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Abstract 

We use the Japan Meteorological Agency (JMA) earthquake catalogue from January, 2001 to February, 2021 to inves-
tigate the spatiotemporal foreshock occurrence for shallow (within 30 km depth) onshore earthquakes (Mj3.0 to 7.2). 
We find clear peaks for the numbers of small earthquakes within 10 days and 3 km prior to the larger earthquakes, 
which are considered as our definition of foreshocks. After removing the aftershocks, earthquake swarms and possible 
triggered earthquakes by the 2011 Mw9.0 Tohoku-oki earthquake, we find that for the 2066 earthquakes (mainshocks), 
783 (38%) have one or more foreshocks. There is a decreasing trend of foreshock occurrence rate with mainshock 
depth. Also, normal faulting earthquakes have higher foreshock occurrence rate than reverse faulting earthquakes. We 
calculate the earthquake occurrence rate as a function of the magnitudes of foreshocks and mainshocks, and we have 
found no clear trend between the magnitudes of foreshocks and mainshocks.
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Key points

1.	 We analysis the foreshock occurrence for shallow 
(within 30 km depth) onshore earthquakes (Mj3.0 to 
7.2) in Japan from January, 2001 to February, 2021, 
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which are recorded by Japan Meteorological Agency 
(JMA) earthquake catalogue.

2.	 Around 38% of the shallow onshore earthquakes have 
foreshocks, and this is generally consistent with the 
reports of foreshock occurrence rate in other regions 
(e.g., California and Italy).

3.	 The foreshock occurrence rate depends on depth 
and type of mainshock focal mechanism, but not on 
mainshock magnitude.

4.	 These results can be used to estimate the probability 
of a mainshock following a potential foreshock. How-
ever, it is difficult to predict the mainshock magni-
tude.

Introduction
Foreshocks are one or more smaller earthquakes that 
occur prior to a larger earthquake (Mogi 1963), and are 
regarded as possible precursors for an impending earth-
quake. For decades, there has been numerous studies 
about foreshock occurrence for various regions of the 
world. However, there is not yet agreement on some 
basic characteristics of the foreshocks such as the fore-
shock occurrence rate. Depending on the definition of 
foreshocks, there is a wide range of foreshock occurrence 
rate from about 10% to 70% that have been reported in 
the western US (Jones 1985; Abercrombie and Mori 
1996; Chen and Shearer 2015; Trugman and Ross 2019; 
van den Ende and Ampuero 2020; Moutote et al. 2021), 
Japan (Yoshida 1990; Maeda 1996) and Italy (Console 
et  al. 1993). There were also some well recorded larger 
earthquakes without any foreshocks. For example, the 
2004 Mw6.0 Parkfield earthquake did not show fore-
shocks, while the 1934 and 1966 Parkfield earthquakes 
had clear foreshocks (Bakun and McEvily 1979).

There has been a long history of studying the fore-
shocks in Japan. Studies of individual large earthquakes 
have explained the precursory activity before large earth-
quakes in terms of mechanisms such as, increased stress 
that decreases b-values (Enescu and Ito 2001; Nanjo et al. 
2010) and precursory slip (Ohnaka 1993; Kato et al. 2012, 
2016). Less is known about the numerous small earth-
quakes which also have foreshocks, and characterizing 
the properties that are common to many earthquakes 
should contribute to a better understanding of the mech-
anisms that control foreshock occurrence.

The purpose of this study is to look at numerous shal-
low onshore earthquakes in Japan to summarize the 
characteristics of foreshock occurrence. Most previ-
ous studies in Japan and other regions of the world 
investigated only around 50 to 100 mainshocks. Here, 
we search for the foreshocks of over 2000 Mj3.0 to 

7.2 shallow onshore earthquakes in Japan in the last 
20 years to characterize the foreshock properties. Tam-
aribuchi et  al. (2018) also examined foreshock activ-
ity for the JMA earthquake catalogue using a cluster 
analysis. Our study differs in that we focus on shallow 
onshore earthquakes which have a better earthquake 
completeness at smaller magnitudes.

