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Abstract

We propose an extended 3D space (longitude, latitude, and depth) epidemic-type aftershock sequence (ETAS) model
for seismicity forecasts beneath the greater Tokyo area (the Kanto region), which also takes into account the effects
induced by the M9 Tohoku-Oki earthquake of 2011. The model is characterized by a number of 3D location-depend-
ent parameters, such as the background seismicity rates, and the productivity rate induced by the Tohoku earthquake.
These allow production of high-resolution predictive mappings in zones where hypocenters are densely populated.
The optimally inverted 3D spatial images of the characterizing parameters effectively discriminate seismicity features
in the crust and near the plate boundaries. The success of the model is demonstrated using short-, intermediate- and

long-term probability forecasts of intermediate and large earthquake occurrences beneath the Kanto region.
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Introduction and data

The dense population of the Tokyo metropolis prompted
the government’s Earthquake Research Committee
(2004) to predict, and subsequently update, the long-
term probability of an M7 class earthquake beneath the
southern Kanto Plain. The estimated occurrence prob-
ability of such an earthquake, during the next 30 years,
is 70-80%. This estimate is based on earthquake records
since 1885 (Utsu 1982), a number of historical disastrous
earthquakes (e.g. Utsu 2002), assumption of a stationary
temporal Poisson process, and application of the Guten-
berg—Richter (GR) law in the focal area. However, there
has been little prior study of the spatial distribution of
event probabilities associated with such a forecast.

The Kanto region urgently requires a 3D short- and
medium-term seismicity forecasting model. Because
three tectonic plates meet beneath Kanto Plain (see
Fig. 1), their interactions, and hence forecasting of the
occurrence of inter-plate and intraplate earthquakes, are
too complex for approaches such as the 2D space—time
epidemic-type aftershock sequence (ETAS) models, as
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proposed by Ogata (2011), which ignores the depths of
earthquakes.

Recently, Guo et al. (2018) applied a 3D space—time
ETAS model in the Kanto region. They separated depth
effects from the horizontal 2D space, and showed that
such a separable 3D model fits observations significantly
better than the 2D model. However, it is known that
earthquake occurrence rates are significantly depend-
ent on the configuration of the interacting and colliding
plates beneath the Kanto Plain. Hence, we here define a
flexible 3D hierarchical space—time ETAS model that
allows for such effects. Furthermore, recent seismic activ-
ity beneath the Kanto region has been induced by the
M9 Tohoku-Oki earthquake of March 11, 2011. Indeed,
Ishibe et al. (2011) reported increased seismicity rates in
many subregions in the Kanto area. Thus, new modeling
should take this induced effect into consideration (e.g.,
Dietrich 1994; Parsons et al. 2012).

Our focus was the Kanto cuboid bounded by 138.5°—
141.5°E and 34.5°-37.0°N, down to a depth of 100 km, as
shown in Fig. 1. We have used space—time locations and
magnitudes of earthquakes of M >4 selected from the
Hypocenter Catalog of the Japan Meteorological Agency
(JMA 2018) from 1923 to 2015. Our model-fitting target
period was from 1926 to 2015, but we also considered
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Fig. 1 Hypocenter data and plate configurations. a, b M > 4.0 earthquake epicenters 1923-2015; the small circle colors change with every 20-km
depth down to 100 km, and contours in b show every 10-km depth of the upper surfaces of the PHS and PAC Plates. ¢ Perspective view from
the west of the PAC (light blue) and PHS (pink) upper surfaces; dark blue dots are earthquakes of M2 and larger 2000-2018. The depth scale is

the precursory period from 1923 to 1925, including the
M?7.9 great Kanto earthquake of September 1, 1923. This
ensured the stationarity of the ETAS models in the target
period.

The hypocenters well delineate the plate boundaries
(Fig. 1b, c), after the unification of catalogs post October
1997 (cf., Acknowledgements). In this work, we adopted
the Philippine Sea (PHS) Plate and the Pacific (PAC) Plate
models due to Hashimoto et al. (2004) and Hashimoto
and Matsu'ura (2006). There have been many different
depth models proposed for the PHS Plate configuration
beneath the Kanto region, mainly based on the spatial
distribution of the micro earthquakes since Kasahara

(1985). Also, recently, the plate boundaries in some zones
have been partly delineated using repeating earthquakes
(e.g., Kimura et al. 2006; Uchida et al. 2010). Our adopted
plate models, covering the entire Kanto region, have been
developed using cubic spline surfaces determined on the
basis of tectonic loading mechanics and seismic, geo-
detic, geologic, and geomorphic data. They are also rea-
sonably consistent with the recent boundaries based on
repeating earthquakes.

