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Slow slip, foreshock, and swarm�
•  SSEs often trigger 

ordinary earthquakes 

•  Foreshock 
–  2011 M9 Tohoku 
 

•  Earthquake swarm 
–   Boso-Oki SSEs 

•  We can use foreshocks 
and swarms as potential 
indicators of SSEs! 
 

�

Kato et al. (2012)	

Transient slip first started to build up to the
south of theMw 7.3 epicenter (divisions c and d in
Fig. 3B) and continued to do so from mid- to late
February at speeds far larger than the plate conver-
gence rate. This increase in the slip rates coincided
with the first sequence of earthquake migration
toward the epicenter of the Mw 9.0 mainshock.
After the Mw 7.3 foreshock, the amount of tran-
sient slip increased abruptly to the north of the
Mw 7.3 epicenter, though it slightly slowed down
logarithmically with time (a to c in Fig. 3B), a
phenomenon commonly observed in afterslip
followingMw 7 to 8 plate-interface earthquakes
along the Japan and Kuril trenches (26–28). With-
in the EMZ, in contrast, slip increased at a rate of
~6 mm/hour, or up to 600 times the plate con-
vergence rate (Vpl), during that final phase (c and
d in Fig. 3B). Thus, the current study provides
strong evidence for the propagation of slow-slip
events toward the Mw 9.0 epicenter, based on the
two sequences of earthquake migration accom-
panied by the repeating earthquakes.

The cumulative slip before theMw 9.0 main-
shock averaged ~20 cm across all four regional
divisions. This converts to an estimated total mo-
ment release by the slow-slip transients worth up
toMw ~7.1, assuming that a fault with a 90–by–
90-km2 dimension (comparable to the foreshock
region) slipped homogeneously (rigidity: 30GPa).

This assumption means that both seismic and
aseismic slip coexisted on this fault. Geodetic
measurements on land (Global Positioning Sys-
tem) detected transient deformation after the Mw

7.3 foreshock (29), whose moment release rough-
ly coincided with that estimated in this study. This
is consistent with the presence of the second slow-
slip sequence documented in this study, although
the geodetic measurements were not able to rec-
ognize their propagation toward the mainshock
hypocenter because the land-based geodetic in-
struments are not sensitive to small amounts of
off-shore fault slip.

The Mw 7.3 foreshock occurred near the
northern end of the EMZ after the first migration
of slow slip toward theMw 9.0 mainshock hypo-
center. In contrast, the mainshock nucleated near
the southern end of the EMZ after the second
migration, which was faster than the first one.
Interestingly, the propagation of slow slip stopped
in both cases near the mainshock hypocenter
(Fig. 2). This suggests that the initiation point of
the mainshock rupture was resistive enough to
withstand the stress concentration caused by the
oncoming slow-slip transients. A recent numer-
ical modeling of the Tohoku-Oki earthquake also
indicated that a shallow, highly resistive patch
should be present close to the foreshock area to
generate a Mw 9 earthquake (30).

The propagation of slow slip could be inter-
preted as part of the nucleation process, but there
was no power-law acceleration in the slip and rup-
ture growth to the mainshock origin of the type
predicted by preslip models (1–5). In addition,
the mainshock was not preceded by accelerating
occurrences of foreshocks close to the mainshock
hypocenter as reported for the 1999 Izmit earth-
quake (11). It should nevertheless be noted that
the second sequence of slow slip had much larger
slip rates and a larger migration speed than the
first sequence (Figs. 2 and 3).

The slip rates involved in the second se-
quence of slow slip were also larger than those
previously reported for transient slip after other
earthquakes. In fact, the second sequence re-
leased approximately one-half of the moment
of the Mw 7.3 Tohoku-Oki foreshock in only
2 days (29). In contrast, slow-slip transients
(afterslip) after previousMw 7 to 8 earthquakes
along the Japan and Kuril trenches had slip
rates of less than 4 cm/day (150 times the Vpl)
during the first few days (27, 31) and needed
more than a few months to release half the mo-
ment of the mainshock (six events in table S1)
(26, 32).

It is conceivable that the first sequence of
slow slip in the Tohoku-Oki focal region had
weakened the plate interface within the EMZ,
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Fig. 2. Earthquake migration toward the rupture initiation point of the main-
shock. Space-time diagram of all detected events between 13 February and the
mainshock origin time, with earthquake origin locations indicated in terms of the
distance along the trench axis (blue circles scaled to magnitude). Red dashed
lines, approximate locations of the fronts of earthquake migration; red stars,

repeating earthquakes in the JMA catalog (23); green stars, newly detected events
that were found to resemble those repeating events; black star, Mw 9.0 main-
shock; yellow star,Mw 7.3 largest foreshock. (Inset) Time variations in seismicity
rates inside and outside the EMZ after the Mw 7.3 largest foreshock. The blue
dashed curve denotes the least-squares fitting of the modified Ohmori law.
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Results and Discussion
ΔCFS is defined as Δτþ μ 0Δσn, where Δτ is the shear stress
change, μ 0 is the effective coefficient of friction, and Δσn is
the normal stress change. The stress changes in an elastic half-
space are calculated with Okada’s formulation (17), assuming
μ 0 ¼ 0.4 and a rigidity of 4 × 1010 Pa. The PHS configuration
is based on the compilation of a number of seismic reflection sur-
veys (18) and repeating earthquake studies (19). The slip direc-
tion on PHS with respect to the overriding plate is given in
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Fig. 2. (A) Index map of the study area. Its location is indicated in the Inset
by dotted rectangle. The Tohoku earthquake coseismic slip and afterslip
(until October 31, 2011) (10) are shown by continuous purple and dashed
blue contours, respectively. Unit is meter. Thin dashed lines indicate the
depth of the upper surface of the subducting Pacific plate. The focal mechan-
ism of the 1987 Off-Chiba earthquake (23) is also shown. Pink dashed rectan-
gle shows the area of Fig. 2B. (B) Enlarged map around the Boso Peninsula
showing the epicenters of earthquakes occurred during the six swarm epi-
sodes. Pink rectangle shows the fault area of the 2011 SSE. Dashed rectangle
shows the area in which the seismicity is taken into account in Fig. 1.
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Fig. 3. Observed records for the 2011 SSE around the Boso Peninsula. From
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Station locations are displayed in Fig. 4.
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Boso-Oki and offshore Boso-Oki have high swarm ratios. Only two colored detection circles on the southwest
edge of the study region detected the 2007 Boso-Oki swarm. This is because the 2007 Boso-Oki swarm
contains only five events, which are the minimum requirement in our detection criterion, although its
seismicity rate is about 5 times higher than the prediction of the ETAS model. On the other hand, two
swarms in offshore Boso-Oki in 2004 (nine events with a seismicity rate 14 times higher than the
prediction) and 2007 (eight events with a seismicity rate 10 times higher than the prediction) have more
anomalous seismicity and were detected by many detection circles. They are not related to the Boso-Oki
SSEs and newly detected by our analysis. Ibaraki-Oki also shows very high swarm activity. This region
experienced four swarms during the period of 1995–2009 (Figure 4). One of these swarms is actually a
foreshock sequence of the M6.9 2008 Ibaraki-Oki earthquake (see Figures 3, 4c, and 4d). Here we define
foreshocks as seismic sequences that are followed by an event with M ≥ 6.5 that occurs within 5 days and
50 km of the foreshocks.

