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ABSTRACT
This manuscript presents the preliminary ground motion model (GMM) for the subduction zone
earthquakes based on the database collected from Japanese earthquakes within the frame of
PEER Next Generation Attenuation: Subduction (NGA-Sub) project. The dataset used in the
regression includes 5730 recordings from 56 subduction interface earthquakes with
5.16≤M w ≤9.13 and 4503 recordings from 27 intra-slab events with 5.2≤M w ≤8.32. Functional
form of the model accommodates the differences in the depth and distance scaling for interface
and intra-slab earthquakes. Both linear and non-linear site amplification factors and depth to the
bedrock effects are incorporated in the model: linear site coefficient and depth to the bedrock
scaling are estimated in regression; whereas the non-linear site amplification factors used in [1]
are adopted. Magnitude dependent distance scaling and large magnitude scaling of the
preliminary model is currently set equal to the BCHydro GMM [2], but will be re-evaluated
using the global dataset of subduction events in the future. Median ground motions estimated by
the preliminary model is approximately 20% higher than the median values given by the
BCHydro GMM at the short period and 10% lower at the long periods.
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ABSTRACT
This manuscript presents the preliminary ground motion model (GMM) for the subduction zone
earthquakes based on the database collected from Japanese earthquakes within the frame of PEER
Next Generation Attenuation: Subduction (NGA-Sub) project. The dataset used in the regression
includes 5730 recordings from 56 subduction interface earthquakes with 5.16≤M w ≤9.13 and 4503
recordings from 27 intra-slab events with 5.2≤M w ≤8.32. Functional form of the model
accommodates the differences in the depth and distance scaling for interface and intra-slab
earthquakes. Both linear and non-linear site amplification factors and depth to the bedrock effects
are incorporated in the model: linear site coefficient and depth to the bedrock scaling are estimated
in regression; whereas the non-linear site amplification factors used in [1] are adopted. Magnitude
dependent distance scaling and large magnitude scaling of the preliminary model is currently set
equal to the BCHydro GMM [2], but will be re-evaluated using the global dataset of subduction
events in the future. Median ground motions estimated by the preliminary model is approximately
20% higher than the median values given by the BCHydro GMM at the short period and 10%
lower at the long periods.

Introduction
Next Generation Attenuation: Subduction (NGA-Sub) is a large multidisciplinary, multi-year
research program to develop database resources and ground motion models (GMMs) for
subduction-zone earthquakes coordinated by the Pacific Earthquake Engineering Research
Center (PEER) [3]. The NGA-Subduction database includes the processed recordings and
supporting source, path, and site metadata from Japan, Taiwan, the Pacific Northwest and State
of Alaska in the United States, and Central and South America, including Mexico, Peru and
Chile. The database spans ~740 earthquakes with magnitudes from 4 to 9 classified as interface,
intra-slab, or outer-rise events and more than 60,000 three-component recordings. Data from
Japan comprises about 70% of the recordings in the NGA-Subduction database [3]. In this paper,
we present the preliminary ground motion model (GMM) for the subduction zone earthquakes
based on the database collected from Japanese earthquakes within the frame of PEER NGA-Sub
project. Although the NGA-Sub Japan database is comprehensive when compared to the datasets
collected from the other regions, the large magnitude (M w >8) and the short distance (R<15 km)
range is still only sparsely sampled. To develop a GMM that extrapolates to large magnitudes in
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a reasonable manner, we adopted some of the parameters from the BCHydro GMM [2]. The
objective of this study is to present the basic magnitude, distance, depth, and site amplification
scaling observed in the NGA-Sub Japan database and to provide the details of the estimated or
implemented coefficients in the preliminary model. In addition, we compare our preliminary
model with the BCHydro GMM to show the potential changes. Next, the model given here will
be updated using the full NGA-Sub global dataset to develop the final model.
Selection of the Dataset for Regression
We selected our ground motion dataset from the NGA-Sub Japan database (Version 14.4, dated
March 26, 2016). Events with missing key metadata such as magnitude, fault parameters etc. are
removed. Earthquakes with questionable hypocentral depths at the time (EQID=58, 87, 93, 94,
98) and the shallow slab events (EQID=92, 127, 128, 139, 190, 193, 194) are eliminated.
Additionally, we eliminated the M<5 earthquakes and earthquakes with less than three
recordings. PGA of the recordings for each event is plotted vs. rupture distance and the events
with unusual scatter of data (e.g. EQID# 187, 189, 198) are manually selected and removed.
Recordings that are not representative of free-field ground motion (stations with GMX 1st letter:
N, Z and F) are eliminated. Recordings at distances greater than the censoring distance and the
recordings identified as questionable (e.g. apparent incorrect gain or spectral shape) are removed.
Currently, the recordings with rupture distances more than 500 km is eliminated from the dataset.
Our final dataset consists of 5730 recordings from 56 subduction interface earthquakes with
5.16≤M w ≤9.13 and 4503 recordings from 27 intra-slab events with 5.2≤M w ≤8.32. The response
spectral values for the selected recordings are only used in the regression analysis for spectral
frequencies greater than 1.25 times the high-pass corner frequency used in the record processing.
The magnitude-distance distributions for PGA and spectral acceleration at T=3 sec. are shown in
Figure 1(a) and 1(b), respectively. Figure 1 shows that the magnitude-distance distribution of the
recordings used in the regression does not change significantly at long periods when compared to
the short periods.
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Figure 1. Magnitude-distance distributions for the final subset for a) PGA and b) T=3 sec.