In this manuscript, we first apply the temporal ETAS
model to see the change of seismicity in the Kanto region,
before and after the M9 Tohoku-Oki earthquake. Then,
we analyze the seismic activity beneath the Kanto Plain
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using a 3D model taking the induced effects of the M9
Tohoku-Oki earthquake into consideration. The model
characteristic parameters are location dependent and
we estimate them using an empirical Bayesian method
(Akaike 1980) to forecast the probabilities of occurrence
beneath the Kanto plain. Also, we show the inverted 3D
spatial images of such characteristic parameters illustrate
the discriminative seismicity patterns in the crust and on
the subducting plates boundaries.

Seismicity beneath Kanto Region

Temporal seismicity

The temporal epidemic-type aftershock sequence (ETAS)
model (Ogata 1985, 1988, 1989) predicts occurrence
rates based on the occurrence times and magnitudes of
past earthquakes. However, Fig. 2a indicates a significant
deviation after the 2011 M9 Tohoku-Oki earthquake. As
the M9 earthquake occurred outside of our study region,
we must add an Omori—Utsu type function (Utsu et al.
1995) in such a way that

Koe?Mi—Me)
SNty = v Y e
i<t ti# tmo :

Ko - H(E — tpr)
(t — tamo + cpro)Pmo’

(1)
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where £, is the time of occurrence of the M9 Tohoku-
Oki earthquake. Here, the Heaviside function, associated
with the Omori-Utsu type function, is H(s)=1 for s > 0,
H(s) =0 otherwise. The time decay coefficient could be
pmo = 1.0, according to the triggering effect discussed
by Dietrich (1994), but we have adopted the maximum
likelihood estimate (MLE), as described in Fig. 2b, which
actually provides a better fit.

Figure 2b clearly shows that the model in Eq. (1) fits
well throughout the entire period until 2015, and Fig. 2¢c
shows how the expected cumulative model numbers, in
the entire Kanto region, were decomposed into those of
the three components; background rates, self-triggering
rates (aftershock productivity), and the intensity factor
induced by the M9 event. We found that the self-exciting
trigger effect and the induced effect of the external M9
event are of roughly similar size.

Hierarchical 3D ETAS Model with externally induced effect
Suppose that we have observed earthquakes at time—
space—magnitude coordinates H; = {(t,,,x,,, V> Zn), My
>M, n=1,2,...,N} over a period [S, ] until time
t and in the cuboid down to 100-km depth beneath the
Kanto region. Here, we propose a 3D hierarchical space—
time epidemic-type aftershock sequence model (HIST-
ETAS model, in short) that forecasts the probability

ETAS Fit and Prediction

1924 1934 1944 1954 1964 1974 1984 1994 2004 2014

10 15 20 25

x 1000 5000 10000
ORDINARY TIME (DAY)

7 - LU EL L E PR ER L EELE R
a Fitted C,
N Lo M>=4 §=0 T=0.35762 Tend= 33966 1 Data
S @ L.
» e Self-exciting
= 5 , mu= 0.063047 K0= 0.016217 c= 0.0094095 | Back ground -
> | o -
w alpha=1.2941 p= 0.9798 Induced
5 o 4 :—O g bytheM9/
&S | |8 o KM= 67.958 cMo=0.35762 pl= 1.1053 g1
g 8 3 ik < S
S x S y
& ! . S
s mu= 0.059075 | Fi S
= o L itted
< 7 Ko= 213 [ Data | &
2 | / c= 0.01169 - &7
3 1 alpha= 1.2198 Lrs K N
p=0.97704 i ETAS +——¥ | &1 -
0 aIeT2= T 2868E+04 | (t 1,10 +Cppo)™ ;S
1 1 H H © T T T T T T T T

w 8 0 5000 10000 15000 20000 25000 30000 35000
S 7 r
S o »
% 5] S

4 S

I

15000 20000 25000 30000

ORDINARY TIME (DAYS)

Fig. 2 Fitting of temporal models. The identical rising black lines in the three panels show the cumulative numbers of earthquakes of M4 and larger
in the Kanto region, against the elapsed time over the entire period. a The red cumulative curve shows the theoretical numbers of M4 earthquakes
and larger, from the beginning of the period. This was estimated using the ETAS model, fitted in the target period up until the time of the M9
Tohoku-Oki earthquake (indicated by the right side vertical dotted line), and extrapolated after that. b The thick gray line represents the expected
cumulative curve obtained from model Eq. (1). ¢ This panel shows the decomposition of the expected contributions to earthquake numbers, in the
combined model Eq. (1), by background, self-triggering, and induced components
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density of an earthquake occurrence at a future time
instant ¢ and at a location (x, 3, z), under the history H, of
the above occurrence data, as follows:

ArisT-ETAS (%, 9, 2| Hy) = (%, 9, 2)
Ko(%:, i, Zi e (%3%) (Mj—Me)
+ Z 0%}, ¥)> Zj)

— p(x.552) 3
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()
where (xj, ), zj) and S]. are the centroid hypocenter and
3 x 3 variance—covariance matrix of a spatial cluster of
aftershocks, respectively. These parameters are deter-
mined during the first 1 h, after automatically and objec-
tively selected earthquakes, by analyzing all the detected
aftershocks. Otherwise, they are the ordinary hypocenter
coordinates and the 3 x 3 identity matrix, respectively.
Additional file 1 provides more detail, but this proce-
dure is simply a 3D hypocenter version from that used for
2D epicenters by Ogata (1998, 2004, 2011), Ogata et al.
(2003), and Ogata and Zhuang (2016).

The background seismicity rate 4, self-triggering (after-
shock) productivity K, a-value and p value are the set 3D
location-dependent parameters. Furthermore, extending
the temporal model in Eq. (1), we added an Omori—Utsu
type function, for the decaying effect induced by the 2011
Tohoku-Oki M9 earthquake, in such a way that

;L(t; XY Z|Ht) = /ALHIST—ETAS (x;_yr Z|Ht)

KM9(9C7J’, Z)H(t - tM9)
(t — tpo + cpr9)Pmo

3)

where the productivity parameter K, of the Omori-
Utsu type function is also set as 3D location dependent
to show the intensity of the inducements in places where
they occurred, following the Tohoku-Oki earthquake,
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and ¢, denotes the M9 occurrence time at 14:46 18.1 on
11 March 2011 (JST).

Specifically, the location-dependent parameters take
the following form:

Wz 2) = dexpldr®,2),
Ko(x, 3, z) = Ko exp{¢a(x,7,2)},
Kyo(x, 3, 2) = Kuo expl{s(x,9,2)},
a(x, 3, z) =a exp{ga(x,y,2)}, and
p(x, 9, 2) =P exp{¢s(x,y,2)}

where fi, Ko, &, p and Ky9 are appropriately determined
scalar parameters (see Table 1) and are called the ref-
erence parameters as explained below. Then, we con-
structed a 3D Delaunay tessellation (Tanemura et al.
1983) using the hypocenter coordinates, and some addi-
tional random points including on boundary surface of
the cuboid. The above functions ¢1(x,y,2), ..., ¢5(x,y,2)
are then piecewise linear functions interpolated from
the values at the vertices of the enclosing Delaunay tet-
rahedron, as described by Equations (S8) and (S15) in
Additional file 1. We refer to such piecewise functions,
ok (x,9,2); k =1,...,5,as the Delaunay functions. These
are characterized by a number of coefficients (param-
eters) with more than five times the number of the earth-
quakes. Such a large number of parameters lead to an
ill-posed problem, to be solved by maximizing the likeli-
hood function. In response, we penalized the roughness
(derivatives) of the ¢-function to obtain a stable solution.
Then, we considered the trade-off with the goodness of fit
to the data (Good and Gaskins 1971). The optimal trade-
offs for all location-dependent parameters are simultane-
ously attained by tuning five hyper-parameters (weights
for the penalties) in a Bayesian framework using Akaike’
Bayesian Criterion (ABIC, Akaike 1980) as was described
for the 2D HIST-ETAS model in Ogata (2011); see S2 and

Table 1 Maximum likelihood estimates and reference parameters of the models

Param. unit u K, 4 a p d q Ko o Puo
/day/deg?® /day/deg?® day /mag. deg /day/deg?® day
MLE 0.0164 4.16E—-5 4.33E-3 1.29 0.98 29E-5 1.9 57.1 0.21 1.06
REF1 0.0662 297E—7 9.63E—3 1.29 0.98 58E—6 23 57.1 0.21 1.06
REF2 0.0634 9.62E—8 9.63E—3 1.29 0.98 58E—6 23 57.1 0.21 1.06
Weights w; w, Wy Wi W;
1.85 0.17 1000. 1000. 0.105
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S4 in Additional file 1 for details. However, some prepar-
atory procedures are required.

First of all, we assumed that all the characterizing
parameters in Eq. (4) are constant, so that 6 = (4, K, ¢,
& p, @y d, ¢, Kyo Cpro Pro) Wwhere a =a,; and then applied
Eq. (3), based on Eq. (2) the space—time ETAS (ST-ETAS)
model, with externally induced effect. Next, we obtained
the maximum likelihood estimates (MLEs; see Section
$2.2 in Additional file 1) as listed in Table 1 (MLE).