An M ≥ 6.5 event can also be triggered by an event larger than itself, which is assumed to have occurred
when the probability that the M ≥ 6.5 event was triggered by a larger event calculated by the ETAS model
exceeds 0.5. In this case, we do not treat seismic sequences preceding the M ≥ 6.5 event as foreshocks,
because they actually represent early aftershocks of the larger event. Hereafter, we refer to a foreshock
sequence with high seismicity rates that cannot be explained by the ETAS model as a “swarm-like
foreshock sequence.”

Figure 3. Detected swarms and swarm ratios in the southern Japan Trench. (a) Hypocenters of swarms detected by our
analysis. Hypocenters of detected swarms are shown as small circles and colored according to their occurrence time.
The hypocenter of the 2008 M 6.9 Ibaraki-Oki earthquake is indicated by the blue star. The color shading denotes areas
where more than 10 m of slip occurred during the 2011 Tohoku earthquake [Ide et al., 2011]. (b) Swarm ratios calculated for
each detection circle. The large circle is an example of a detection circle of radius 30 km; the small circles indicate the center
of each detection circle and are colored according to the computed swarm ratio.
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Recurring SSEs in Ibaraki-Oki? �
•  Recurring swarms and 

foreshocks are found in Ibaraki-
Oki (Nishikawa and Ide, 2017) 
–  Swarms in 1999, 2002, and 2006 
–  Foreshocks in 1982 and 2008  

•  Close to the hypocenters of the 
1982 and 2008 M7 Ibaraki-Oki 
EQs 

 
 
 

•  Unknown SSEs trigger these 
swarms and foreshocks? 

•  The unknown SSEs are related 
to the M7 Ibaraki-Oki EQs? 

Nishikawa and Ide (2017)	

Questions	

2008 M7  

Hypocenters of swarms	

1982M7	

Tohoku	



Objectives�
•  We further investigate the possibility of recurring 

SSEs in Ibaraki-Oki, the Japan Trench  
–  Reveal a more detailed history of swarm activity in 

Ibaraki-Oki using a longer local catalog (JMA) 
–  Detect missing small events using Matched filter 

technique (Shelly et al., 2007) 
–  Detect repeating earthquakes (Nadeau and Johnson, 

1998) and reveal the history of aseismic slips 

•  We discuss the difference between the swarms 
and the foreshocks in Ibaraki-Oki 
–  Important for earthquake predictability  

•  We discuss the relationship between the SSEs 
and the 1982 and 2008 M7 Ibaraki-Oki EQs 
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Fig. 3. Comparison between the cumulative number of events and the transformed time, which is the predicted number of events by ETAS model, for
(a) the 2002 Boso catalog, (b) the 2007 Boso catalog, and (c) the 2005 Tokyo Bay catalog. Red line shows the comparison using the pre-swarm
parameters, extended to the whole catalog period. Green and purple lines show transformed time using swarm and post-swarm parameters,
respectively. Blue line show transformed time using the boxcar model. Black and cyan dotted lines represent the beginning and the end times
of swarm, Tcp1 and Tcp2, respectively. The black diagonal line is drawn as a reference. The corresponding M-T plots are shown in the lower panels.

values of AIC to those of the boxcar model for the 2002
Tokyo and the Boso swarms, suggesting the data are not
sufficient enough to characterize the temporal change dur-
ing the swarm period. However, the exponential model is
not appropriate for the 2007 Boso swarm, for which the
value of AIC is almost the same as that of the combined
model. This is not surprising because many earthquakes
occur in the latter half of the swarm period (Fig. 2(d)).

4. Discussion and Conclusion
The boxcar swarm model successfully explains seismic-

ity rate change during a swarm. However the boxcar func-
tion is just one example and the other type of function may
be better approximation. In fact, the exponential swarm
model is comparable for the 2002 Boso and the 2005 Tokyo
Bay swarms, but the specific shape of the function is not ap-
propriate for the 2007 Boso swarm. Probably some swarm
seismicity prefers a boxcar function with definite end time
rather than an exponential function that decreases gradually.
Although we have not tested other functions, we expect that
it is difficult to find a simple function universally applica-
ble for various swarm activity instead of a boxcar function.
Therefore, we conclude that a boxcar function is preferable
as the first degree assumption of swarm activity, and only
the increase of the background seismicity is essential for
swarm seismicity.