Data
Japan is one of the most seismically active regions of 
the world, and benefits from having some of the best 
seismic observation networks. After the 1995 Mj7.3 
Hyogoken-nanbu (Kobe) earthquake, the National 
Research Institute for Earthquake Science and Dis-
aster Resilience (NIED) installed the High Sensitivity 
Seismograph Network Japan (Hi-net), which currently 
is composed of about 800 borehole seismic stations 
spaced uniformly across Japan at intervals of 20 to 
30 km (Okada et al. 2004; Obara et al. 2005). These sta-
tions provide high signal to noise (SNR) recordings for 
the earthquakes in Japan, and when combined with the 
seismic stations operated by the Japan Meteorological 
Agency (JMA), universities and other organizations, 
they contribute to the JMA earthquake catalogue with a 
very good earthquake completeness level.

We use the hypocentral information of earthquakes 
in the JMA earthquake catalogue from January, 2001 
to February, 2021. Since the seismic stations are mostly 
located on land, we only search for the foreshocks of 
shallow onshore earthquakes (within 30  km depth) 
to ensure a good earthquake completeness level. The 
earthquake completeness level for our dataset can be 
seen by looking at the plots of cumulative number of 
earthquakes as a function of magnitudes (Fig. 1). There 
are several time periods shown in the figure since 
the processing system for earthquake detection was 
changed in 2016 to include more automatically detected 
earthquakes with magnitude less than 1.0 (Tamaribu-
chi 2018). For all the three time periods (2001 to 2021, 
2001 to 2016 and 2016 to 2021), the earthquake cata-
logues appear to be complete to a magnitude of less 
than 1.0. There are many factors that contribute to the 
earthquake detection ability (such as station distribu-
tion, station noise level and regional geology), and these 
effects vary with time and region. Tamaribuchi (2018) 
presented a detailed study of the 3-dimensional distri-
bution of the earthquake completeness level in Japan, 
and his results showed that the earthquake complete-
ness level for onshore earthquakes is about 0.3 to 1.0. 
Thus, a reasonably conservative threshold earthquake 
completeness level of Mj1.0 is chosen for this study.
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Catalogue declustering
To evaluate the foreshock occurrence under normal 
ambient stress conditions, we attempt to remove after-
shocks, earthquake swarms and possible triggered 
earthquakes by the 2011 Mw 9.0 Tohoku-oki earth-
quake. For the aftershocks, we decluster the JMA earth-
quake catalogue based on the aftershock time–space 
identification windows shown in Table  1 from Gard-
ner and Knopoff (1974), which is commonly used for 
declustering earthquake catalogue (Zhuang et al. 2002). 
Figure  2 shows the yearly numbers of earthquakes 
before (blue) and after (red) the declustering. Earth-
quake swarm is a sequence during which sometimes 
hundreds of earthquakes occur in a narrow time–space 
window, and has patterns different from a typical fore-
shock-mainshock sequence. Figure  3 shows an exam-
ple of earthquake swarm on December 18, 2009. Here, 
about 277 earlier earthquakes occurred within 1  day 

and 4 km prior to the mainshock, which is much higher 
than the earlier earthquake level of any other main-
shocks. In this study, we define an earthquake swarm as 
a sequence that have more than 150 earlier earthquakes 
occurring within 30 days and 30 km before the subse-
quent mainshock, which is over 10 times higher than 
the level of activity in the typical foreshock-mainshock 
sequence. With this criterion, we exclude 29 main-
shocks associated with earthquake swarm from our 
dataset. This number is relatively small in comparison 
with identified mainshocks and it does not significantly 
affect the statistical analyses.

The 2011 Mw9.0 Tohoku-oki earthquake presented a 
special problem since there was increased seismicity fol-
lowing the mainshock in eastern Japan, and even farther 
distances throughout much of the country (Miyazawa 
2011). These earthquakes are normally not classified as 
aftershocks, but are considered to be the triggered earth-
quakes related to the widespread effects of the Tohoku-oki 
earthquake. The triggered earthquakes should be removed 
because inferred foreshocks (identified by the time–space 
window) may not be directly related to the subsequent 
nearby mainshocks, but instead caused by the larger scale 
regional stress changes from the Tohoku-oki earthquake 
(Miyazawa 2011). To minimize the effects of these pos-
sible triggered earthquakes, we remove 822 earthquakes 
in 5  years from March, 2011 to March, 2016 across the 
country. Earthquakes which are considered to be the after-
shocks of the Tohoku-oki earthquake are still occurring in 
the Tohoku offshore regions even 10 years after the main-
shock (e.g., the 2021 Mj7.3 Fukushima earthquake). How-
ever, the onshore seismicity appears to return to the level 
before the Tohoku-oki earthquake in about 5 years (Fig. 2).

