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Abstract 

In this study, we compared observations and predictions submitted by participants for blind prediction experiments 
for ground motions using aftershocks, foreshock, and mainshock of the 2016 Kumamoto earthquake sequence, 
Japan, to improve our understanding of the quality of state-of-the-art methods on the reproducibility of the effects 
of surface geology on seismic motions. In the blind predictions, 1D, 2D, and 3D methods, Green’s function meth-
ods, spectral ratio approaches, and other approaches were applied. As for PGA/PGV, acceleration/velocity duration, 
Fourier spectrum, pseudo-velocity response spectrum, and site amplification factors, the observed values are mostly 
within the range of average ± σ of all the predictions in the case of weak and strong ground motions. The results 
of the mean absolute percentage errors for these indices show that the applied methods can predict weak and strong 
ground motions for the three components in the range of one-half to twice the observations. The average goodness-
of-fit (GOF) scores for weak and strong ground motions indicate either a very good fit (6.5–8) or a good fit (4.5–6.5) 
for the three components. Finally, examples of the categorized methods are quite limited; however, results indicate 
that the predictions by all the categorized methods can adequately reproduce weak and strong ground motions 
within either a very good or good fit. Although we could not find a significant difference in the results from the cat-
egorized methods, scores by the 2D and 3D methods in the frequency range of 0.5–1 and 1–2 Hz for all the blind 
predictions are higher than the scores by the other methods. The GOF score for the part after the S-wave by the 2D 
and 3D methods is higher than that by the 1D method. This supports that the predictions by the 2D and 3D methods 
due to the accounting of the proper geometry could reproduce the basin-induced and/or basin-transduced surface 
waves excited by the basin-edge effect more than the 1D method using the earthquake record observed at the refer-
ence site.

Keywords Weak motion, Strong motion, Blind prediction, Validation, MAPE, GOF, Basin-edge effect, 2016 Kumamoto 
earthquake, Kumamoto Plain

*Correspondence:
Seiji Tsuno
tsuno.seiji.75@rtri.or.jp
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-023-01885-6&domain=pdf


Page 2 of 21Tsuno et al. Earth, Planets and Space          (2023) 75:130 

Graphical Abstract

Introduction
To improve our understanding of the quality of state-of-
the-art methods for the reproducibility of the effects of 
surface geology on seismic motion, we performed a blind 
prediction exercise at the 6th IASPEI/IAEE Interna-
tional Symposium: Effects of Surface Geology on Seismic 
Motion (ESG6). In the ESG6, based on the theme “Pro-
gress of ESG research during the last three decades: How 
accurately can we predict site amplification?”, the ESG6 
local organizing committee prepared blind prediction 
exercises consisting of three steps (step-1: identification 
of the subsurface structure at the target site, step-2: simu-
lation of weak ground motions observed at the target site, 
step-3: simulation of strong ground motions observed 
at the target site) (Chimoto et al. 2023; Matsuhima et al. 
2023). The experiments, with their aims, of past ESG and 
ESG6 are well-described in Matsushima et al. (2023).

As the target site, we selected a seismic station in the 
Kumamoto Plain (Ishizaka et al. 1995) that recorded strong 
ground motions during the 2016 Kumamoto earthquake 
sequence in Japan, which has not been yet published. In 
blind predictions of step-2 (BP2) and step-3 (BP3), the 
aftershocks, foreshock (Mj 6.5), and mainshock (Mj 7.3) of 
the 2016 Kumamoto earthquake sequence (e.g., Asano and 
Iwata 2016) were selected as the target earthquakes to pre-
dict weak and strong ground motions at the Kumamoto 
test site. Earthquake ground motions were categorized 
into weak and strong ground motions with observed PGAs 
of less than 50 cm/s2 and over 50 cm/s2, respectively.

In this study, we performed quantitative validation anal-
yses using the mean absolute percentage error (MAPE) 
(Morley et  al. 2018) and goodness-of-fit (GOF) (Ander-
son 2004) between observations and predictions for weak 

and strong motions using the aftershocks, foreshock, and 
mainshock of the 2016 Kumamoto earthquake sequence.

Outline of blind predictions and submitted 
waveforms
Outline of blind predictions
The blind predictions of step-2 (BP2) and step-3 (BP3) 
were simulations of the weak and strong ground motions 
observed at the Kumamoto test site, respectively (Mat-
sushima et al. 2023). The earthquake records observed at 
the reference site for the target earthquakes (BP2: Mj 5.9 
occurred on April 16, 2016 at 3:03 JST, BP3: foreshock of 
Mj 6.5 occurred on April 14, 2016 at 21:26 JST, and main-
shock of Mj 7.3 occurred on April 16, 2016 at 1:25 JST) 
were released. However, the earthquake records observed 
at the test site for the target earthquakes were blind-
folded. Earthquake ground motions for the target earth-
quakes at the test site, predicted by simulation techniques 
such as the 1D method, GMPE, empirical Green’s func-
tion method, and 2D/3D simulations were requested.

