
inducing an M 7 class large earthquake (within an ∼100 or
region defined by the ERC.
300 km radius and within 6 yrs) is about 1% or 2% per year,
Here, I discriminate (S) and (A) in the following way. I
respectively. Hence, I assigned these probabilities in the
assume that the secular probability of an M 7 earthquake is a
stationary Poisson process with a constant extremely small but
K-Region (see Table 2).
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▴ Figure 2. Snapshots of probability forecasts of M ≥ 4 earthquakes at the indicated date and time in each panel, before and after the
2016 Kumamoto earthquake, obtained using the hierarchical space–time epidemic-type aftershock sequence (HIST-ETAS) model. The
circles indicate actual M ≥ 4 earthquakes occurring during the forecast periods. Each forecast period lasts until the occurrence of (a) the
M 6.5 earthquake, (b) the M 6.4 earthquake, and (c) the M 7.3 earthquake, respectively. The circles in (d) are from a 24-hr span starting 12
hrs after the M 7.3 earthquake. Color scale of the image shows expected number of M ≥ 4 earthquakes per 100 km2 per day.
(C) Short-Term Forecast
First, I automatically grouped ongoing earthquake clusters
throughout Japan in real time using the single-link clustering
(Frohlich and Davis, 1990) method. This link criterion was
determined to roughly match the set of clusters obtained by a
magnitude-based clustering algorithm, where the mainshock
magnitude determines the size of the space–time window, except that it includes a 30-day time span before the mainshock
(Ogata et al., 1995, 1996). Then, I discriminated a cluster as a
foreshock–mainshock type if the largest earthquake within
the cluster from the beginning is replaced by a larger earthquake with a magnitude difference of 0.45 or more.
The first M 6.5 earthquake in K-Region takes a foreshock probability p0 of about 2% per month (regional fore1120
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shock probability) for a mainshock of M 7.0 or larger. Then,
for subsequent earthquakes, I forecast the foreshock probability pc of the cluster c until the current time. This probability
consists of variables of time intervals, distances, and magnitude increments between all earthquakes before the current
time in cluster c. See Ogata et al. (1996) for details of the
model and Ogata and Katsura (2012) for the forecast demonstration.
I evaluated, retrospectively, the probability of having an
M ≥ 7:0 earthquake during a 30-day period following an
M 6.5 earthquake. I calculated pc at the occurrence time of
each subsequent earthquake using the logit model (equation A5). Thus, as shown in shaded period of Figure 5, the
foreshock probability increased from p0 ≈ 2% (regional
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foreshock probability) to pc of around 5% per
month, and it drastically decreased after the
M 7.3 earthquake.

▴ Figure 3. Triggering effects. (a) Epicenter locations of M ≥ 7 earthquakes in and
around Japan between 1885 and 2003, obtained using the Utsu catalog (Utsu,
1979b, 1982) and the Japan Meteorological Agency (JMA) catalog. (b) Histogram
of distances between M ≥ 7 earthquakes in the inner rectangular region and those
that occurred later in the entire region.

Multielements Probabilities in K-Region
Table 2 summarizes the conditional probabilities after transforming each probability of
anomaly events A, B, and C mentioned above
to the probability per day. Assuming independence between the events A, B, and C in different time scales, Table 3 provides the predicted
probabilities calculated based on the multielements probability formula (equation A1).
Namely, the probability lists in Table 3 depend
on selected combinations of assessed probabilities within A, B, and C in Table 2 and the
evaluation of the probability of M ≥ 7:0 earthquake occurrence in K-Region, which varies
0.2%–20% per day, 0.5%–40% per three days,
1%–60% per week, and 5%–90% per month.