These MLEs were then modified as the reference param-
eters within the location-dependent parameters u(x, 9
z)=pexp{$1(x,9,2)}, Ky, 3 2) =Ko exp{2(x,,2)}, and
Ky, 9 2)=Kumo exp{p3(x,y,2)}; here [, Ko, andKpys
are modified from the MLEs using the zero sum mean
calibration of ¢1 (x, y, 2), ¢2(x, ¥, 2) and ¢3(x, ¥, 2); whereas,
the MLE scalar parameters &g,&,p,¢,d,Cpo9, and pprg
remained the same in Eqgs. (2) and (3). The result-
ing model, called the pK,Kj-hierarchical space—time
ETAS (HIST-ETAS) model, modified the constants i, K,
Kyre and the other scalar baseline parameters, as given
in Table 1 (REF1) as well as the optimal solutions of
¢1(x%, 9, 2), P2 (x, 9, z) and @3 (x, ¥, z) as explained in Section
S2.3 of Additional file 1.

Finally, these MLEs were further modified for all of
the reference parameters including the location-depend-
ent parameters: a (x, y, z)=a exp{da(x,y,2)}, and p(x,
% 2)=p exp{¢s(x,9,2)}, where ji,Ko,&,p, and Ky
were modified from the REF1 parameters by the zero
sum mean calibration of each of ¢ (x,y,2), ¢2(x,y,2),
$3(x,9,2), Pa(x,7,2) and ¢5(x,y,2); whereas, the REF1
scalar parameters &g, ¢,d,Cp9, and parg remained the
same in Egs. (2) and (3). The resulting model, called the
5 parameters-hierarchical space—time ETAS (5pa-HIST-
ETAS) model, modified the constants i, K,Kpsoa, p, and
the other scalar baseline parameters as given in Table 1
(REF2) as well as the optimal solutions of ¢;(x,y,z),
P2(x,y,2) and P3(x,,2) as explained in Section S2.4 of
Additional file 1.

Using the fixed reference parameters in Table 1, we
determined the Delaunay functions for the location-
dependent parameters in Eqgs. (2) and (3) (see Section
S2.3 for the detail). In spite of the intensive computa-
tion required, the proposed models should be robust
and should work reasonably well for future earthquake
prediction in the 3D cuboid beneath the entire Kanto
area. This expectation is found on the generation of
optimal solutions for the parameters and subsequent
forecasts at all vertices of the Delaunay tessellation;
that is, the colored particles in Fig. 3. Linear interpola-
tion, within the tetrahedron formed by the four nearest
particles, then generates those statistics for any loca-
tion within and beneath the Kanto region.
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Some demonstrations of the 3D model

This section presents 3D images of the location-
dependent parameters and occurrence rates on certain
horizontal planes and plate surfaces that cross the 3D
solution space. Specifically, Fig. 3 shows a horizontal
plane, and the upper surfaces of the Pacific and Phil-
ippine Sea Plates beneath Kanto Plain. In the remain-
der of this paper, we provide 2D color images based
on interpolation of the 3D solutions at the following
surfaces: horizontal planes of depth 10 km and 20 km,
and the upper surfaces of the Pacific and Philippine Sea
Plates beneath Kanto Plain.

In the following, we evaluate the output of the esti-
mation model, using the particular location-dependent
parameters y and K, in Egs. (2) and (3), and describe
notable characteristics of model solutions and their
implications for earthquake forecasting beneath the
Kanto region. The Supplementary Information details
the solution of all the other parameters including
self-triggering parameter K, which can be applied in
generic short-term space—time large earthquake after-
shock forecasting, as discussed in "Short-term, inter-
mediate- and long-term 3D forecasting" section.

Short- and intermediate-term seismicity forecasts

The space—time model was estimated from data of M >4
earthquakes in the period from the beginning of 1923 to
the end of 2015. The earthquakes in the precursory first
2 years were used to adjust for the stationarity of the

Cross-sections
of 3D image

Fig. 3 Colored particles at the 3D Delaunay tessellation vertices,
which were derived from all earthquakes of M >4 and additionally
located points. The top surface, with map features, corresponds to
that of Fig. 1b. The depth scale is exaggerated. The colors indicate
either snapshots of predicted occurrence rates, from Eq. (3) at some
time t, or inverted solutions of location-dependent parameters of the
Eq. 4 space-time model
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(See figure on next page.)

Fig. 4 These colors show seismicity rate forecasts in the cuboid beneath the Kanto area at 16 June 2018. The units of color legend are event/day/
deg3, for a M >4 earthquake, where ‘deg' means a degree of global latitude (i.e, 111.11 km). Plus signs are M > 3.0 earthquakes that occurred after
the forecast and until November 2018; those with depths from 0 to 15 km are shown on the 10-km plane (a), 16-30 km on the 20-km plane (b), and
those with the depths of 5 km above to 10 km below the upper surface of each plate are shown on the plate forecast images (c and d). The contour

interval of the rates is In10, namely about 3 times as large

model, while the remaining data (target period) were
used for parameter estimation.