Strong ground motions during the 2016 Kumamoto 
earthquake sequence and weak ground motions during 
the aftershocks were recorded at a reference site (KU.
KMP1). However, the records following the arrival of 
wave packets with the maximum amplitude for the main-
shock were lost because of technical issues with the back-
up battery (Tsuno et al. 2017). The test site at which the 
strong ground motion station (KUMA) has been installed 
and maintained by the Kyushu Railway Company is 
located on the Quaternary layers in the northern part 
of the Kumamoto Plain, Japan (Ishizaka et al. 1995; Chi-
moto et al. 2023; Matsushima et al. 2023). Inversely, the 
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reference site in which the strong ground motion station 
(KU.KMP1) has been installed and maintained by the 
Institute of Seismology and Volcanology, Faculty of Sci-
ence, Kyushu University, is located on Mt. Kinbo, where 
andesite is widely distributed (Hoshizumi et  al. 2004). 
The locations of the KUMA and KU.KMP1 are shown in 
Fig. 1. The accelerations of the target earthquakes of BP2 
and BP3 at KU.KMP1 and KUMA are shown in Figs.  2 
and 3, respectively. Information on the foreshock, main-
shock (BP3), and aftershock (BP2) of the 2016 Kuma-
moto earthquake sequence with the epicentral distance, 
fault distance, observed PGA, and PGV at KU.KMP1 
and KUMA are shown in Table  1. Please note that the 
waveforms in Fig. 3 and the information in Table 1 were 
released to the participants only after the blind predic-
tion results were collected.

Matsushima et  al. (2023) reported that the surface 
geology of KUMA consists of alluvium forming the flood 
plain of the Shirakawa River and a modern landfill, as 
borehole surveys to a depth of 39 m conducted at the site 
indicated. The preferred model was simply integrated 
with both the models of PS logging data (Matsushima 
et  al. 2023) for a shallow profile down to the layer with 
an S-wave velocity (Vs) of 290 m/s and an array micro-
tremor survey (Senna et al. 2018) for a deep profile in and 
around this area. In particular, gravel with Vs 95 m/s in 

the 1st layer of the subsurface structure was confirmed 
by boring and PS logging. We provided the results of the 
in situ measurements and laboratory tests, the preferred 
1D velocity model by the ESG6 local organizing commit-
tee (Matsushima et al. 2023), information from the Japan 
integrated velocity structure model (JIVSM: Koketsu 
et al. 2009, 2012), and a geological map of the Kumamoto 
test site by the National Institute of Advanced Industrial 
Science and Technology (AIST). For example, laboratory 
tests were conducted on five samples obtained at different 

Fig. 1 Locations of strong ground motion stations and epicenters 
of earthquakes provided in the blind predictions (BP2 and BP3). 
Circles denote epicenters of the aftershocks of the 2016 Kumamoto 
earthquake sequence. A red star denotes an epicenter of the target 
earthquake in BP2. Black stars denote epicenters of the foreshock 
and mainshock of the 2016 Kumamoto earthquake sequence that are 
the target earthquakes in BP3. Source fault planes of the foreshock 
and mainshock by Asano and Iwata (2016) are projected
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Fig. 2 a Accelerations of the three components at KU.KMP1 
for the largest aftershock of Mj 5.9. Waveforms start on April 16, 2016, 
at 03:03:10 JST. b Accelerations of the three components at KU.
KMP1 for the foreshock of Mj 6.5. Waveforms start on April 14, 2016, 
at 21:26:30 JST. c Accelerations of the three components at KU.KMP1 
for the mainshock of Mj 7.3 before technical issues with the back-up 
battery. Waveforms start on April 16, 2016 at 01:25:00 JST
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depths at KUMA based on the Japanese Industrial Stand-
ard (JIS) and the Japanese Geotechnical Society Standard 
(2015, 2017). The particle size, specimen conditions, and 
test results of the cyclic triaxial test such as G-γ and h-γ 
relation of the samples were opened to all participants 
before the exercises (Matsushima et al. 2023).

We simply required to simulate earthquake ground 
motions for the target earthquakes at KUMA, by any 
simulation techniques, such as the 1D method, GMPE, 
empirical Greenʼs function method, and 2D/3D simula-
tion. As the minimum requirement of the results, acceler-
ation data for the horizontal component and the Fourier 

spectrum in the reliable frequency range were requested, 
along with the starting time and duration of the simula-
tion. Submission of two- or three-component data was 
optional but preferred. In the cases of theoretical meth-
ods and non-linear analysis, we requested a description 
of the structural model, a non-linear parameter used, and 
an estimated shear strain.

Methods applied by participants
In the blind prediction of step-2 (BP2), 18 predictions 
were submitted by 15 teams from five countries, as shown 
in Table 2. Ten teams from BP2 participated in BP1 (Chi-
moto et al. 2023). As methods applied by the participants, 
there were the 1D theoretical simulation methods in 4 
predictions, 2D theoretical simulation methods in 2 pre-
dictions, empirical/stochastic Green’s function methods 
in 4 predictions, spectral ratio approaches in 3 predic-
tions, 3D theoretical simulation method in 1 prediction, 
and other approaches in 5 predictions. The nonlinearity of 
soft soil for the shallow subsurface structure was consid-
ered in three predictions, including the equivalent–linear 
method. Ten predictions were obtained by considering 
the 1D subsurface structure at KUMA. Most participants 
used their own models in BP1 or models estimated using 
earthquake records. Only three participants used the 
preferred model offered by the ESG6 local organizing 
Committee. In contrast, eight predictions were obtained 
without any information on the subsurface structures, in 
which spectral ratio approaches or empirical/stochastic 
Green’s function methods were applied. The reliable fre-
quency ranges are mostly 0.1 to 10 Hz among the 18 pre-
dictions in BP2.