▴ Figure 4. Discriminated patterns of the occurrences of large earthquakes. (a,b) Superposed plots of time difference versus spatial
distance to future M ≥ 6:5 earthquakes from the mainshock of the investigated aftershocks; where (a) shows superposition for 43 mainshocks whose aftershock sequences have no change point and (b) shows superposition of 34 mainshocks whose aftershock sequences
show relative quiescence. The abscissa of (a) and (b) is scaled by the square of the distance to be proportional to the area of the disk with
the given distance as radius. The concentration of mainshocks in distance during the first 6 yrs is notably stronger than those of the other
14 yrs in (b), and those throughout the 20 yrs in (a). (c) Average numbers of subsequent large earthquakes (M ≥ 6:5) per unit area (1 square
degree) against distance in degrees from the M ≥ 6:5 mainshock of the investigated aftershock sequence. The broken lines with upper
case Q and N represent the case during the period of first 6 yrs where aftershock activity became quiet and where aftershock activity was
normal relative to the ETAS model, respectively. The lines with lowercase q and n represent the case during the period from 7 to 20 yrs
where aftershock activity became quiet or where activity was normal relative to the ETAS, respectively. See Ogata (2001) for the estimation procedure.
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I calculated the conditional probabilities using
accumulated seismicity data. Earthquake occurrence data are the largest amount recorded in
any region for the longest period of time among
various geophysical data, although there are
differences in detection capability. First, I used
the active faults data compiled by the ERC of
Japan to assess the long-term probabilities. Second, I used the JMA and Utsu’s hypocenter
catalog (Utsu, 1979b, 1982), which ranges
120 yrs, to assess the triggering effects of large
earthquakes. Third, I used the JMA hypocenter
▴ Figure 5. Foreshock probabilities pc plotted against (a) ordinary time and (b) se- catalog and aftershock occurrence times from
quential order at each time of M ≥ 4 earthquakes before and after the M 7.3 earthquake.
the former JMA document, ranging 70 yrs,
for empirical results against the studies of 76 aftershock seFurthermore, I evaluated the probability for the period before
quences. Finally, I identified a foreshock probability forecasting
the occurrence of foreshocks. During that period, there were two
procedure using 50 yrs of JMA data and tested the perforM 7 earthquakes in Kyushu Island in 2005 and 2017 (Fig. 1a).
mance of foreshock forecasts over an additional 17 yrs.
The distances from each epicenter to the K-Region are about 1°
However, except for seismicity anomalies, it has been difand 3°, respectively. Thus, from the empirical relationship in Figficult to gather cases of earthquake prediction in other monure 3, I can expect an M ≥ 7 event in the K-Region to happen
itoring fields within a short time. Still, I wish to use data on
about 0.002–0.005 times per year for the triggering effect. I then
various types of anomalies, such as locally intensive monitoring
recognized the relative quiescence after some time in the latter part
in the Izu area at a given time, to evaluate the probability gain
of the M 7 aftershocks, which is given to be about 0.01–0.02 times
of causing large earthquakes. The following discusses some
per year. The relative quiescence shows ∼3–4 times enhancement
issues on the outlook using a similar and extended approach
factor for the triggering effect at about 100–300 km distance as
in seismicity and other monitoring fields.
shown in Figure 4. This evaluation for such periods with corresponding multielement probabilities is given in Table 4. ComparAlarm Rate Issues
ing Table 3 with Table 4, we can see how substantially the
Utsu (1977) called the probability of the perceived abnormality
foreshock forecast enhances the joint probability of M ≥ 7 event.
of a certain earthquake prediction the earthquake’s alarm rate.
However, so far, the alarm rate has been very low. Namely, we
observed very few clear precursory phenomena preceding maDISCUSSIONS AND CONCLUSIONS
jor earthquakes, which in fact prevented me from stably assessing probability gains. Therefore, we had very little occasion to
We assessed the probability value for each item after accumuforecast using the multielements formula.
lation of observation data over many years. In this article,
Table 2
Conditional Probability Assessments for an M ≥ 7 Earthquake in the K-Region
Unit Time
Secular
S1
S2
Long Term
A1
A2
A3
Medium Term
B1
B2
Short Term
C

Seismicity Indicators and Anomalies

30 yrs

1 yr

1 month

ETAS-μ and G–R law
#(M ≥ 4) and G–R law
Futagawa fault
K-Region
Central Kyushu
Triggering
Quiescence