After the aftershocks, earthquake swarms and possible 
triggered earthquakes following the Tohoku-oki earth-
quake are removed, we have 2066 Mj3.0 to 7.2 mainshocks 
for the analysis of foreshock occurrence. The declustered 
catalogue down to Mj1.0 has 195,158 earthquakes (Fig. 4a). 
Mainshock focal mechanisms are available for 594 earth-
quakes (Fig.  4b), with 86 normal (rake 225°–315°), 236 
strike-slip (rake 315°–45° and 135°–225°) and 272 reverse 
(rake 45°–135°) earthquakes. This dataset of mainshocks 
is considered to reflect the shallow onshore seismicity in 
Japan during the period for January, 2001 to February, 
2021 under normal ambient regional stress conditions.

Fig. 1  Cumulative number of shallow onshore earthquakes in Japan 
from the JMA earthquake catalogue. The red circles, green squares 
and blue triangles show the time period from 2001 to 2021, 2001 
to 2016 and 2016 to 2021, respectively. There was a change for the 
earthquake detection processing system in 2016. The black dashed 
line indicates the earthquake completeness level cutting at Mj1.0 
used in this study

Table 1  Aftershock time–space identification windows (Gardner and Knopoff 1974)

JMA Magnitude 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5  >  = 7.0

Distance (km) 19.5 22.5 26 30 35 40 47 54 61 70

Time (days) 6 11.5 22 42 83 155 290 510 790 915
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Definition of foreshocks
To define the foreshocks in this study, we investigate the 
time–space distribution of every pair of earthquakes 
when a larger earthquake follows smaller earthquakes. 
We use time of 0 to 30 days and distances of 0 to 30 km 
as the time–space window to search for the earlier earth-
quakes. Figure  5 shows the time–space distributions of 
earlier earthquakes for a total of 31,382 earthquake pairs. 
There are several strong peaks within a few days and kilo-
meters of epicentral distance prior to the mainshocks. We 
use epicentral distance instead of hypocentral distance, 
since the location uncertainties are much larger in verti-
cal compared to the horizontal. The red bars show val-
ues that are greater than the average background value, 
which is calculated for time longer than 15  days and 
distance farther than 10 km. Therefore, the definition of 
foreshocks used in this study are earthquakes smaller in 
magnitude than the mainshock that occur within 10 days 
prior to the mainshock and at epicentral distance closer 
than 3 km. The other earthquakes at longer times and far-
ther distances (white bars) are considered to be the ran-
dom background seismicity. Figure 5 is similar to a figure 
presented by Jones (1985), which shows that foreshocks 
in California mostly occur at time of less than 5 days and 
distances of less than 10 km. By applying the above defi-
nition for foreshocks, a mainshock can be a foreshock to 
a subsequent larger earthquake. Also, one earthquake 
may be a foreshock for more than one mainshock.

There may be some ‘foreshocks’ (small earlier earth-
quakes that are physically related to the mainshock) at 
longer time and farther distances beyond our definition. 
For example, studies in southern California included 
earthquakes up to several months before the mainshock 
as foreshocks (Trugman and Ross 2019; van den Ende 
and Ampuero 2020; Moutote et  al. 2021). However, in 
this study we cannot distinguish those possible fore-
shocks from the background seismicity. We also checked 
if the earlier earthquake distributions within the select 
time–space window depends on earthquake magnitudes, 
but we could not see any clear difference as a function 
of earthquake size in this dataset, thus we use the same 
time–space window for all sizes of earthquakes.

It has been proposed that there are two types of fore-
shocks, those that occur within 1 h (e.g., Bouchon et al. 
2011; Doi and Kawakata 2012) and those that migrate 
with distance over a longer time (Kato et al. 2012, 2016). 
In our dataset, we cannot see any differences for the fore-
shocks that occur within 1 h compared to longer times, 
all foreshocks would be treated in the same way.