In the blind prediction of step-3 (BP3), 16 predictions 
were submitted by 14 teams from five countries, as shown 
in Table 3. Eight teams from BP3 participated in BP1. As 
the methods applied by the participants, there were the 
1D theoretical simulation methods in 8 predictions, 2D 
theoretical simulation methods in 2 predictions, empiri-
cal/stochastic Green’s function methods in 3 predictions, 
spectral ratio approaches in 2 predictions, 3D theoretical 
simulation method in 1 prediction, and other approaches 
in 3 predictions. The nonlinearity of soft soil for the shal-
low subsurface structure was considered in the 15 pre-
dictions, leaving out one prediction. Thirteen predictions 
were obtained by considering the 1D subsurface struc-
ture at KUMA. Seven participants used their own mod-
els in BP1 or models estimated using earthquake records. 
Six participants used the preferred model and PS logging 
offered by the ESG6 local organizing committee. However, 
three predictions were obtained without any information 
on the subsurface structures, in which the spectral ratio 
approaches and the empirical Green’s function method 
were applied. The reliable frequency ranges are mostly 
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Fig. 3 a Accelerations of the three components at KUMA 
for the largest aftershock of Mj 5.9. b Accelerations of the three 
components at KUMA for the foreshock of Mj 6.5. c Accelerations 
of the three components at KUMA for the mainshock of Mj 7.3



Page 5 of 21Tsuno et al. Earth, Planets and Space          (2023) 75:130  

Ta
bl

e 
1 

In
fo

rm
at

io
n 

of
 th

e 
fo

re
sh

oc
k,

 m
ai

ns
ho

ck
 (B

P3
), 

an
d 

af
te

rs
ho

ck
 (B

P2
) o

f t
he

 2
01

6 
Ku

m
am

ot
o 

ea
rt

hq
ua

ke
 s

eq
ue

nc
e 

w
ith

 th
e 

ep
ic

en
tr

al
 d

is
ta

nc
e,

 fa
ul

t d
is

ta
nc

e,
 o

bs
er

ve
d 

PG
A

 a
nd

 P
G

V,
 a

t K
U

.K
M

P1
 a

nd
 K

U
M

A

PG
Vs

 a
t K

um
a 

w
er

e 
ob

ta
in

ed
 b

y 
ve

lo
ci

tie
s 

in
 th

e 
fr

eq
ue

nc
y 

ra
ng

e 
of

 0
.1

 to
 1

0 
H

z

Ta
rg

et
 

ea
rt

hq
ua

ke
O

ri
gi

n 
Ti

m
e 

(J
ST

)
La

t
Lo

ng
D

ep
th

 (k
m

)
M
j

KU
.K

M
P1

KU
M

A

Ep
ic

en
tr

al
 

D
is

. (
km

)
Fa

ul
t D

is
. 

(k
m

)
PG

A
 (c

m
/s

2 )
PG

V 
(c

m
/s

)
Ep

ic
en

tr
al

 
D

is
. (

km
)

Fa
ul

t D
is

. 
(k

m
)

PG
A

 (c
m

/s
2 )

PG
V 

(c
m

/s
)

N
S

EW
U

D
N

S
EW

U
D

N
S

EW
U

D
N

S
EW

U
D

Fo
re

sh
oc

k
20

16
-0

4-
14

 
21

:2
6:

34
.4

3
32

.7
4

13
0.

81
11

.3
9

6.
5

19
.4

5
19

.7
0

10
2.

4
11

2.
8

10
0.

2
9.

4
11

.8
4.

3
11

.9
2

12
.0

9
44

1.
5

38
8.

8
22

7.
0

69
.2

46
.4

12
.9

M
ai

ns
ho

ck
20

16
-0

4-
16

 
01

:2
5:

05
.4

7
32

.7
5

13
0.

76
12

.4
5

7.
3

15
.0

0
16

.7
8

16
8.

2
23

1.
5

24
9.

1
20

.8
25

.0
8.

0
7.

41
10

.4
7

57
4.

7
50

9.
1

44
4.