Since µ is related to the stressing rate (e.g., Llenos et
al., 2009), we expect some external factors caused these
swarms. The spatio-temporal correlation between the Boso
swarms and SSEs strongly suggests that the SSEs triggered
the swarms (NIED, 2007; Ozawa et al., 2007). Then what

Fig. 4. Features around two swarm areas. Dashed lines represent the
depth of the top of Philippine Sea plate and the contour from yellow to
red means the slip of 1923 Kanto earthquake, which epicenter is black
star (Sato et al., 2005). Blue rectangles adjacent to the Tokyo Bay and
Boso swarm area show the 1989 Tokyo Bay SSE (Hirose et al., 2000)
and the 2007 Boso SSE (NIED, 2007), respectively.

triggered the Tokyo Bay swarm? We propose the possibility
of undetected SSE triggering the swarm from viewpoints of
tectonic and seismic similarity. Both the Boso swarms and
Tokyo swarm were located on the top of the Philippine Sea
plate at depths of 20–30 km, and the mechanisms of large
earthquakes correspond with the subduction direction of the
plate (Fig. 4). These locations were deep extent of the slip
area of the 1923 Kanto Earthquake (Sato et al., 2005). The
change of the background seismicity in these swarms is de-
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How to detect swarms�
•  Earthquake swarms have much higher seismicity rates 

than predicted by ETAS model because swarms are 
triggered by phenomena other than earthquake-
earthquake triggering  

 
   

 
�

Red: number of 
events predicted by 
the ETAS model 
based on pre-swarm 
catalog. 

Okutani and Ide (2011) 
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is given by simply extending eqn. (6) to: 

X(t)= ; H(t- T,) Km 
ItI = 1 (t-T,+c,)“” 

= ,g, (t- TKL )““I 
,,I m m 

for the occurrence time T, of the special 
aftershocks, where T, = 0, the occurrence time of 
the main shock, and the sum C,, < I is taken for all 
m which satisfy the inequality T, < t. 

General seismic activity 

Extending the occurrence rate in eqn. (7), we 
surmise that the seismic activity of a region is 
given by the superposition of the modified Omori 
hazard functions: 

ACt)=p+ ,F, (t-:;c)p 
where each i refers to any shock at time t,. Here p 
is a constant occurrence rate that may correspond 
to the background seismic activity, the sum X,, c r 
in eqn. (8) is taken for all i which satisfy the 
inequality t, < t, and the constant Ki for each 
shock i is dependent on its magnitude M, as well 
as the cut-off magnitude Ma of the data set. Then, 
how do the constants {K, } depend on the corre- 
sponding magnitudes? In conclusion, the exponen- 
tial function form: 

K, = K, eP(M,-M,,) (9) 

has been chosen, where M,, is a reference magni- 
tude: for example, the cut-off magnitude is taken 
hereafter. The reason for this is briefly as follows. 
Utsu and Seki (1955) obtained the empirical for- 
mula: 

log,, S = 1.02M - 4.0 (10) 

for the relation between the aftershock area S and 
the magnitude M of the main shock (see Utsu 
(1971) for the data supporting this relationship). 
Relationship (10) suggests that the total number 
of aftershocks is roughly estimated as being pro- 
portional to the exponential function of a magni- 
tude of the main shock, i.e.: 

Naexp{PM) (11) 

Furthermore, assuming the Gutenberg-Richter 
law for magnitude frequency, the estimation (11) 
is supported by fig. 133 in Utsu (1971) which 
exhibits the power law decay of the cumulative 
frequency distribution of the number of 
aftershocks with M 2 6 accompanying Japanese 
shallow earthquakes of M 2 6. 

Model (8) with (9) for the standard seismicity 
in terms of the occurrence rate of shocks is called 
the “epidemic type model “. The parameter p is the 
same as the p-value of the decay rate of 
aftershocks. fi measures the efficiency of a magni- 
tude in generating its aftershocks, and this is 
useful in characterizing the seismicity of a focal 
region quantitatively: for example, swarm activi- 
ties have smaller p-values than the standard 
(Ogata, 1987b), or possibly smaller p such that 
p<l. 

This model was fitted to the aftershocks of the 
Rat Island earthquake in the time span of the first 
90 days to obtain estimates of the parameters. For 
the data, the NOAA hypocenter catalog, was used 
with a cut-off magnitude of 4.7: see Ogata and 
Shimazaki (1984) for a detailed description of the 
data set. Here the body wave magnitudes were 
taken for most of the shocks, but moment magni- 
tudes M,, = 8.7 and M,, = 7.6 were used for the 
main shock and the largest aftershock (2.t T = 53.9 
days) respectively, and, furthermore, su-pface wave 
magnitudes were adopted if available in the NOAA 
catalog. Then, using the estimated hazard function 
of the form (8) with p = 0.0, K,, = O.C7212, c = 
0.16682, fi = 1.45702 and p = 1.34872, the 
seismicity of the extended time span through 1982 
is considered. We see in Fig. 6 that the cumulative 
numbers of shocks increase almost linearly, even 
on the extended part of the time span of 15 years, 
i.e. the upward deviation in Fig. 5c has disap- 
peared. This shows that the present model pro- 
vides a good fit to the seismicity of this area. Note 
here that we have used the transformat on: 

5=j (> *‘A s ds 
0 

ds (12) 

for each i = 1, 2,. . , where the sum C,! c ,, is taken 
for all j which satisfy t, < t,. 

 
Number of events predicted by ETAS	

•  We can detect earthquake swarms as 
seismic sequences with anomalously 
high seismicity rates inexplicable by 
ETAS  
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of magnitude m
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. And from the fact that the k-th event excites a non-stationary
Poisson process with intensity function (m
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. This
implies that the number of children is a Poisson random variable with a mean of
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). Note also that the probability function g(t) is independent of the magnitude
of the parent, as mentioned in assumption (c). Another explanation of (10) is that
the risk of earthquake occurrence at time t and location (x, y) consists of the contri-
bution from the background rate µ and the contributions from each previous event,
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According to (10), the conditional intensity function for the model can be de-

composed as
�(t, x, y,m) = s(m)�(t, x, y), (11)

where
s(m) = � e��(m�m0) (12)

represents the Gutenberg-Richter law for earthquake magnitudes of m0 or larger in
the form of a probability density function, � is linked with the so-called b-value by
� = b ln 10, and

�(t, x, y) = µ(x, y) +
X

{k: t

k

<t}
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k
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, y � y
k

;m
k

). (13)

In applications, the following specific functions are often used. The productivity
law is given by (6) and the Omori-Utsu law by (7).