1 day
0.000002747
0.000005821

0.009
0.105
0.210

0.0003
0.0035
0.007

0.00000082
0.00000958
0.00001917

0.005
0.02

0.00001369
0.00005476

Foreshocks

0.05

0.00166667

Assessment of the secular probabilities and conditional probabilities of an M ≥ 7 earthquake based on information for each
prediction interval are listed. #(M ≥ 4), Number of M ≥ 4 earthquakes in 1926 to March 2016; ETAS, epidemic-type aftershock
sequence; G–R, Gutenberg–Richter.
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Table 3
Multielement Prediction of an M ≥ 7 Earthquake
in the K-Region
Unit Time
PS1 jA1 ∩B2 ∩C
PS1 jA2 ∩B2 ∩C
PS1 jA3 ∩B2 ∩C
PS2 jA1 ∩B2 ∩C
PS2 jA2 ∩B2 ∩C
PS2 jA3 ∩B2 ∩C

1 day
0.0099
0.10
0.19
0.0017
0.020
0.039

3 days
0.029
0.26
0.41
0.0051
0.057
0.11

1 week
0.066
0.45
0.62
0.012
0.12
0.22

1 month
0.24
0.79
0.88
0.051
0.39
0.56

The probability of an M ≥ 7 earthquake, conditional on the
information available for joint prediction intervals. Each
letter with or without subscript corresponds to those in
Table 2.

Table 4
Multielement Prediction of an M ≥ 7 Earthquake
in the K-Region without Foreshocks
Unit Time
PS1 jA2 ∩B1 
PS1 jA2 ∩B2 
PS2 jA2 ∩B1 
PS2 jA2 ∩B2 

1 month
0.00068
0.0027
0.0013
0.0053

6 months
0.0041
0.016
0.0080
0.031

1 yr
0.0082
0.033
0.016
0.062

3 yrs
0.025
0.095
0.047
0.17

The probability of an M ≥ 7 earthquake in the K-Region
before the M 6.5 foreshock sequence, conditional on the
information available for joint prediction intervals. Each
letter with or without subscript corresponds to those
in Table 2.

To improve the low alarm rate, we need to aim for sensitive detection of anomalies by statistical diagnostic analysis of
observed data. Namely, when records fluctuate over time, we
need to seek and define the anomaly not only by a simple criterion when the time records exceed a certain level but also by
discovering structural changes in the records. For this, we
should establish a standard reference model that predicts data
in an ordinary state. Then, we search for misfits of the data
relative to the predicted values. Indeed, there are subtle misfits
that we can discover after a diagnostic analysis of seismicity
using the ETAS model as discussed in the Medium-Term Forecast section. After identifying abnormalities, many efforts to
quantify the statistical causalities and evaluate the probability
gain are required even if the hitting ratios of target earthquakes
by respective anomalies are low.
In addition, the statistical discrimination of a precursory
slip from slow slips in general is necessary for medium-term
or short-term conditional probability assessments. There are
many frequent postseismic slips accompanying large earthquakes, swarms, and small repeating earthquakes on plate
boundary interfaces (e.g., Nomura and Ogata, 2016). The
probability gain of a respective slip must be statistically evaluated, although there will be regional differences among them.