Once the estimates were established, the model itself
did not change, and prediction was based on additionally
observed earthquakes by using the estimated space—time
occurrence rates in Egs. (3) with (2). For example, con-
sider the forecasting, on June 16, 2018, of M >4 earth-
quake occurrence rates. Figure 4a—d shows 2D snapshots
of the spatial occurrence rates on the surfaces described
in Fig. 3.

To test this prospective prediction, we superimposed
the locations of M>3.0 earthquakes (plus signs) that
occurred near the depths of either of the two horizontal
planes or of the upper plate surfaces, in the period till the
end of November 2018. The M5.0 earthquake in panel (c)
of Fig. 4 was the largest earthquake during the monitor-
ing period. Assuming that the GR law holds in the range
3.0<M<5.0, the panels suggest that the forecasts are
working very well. Specifically, in the places where the
forecast occurrence rate is high, moderate earthquakes
are very likely in the short- and intermediate-term futures.

Background p-rates useful for long-term forecasts

Figure 5 shows that the spatial pattern of the background
event rates is relatively complex in comparison with
other parameters such as b-value, p and a -values that are
given in Figs. S1, S4, and S7, respectively, in Additional
file 1. The rates are high in the mottled areas beneath
the eastern offshore area and shallow crust, and on the
plate boundaries. Furthermore, it is remarkably high for
depths of 40—-80 km in the clustered zone approximately
50 km northwest of Lake Kasumigaura (around 140.3E,
36.0 N), appearing to penetrate through the PHS to PAC
Plates. This may be an effect of depth errors in the early
period of the JMA catalog.

Similarly, the background rates are high beneath the
central part of Kujukuri Beach (Chiba East Coast, around
140.4E, 35.5 N). We know that earthquake swarms, asso-
ciated with slow slips on the PHS, occur here (Sagiya
2004; Hirose et al. 2014). However, directly below this
region, there is another intensive earthquake cluster in
the PAC. There are also swarms in shallow crust in the

western part of Kanto Plain, along a zone from north to
south that includes the Mounts Fuji and Hakone.

The background rates are also high beneath north-
ern Tokyo Bay on the upper interface of the PAC Plate.
There have been a considerable number of historically
disastrous earthquakes beneath the Tokyo Bay area (Utsu
1982, 2002). It is not known whether all these histori-
cal earthquakes, of long ago, are related to zones of high
background occurrence.

We can, however, confirm, according to the JMA cata-
log, that many large earthquakes of M6 and larger (black
disks in Fig. 5), from the last 96 years, occurred at places
where background rates are high. This mapping does not
include the large aftershocks of the 1923 great Kanto
earthquake of M7.9.

Our analysis suggests that variation in background
rates of occurrence is important for long-term forecast-
ing of large earthquakes.

Induced effect Ky, parameter

The K)o images in Fig. 6 characterize the sizes of induced
effects in the Kanto volume resulting from static stress
changes after the 11 March 2011 M9 Tohoku-Oki
earthquake. The zones of very high K}y clearly include
the great majority of the earthquakes that occurred in
the month after the event (white circles in Fig. 6). The
remarkable exceptions include shallow statically induced
major earthquakes and their aftershocks (Fig. 6a); for
example, at the northwestern edge (M6.7 Northern Nii-
gata Prefecture), and also at Fujinomiya (Eastern Shi-
zuoka Prefecture) of M6.4. Another inducement area is
seen (Fig. 6d) in the zone near the upper surface of the
PHS, 50 km NE from the Lake Kasumigaura. This seis-
micity enhancement cannot be explained solely by
the static stress changes. More detailed studies are in
Kumazawa and Ogata (Kumazawa 2013).

The inducing parameter K, appears to be intensively
high in only some parts of the PAC Plate with high y rates
offshore in the east. On the other hand, the correlation
with the background seismicity rate is less clear at about
40-km depth or deeper on both plates, and we see fewer
triggering effects than in the eastern offshore area. There
is a zone of high K}, values on the PHS off the east coast