For the spatial component, f(x, y;m), the following di↵erent functions have been
used:
Model 1 [Rathbun 1993; Console et al. 2003]

f(x, y;m) =
1

2⇡D2
e�

x

2+y

2

2D2 ; (14)

Model 2 [Ogata 1998; Zhuang et al. 2002]

f(x, y;m) =
1

2⇡D2e↵(m�m0)
e
� x

2+y

2

2D2
e

↵(m�m0) , (15)

where the parameter ↵ is the same one as in (6);
Model 3 [Ogata 1998; Console et al. 2003]

f(x, y;m) =
q � 1

⇡D2

✓
1 +

x2 + y2

D2

◆�q

; (16)

Model 4 [Ogata 1998; Zhuang et al. 2002, 2004]

f(x, y;m) =
q � 1

⇡D2e↵(m�m0)

✓
1 +

x2 + y2

D2e↵(m�m0)

◆�q

; (17)

Ogata (1998); Zhuang et al. (2002)	

A swarm occurred	

Very high seismicity rate 	

ETAS model	

Seismicity rate	

5	

⓵ Background  +	⓶ Omori law	

Nishikawa and Ide (2017)	

Predicted	



Method to detect swarms�
1.  Fit the ETAS model in the 

Japan Trench 
–  500km along strike 
–  200km dip 
–  From 1981 to 2008 

2.  Calculate number of events 
expected by the ETAS model 

–  Each circle with 30km radius 
–  15 km interval 

3.  Detect seismic sequences with 
anomalously high seismicity 
rates as swarms 
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is given by simply extending eqn. (6) to: 

X(t)= ; H(t- T,) Km 
ItI = 1 (t-T,+c,)“” 

= ,g, (t- TKL )““I 
,,I m m 

for the occurrence time T, of the special 
aftershocks, where T, = 0, the occurrence time of 
the main shock, and the sum C,, < I is taken for all 
m which satisfy the inequality T, < t. 

General seismic activity 

Extending the occurrence rate in eqn. (7), we 
surmise that the seismic activity of a region is 
given by the superposition of the modified Omori 
hazard functions: 

ACt)=p+ ,F, (t-:;c)p 
where each i refers to any shock at time t,. Here p 
is a constant occurrence rate that may correspond 
to the background seismic activity, the sum X,, c r 
in eqn. (8) is taken for all i which satisfy the 
inequality t, < t, and the constant Ki for each 
shock i is dependent on its magnitude M, as well 
as the cut-off magnitude Ma of the data set. Then, 
how do the constants {K, } depend on the corre- 
sponding magnitudes? In conclusion, the exponen- 
tial function form: 

K, = K, eP(M,-M,,) (9) 

has been chosen, where M,, is a reference magni- 
tude: for example, the cut-off magnitude is taken 
hereafter. The reason for this is briefly as follows. 
Utsu and Seki (1955) obtained the empirical for- 
mula: 

log,, S = 1.02M - 4.0 (10) 

for the relation between the aftershock area S and 
the magnitude M of the main shock (see Utsu 
(1971) for the data supporting this relationship). 
Relationship (10) suggests that the total number 
of aftershocks is roughly estimated as being pro- 
portional to the exponential function of a magni- 
tude of the main shock, i.e.: 

Naexp{PM) (11) 

Furthermore, assuming the Gutenberg-Richter 
law for magnitude frequency, the estimation (11) 
is supported by fig. 133 in Utsu (1971) which 
exhibits the power law decay of the cumulative 
frequency distribution of the number of 
aftershocks with M 2 6 accompanying Japanese 
shallow earthquakes of M 2 6. 

Model (8) with (9) for the standard seismicity 
in terms of the occurrence rate of shocks is called 
the “epidemic type model “. The parameter p is the 
same as the p-value of the decay rate of 
aftershocks. fi measures the efficiency of a magni- 
tude in generating its aftershocks, and this is 
useful in characterizing the seismicity of a focal 
region quantitatively: for example, swarm activi- 
ties have smaller p-values than the standard 
(Ogata, 1987b), or possibly smaller p such that 
p<l. 

This model was fitted to the aftershocks of the 
Rat Island earthquake in the time span of the first 
90 days to obtain estimates of the parameters. For 
the data, the NOAA hypocenter catalog, was used 
with a cut-off magnitude of 4.7: see Ogata and 
Shimazaki (1984) for a detailed description of the 
data set. Here the body wave magnitudes were 
taken for most of the shocks, but moment magni- 
tudes M,, = 8.7 and M,, = 7.6 were used for the 
main shock and the largest aftershock (2.t T = 53.9 
days) respectively, and, furthermore, su-pface wave 
magnitudes were adopted if available in the NOAA 
catalog. Then, using the estimated hazard function 
of the form (8) with p = 0.0, K,, = O.C7212, c = 
0.16682, fi = 1.45702 and p = 1.34872, the 
seismicity of the extended time span through 1982 
is considered. We see in Fig. 6 that the cumulative 
numbers of shocks increase almost linearly, even 
on the extended part of the time span of 15 years, 
i.e. the upward deviation in Fig. 5c has disap- 
peared. This shows that the present model pro- 
vides a good fit to the seismicity of this area. Note 
here that we have used the transformat on: 

5=j (> *‘A s ds 
0 

ds (12) 

for each i = 1, 2,. . , where the sum C,! c ,, is taken 
for all j which satisfy t, < t,. 