0
66

.8
52

.2
18

.5

A
ft

er
sh

oc
k

20
16

-0
4-

16
 

03
:0

3:
10

.7
8

32
.9

6
13

1.
09

6.
89

5.
9

46
.2

6
–

12
.8

11
.5

5.
7

1.
0

0.
7

0.
4

42
.7

6
ー

30
.6

33
.2

12
.6

1.
97

1.
89

0.
63



Page 6 of 21Tsuno et al. Earth, Planets and Space          (2023) 75:130 

Table 2 Summary of methods applied in the blind prediction of step-2

Team Prediction Methods Nonlinearity Subsurface structure Reliable 
frequency 
range (Hz)

1 1 2D-FDM Yes 1D (Preferred model) + 2D (JIVSM) 0.1–10

2 2D-FDM Yes 1D (Preferred model) + 2D (JIVSM) 0.1–10

2 3 Equivalent–linear (1D) Yes 1D (Own model in BP1) 0.1–20

3 4 1D No 1D (Own model in BP1) 0.1–25

4 5 Hybrid (1D + 3D-FDM) No 1D (Own model in BP1) + 3D (JIVSM) 0.1–20

5 6 Stochastic Green’s Function No 1D (Own estimated model) 0.5–10

6 7 Stochastic Green’s Function No ー 0.2–10

7 8 Stochastic approach No 1D (Own model in BP1) 0.25–25

8 9 Empirical Green’s Function No ー 0.1–10

9 10 Generalized Standard Spectral ratio No ー 0.5–20

11 Standard Spectral ratio No ー 0.5–30

10 12 Semi-empirical approach No ー 0.2–10

11 13 Deffuse Field concept No 1D (Own estimated model) 0.1–20

12 14 Site effect substitution No ー 0.1–10

13 15 Physics-based simulation No 1D (Own estimated model) 0.01–50

14 16 1D No 1D (Preferred model) 0.1–10

15 17 Empirical Green’s Function No ー 0.1–20

18 Spectral ratio No ー 0.1–20

Table 3 Summary of methods applied in the blind prediction of step-3

Team Prediction Methods Earthquake Nonlinearity Subsurface structure Reliable frequency range

1 1 2D-FDM Foreshock Yes 1D (Preferred model) + 2D 
(JIVSM)

0.1–10 Hz

2 2D-FDM Foreshock Yes 1D (Preferred model) + 2D 
(JIVSM)

0.1–10 Hz

2 3 Empirical non-linear transfer 
function

Foreshock/mainshock Yes – Whole frequency range

3 4 Equivalent–linear (1D) Foreshock Yes 1D (Own model in BP1) 0.1–20 Hz

5 Nonlinear (1D) Foreshock Yes 1D (Own model in BP1) 0.1–30 Hz

4 6 Nonlinear (1D) Foreshock/mainshock Yes 1D (Own model in BP1) 0.1–25 Hz

5 7 Stochastic approach Foreshock/mainshock Yes 1D (Own model in BP1) 0.25–25 Hz

6 8 Hybrid (Nonlinear 
1D + EGF + DWN)

Foreshock/mainshock Yes 1D (PS logging and own 
estimated model)

0.05–10 Hz

7 9 Empirical non-linear transfer 
function

Foreshock/mainshock Yes – Whole frequency range

8 10 Empirical Green’s Function Foreshock/mainshock No – 0.2–10 Hz

9 11 Effective stress analysis (1D) Foreshock/mainshock Yes 1D (PS logging) 0.1–10 Hz

10 12 Hybrid (1D + 3D-FDM) Foreshock/mainshock Yes 1D (Own model in BP1) + 3D 
(JIVSM)

0.1–20 Hz

11 13 Equivalent–linear (1D) Mainshock Yes 1D (Preferred model) up to 20 Hz

12 14 Hybrid (Stochastic Green’s 
Function
 + Equivalent–linear 1D

Foreshock/mainshock Yes 1D (Preferred model) 0.5–10 Hz

13 15 Deffuse Field concept Foreshock/mainshock Yes 1D (Own estimated model) 0.1–20 Hz

14 16 Physics-based simulation Foreshock/mainshock Yes 1D (Own estimated model) 0.01–50 Hz
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Fig. 4 a Accelerations of the three components at KUMA for the largest aftershock of Mj 5.9. Acceleration observed is also shown. Waveforms 
start on April 16, 2016 at 03:03:10 JST. b Velocities of the three components in the frequency range of 0.1 to 10 Hz at KUMA by integrating 
the accelerations. Velocity observed is also shown
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0.1 to 10 Hz among the 16 predictions in BP3. As for the 
2D/3D simulation in BP2 and BP3, the Japan integrated 
velocity structure model (JIVSM) (Koketsu et  al. 2009, 
2012) was used in the Kumamoto Plain, replacing the 

structural model around KUMA with the preferred model 
by the ESG6 local organizing committee (Matsushima 
et  al. 2023) and the own model in BP1, respectively. For 
the 2D simulation, the earthquake record at KU.KMP1 was 

Fig. 5 a Accelerations of the three components at KUMA for the foreshock of Mj 6.5. Acceleration observed is also shown. Waveforms start on April 
14, 2016 at 21:26:30 JST. b Velocities of the three components in the frequency range of 0.1 to 10 Hz at KUMA by integrating the accelerations. 
Velocity observed is also shown
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used as an input ground motion at the bedrock. On the 
other hand, for the 3D simulation, the finite fault models 
of the foreshock and mainshock including slip velocities 

estimated by the kinematic waveform inversion (Asano 
and Iwata 2016) were used. Note that there is basically no 
information on the input motions, because there was no 

Fig. 6 a Accelerations of the three components at KUMA for the mainshock of Mj 7.3. Acceleration observed is also shown. Waveforms start on April 
16, 2016 at 01:25:00 JST. b Velocities of the three components in the frequency range of 0.1 to 10 Hz at KUMA by integrating the accelerations. 
Velocity observed is also shown
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request for the input motions of the participants in BP2 
and BP3.