Functional Form of the Model
The functional form of the proposed model is shown in Eq. 1-6 and the variables used in the
equation are described in Table 1. The random-effects regression analysis is performed to
estimate the coefficients c 4 and a 1 - a 17 following the procedure described in [4]. The regression
is executed in a number of steps, starting with a more limited data set and then proceeding to the
full range, including M>5.0, R rup <500 km. In each step, one or more coefficients are constrained
and held fixed in following steps.
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Definition of parameters used in the regression analysis
Parameter
M
R rup
Z TOR
V S30
Z 1.0
�
𝑆𝑆1180
F FA

(4)

Definition
Moment magnitude
Rupture distance (km)
Depth-to -top of rupture (km)
Shear-wave velocity over the top 30 m (m/sec)
Depth to V S =1.0 km/sec at the site (m)
Median peak spectral acceleration (g) for
V S30 =1180 m/sec
Forearc – Backarc Indicator FA=1 for backarc sites

(6)

Scaling relative to M5-5.5

At the first step of regression, the finite-rupture term is constrained to a period-independent value
to prevent the large changes in the spectral shape as the model extrapolates to very short
distances (c 4 =10 km, Eq. 3). After the finite-rupture term is constrained, the magnitude scaling
coefficients are estimated based on a limited dataset that includes M>5 earthquakes and
recordings within 200 km. Figure 2(a) shows that the estimated slope of the magnitude scaling
for M w >8 events is different than the slope of magnitude scaling for M w <8 earthquakes, similar
to the BCHydro GMM (Figure 2b). Therefore, the break in the magnitude scaling in Eq. 1-2 is
set to M w =8. Unlike the BCHydro GMM, the magnitude scaling for M w >8 events is rather flat.
The difference in the observed scaling is related to the dataset: there are no events in the selected
dataset with M w >8.36 except for the Tohoku (M w =9.12) earthquake (Figure 1). Therefore, the
large magnitude scaling coefficients of the model are not well-constrained. For this preliminary
model, the magnitude-dependent geometrical spreading term (a 3 ) and the linear magnitude
scaling term for large events (a 5 ) from the BCHydro GMM are adopted. On the other hand,
linear small-to-moderate magnitude term (a 4 ) is estimated based on the selected Japan dataset.
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(a) Magnitude scaling estimated in regression using the NGA-Sub Japan dataset, (b)
the magnitude scaling of BCHydro GMM [2].

In the BCHydro GMM, the scaling with the hypocenter depth was included only for the intraslab events. We used the depth to the top of the rupture (Z tor ) parameter for modelling the scaling
with depth and we estimated and constrained the Z tor scaling coefficients separately for the
interface and intra-slab earthquakes (Eq. 1-2). Figure 3 shows that the number of interface events
with Z tor >60 km is very limited; therefore, the depth scaling function is constrained at 50 km for
the interface earthquakes. For the intra-slab events, the depth scaling is estimated as part of the
regression, but given the limited depth range in the Japan subset, the depth scaling for slab events
will be re-evaluated using the global database.
Proposed model includes both linear and non-linear site amplification effects (f 5 ) and the depth
to the bedrock effects parametrized by Z 1.0 as shown in Eq.1-2. The linear site term was
estimated using the empirical data, while the non-linear term will be incorporated using site
response simulation results. Currently, the non-linear site amplification model parameters (b, c, n