The Japan Trench JMA M ≥ 3 	

For details of the method, see Nishikawa and Ide (2017) JGR 
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Detection criteria and Catalog �
•  Criteria for detection 

–  “Expected number of earthquakes 
does not exceed 1 in the time interval 
between two earthquakes even 
though considering 1.5σ error” 

–  This continuously occurs four times 
or more  

–  The probability that 5 events 
following the ETAS have such a high 
seismicity rate is 2.39 × 10-3 

–  The first event of each swarm is not 
an aftershock (i.e., the probability of 
being aftershock is less than 50%) 

•  Earthquake Catalog 
–  1981-2008 JMA (M ≥ 3) 

•  Study region 
–  The Japan Trench 
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Earthquake swarms during 1981-2008�
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Swarms in the source area of the M7 

Ibaraki-Oki EQs�

•  Swarms are concentrated in the foreshock area of 1982 
and 2008 Ibaraki-Oki EQs (36.1-36.3N, 141.8-142.0E) 

•  Close to a subducted seamount (Mochizuki et al., 2008) 
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•  19 swarm sequences during 1981-2008 
•  The 1982 foreshock is also classified as swarm-

like foreshock 
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Swarms in the source area of the M7 

Ibaraki-Oki EQs during 1981-2008�



Matched filter technique �
•  Detect missing small events  
•  Templates 

–  Swarm events and 500 aftershocks of the 2008 M7 
–  10 s window starting from 5 s before S arrival  
–  4-12 Hz 

•  Waveform of Hi-net　 
–  16 stations in Ibaraki prefecture 

•  Larger than 17 scaled mad 

 

Templates	

Threshold	

Averaged correlation over 
components and stations	

Shelly et al. (2007)	



Repeating earthquake �
•  Catalog 

–  Catalog made by Matched filter  
•  Waveform 

–  From P arrival to 3 s after S arrival 
–  1-4 Hz, 2-8Hz, and 4-16 Hz 

•  Detection criterion 
–  Cross-correlations larger than 0.95                                 

at two or more stations  
 

•  Analysis time period 
–  Time period of each swarm 
–  Repeaters not in the swarm periods are based on a 

repeater catalog by Uchida et al. (2016) 

Corr. =　0.939	
M2.9	

M2.4	

are regarded as a kind of sensors to detect the aseismic slip
in the area surrounding them. We infer that a region having
no repeating earthquakes in it and surrounded by repeating
earthquakes with small slip rates is the locked area on the
plate boundary in the analysis period. This suggests that we
can estimate the locations of locked areas on the plate
boundary from repeating earthquake analyses to some
extent for the period when GPS data were not available.
Of course, we should use both of the repeating earthquake
and GPS data to investigate the interplate coupling when
both data are available.

5. Discussion

[26] Figure 6 schematically shows a spatial distribution of
asperities on the plate boundary in the northeastern Japan
subduction zone. Large earthquakes are generated when
large asperities on the plate boundary are ruptured. They
are locked very strongly for interseismic period. Even if there
exists a small weak zone within a large asperity, it is hard to
rupture such a small weak zone repeatedly in a short period.
This is because stress in the small weak zone becomes lower
than the surrounding locked area once the zone is ruptured
and there are no mechanisms to build up again the stress in a
short time in the interseismic period. This is perhaps the
reason why repeating earthquakes are not observed within
large asperities. Nagai et al. [2001] suggests that the seismic
coupling in the large asperity that slipped by the 1968 M 7.9
Off Tokachi earthquake and again by the 1994M 7.6 Far-off
Sanriku earthquake is about 100%. On the other hand, the
area surrounding this large asperity is thought to be weakly
coupled, and many small asperities might exist there. Then,
repeating earthquakes, i.e., repeating ruptures of small asper-
ities, can occur in the surrounding area of the large asperity.
[27] This interpretation is similar to the models proposed

in terms of rate- and state-dependent friction laws. For
example, Scholz [1990] proposed a model in which condi-
tionally stable or weak seismic (friction rate parameter a ! b
is slightly less than zero) regions surround large asperities
and the regions are responsible to the aftershock expansion
[Tajima and Kanamori, 1985]. Boatwright and Cocco
[1996] proposed a model with compliant (a ! b is slightly
greater than zero) areas surrounding large asperities and
weak seismic zones; they showed that afterslips would be
dominant in the compliant areas. In this study, we proposed a
very simplified model that is described only with asperities
(a ! b < 0) and aseismic regions (a ! b > 0). Macroscopi-
cally, the regions in which many small asperities are densely
distributed in the aseismic areas will act as the conditionally
stable (or weak seismic) zones, and the regions where small
asperities are sparsely distributed will behave as the com-
pliant zones. Of course, our model is too simplified; actually,
the slip behavior must be controlled by the characteristic slip
distance and stiffness also, and the a ! b in the aseismic
regions probably decreases gradually toward asperities.
However, macroscopic nature of friction should be also
controlled by the microscopic nature such as roughness.
We believe that these models derived from the earthquake
observations and laboratory experiments will be unified in
the future.
[28] On the other hand, the earthquakes other than

repeaters are not necessarily related to the nature on the

plate boundary. Most of them are thought to be located
within the plate and their occurrences are mainly con-
trolled by the strength and stress rate in the plate rocks,
probably. We found that only 10% of the earthquakes we
analyzed were repeaters. This result indicates that most of
the background seismicity corresponds to the intraplate
activity. However, the stress state in the plate is also
affected by the slips on the plate boundary. Thus analyses
of the intraplate seismicity might be also helpful to
estimate the state on the plate boundary as well as the
strength of the plate. We will treat the problem in the
future study.
[29] As shown in Figure 5, both GPS and repeating

earthquake data indicate that there is a slip excess area in
the western extension of the source region of the 1994
event. Strictly speaking, however, the result of the GPS
data analysis and that of the repeating earthquake analysis
for different time periods are shown in Figure 5. Here we
check temporal change of slip rate in this slip excess area
in more detail. Nishimura [2000] pointed out that this area
might have also a fast slip rate before the 1994 event,
although he could not determine the exact area with a fast
slip rate. This is because GPS stations were too few
before October 1994 to analyze in detail. Figure 7 shows
a cumulative amount of slip at each repeating earthquake
cluster whose location is indicated by circles labeled from
A to E, respectively, in Figure 5. Cluster A shows regular
activity with an almost constant recurrence interval, aver-
age slip rate being about 10 cm/yr. Clusters B, C, and D
are those close to the source region of the 1994 Far-off
Sanriku earthquake. Eastern cluster D shows burst-like
increase in activity after the 1994 event. Then the recur-
rence interval of the events belonging to this cluster
increases almost proportionally with time after the occur-
rence of the main shock; that is, frequency 1/Tr is almost
inversely proportional to the time, where Tr is the
recurrence time. Its cumulative slip shows a pattern
similar to the postseismic slip observed by GPS data
[Nishimura et al., 1998]. Yagi [2001] also estimated the
afterslip distribution for the period within 100 days after