Fig. 2  The JMA earthquake catalogue (blue) and declustered 
earthquake catalogue (red). We use aftershock time–space 
identification windows from Gardner and Knopoff (1974). Earthquake 
swarms and possible triggered earthquakes following the 2011 
Tohoku-oki earthquake are also removed. The declustered earthquake 
catalogue shows similar yearly earthquake occurrence level

Fig. 3  An example of earthquake swarm on December 18, 2009. 
The red circle is the mainshock, white circles are earlier earthquakes 
within 30 days and 30 km (most of them are within 1 day and 5 km), 
magnitudes are shown by the size of circles. This sequence includes 
277 earlier earthquakes, which is an order of magnitude more than 
the typical foreshock occurrence levels which are usually 1 to 15 
earthquakes
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Results
After searching for the foreshocks in our dataset for the 
2066 mainshocks, we find 783 (38%) earthquakes have 
one or more foreshocks (Mj ≥ 1.0), as defined by our cri-
teria of 10 days and 3 km. The value is similar to the rate 
of 37% reported by Yoshida (1990) for 110 shallow main-
shocks (M ≥ 5.0) in Japan during 1961 to 1988, although 
he used larger windows of 30 days and about 30 km for 
searching the foreshocks. Tamaribuchi et  al. (2018) 

also reported that foreshock occurrence rate in Japan is 
around 30% to 40% for a wide range of magnitudes by 
analyzing the foreshock-mainshock sequences of clusters.

Characteristics of the foreshock occurrence rate are 
summarized in Fig. 6. Looking at Fig. 6a, which shows the 
percentage of earthquakes with foreshocks as a function 
of mainshock depth, we can observe a clear decrease of 
foreshock occurrence rate with depth. We have checked 
the earthquake completeness level as a function of depth 
to ensure that this result is not caused by incomplete 
recording at the greater depths. Figure 6b plots the rela-
tions between foreshock occurrence rate and mainshock 
focal mechanism using the rake angle. The mainshock 
focal mechanisms are from the Broadband Seismograph 
Network (F-net) and usually available for earthquakes of 
Mj≥ 5.0. Since the fault plane is not known for most of 
the smaller earthquakes, the rake values on the two nodal 
planes are averaged. This is not a simple average of the 
rake angles, but an average of the angle difference from 
pure reverse, pure strike-slip or pure normal faulting. 
The equation for calculating this average rake is shown 
in the supplementary material. We can see that there is 
a decreasing trend of the percentage for earthquakes 
with foreshocks from the normal, through strike-slip to 
reverse faulting. We can also separate the dataset into 
various subsets which confirm these trends. If we look 
at the depth dependence for normal, strike-slip and 
reverse  earthquakes, we see the same decrease of fore-
shock occurrence rate with depth (Additional file 1: Fig. 

Fig. 4  a The distribution of 195,158 earthquakes in the declustered earthquake catalogue. b The distribution of mainshock focal mechanisms 
(F-net) used in this study. Red balls are normal faultings, blue balls are strike-slip faultings and yellow balls are reverse faultings

Fig. 5  The time–space distribution of all the earlier smaller 
earthquakes prior to the 2066 mainshocks. Red bars (within 10 days 
and 3 km) are defined to be the foreshocks in this study. White bars 
are the random background seismicity
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S1). If we look at the rake dependence for different depth 
ranges, depths of 0 to 10  km and 10 to 20  km, there is 
a decrease of foreshock occurrence rate for strike-slip 
compared to normal earthquakes. For the 20 to 30  km 
range, it is difficult to see the trend since there are fewer 
earthquakes (Additional file 1: Fig. S2).

Figure  6c shows the foreshock occurrence rate as a 
function of mainshock magnitudes. It has been reported 
that foreshocks also follow b-values statistics (Console 
et  al. 1993; Reasenberg and Jones 1989; Maeda 1996), 
thus counting different size ranges of foreshocks before 
different size of  mainshocks may contribute to a bias. 
Two curves are shown in this plot, the blue curve shows 
the foreshock occurrence rate using the data for all mag-
nitude foreshocks. The red curve uses only foreshocks 
that are within 2 magnitude units of the mainshock. 
The second curve should be a more consistent measure 
of foreshock occurrence rate for different size  of main-
shocks. The results in Fig.  6c do not show any clear 
relation between the foreshock occurrence rate and 
mainshock magnitudes.