Depth to the top of the rupture

and V lin in Eq. 4) given in [1] are adopted, whereas the linear site amplification scaling (a 10 ) and
the depth to the bedrock scaling coefficients (a 13 ) are estimated using the NGA-Sub Japan
database. It is notable that the estimated Z 1.0 scaling for the selected subduction dataset is
consistent with that of the shallow crustal GMM given in [1]. Because the BCHydro GMM does
not have the Z 1.0 term, that feature of the new model was not compared with [2].
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Figure 3. Magnitude-depth to the top of the rupture distribution of the earthquakes used in the
initial steps of regression for PGA.
The distance scaling parameters (a 2 , a 17 ) are estimated in two steps. At the first step, the dataset
is constrained to include the recordings with R rup < 300 km and the estimated distance coefficient
(a 2 ) is found to be similar to that of BCHydro GMM. Next, the large magnitude scaling
coefficient (a 17 ) is estimated using the recordings with R rup < 500 km. The a 17 term is constrained
to be negative across all periods to assure that the ground motion will continue to attenuate at
long distances and not curve upwards, as some of the regressed coefficients suggest.
Two parameters are included in the model (Eq. 2) to represent the possible differences in the
ground motions from interface and intra-slab earthquakes: a 6 is the additional distance scaling
term (not used in BCHydro model) and a 14 is the additional constant term for intra-slab events.
Figure 4 shows the ratio of intra-slab/interface ground motions for the same scenario, indicating
that the ratio proposed by the new model and from the BCHydro GMM is similar, except for
short periods.
Regression Results
When performing a random-effects regression, the residuals are separated into inter-event
(between events) and intra-event (within event) terms. Due to space limitations, only examples
of residual plots are provided here. An example of the magnitude and Z tor dependence of the
inter-event residuals at PGA and at T=2.0 s spectral period are shown in Figure 5. In Figure 5, no
magnitude dependence is apparent, but a slight negative trend in small Z tor values (where the
data is sparse) can be observed. Distribution of the intra-event residuals of the model with
rupture distance for PGA and T=2.0 s are given in Figure 6, separately for interface and intraslab events. Intra-event residuals vs. R rup plots show that the model fits the data well and there
are no significant trends in the residuals.
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Inter-event residuals for (a) PGA vs. magnitude, (b) T =2.0 s vs. magnitude, (c)
PGA vs. depth to the top of rupture, and (d) T =2.0 s vs. depth to the top of rupture.
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Intra-event residuals vs. rupture distance for (a) PGA of interface events, (b) PGA of
intra-slab events, (c) Sa at T=2 sec of interface events, and (d) Sa at T=2 sec of intraslab events.
Model Predictions

The median response spectra for the proposed GMM are compared to the predictions of the
BCHydro model in Figure 7 for M8 and M9 interface scenarios for V S30 =400 m/s at the rupture
distances of 50 km and 300 km. A similar comparison of the medians for different intra-slab
scenarios for V S30 =400 m/s (M7 and M8 scenarios with different Z tor values at R rup =50 km and
100 km) is given in Figure 8. Figures 7 and 8 show that the median ground motions estimated by
the preliminary model is approximately 20% higher than the median values given by the
BCHydro GMM at the short periods and 10% lower at the long periods in general. For interface
scenarios, the differences between R rup =50 km predictions are more prominent than the
differences in R rup =300 km predictions. The medium-to-long period curves for intra-slab cases
are relatively close to each other in each plot, but the model predictions are considerably
different for T<0.5 sec. spectral accelerations. The differences in median estimations of the
preliminary and BCHydro models decrease as the Z tor value increases for intra-slab earthquakes.

(a)
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Figure 7. Comparison of median predictions of the preliminary model and BCHydro GMM
for interface earthquakes for V S30 =400 m/s for (a) M8, R rup =50 km, (b) M8,
R rup =300 km, (c) M9, R rup =50 km, and (d) M8, R rup =300 km.
Conclusions
This paper presents the preliminary GMM for the subduction zone earthquakes based on the
database collected from Japanese earthquakes within the frame of PEER NGA-Sub project. The
preliminary model given here is developed with the main objective of evaluating the magnitude,
Z tor , distance, and site amplification scaling of the NGA-Sub Japan database and comparing the
initial model predictions with recently developed BCHydro GMM. Initial findings indicated that
the large magnitude (M w >8) scaling of the Japan dataset is not well-constrained; therefore, the
magnitude and Z tor parameters should be estimated using the updated global dataset. On the
other hand, regional distance and site amplification terms will be added to the global model to
acknowledge the possible regional differences in the global database. The need for the additional
distance scaling for intra-slab events will be re-evaluated when the magnitude and regional
distance effects are constrained due to the trade-offs among the estimated parameters. The model
presented here does not account for the differences in the ground motions in fore-arc and back-

arc regions. This effect will be evaluated before the model is finalized. The GMM for the
subduction zones based on the updated global PEER NGA-Sub database is currently under
development. The table of coefficients for the updated GMM will be disseminated through the
PEER NGA Subduction website (http://peer.berkeley.edu/lifelines/projects/nga-sub/) in 2018.
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Figure 8.

(b)

(c)
(d)
Comparison of median predictions of the preliminary model and BCHydro GMM
for interface earthquakes for V S30 =400 m/s for (a) M8, R rup =50 km, (b) M8,
R rup =300 km, (c) M9, R rup =50 km, and (d) M8, R rup =300 km.
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