Figure 6. Schematic illustration of asperities and sur-
rounding stable sliding areas distributed on the plate
boundary east off the NE Japan arc.
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Swarms and increases in aseismic slip �
•  Long-term repeater 

catalog by Uchida et al. 
(2016) 
–  98 repeater groups 

 

•  Estimate aseismic slips 
using the scaling law of 
Nadeau and Johnson 
(1998) 

•  Except Nov. 2004, 
swarms correspond 
with step-like increases 
in aseismic slips 
–  SSE 0
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•  5σ anomaly 
inexplicable by 
ETAS  
–  1982 foreshock 
–  2008 foreshock 
–  1996 swarm 
–  2002 swarm 

 

•  Triggered by 
phenomena other 
than earthquake-
earthquake 
triggering  
–  SSE 
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1982 foreshock	 2008 foreshock	

1996 swarm	

2002 swarm	

•  1982 foreshock and 
2008 foreshock have 
the largest number of 
events inexplicable 
by ETAS 

•  Aseismic slip is the 
largest during 2008 
foreshock 

•  SSEs preceding the 
1982 and 2008 M7 
may be larger than 
other SSEs that 
triggered swarms 

Further comparison between 
foreshocks and swarms�
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SSEs related to unlocking of M7�
•  Both ETAS and repeating earthquakes suggested 

recurring of SSEs in the source region of the M7 
Ibaraki-Oki EQs 
–  SSEs preceding the 1982 and 2008 M7 may be the largest�

•  SSEs spontaneously occur as the locked region 
shrinks due to plate loading  
–  One of SSEs grows and leads to the nucleation�
�

NODA ET AL.: CASCADE-UP? OWN NUCLEATION? SMALL EVENT?

Table 2. List of the Earthquakes Without Patch S, ˇ = 3

# t Mw Classification

1 001y 277d 13:29:28 5.999 LL
2 019y 137d 01:55:09 6.019 LL
3 037y 267d 08:43:17 6.037 LL
4 055y 323d 14:42:04 6.030 CoL
5 074y 046d 17:05:55 6.042 LL
6 092y 039d 00:38:00 6.027 LL
7 110y 108d 19:45:21 6.030 LL
8 128y 099d 02:15:34 6.017 LL
9 142y 330d 02:56:28 5.977 LL
10 161y 116d 09:59:12 6.028 LL
11 176y 000d 06:57:29 5.975 LL
12 194y 222d 15:33:47 6.050 LL
13 212y 063d 23:53:11 6.017 LL
14 230y 173d 15:25:37 6.024 LL
15 251y 085d 02:54:10 6.037 LL
16 269y 117d 02:11:59 6.027 LL
17 284y 050d 13:03:05 5.975 LL
18 299y 028d 16:08:44 5.988 LL
19 317y 253d 07:40:03 6.050 LL
20 335y 061d 06:50:55 6.016 LL

[51] In addition, we obtain tiny events which cannot be
classified into any categories listed above. Some of them
are due to oscillation in the slip rate potentially caused by a
resolution problem. Those events are labeled as “Misc” in
the tables in the next section, and we do not put our focus on
them.

5. Description of Earthquake Sequences
5.1. Without a Small Patch

[52] In this subsection, the sequence of earthquakes with-
out a Patch S is presented for reference. The simulated
earthquakes and their classification are tabulated in Table 2.
All the earthquakes in this case are L-events which have
moment magnitude about Mw 6. The recurrence interval is

17.5˙ 3.2 years where the error represents 2 times standard
deviation for 19 intervals. The system did not fall into a limit
cycle as long as simulated.

[53] It is known that the sequence of earthquakes are qual-
itatively different depending on the value of ˇ as shown by,
for example, Kato [2003], Lapusta and Rice [2003], Kaneko
and Lapusta [2008], and Chen and Lapusta [2009]; very
large ˇ (! 1) causes ruptures to be arrested in the mid-
dle of a seismogenic patch, and ˇ comparable to unity or
smaller causes the initiation of earthquakes, if possible, by a
coalescence of creeping fronts. The brittleness ˇ = 3 typi-
cally causes nucleation, not coalescence, in the initiation of
earthquakes (Figure 3). The dashed white circles in Figure 3
indicates Patch L. Figures 3a and 3h show that the nucleation
size is approximately one third of Patch L in length scale, as
expected theoretically. Note that the whole Patch L ruptures
in every earthquake.

[54] The earthquakes span Patch L (Figures 3b and 3i),
and the duration of the earthquake as defined by Vmax > 0.1
m/s is roughly from 3RL/cs to 4RL/cs. The following after-
slip expands with stress concentration in front of the outward
creeping front, while the coseismically ruptured region is
locked (i.e., a slip rate much smaller than Vpl) and supports a
shear stress less than ! fref, the steady state shear stress at Vpl
(Figure 3c).

[55] Interseismically, the locked region shrinks due to
inward propagation of a creeping front (Figure 3d). When
the creeping region inside the seismogenic patch becomes
large enough to host a critical length scale (such that
there is an impossibility of coherent steady-state slip [Rice
et al., 2001]), the inward propagation of the creeping
front becomes nonsteady, and aseismic transients take place
(Figure 3e). After the creeping region inside Patch L
becomes larger than the nucleation size [e.g., Lapusta and
Liu, 2009], one of the aseismic transients grows (Figure 3f),
leading to the nucleation of an L-event (Figures 3g and 3h).