Related to Fig.  6c, we calculate the foreshock occur-
rence rate through counting the number of times that an 
earthquake of given size is followed by a mainshock (as 
compared to the number of times that an earthquake of 
the same size is not followed by a mainshock). For each 
sequence we only use the largest foreshock because 
smaller foreshocks are often considered to be the possi-
ble ‘aftershocks’ of the largest foreshock. The results are 
shown in Fig.  7 and Table  2 as a function of both fore-
shock and mainshock magnitudes. For example, if a 
Mj1.0 potential foreshock occurs, we would like to know 
what is the probability (occurrence rate) that a Mj3.0 

Fig. 6  Percentages of foreshock occurrence shown as functions of 
a depth, b rake and c magnitude. The numbers above the points 
give the total number of earthquakes for which the percentage was 
calculated. In c the blue line shows the percentage using all the data. 
The red dashed line shows the percentage using only foreshocks 
within a range of 2 magnitude units from the mainshock

Fig. 7  Relations between the magnitudes of foreshocks and mainshocks, shown by the percentage of mainshock occurrence rate for each 
foreshock and mainshock magnitude range
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mainshock will subsequently occur. This result is given by 
the left, uppermost value in the Table  2, 11.35%. Look-
ing at the Fig. 7 and values in Table 2, there are no clear 
trends as a function of foreshock or mainshock magni-
tudes. For example, for all values of foreshock magnitude 
from Mj1.0 to 3.9, there is approximately the same occur-
rence rate (about 6%) of Mj5.0 to 5.4 mainshocks. This 
implies that the size of the foreshock is not related to the 
size of the subsequent mainshock. 

Discussion
Our result that 38% for the foreshock occurrence rate is 
somewhat dependent on the choice of the 10  days and 
3  km time–space window. However, looking at the dis-
tributions in Fig.  5, there are very peaked distributions 
within several days and several kilometers. Thus, if the 
time–space windows include these peaks, the results are 
roughly similar. Table  3 shows the values for the fore-
shock occurrence rate using various time–space win-
dows. This is probably one reason why the foreshock 
occurrence rate is often similar in different studies that 
use different space–time windows (e.g., Yoshida 1990; 
Tamaribuchi et al. 2018). The foreshock occurrence rate 
for longer time (20  days) and farther distances (9  km) 
contain many earthquakes which we consider to be the 
background seismicity, and are likely too high.

The results of the foreshock occurrence rate as a func-
tion of depth and mainshock focal mechanism are quite 

similar to the trends in the western United States using 
a smaller dataset (Abercrombie and Mori 1996), despite 
having a difference in tectonic settings. The western 
United States is dominated by normal and strike-slip 
faulting while reverse faulting is more common in most 
regions of Japan. Both regions show higher foreshock 
occurrence rate for shallow depth compared to greater 
depth, and higher foreshock occurrence rate for normal 
faulting compared to reverse faulting. Abercrombie and 
Mori (1996) suggested that these trends in depth and 
mainshock focal mechanism may result from variations 
in normal stress with depth and in mechanism from 
normal to reverse faulting, which indicates that higher 
normal stress may inhibit the foreshock occurrence.

The results for the depth dependence of foreshock 
occurrence rate are quite robust. Using slightly dif-
ferent parameters of time–space window or differ-
ent subsets of the earthquake catalogue for foreshock 
definition does not significantly change the trend or 
percentages (Additional file  1: Fig. S2). Since normal 
faulting earthquakes are relatively few in Japan, the 
dependence on mainshock focal mechanism is not as 
clear. There were hundreds of triggered earthquakes 
following the Tohoku-oki earthquake with normal fault 
mechanisms. Thus, deleting or including these earth-
quakes during the 5 years following the mainshock may 
cause some differences in the results. Additional file 1: 
Fig. S1 shows the foreshock occurrence rate as a func-
tion of mainshock focal mechanisms for various com-
binations of parameters. There are some differences in 
the percentages, but there remains an overall consistent 
trend of foreshock occurrence rate decreasing for nor-
mal to reverse earthquakes.