Submitted waveforms
The accelerations of the three components at KUMA for 
the largest aftershock of Mj 5.9 (the target earthquake of 
BP2) by the 18 predictions, foreshock of Mj 6.5 (the target 
earthquake of BP3) by the 15 predictions, and mainshock 
of Mj 7.3 (the target earthquake of BP3) by the 12 predic-
tions are shown with the observed accelerations in Figs. 4, 
5, and 6a, respectively. In these figures, the waveforms 
started on April 16, 2016 at 03:03:10 JST, April 14, 2016 
at 21:26:30 JST, and April 16, 2016 at 01:25:00 JST. Several 
predictions did not fix arrival times. Several teams pre-
dicted the acceleration of the UD component. In Figs.  4, 
5, and 6b, the velocities of the three components in the 

frequency range of 0.1 to 10 Hz at KUMA by integrating 
the accelerations are shown with the observed velocity.

Results
We summarize the results of the submitted waveforms in 
terms of peak ground acceleration (PGA), peak ground 
velocity (PGV), Fourier spectrum, velocity response 
spectrum with 5% damping, duration, and site amplifi-
cation factor without any interpretation or discussion 
in this section. We calculated the arithmetic average 
and standard deviation for the PGA, PGV, and duration 
for comparison on a linear scale. We also calculated the 
geometric average and standard deviation of the Fourier 
spectrum, velocity response spectrum, and site amplifica-
tion factor on a logarithmic scale.

Fig. 7 PGAs of the three components in the frequency range of 0.1 
to 10 Hz at KUMA for predictions with the average and the standard 
deviation. A bar indicates the average ± the deviation. PGA observed 
is also shown. a BP2, b BP3: foreshock, c BP3: mainshock

Fig. 8 PGVs of the three components in the frequency range of 0.1 
to 10 Hz at KUMA for predictions with the average and standard 
deviation. A bar indicates the average ± the deviation. PGV observed 
is also shown. a BP2, b BP3: foreshock, c BP3: mainshock
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Fig. 9 Fourier spectra of the three components at KUMA for predictions with the average and the standard deviation. Fourier spectrum observed 
is also shown. a BP2, b BP3: foreshock, c BP3: mainshock
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Fig. 10 Pseudo-velocity response spectra (h = 0.05) of the three components at KUMA for predictions with the average and the standard deviation. 
Pseudo-velocity response spectrum (h = 0.05) observed is also shown. a BP2, b BP3: foreshock, c BP3: mainshock
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PGA and PGV
PGAs and PGVs of the three components in the fre-
quency range of 0.1 to 10  Hz at KUMA for the largest 
aftershock of Mj 5.9 (BP2), foreshock of Mj 6.5 (BP3: 
foreshock), and mainshock of Mj 7.3 (BP3: mainshock) 
are shown with the observed PGAs and PGVs in Figs. 7 
and 8, respectively. The averages and standard deviations 
σ of the PGAs and PGVs are also shown.

Fourier spectrum
Fourier spectra of the three components at KUMA are 
shown with the observation in Fig. 9, using the accelera-
tions of 40.96  s with the Parzen’s window of 0.1 Hz. The 
averages and standard deviations σ of the predictions 
are also shown. The variability of the individual Fourier 

spectra for the UD component in BP2 is clearly smaller 
than that of the individual Fourier spectra for the NS and 
EW components, particularly at frequencies higher than 
1 Hz.

Velocity response spectrum with 5% damping
Pseudo-velocity response spectra of the three com-
ponents at KUMA are shown with the observation in 
Fig.  10. The averages and standard deviations σ of the 
predictions are also shown. The variability of the individ-
ual pseudo-velocity response spectra for the UD compo-
nent in BP2 is clearly smaller than that of the individual 
pseudo-velocity response spectra for the NS and EW 
components, particularly at the period less than 1 s, with 
the same tendency as the Fourier spectrum.

Fig. 11 Acceleration durations of the three components 
in the frequency range of 0.1 to 10 Hz at KUMA for predictions 
with the average and the standard deviation. A bar indicates 
the average ± the deviation. Acceleration duration observed 
is also shown. a BP2, b BP3: foreshock, c BP3: mainshock

Fig. 12 Velocity durations of the three components in the frequency 
range of 0.1 to 10 Hz at KUMA for predictions with the average 
and standard deviation. A bar indicates the average ± the deviation. 
Acceleration duration observed is also shown. a BP2, b BP3: 
foreshock, c BP3: mainshock
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Fig. 13 Site amplification factors of the three components at KUMA from the bedrock for predictions with the average and the standard deviation. 
Site amplification factor observed is also shown. a BP2, b BP3: foreshock, c BP3: mainshock
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Duration
As acceleration duration of the earthquake ground 
motions, we adopted the Arias intensity (Arias 1970) that 
acceleration duration should be defined as the 5–95% 
duration of the squared acceleration integral, so the Arias 
intensity is also called Arias integral (Trifunac and Brady 
1975). As velocity duration, we adopted the energy inte-
gral proposed by Anderson (2004) with the same process 
as that for the acceleration duration.