Figure 3. Snapshots of the slip rate, the shear stress, and the state variable in the fifth and sixth earth-
quakes and the interseismic period between them without Patch S. (a) Nucleation of the fifth earthquake.
(b) End of the fifth earthquake. (c) Afterslip of the fifth earthquake. (d) Locked patch generated by the
fifth earthquake. (e) Shrinking of the locked patch and aseismic transients. (f) An aseismic transient that
leads to nucleation. (g) Beginning of acceleration in a region the size of which is comparable to RL

c . (h)
Nucleation of the sixth earthquake. (i) End of the sixth earthquake.

2932

Noda et al. (2013) 	

SSE	

Nucleation	

Rupture	

Locked	

SSE	Afterslip Rupture	

e.g., Lapusta and Liu (2009);  
Noda et al. (2013)	



Summary�
•  We investigated the possibility of recurring SSEs in 

Ibaraki-Oki  
–  Reveal the history of  swarm activity using ETAS during 1981-2008 
–  Detect missing small events using Matched filter  
–  Estimate the amount of aseismic slip using repeating earthquakes 
 

•  Both ETAS and repeaters suggested recurring of SSEs in 
the source region of the M7 Ibaraki-Oki EQs 
–  Highly anomalous seismicity inexplicable by ETAS  
–  Step-like increases in aseismic slip 
–  SSEs preceding the 1982 and 2008 M7 might be the largest 
 

•  These SSEs can be interpreted as SSEs related to 
unlocking of the M7 source region 
–  One of the SSEs might have grown and led to the nucleation of the 

2008 M7 Ibaraki-Oki earthquake 
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Supplement�

researchers at Tohoku University [Tohoku University, 2008]
pointed out that several repeating earthquake clusters dis-
tributed in the deeper position west of the main slip zones
turned active after February 2008, 3 months prior to the
M7.0 event. On the basis of this evidence with the image in
Figure 1, I assume the appearance of a preparatory stage, in
which a quasi-static slip progressed in and around the gap
among the major asperities, fracturing most of the minor
asperities and redistributing the stress in the seismogenic
zone.
[7] My concern is whether or not this preparatory stage

can be proven and discriminated from the microseismicity
change. While occurrences of characteristic earthquakes
must drastically affect background seismicity, the change
brought about by the preparatory process is considered to be
small. Before examining microseismicity, I searched for
possible changes in the seismicity of small-sized earth-
quakes. Figure 3 depicts the epicenter map and its temporal
profile projected on EW axes for the last 30 years including
the two latest characteristic sequences. Those earthquakes
of M3.5 and greater were sampled from the National
Research Institute for Earth Science and Disaster Prevention
catalog (introduced in section 3). From the temporal profile,

two special periods of 10 months prior to each sequence
(sequence A in 1982 and sequence B in 2008) are extracted
and expanded in time. A comparison of the two pictures
revealed several common features. In the western region, on
the left side of each profile, the seismicity maintained steady
activities for several months after the beginning of the
extracted period and abruptly turned quiescent 1 or 2
months prior to the end, the occurrence of the characteristic
earthquake. Conversely in the eastern region, the seismicity,
maintained quiescence in the early period and then turned
active 4 months prior to the characteristic event. Some of
the activated events may be regarded as foreshocks. This
result implies the existence of a preparatory stage that
continued several months prior to the final breakage, and
thus prompts us to search for the preparatory stage in the
microseismicity.

3. Microseismicity Data and Seismicity Change
Map

[8] The National Research Institute for Earth Science and
Disaster Prevention (NIED) has constructed an observation
network for microseismicity in central Japan, including

Figure 2. Epicenter distribution of characteristic earthquake sequences occurring off Ibaraki Prefecture,
Japan, based on the Japan Meteorological Agency’s (JMA) catalog, from which earthquakes of M6.7 and
greater (large circles) and two M6 foreshocks (small circles) are extracted. The two dotted enclosures
were analyzed to identify the main slip zones common to two recent characteristic sequences: the 1982
M7.0 event (sequence A) [Murotani et al., 2003] and the 2008 M7.0 event (sequence B) [Nagoya
University, 2008]. With the exception of sequence a, the 1896 M7.3 event detected under poor
locatability, all the sequences (sequences b, c, d, A, and B) are recognized as rupturing the main asperity
from east to west as indicated by the arrows. The bottom picture indicates the magnitude-time plots of
each sequence. The mean interval of the occurrences is 22.5+/!4.0 years. The next M7 (sequence X) is
anticipated to occur around 2030.
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Supplement�
Why do SSEs frequently occur in the Ibaraki-Oki? 

–  High pore-fluid pressure caused by subducted 
seamounts (Mochizuki et al., 2008) 

–  SSEs tend to occur in regions with  
      high pore-fluid pressure 
      (Saffer and Tobin, 2011) 
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Fig. 3. (A) VP structure along the trench-normal
2004 east-west (EW) line, and projected hypo-
centers observed during the 2005 seismic obser-
vation (within a 10-km-wide box on both sides
along the profile for hypocenter projection). The
OBS locations are shown by the yellow inverted
triangles with their station numbers. A green bar
along the top axis indicates the source region of
the 1982 M 7.0 event. Geometry of the plate
interface determined from strong reflections on
the OBS record sections (hyperbolic black curves)
outlines the convex upward structure (R1-a)
interpreted as a subducted seamount. Earthquakes
are concentrated beneath the subduction front of
the seamount. (B) Same as (A) for the trench-
parallel 2004 north-south (NS) line (hypocenters
within a 7-km-wide box on both sides along the
profile are projected). Depths to the plate
interface (magenta bars) are determined on the
trench-normal reflection sections (fig. S6). Cor-
responding line numbers of the sections are
shown in magenta at the top axis. The depth to
the top of the underthrust sediment is also shown
(orange bar). The reflection interface in the north
(R2) corresponds to the boundary between the
upper and lower crust. A blue bar along the top
axis indicates the seismically quiet band.
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•  Space Time ETAS model�

6 www.corssa.org

of magnitude m
k

. And from the fact that the k-th event excites a non-stationary
Poisson process with intensity function (m

k

)g(t� t
k

)f(x� x
k

, y� y
k

;m
k

)s(m), we
note that (m

k

) is the expected number of children from a parent of size m
k

. This
implies that the number of children is a Poisson random variable with a mean of
(m

k

). Note also that the probability function g(t) is independent of the magnitude
of the parent, as mentioned in assumption (c). Another explanation of (10) is that
the risk of earthquake occurrence at time t and location (x, y) consists of the contri-
bution from the background rate µ and the contributions from each previous event,
⇠(t, x, y; t

i

, x
i

, y
i

).
According to (10), the conditional intensity function for the model can be de-

composed as
�(t, x, y,m) = s(m)�(t, x, y), (11)

where
s(m) = � e��(m�m0) (12)

represents the Gutenberg-Richter law for earthquake magnitudes of m0 or larger in
the form of a probability density function, � is linked with the so-called b-value by
� = b ln 10, and

�(t, x, y) = µ(x, y) +
X

{k: t
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). (13)

In applications, the following specific functions are often used. The productivity
law is given by (6) and the Omori-Utsu law by (7).

For the spatial component, f(x, y;m), the following di↵erent functions have been
used:
Model 1 [Rathbun 1993; Console et al. 2003]

f(x, y;m) =
1

2⇡D2
e�

x

2+y

2

2D2 ; (14)

Model 2 [Ogata 1998; Zhuang et al. 2002]

f(x, y;m) =
1

2⇡D2e↵(m�m0)
e
� x

2+y

2

2D2
e

↵(m�m0) , (15)

where the parameter ↵ is the same one as in (6);
Model 3 [Ogata 1998; Console et al. 2003]

f(x, y;m) =
q � 1

⇡D2

✓
1 +

x2 + y2

D2

◆�q

; (16)

Model 4 [Ogata 1998; Zhuang et al. 2002, 2004]

f(x, y;m) =
q � 1

⇡D2e↵(m�m0)

✓
1 +

x2 + y2

D2e↵(m�m0)

◆�q

; (17)
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(magnitude�1) is a measure of the e�ciency of a shock in generating aftershock
activity relative to its magnitude, K0 represents the productivity of an event of
threshold magnitude m0, and c (unit of time) and p are the parameters in the
Omori-Utsu law for describing the decay of the aftershock sequence.

Before Ogata generalized the temporal ETAS model to a space-time version,
Musmeci and Vere-Jones (1992) used space-time di↵usion clustering models to an-
alyze seismicity in Italy. The conditional intensity functions for these models have
the common form

�(t, x, y) = µ(x, y) +
X

i:t
i

<t

g
�

(t� t
i

, x� x
i

, y � y
i

,m
i

), (2)
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�
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2⇡�
x

�
y

t
exp

⇢
� 1
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�2
x

+
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�2
y

◆�
, (3)

g
�

(t, x, y,m) =
Ae↵me�ctt2C

x

C
y

⇡2(x2 + t2C2
x

)(y2 + t2C2
y

)
, (4)

and A, ↵, �
x

, �
y

, C
x

, and C
y

are constants. For a fixed point (x, y), when t ! 1 the
aftershocks in (3) and (4) decay with time according to t�1e�ct and t�2e�ct. Kagan
(1991) and Rathbun (1993) also discussed slightly di↵erent forms.

The space-time ETAS model defined by Ogata (1998), now the generally accepted
definition, had the same general form as in (2), but where g

�

(t, x, y,m) was defined
di↵erently, as

g
�

(t, x, y,m) = (m)g(t)f(x, y|m). (5)

In the above equation,

(m) = Ae↵(m�m0) (6)

is the expected number of aftershocks generated from a mainshock of magnitude
m,

g(t) =
p� 1

c
(1 +

t

c
)�p (7)

is probability density function of the lagged time distribution of aftershocks, and

f(x, y|m) =
1

⇡�(m)
f

✓
x2 + y2

�(m)

◆
(8)

is the density function of the aftershock locations from a mainshock at the origin
with magnitude m.
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and
Model 5 [Zhuang et al. 2005; Ogata and Zhuang 2006]

f(x, y;m) =
q � 1

⇡D2e�(m�m0)

✓
1 +

x2 + y2

D2e�(m�m0)

◆�q

. (18)

The di↵erence between Models 4 and 5 is that ↵ is identical to the parameter ↵
in the productivity function (m), whereas � is completely independent of (m).
As shown in Zhuang et al. (2004); Zhuang (2006), and Ogata and Zhuang (2006),
Model 5 (18) usually fits earthquake data the best among those five forms. However,
the other four forms are also frequently used by many researchers.

3 Technical points related to the spatiotemporal ETAS model

3.1 Maximum likelihood procedure

Given the background rate µ(x, y) and the observed earthquake catalog, the maxi-
mum likelihood estimates (MLE) of the model, ✓̂ = (⌫̂, Â, ↵̂, ĉ, p̂, D̂), are calculated
by maximizing the log-likelihood function

logL(✓) =
X

i:t
i

2[0,T ],(x
i

,y

i

)2S

log �✓(ti, xi

, y
i

)�
Z

T

0

ZZ

S

�✓(t, x, y) dx dy dt, (19)

where the index i runs over all the events occurring in the study region S and
the study time interval [0, T ]. The computational details can be found in Ogata
(1998). Veen and Schoenberg (2008) developed an EM (expectation-maximization)
algorithm for a fast estimation by maximizing the expected log-likelihood.

In (19), the space-time window [0, T ] ⇥ S is called the target window, and the
events inside are called target events. Di↵erent from the target events, the index
k in (10) runs over all the recorded events in the catalog, whose range is called the
auxiliary or complementary window. Usually the complementary window should be
taken as large as possible. A more detailed discussion of the influence of the size
of the complementary window on the estimated model parameters was provided by
Wang et al. (2010).

3.2 Thinning procedure

An interesting question in seismicity analysis is to what extent a given earthquake is
triggered by a previous earthquake. The so-called thinning procedure (see, e.g., Lewis
and Shedler 1979; Ogata 1981; Daley and Vere-Jones 2003), is an important tool for
such an analysis and will be briefly described here. Below, we use the concept for

Zhuang et al. (2005)	

∵Modified	Omori	law	