We have to study such statistical causality relative to neighboring large earthquakes.
Geodetic databases compiled from Global Positioning
System (GPS) signals also account for a large portion of data
recorded at dense stations in inland Japan since 1994 (Geographical Survey Institute [GSI], 2010). Geodetic anomalies
would also be searched for in time series of baseline distances
between GPS stations (e.g., Ogata, 2007, 2010, 2011b; Kumazawa et al., 2010), in various strain time series within triangular
regions of GPS stations, or in volumetric strain records (Kumazawa, Ogata, Kimura, et al., 2016).
At the moment there is considerable difficulty in separating small slip signals (especially inland slips) from GPS location
records in their operational monitoring despite the dense arrangement of GPS observation stations in inland Japan area.
This is because earthquakes occur so frequently and records
include not only GPS measurement errors but also the numerous coseismic and postseismic displacements of the small and
medium earthquakes in surrounding areas. Indeed, the records
seem to fluctuate dramatically, mixing various slow slips and
fast slips, compared to the steady GPS records around Alice
Springs, Australia (Wang and Bebbington, 2013). This fact encourages us to develop proper standard space–time geodetic
models for separating signals. Thus, there is substantial room
for developing statistical models and analytical methods for discriminating abnormal events.
For example, some statistical outliers in records of baseline
distances between GPS stations may possibly relate to occurrences of strong earthquakes in some regions. Specifically,Wang
et al. (2013) defined outliers related to the maximum fluctuation range of baseline expansion and contraction within
a 10-day window and warned of medium-scale earthquakes
in the surrounding area for a certain period of time with these
abnormalities. They tested whether actual earthquakes occurred during the warning period using Molchan’s error diagram (Molchan, 1991). Here, I would like to encourage a
search for a causal relationship between series of anomalies and
series of strong earthquakes in a target region and an evaluation
of probability gain (Ogata and Akaike, 1982; Ogata et al.,
1982; Kumazawa, Ogata, Kimura, et al., 2016). In addition to
geodetic records, it is necessary to maintain a record of clearly
defined abnormal events including those involving magnetic or
electric fields (Zhuang et al., 2005, 2014; Han et al. 2016).
We need to statistically distinguish whether such abnormal phenomena can be predictive of a large earthquake, analyze
their statistical causal relations to the occurrence of a strong
earthquake, and link the change of the degree of risk or urgency
to stochastic prediction. Ogata (2013, 2017) reviewed such
models and methods for earthquake predictability studies.
Independence Assumptions and Multiplicative Models
Utsu (1977, 1982) derived a multielements prediction formula
(equation A1) that assumes that each of the anomalies appearing in nonoverlapping periods are independent from each
other, given a target of a large earthquake. Thus, long-term,
medium-term, and short-term anomalies are nearly indepen-
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dent when ignoring very short common time intervals relative
to the longer-term period.
We can assess the probability value for each item after accumulating observation data over many years, but it is difficult
to gather many cases of earthquake prediction within a short
time. Hence, rigorous testing of the independence hypothesis is
not easy unless we have enough experiments, especially when
including enough long-term anomalies. Therefore, at worst, we
should regard the joint probability values obtained in Tables 1
and 2 as reference values indicating the upper limit.
Anomalies appearing within a similar period may be well
correlated to each other, so we first consider the general form as
given in equation (A4), taking account of the correlations. For
example, Ogata et al. (1996) considered the φ function in
equation (A4) a logistic regression for the foreshock probability
in terms of the multinominal polynomial expansion, taking
into account the dependency between variables of time differences, epicenter separations, and magnitude increments within
the same earthquake cluster. In this case, using the Akaike information criterion (AIC; Akaike, 1974), the linear relation of
the form (equation A5) was selected, which supports the independence hypothesis between variables as represented by equation (A5).
On the other hand, even if some dependency may exist
among useful variables for predictions, the conditional intensity
function with multiplicative form, as given in equation (A7), can
often provide better prediction performance than using only one
variable. Rhoades et al. (2014, 2016) and Shebalin et al. (2014)
modeled this in such a way to take long-term, medium-term, and
short-term information into consideration. Performance of these
models were tested by the Molchan diagram (Molchan, 1991)
and likelihood-ratio statistics. We can search optimal multiplicative models for prediction using the AIC. For example, an
additive model with clustering effect (ETAS) in the particular
aftershock activity and earth-tide records was improved by a
similar multiplicative model (Iwata and Katao, 2006a,b;
Iwata, 2012).

DATA AND RESOURCES
The Japan Meteorological Agency (JMA) unified hypocenter
catalog after 1923 is available at the JMA website (http://www
.data.jma.go.jp/svd/eqev/data/bulletin/hypo_e.html, last accessed October 2016). Some sequences of felt/unfelt aftershocks
before 1926 are obtained by some JMA observatories recorded
in the Kishoyoran (the Geophysical Review of the JMA, and the
Zisin Geppou (the Seismological Bulletin of the JMA). We also
used the Utsu catalog for the period 1885–1980 (Utsu, 1979b,
1982).
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APPENDIX
MULTIELEMENTS PROBABILITY FORMULA AND
ITS EXTENSIONS
Assuming that anomalies fAn ; n  1; 2;    ; N g are mutually
independent, conditional on an impending earthquake
M of magnitudeQM or greater, in such a way that
N
P⋂N
n1 PAn jM holds, Utsu (1977) derived
n1 An jM 
the conditional probability of an earthquake of magnitude M
or greater occurring within a time interval Δ
−1
 N   Y
N
−1
−1
N
−1
P Mj ⋂ An  1 fPMjAn  −1g=fPM −1g
;
EQ-TARGET;temp:intralink-;dfa1;323;169

n1

n1

A1
which is referred to as the multielements probability formula.
Aki (1981) also derived the same formula using the Bayes rule
and further approximated equation (A1) by
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N
N
Y
PMjAn 
P Mj ⋂ An ≈ PM
PM
n1
n1