The acceleration and velocity durations of the three 
components in the frequency range of 0.1 to 10  Hz at 
KUMA are shown with the observation in Figs.  11 and 
12, respectively. The averages and standard deviations 
σ of the predictions are shown. In general, the duration 
depends on the magnitude of the earthquakes. In these 
cases, however, the durations of the largest aftershock of 
Mj 5.9 are longer than those of the foreshock of Mj 6.5 
and the mainshock of Mj 7.3, in the observations as well 
as in the predictions. This might be because the epicen-
tral distance of the largest aftershock to KUMA was the 
longest among the earthquakes.

Site amplification factors
We estimated the site amplification factors at KUMA, 
that is, the Fourier spectrum of each prediction at KUMA 
divided by the input motion of 1/2 Fourier spectrum of 
the earthquake record at KU.KMP1. The empirical site 
amplification factor was estimated using earthquake 
records from KUMA and KU.KMP1. The site amplifica-
tion factors of the three components at KUMA are shown 
in Fig. 13 with the averages and standard deviations σ of 
the predictions. In the cases of BP2 and BP3, the observa-
tions are mostly in the range of the average ± σ of the pre-
dictions for the three components, as similar to the PGA, 
PGV, Fourier spectrum, velocity response spectrum with 
5% damping, and durations.

Validations between observations and predictions
Mean absolute percentage error
As an index of validation between observations and pre-
dictions (e.g., Morley et  al. 2018), we first adopted the 
mean absolute percentage error (MAPE). We applied the 
MAPE with the geometric mean procedure to the indi-
vidual prediction results of the PGAs, PGVs, acceleration 
durations, and velocity durations in BP2, BP3 (foreshock), 
and BP3 (mainshock) in Fig.  14, using Eq.  (1). Pi and O 
indicate the individual prediction and observation val-
ues, respectively. The number of predictions is n. In the 
case of averaging the Fourier spectrum and the pseudo-
velocity response in the frequency range of 0.1 to 10 Hz, 
Eq. (2) was applied. a represents number of frequencies:
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Fig. 14 MAPE for the PGAs, PGVs, acceleration duration, velocity 
duration, and Fourier spectra and the pseudo-velocity responses 
averaged in the frequency range of 0.1 to 10 Hz. a BP2, b BP3: 
foreshock, c BP3: mainshock
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In BP2, the MAPE for the PGAs, PGVs, acceleration 
durations, and velocity durations are 0.13–0.44 in the 
NS and EW components and 0.06–0.16 in the UD com-
ponent. The ranges of the MAPE for the pseudo-veloc-
ity responses are approximately 1/2–2 times. However, 
those MAPE in the three components are 0.05–0.35 
and 0.17–0.37 in BP3 (foreshock) and BP3 (mainshock), 
respectively. The ranges of the MAPE for the pseudo-
velocity responses are almost 1/2–2 times in the BP3 
(foreshock) and BP3 (mainshock). The MAPE for the pre-
dictions results in the UD component in BP2 is less than 
0.1, indicating high accurate forecasting, as shown by 
Lewis (1982). The MAPE for other prediction results in 
BP2 and BP3 are 0.2–0.5 as reasonable forecasting shown 
by Lewis (1982).

The results of the validations by the MAPE between 
the observations and predictions in the blind predic-
tion for the 2016 Kumamoto earthquake sequence in 
ESG6 are better than those in the blind prediction for 
the 1995 Kobe earthquake in ESG2 (Kawase and Iwata 
1999, 2000). As for the PGA and PGV, the results from 
the blind predictions in ESG2 and ESG6 had the same 
tendency that the observations are mostly in the range 
of the average ± σ of the predictions in the three compo-
nents. As for the velocity response spectra, on the other 
hand, the predictions submitted in ESG6 are rather well-
constrained than those in ESG2.

Goodness‑of‑fit
The goodness-of-fit (GOF) can be used to investigate the 
credibility of simulated waveforms for engineering appli-
cations (Anderson 2004; Kristeková et  al. 2006, 2009; 
Olsen and Mayhew 2010). We applied the GOF proposed 
by Anderson (2004) to the predicted weak and strong 
ground motions. The GOF in this study is composed of 
nine criteria with different characteristics, which have 
a scale from 0 to 10 for the Arias duration (C1), energy 
duration (C2), Arias intensity (C3), energy integral (C4), 
peak acceleration (C5), peak velocity (C6), peak displace-
ment (C7), response spectra (C8), and Fourier spectra 
(C9). We excluded cross-correlation (C10) from the ten 
items of Anderson (2004), because the arrival time was 
not estimated in several predictions.