Ogata et al. Earth, Planets and Space  (2019) 71:113 Page 7 of 14

forecast rates

36.5

36.0

35.5

35.0

1385 139.0 139.5 140.0 1405 141.0 1415 1385 139.0 1395 140.0 1405 141.0 1415

37.0
37.0

36.5

36.5

36.0

36.0

355
35.5

35.0
35.0

34.5

345

1385 1390 1395 1400 1405 1410 1415 1385 1390 1395 1400 1405 1410 1415

forecast rates “:—

10° 102 10" 1




Ogata et al. Earth, Planets and Space  (2019) 71:113 Page 8 of 14

s N
[=] (=}
5 5
© ©
3 3
o o
8 8
ll'.! w
8 8
=} o
8 8
[te} 0
3 3
138.5 139.0 139.5 140.0 140.5 141.0 141.5 1385 139.0 139.5 140.0 140.5 141.0 141.5
u-value S S .
10 10 10 1
o
i — N
™ - 1)
0 ©
© ©
@ @
) )
© ©
@ @
o L
0 w0
(52 52
o o
ol el
@ (3]
0 0
< <
&> T T ) T T
138.5 139.0 139.5 140.0 140.5 141.0 141.5 138.5 139.0 139.5 140.0 140.5 141.0 141.5
Fig. 5 Sectional images of the background seismicity rate u-values. The unit of the log-scale color legend corresponds to the reference value
inTable 1 (Reference). The superimposed black disks corresponding to their sizes represent M6 and larger earthquakes, from the JMA Hypocenter
Catalog, that occurred over the last 96 years. The depth ranges used in plotting the black disks are the same as those in the Fig. 4 caption
.
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ranges used in plotting the both disks circles are the same as those in the Fig. 4 caption
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(See figure on next page.)

Fig. 7 Snapshots of occurrence rates of M > 4 earthquake near the cross-sectional surfaces in the Kanto volume: plane at 10-km depth (a-c) and
20-km depth (d-f), and the upper surfaces of the Pacific Plate (g—i) and the Philippine Sea Plate (j-I). The columns show the dates of 2009.11.01,
2012.05.01 and 2018.06.30, respectively. The units of the color legend are event/day/deg? for M > 4 earthquakes; and the black thin contour interval
is 1.0 in the natural logarithmic scale; about three times as large as the linear scale

of the Boso Peninsula, which corresponds to the swarm
zone associated with the triggered slow slip, 2 days after
the M9 event (Hirose et al. 2014). On the whole, the
inducing effect of K}, is highest in the nearby part of the
rupture source of the M9 Tohoku-Oki earthquake, on the
upper PAC Plate boundary.

These K, images should be carefully compared with
those showing the background seismicity rate 4 in Fig. 5.
As seen in Figure S9b in Additional file 1, the static stress
changes decreased with the distance from the M9 slip
source. The mottled pattern K, after de-trending such
effect appears very similar to the mottled pattern of the
background rate g in each panel of Fig. 5; particularly,
those on the plate boundaries of PAC and PHS in Fig. 5c,
d. This means that, given a similar static stress rate,
induced earthquakes are more likely to occur in zones of
higher background rates.

Occurrence rate changes of earthquakes

beneath the Kanto Plain before and after the 2011
Tohoku-Oki earthquake

Equation (3) estimates the occurrence rates of M >4
earthquakes at any time instant £. The three columns
of Fig. 7 show the earthquake occurrence rates for
2009.11.01, 2012.05.01 and 2018.06.30, respectively. The
four rows show the cross-sectional occurrence rates on
the horizontal planes at 10-km and 20-km depths, and
upper surfaces of PAC and the PHS Plates, respectively.

As the model-fitting period was from 1923 to 2015,
the seismicity rates at 2009.11.01 and 2012.05.01 are
interpolation. On the other hand, the occurrence rates
at 2018.06.30 are extrapolations predicted using the
same previous model for additional data from the period
2016-30 June 2018.

The first date 2009.11.01 precedes the 2011 Tohoku M9
earthquake, the second date 2012.05.01 is about 1 year
after the M9, and the third 2018.06.30 is 7 years later.
According to Fig. 7, the seismicity rate over the entire
Kanto volume at 2009.11.01 is close to the estimated
background rates as seen in Fig. 5. Occurrence rates
increased significantly following the Tohoku-Oki earth-
quake, especially along the upper interface of the sub-
ducting Pacific Plate and in the north-east offshore.

Across the region, and especially in the crustal area and
on and near the shallow plate boundaries (Figs. 7a—f),
the occurrence rates increased substantially after the M9

Tohoku-Oki earthquake. In inland areas, in the following
7 years, rates then decayed back towards the pre-Tohoku
seismicity level. However, in the eastern off coast areas,
the rates have not yet reduced to pre-Tohoku levels.