Two end member models are often used to explain 
the foreshock occurrence and how it can be related 
to the mainshocks. A rupture-controlled or ‘cascade 
model’ interprets foreshocks as a part of a series of trig-
gered earthquakes that result in the mainshock (e.g., 
Helmstetter and Sornette 2003). The process is rather 

Table 2  Mainshock occurrence rate for different magnitudes of mainshocks as a function of foreshock magnitude

Mainshock magnitude

3.0–3.4 3.5–3.9 4.0–4.4 4.5–4.9 5.0–5.4 >  = 5.5

Foreshock magnitude

 1.0–1.4 11.35% 9.44% 8.04% 7.79% 5.88% 4.17%

 1.5–1.9 9.51% 6.07% 8.04% 2.60% 5.88% 4.17%

 2.0–2.4 6.60% 6.74% 6.53% 5.19% 5.88% 12.5%

 2.5–2.9 7.67% 7.19% 7.04% 3.90% 5.88% 0

 3.0–3.4 – 5.39% 6.03% 3.90% 5.88% 0

 3.5–3.9 – – 3.02% 5.19% 5.88% 4.17%

Table 3  Percentage of earthquakes that have foreshocks using 
various time–space windows

Time (days)

5 10 15 20

Distance (km)

 3 31.51% 37.90% 41.58% 44.48%

 6 39.06% 48.06% 53.58% 57.70%

 9 45.45% 56.10% 61.86% 66.17%
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random and with no clear scaling of the size and loca-
tion of the triggering foreshocks. At the other end of 
the spectrum, the nucleation-controlled model inter-
prets the foreshocks as a part of an initiation process 
across the area. This may include possible slow slip or 
other precursory mechanisms (e.g., Dodge et  al. 1996; 
Kato et al. 2012). Various models infer that the size of 
the initiation process scales with the size of the main-
shock. In our results, there does not seem to be a scal-
ing between the magnitudes of the foreshocks and 
mainshocks, which would be more consistent with 
the rupture-controlled model. The independence of 
the foreshock magnitude compared to the mainshock 
magnitude was also reported in Greece by Papazachos 
(1975) and the western United States (Abercrombie and 
Mori 1996).

A useful application of foreshock statistical analy-
sis is evaluating the hazard levels for subsequent large 
earthquakes (Reasenberg and Jones 1989; Maeda 1996). 
Reasenberg and Jones (1989) assumed a b-value distribu-
tion for the foreshock-mainshock sequences and calcu-
late probabilities for larger earthquakes following small 
earthquakes that may be potential foreshocks. We also 
calculated the occurrence rate, which can be interpreted 
as probabilities for given magnitudes of foreshocks 
and mainshocks (Fig.  7 and Table  2). Using the ‘generic 
model’ of Reasenberg and Jones (1989), which is con-
sidered to appropriate for many regions, they show that 
the probability of a larger earthquake following a smaller 
earthquake is always from 2% to 10%. These values are 
generally consistent with our results in Fig. 7 which show 
occurrence rate of 2% to 12%. Other statistical models 
such as the Epidemic Type Aftershock-Sequences (ETAS) 
which uses background earthquake rates to calculate 
probabilities of larger earthquakes also give values that 
are 1% to 10% (the average is 3.7%) for different regions in 
Japan (Ogata and Katsura 2012).

Conclusions
We use a dataset of 2066 Mj3.0 to 7.2 shallow onshore 
earthquakes in Japan, with aftershocks, earthquake 
swarms and possible triggered earthquakes removed, to 
study the foreshock occurrence down to Mj1.0. Slightly 
over one third (38%) of the mainshocks have one or more 
foreshocks. We confirm a trend of decreasing foreshock 
occurrence rate with mainshock depth. Also, normal 
faulting earthquakes are more likely to have foreshocks 
compared to reverse faulting earthquakes. There is not a 
clear relation between the magnitudes of the foreshocks 
and mainshocks. The observed foreshock occurrence rate 
of mainshocks in this study, provide good statistics for 
seismic hazard evaluations and calculating probabilities 
of earthquake occurrence following possible foreshocks.
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