We calculated the scores of the GOF criterion in six 
frequency ranges (0.1–0.5, 0.5–1, 1–2, 2–5, 5–10, and 
0.1–10 Hz), that are important for evaluating earthquake 
ground motions in engineering fields. Finally, the GOF 
score between the observations and predictions was 
obtained by averaging the GOF scores calculated for the 
six different frequency ranges. The GOF scores between 
the observations and predictions in BP2, BP3 (foreshock), 
and BP3 (mainshock) are shown in Fig.  15. Olsen and 
Mayhew (2010) proposed the following classification of 

the GOF score by Anderson (2004): 8–10 excellent fit, 
6.5–8 very good fit, 4.5–6.5 good fit, 3.5–4.5 fair fit, and 
0–3.5 poor fit. The GOF scores in BP2 are the highest 
among those of the three blind predictions, despite hav-
ing the largest number of participants. The average GOF 
scores in BP2, BP3 (foreshock), and BP3 (mainshock) 
are over 4.5 for three components indicating either a 
very good fit or a good fit. These results indicate that 
techniques to simulate earthquake ground motions can 
adequately predict weak and strong ground motions in 

Fig. 15 GOF scores by Anderson (2004) between the observations 
and predictions. A bar indicates the average ± the deviation. a BP2, b 
BP3: foreshock, c BP3: mainshock
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engineering applications when the parameters at the site 
are well-provided (Matsushima et  al. 2023). The GOF 
scores on the individual criteria (C01–C09) by Ander-
son (2004) between the observations and predictions in 
BP2, BP3 (foreshock), and BP3 (mainshock) are shown 
in Fig. 16. The criteria corresponding to the energy con-
tained in the seismic waves (C3 and C4) are relatively 
lower than the other criteria corresponding to the maxi-
mum value of the seismic waves (C5, C6, and C7). It is 
assumed that most results using the earthquake record 

Fig. 16 GOF scores on the individual criteria by Anderson (2004) 
between the observations and predictions. A bar indicates 
the average ± the deviation. a BP2, b BP3: foreshock, c BP3: mainshock

Fig. 17 GOF scores in the different frequency ranges 
between the observations and predictions by the categorized 
methods. 1D, 2D, 3D, GF, Sp, and O mean 1D method, 2D method, 3D 
method, Green’s function method, spectral ratio approach, and other 
approaches. The number in the brackets indicates the number 
of predictions. a BP2, b BP3: foreshock, c BP3: mainshock
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observed at the reference site (KU.KMP1) could not 
properly reproduce the basin-induced surface waves and/
or basin-transduced surface waves (Kawase 1996).

Discussion
2D and 3D methods accounting the basin‑edge effect
To investigate the validity of the simulated waveforms 
against the observed waveforms among the different 
methods, the GOF scores were averaged using the cat-
egorized methods (1D, 2D, 3D, Green’s function, spectral 
ratio, and others). Note that we could not clearly catego-
rize the applied methods because of the combination of 
the multiple methods (Tables  2 and 3). The GOF scores 

in different frequency ranges (0.1–0.5, 0.5–1, 1–2, 2–5, 
and 5–10  Hz) between the observations and predictions 
by the categorized methods in BP2, BP3 (foreshock), and 
BP3 (mainshock) are shown in Fig.  17. We did not esti-
mate the standard deviation for the individual categorized 
methods because of the limited number of applications. 
Although we could not find a significant difference in the 
results from categorized methods, it has the tendency that 
the scores by the 3D method in the frequency range of 0.5 
to 1 and 1 to 2 Hz for all the blind predictions seem to be 
higher than the scores by the other methods. The scores by 
the 2D method in the frequency range of 0.5 to 1 and 1 to 
2 Hz are the highest among the results in BP3: foreshock. 
The methods which can consider the irregular shape of 
subsurface structures may take advantage in predicting the 
earthquake ground motions in the frequency range of 0.5 
to 1 and 1 to 2 Hz in these cases. Figure 18 shows the accel-
erations of the predictions by 3-01 (2D method), 3-11 (1D 
method), and 3-12 (3D method) with the observation in 
BP3 (foreshock) without the process of filtering. As a rep-
resentative case of the 1D method, the result of 3-11 was 
selected owing to having the average GOF score among 
the 1D method. We found that the amplitudes of the part 
after the S-wave predicted by 3-01 (2D method) and 3-12 
(3D method) agree compared with those predicted by 
3-11 (1D method) for the observations. Figure  19 shows 
the GOF scores on individual criteria by Anderson (2004) 
between the observations and predictions for the part of 
the S-wave and the part after the S-wave. In the result, 
the GOF scores in the total for the part after the S-wave 
predicted by 3-01 (2D method) and 3-12 (3D method) are 

Fig. 18 Accelerations of the predictions by 3-01 (2D method), 3-11 
(1D method), and 3-12 (3D method) with the observation in BP3 
(foreshock) without the process of filtering. Shadow lines indicate 
the part of the S-wave (Part 1) and the part after the S-wave (Part 2). a 
NS component, b EW component

Fig. 19 GOF scores on individual criteria by Anderson (2004) 
between the observations and predictions by 3-01 (2D method) 
in the square, 3-11 (1D method) in the triangle, and 3-12 (3D method) 
in the diamond. NS and EW components showed in the open 
and the closed marks, respectively. Black and white indicate results 
using the part of the S-wave (Part 1) and the part after the S-wave 
(Part 2), respectively
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in agreement compared with that predicted by 3-11 (1D 
method) for the observations, similar to the amplitudes. In 
particular, the GOF scores in the total for the part of the 
S-wave predicted by 3-12 (3D method) were the worst; 
however, the GOF scores in total for the part after the 
S-wave was the best. These results indicate that the predic-
tions by the 2D and 3D methods due to the accounting of 
the proper geometry could reproduce basin-induced sur-
face waves and/or basin-transduced surface waves excited 
by the basin-edge effect (Kawase 1996) better than the 1D 
method using the earthquake record observed at the refer-
ence site (KU.KMP1). Although the number of examples 
of the categorized methods is quite limited, these results 
lead us to conclude that the predictions by all categorized 
methods can adequately reproduce strong ground motions 
as well as weak ground motions within a very good fit and 
a good fit for the GOF.