The occurrence rates were particularly enhanced by the
M9 Tohoku-Oki at shallower depths (30-40 km; Figs. 7,
panel PAC a—c) on the upper PAC plate. The increase
lasted for some time, and then reduced gradually but,
comparing the contour numbers, not yet down to pre-
M9 event levels (Fig. 7, panel PAC a). On the other hand,
there was little change in seismicity rate on the upper
PHS Plate boundary (Fig. 7, panels PHS, d-f) through
the entire period, except for the zone offshore of Cho-
shi City (Inubosaki), near the middle of the east coast,
where the PHS Plate is almost riding on the PAC Plate.
It is pertinent that slow slips beneath the Boso Peninsula
were similarly active throughout the period (Hirose et al.
2014).

Discussions

Data quality

We note here that the quality of the JMA Hypocenter
Catalog (JMA, 2018) is not perfectly homogeneous
throughout the considered target period. Its accuracy
before 1997 is not as good as after the unification of the
catalog (see Acknowledgements).

Firstly, although the JMA has been updating event depths,
to replace the pre-1997 grid search by free search, those
from July 1976 to 1982 are still not updated and remain
constrained to 10-km steps. Depth accuracy has been sig-
nificantly improved since 1997; the standard errors of depth,
after the unification, are now mostly less than 2 km.

Second, earthquakes in the eastern far offshore areas
near the boundary of our studied region are biased
towards deeper depths and dispersed, as seen in Fig. 1a, as
a result of one-sided observation from land-based sensors.

In spite of this partial inhomogeneity in the JMA cata-
log, our fitted model, dependent on the accuracies of
hypocenters, provides reasonable interpolation of 3D
spatial occurrence rates including the spatial distribution
of the aftershocks of the 1923 Kanto Earthquake. In par-
ticular, the interpolated 3D spatial occurrence rates for
the period after 1997 are very accurate. Our model also
the forecasts future 3D spatial seismicity rates, using pro-
cesses justified by the present paper.
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Relations to the Coulomb stress changes by the M9
Tohoku-Oki Earthquake

As an integrated approximation of the Tohoku-Oki slips,
we used two rectangular source models reported by the
Geospatial Information Authority of Japan (2011, Fig. 24
therein). At that time, due to the rake, dip and strike
angles of the inter-plate earthquakes during the reverse
faulting (see Fig. S9 in Additional file 1), the ACFS values
on upper surface of the Pacific Plate and eastern parts of
the PHS were positive (+1 to + 10 bars); while locations
closer to the M9 source had higher static stress changes.
On the other hand, the western parts of the subducting
PHS surface had smaller negative ACES values (-0.8 ~-0.2
bars) except for the offshore area east of Boso Peninsula
where the strike and dip angles, due to the subducting
plates, were similar to those of the PAC Plate (cf., plate
boundary model in Fig. 1).

These findings are consistent with the changing seis-
micity rates in Fig. 7 (panels PAC and PHS), and with
the corresponding K, images in Fig. 6¢, d. Specifically,
both the seismicity enhancements seen in the Ky, (%, %
z) images and the locations of earthquakes during the 1
month after the M9 event are consistent with the large
ACEFS values nearest to the slip source. This reminds us
of why the seismicity changed significantly on the PAC
Plate, whereas the seismicity on the PHS Plate remained
almost unchanged, as described in “Induced effect K},
parameter” section.

Short-term, intermediate- and long-term 3D forecasting

In the short term, after a large earthquake, we can fore-
cast aftershocks using the 2D HIST-ETAS model as
described in Ogata (2017). First, within an hour or
so, only a quasi-real-time forecast using the isotropic
matrix §; in Eq. (2) is made. During that time, a cluster
analysis for S; is carried out; then, based on this, general
non-isotropic space—time forecasting based on centroid
hypocenters can be implemented (see Ogata 1998, 2004;
Ogata et al. 2003; Ogata and Zhuang 2006; and Ogata
2011, for the 2D cases). As an example, we confirmed
that retrospective forecasting, using the present model,
of 3D space—time occurrence rates, 1 h after the 1923
Kanto earthquake of M7.9, reasonably well explained the
JMA locations of the aftershock hypocenters.

Thus, in principle, the short-term probability forecast,
in space—time—magnitude bins, can be calculated using
the simple joint distribution of the separable combina-
tion between seismicity and magnitude:

AL, x,y,z; M| Hy) dt dxdydz

= Mt, % 9,z| Hy) - B(%,9,2) ¢ P @y M-Mo) dtdx dydz,
(5)
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where the estimation of the location-dependent param-
eter B(x,7,2) = b(x,7,2)In10 for magnitude frequency
is obtained similarly, as described in Section S1 of Addi-
tional file 1. Then, the spatial values of both the extended
HIST-ETAS and b-value parameters at any location
(%, 9, z) can be interpolated by solving the relations in
Additional file 1: Eq. (S7) and then interpolated using
Additional file 1: Eq. (S8). In particular, the centroid
hypocenter and variance—covariance matrix of a spa-
tial cluster of aftershocks, represented by Eq. (2), can be
determined using all detected and located earthquakes
during the first one hour, say, after a large earthquake.
. However, at each location, the location-dependent
b(x,y,z) values determine the frequency distributions of
small earthquakes near the threshold magnitude. Indeed,
the magnitude distributions, in many local sub-vol-
umes beneath Kanto plain, do not follow the GR law for
larger magnitudes or take characteristic earthquake type
shapes; alternative shapes, such as tapering, reflect the
many modified Gutenberg—Richter magnitude frequency
distributions (see Utsu 1999). Another issue is that the
b-values for the main shocks and aftershocks can be sig-
nificantly different (Utsu 1971). For example, Ogata et al.
(2018) could not confirm that the magnitude forecasts,
using location-dependent b-value throughout the Japan
region, outperform the baseline GR law with »=0.9 as a
reference value. Hence, for now, it may be rathAer better to
assume a generic magnitude frequency B = bIn10 with
b = 0.9, throughout the entire Kanto region, instead of
/§ (x,7,2)in Eq. (4), to provide stable forecasting.
Furthermore, for real-time aftershock forecasting, the
b-values should be estimated by taking the space—time
incomplete earthquake detection rates into considera-
tion right after a large earthquake (see Omi et al. 2013,
Omi et al. 2014, 2015, 2016, 2018). To this end, we are
investigating the extensions of the separable combination
Eq. (4) to general cases (Ogata 2017; Ogata et al. 2018).
Intermediate- and long-term forecasts are considered
as follows: suppose that the current time is S, and that we
would like to forecast event probability over the period
up to the time T. For an intermediate-term period [S, T,
naive but time-consuming forecasts could be simulations
based on the two models. Firstly, a sequence of magnitude
M, n=1, 2,...} with M, > M,, using the standard or
modified GR distributions with constant parameters, and
with a single reference b-value (namely, »=0.9) for the
Kanto volume, is defined. Then (¢, X, Y1, 2n), My > M,
n=1,2,..., N, for the period [S, T] is simulated in the 3D
volume V (Ogata 1981, 1998). This simulation procedure
should be repeated many times to determine the variabil-
ity of the potential seismicity under various scenarios. A
similar procedure was applied in the Uniform California
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Earthquake Rupture Forecast, Version 3 (UCERF3),
referred to as UCERF3-ETAS (Field et al. 2017).

A more straight forward intermediate- and long-term
forecasting approach assumes that the relationship

T
/ AMt,x,y,z | Hs) dt
S

N(0,S) ,u(x, ¥ z)
S [[[, nx,y,z)dxdydz

(6)
~ (T-2S)-

holds for any location. Then, the space—time forecast can
be performed, by multiplying 8 e=# M~Me) with (5), for
each location and magnitude range where the GR Law
holds.

Conclusion

The temporal ETAS model shows how seismicity pat-
terns in the Kanto region, before and after the M9
Tohoku-Oki earthquake, differ significantly. Hence,
we modeled the seismic activity beneath the Kanto
Plain using a combination of a 3D ETAS model and
the Omori—Utsu formula for the induced effects of the
M9 Tohoku-OKI earthquake. The model characteristic
parameters are location dependent, and were estimated
using piecewise linear functions on 3D Delaunay tes-
sellation and an empirical Bayesian method using the
ABIC. These parameterizations within our method pro-
vided high-resolution images in zones where hypocent-
ers are dense. They accurately forecast, as we successfully
demonstrated, the short-, intermediate- and long-term
probabilities of occurrence beneath the Kanto plain.

Based on the hypocenter catalog for a century of
earthquake events, we obtained inversion solutions
for key location-dependent parameters, including the
background seismicity rates, the self-exciting (after-
shock) productivity rates, and the M9-induced produc-
tivity rate. The optimally inverted 3D spatial images of
such characteristic parameters illustrate the discrimi-
native seismicity patterns in the crust and on the sub-
ducting plates boundaries.

In particular, the background rate appears quite use-
ful for long-term forecasting of large earthquakes. The
external triggering factor shows the zones where the
induced effect took place. These overlap with zones of
high and intense background rate on the Pacific Plate
boundary, but depend on distance from the M9 source.
As yet, activity levels have not reduced back to those
before the mega-event.
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Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/540623-019-1086-7.

Additional file 1. Supplementary text and figures. This consists of sec-
tions on the estimation methods of magnitude frequency distribution
on 3D space (Figs. S1 to S3 for b-values), and estimation methods of the
extended 3D HIST-ETAS model and its optimal coefficients images (Figs.
S4 to S8), together with a summary of the adopted empirical Bayesian
method.
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