EQ-TARGET;temp:intralink-;dfa2;41;744

A2

when the time interval Δ is small. Each probability ratio in the
right side of equation (A2) is called the probability gain, which
measures the efficiency of an anomaly as a precursor. The multielements prediction formula is derived based on a strong

λt; x; y; MjH t ; F t  ≈

EQ-TARGET;temp:intralink-;dfa6;41;617

Pfan event int; t  Δt × x; x  Δx × y; y  Δy × M; M  ΔMjH t ; F t g
ΔtΔxΔyΔM

assumption of independency between anomalous events.
Among anomalous long-term, medium-term, and short-term
phenomena, we may well assume independency to each other.
When we have many kinds of anomalies, independency is
not necessarily justified. In such a case, it is necessary to consider the generalized version. For a probability value p
(0 ≤ p ≤ 1), consider the logit transformation
f  logit p;

EQ-TARGET;temp:intralink-;dfa3;41;480

in which p  1=1  e−f 

A3

(e.g., Cox and Snell, 1989), and consider nonlinear logistic
regression


N
logitP Mj ⋂ An  φf 1 ; f 2 ; …; f N ; f 0 ;
A4
EQ-TARGET;temp:intralink-;dfa4;41;421

n1

in terms of f n  logitPMjAn  for n  1; 2; …; N and
f 0  logitPM. The Utsu formula in equation (A1) is same
as
 X

N
N
logitP Mj ⋂ An 
logitPMjAn  − N − 1logitPM;
EQ-TARGET;temp:intralink-;dfa5;41;342

n1

n1

A5
which means that the function φ becomes linear with respect
to the probability logits and supports the independence hypothesis between variables. Here, the Akaike information criterion (AIC; Akaike, 1974, 1985) is useful for selecting specific
competing models of equation (A4) including equation (A5);
see Ogata et al. (1996) for a comparison to derive the foreshock
forecast formula. A model of the smaller AIC values is expected
to be a better predictive model (Akaike, 1985).

1126

For space–time evaluation of probability gains, a stochastic
point process modeling is useful for predicting space–time
stochastic intensity rates of expected earthquakes. For example,
Maeda and Yoshida (1990) evaluate a time to failure after the
observation of multiple independent long-term, medium-term,
and short-term anomalies. This should enable us to calculate
the probability of a large earthquake. If we consider conditional
intensity function models

Seismological Research Letters

A6

that depend on occurrence history fH t g and data sets of various anomalies F t  fF kt ; k  1; 2; …; K g that are mutually independent among k conditional on their histories, then we can
consider equation (A2) in such a way that

EQ-TARGET;temp:intralink-;dfa7;311;516

λt; x; y; MjH t ; F 1t ; …; F Kt 
 λ0 t; x; y; MjH t 

K
Y
λk t; x; y; MjH t ; F kt 
k1

λ0 t; x; y; MjH t 

;

A7

in which λ0 t; x; y; MjH t  represents the conditional intensity
for reference seismic activity. Vere-Jones (1978) referred to the
ratios in equation (A7) as the risk enhancement factors. When
a large earthquake is forecasted during a long period in some
seismogenic region, one may use an approximated reference
seismicity model such as stationary Poisson process λ0 M
(Utsu, 1979a) or nonhomogeneous spatial Poisson processes
λ0 x; y; M (Zhuang and Jiang, 2012).
Also,
in
general, the
conditional
intensity
ln λt; x; y; MjH t ; F 1t ; …; F N

represents
a
combination
of
t
f 0  ln λ0 t; x; y; MjH t  and f n  ln λn t; x; y; MjH t ; F nt .
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