Finally, we investigated the differences in the results 
of the 1D method using the preferred model and its 
own model in BP3. The GOF scores by Anderson (2004) 
between the observations and predictions by the 1D 
method are shown in Table  4. The number of examples 
here is limited; however, the results of the 1D method 
using the preferred model appear to be better than those 
using its own model in this study.

Comparing to the ground motion prediction equation
We verified the accuracy of the predictions for the fore-
shock and mainshock of the 2016 Kumamoto earthquake, 
by comparing them with a ground motion prediction 
equation (GMPE). Figure  20 shows the ground motion 
prediction equations for the foreshock and mainshock 
of the 2016 Kumamoto earthquake with the PGAs of 
the observation and the average of the predictions at 
KUMA without filtering. The GMPEs for the foreshock 
and mainshock of the 2016 Kumamoto earthquake were 
estimated according to Si and Midorikawa (1999), which 

explains the strong ground motions during the main-
shock of the 2016 Kumamoto earthquake (Suzuki et  al. 
2017). The fault distances at KUMA for both earth-
quakes are listed in Table  1. Note that the GMPEs (Si 
and Midorikawa 1999) were estimated using earthquake 
records by 21 earthquakes in the fault types of inter-plate, 
intra-plate, and crustal on the surface in the entire Japan.

The observations and the averages of the predictions 
for the foreshock and the mainshock of the 2016 Kuma-
moto earthquake are within the range of average ± σ of 
these GMPEs. Particularly in the mainshock of the 2016 
Kumamoto earthquake, the observation and average of 
the predictions are close to the average of the GMPE. 
The standard errors in the GMPE for PGA proposed by 
Si and Midorikawa (1999) were 0.27 and 0.25 against all 
data and the data with fault distance less than 100  km 
or equal, respectively. On the other hand, the standard 
errors for the predictions for PGA in BP3 (foreshock) and 
BP3 (mainshock) are 0.2 and 0.17 smaller than those by 
the GMPE, respectively. This suggests that the predic-
tions for the foreshock and mainshock of the 2016 Kum-
amoto earthquake in BP3 reproduce the observations 
better than the GMPE estimations.

Conclusions
To improve our understanding of the quality of state-of-
the-art methods on the reproducibility of the effects of 
surface geology on seismic motions, we performed vali-
dation analyses of MAPE and GOF between the obser-
vations and predictions for weak ground motions (BP2) 
and strong ground motions (BP3) using the aftershocks, 
foreshock, and mainshock of the 2016 Kumamoto earth-
quake sequence, Japan.

As for the PGA/PGV, acceleration/velocity duration, 
Fourier spectrum, and pseudo-velocity response spec-
trum, the observed values are mostly within the range of 
average ± σ of all the predictions in the case of weak and 

Table 4 GOF scores by Anderson (2004) between the observations and predictions by the 1D method using the preferred model and 
its own model

The number in the brackets indicates the number of predictions

(a) BP3: foreshock

Score Individual

Preferred model 6.34 6.34 (1)

Own model 4.91 7.31, 4.29, 3.13 (3)

(b) BP3: mainshock

Score Individual

Preferred model 5.87 6.32, 5.41 (2)

Own model 3.73 3.73 (1)
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strong ground motions. The relationship of the site ampli-
fication factors between the observations and predictions 
at the Kumamoto test site to the reference site also has the 
same tendency. The results of the MAPE for these indices 
show that the applied methods can predict weak and strong 
ground motions for the three components in the range of 
one-half to twice the observations. Moreover, the average 
GOF scores for weak and strong ground motions indicate 
either a very good fit (6.5–8) or a good fit (4.5–6.5) for the 
three components. Finally, examples of the categorized 
methods (1D, 2D, 3D, Green’s function, spectral ratio, and 
others) are quite limited; however, results indicate that the 
predictions by all the categorized methods can adequately 
reproduce weak and strong ground motions within either 
a very good fit or good fit for GOF. Although we could not 
find a significant difference in the results from the catego-
rized methods, GOF scores by the 2D and 3D methods in 
the frequency range of 0.5–1 and 1–2 Hz for all the blind 
predictions are higher than the scores by the other meth-
ods. The GOF score for the part after the S-wave by the 2D 
and 3D methods is higher than that by the 1D method for 
the observation. This supports that the predictions by the 
2D and 3D methods due to the accounting of the proper 
geometry could reproduce the basin-induced surface waves 
and/or basin-transduced surface waves excited by the 
basin-edge effect (Kawase 1996) more than the 1D method 
using the earthquake record observed at the reference site 
(KU.KMP1).

To enhance the validity of earthquake ground motion pre-
dictions, both qualitatively and quantitatively for engineer-
ing applications, it is important to continue experiments 
such as blind predictions of earthquake ground motions.
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