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ABSTRACT

It is crucial to include additional site amplification effects resulting from the thick sediment
on ground motions in the reliable assessment for seismic hazard in sedimentary basins.
Ground-motion residual analysis with respect to ground-motion prediction equation is per-
formed to evaluate additional site amplifications at over 200 K-NET stations within and
around Kanto basin. We first investigate the potential effects on additional site amplifi-
cations resulted from the sediment depth and several source-dependent factors. Results
reveal that source-to-site distance, focal depth, and source azimuth all have nonnegligible
effects on additional site amplifications, especially the focal depth. Thick sedimentary sites
amplify long-period ground motions from distant earthquakes more strongly than those
from local earthquakes. Ground motions from shallow crustal earthquakes generally expe-
rience much stronger amplifications than those from those deep subduction earthquakes,
much more predominant for long-period ground motions (> 1.0 s) at thick sedimentary
sites. Meanwhile, we develop the empirical model after integrating contributions from
sediment depth, source-to-site distance, and focal depth for predicting additional site
amplification effects. Considering the typical case of the distant shallow crustal earth-
quakes, additional site amplifications at thick sedimentary sites within Kanto basin gen-
erally show an increasing trend with the oscillation period increased, whereas they are
generally characterized by a decreasing trend at shallow sedimentary sites outside the
basin. The mean additional site amplification is up to about 2.0 within Kanto basin,
whereas 0.5-0.65 outside Kanto basin, for ground motions at oscillation periods of 2.0-
5.0 s. Mean amplifications within Kanto basin are about 3.5 times larger than those outside
the basin for long-period ground motions at 2.0-5.0 s. Sites northeast to Kanto basin show
the largest amplifications up to about 3.0 at periods of 0.15 and 5.0 s, which may be
resulted from the basin edge effects.
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function in the frequency domain theoretically calculated using
the shallow soil shear- (S-) wave velocity profiles.

However, the large-amplitude surface waves can be gener-
ated on the heterogeneous interface of 2D and 3D geological
structures (e.g., the sedimentary valley and basin), and are sub-
sequently trapped within these structures. The surface waves,
always arriving later than the direct body waves and charac-
terized by the long-period shaking, can greatly amplify the
ground-motion amplitude and prolong the duration of strong
shaking. Such phenomenon is commonly known as basin
effects, which have been delineated in some theoretical studies
(e.g., Bard and Bouchon, 1980; Kawase and Aki, 1989). It is
likely that severe ground shaking is localized at the basin edges
due to the strong constructive interference of the direct body
waves with the basin-generated surface waves, which has been
verified to be the main cause of the enhanced earthquake dam-
age, for example, the Kobe damage belt occurred in the 1995
Kobe earthquake (Kawase, 1996), and the particular damage in
Santa Monica area in the 1994 Northridge earthquake (Graves
et al., 1998). Basin effects are generally one of the predominant
reasons for the additional site amplifications with respect to the
1D site amplification effects.

The basin-generated surface waves have been widely iden-
tified from the seismic waveforms over many sedimentary
basins worldwide with various geological structures and sedi-
mentary thickness, for example, a large number of small-size
intramountain basins in Central and Northern Italy (e.g.,
Rovelli et al., 2001; Pacor et al., 2007; Luzi, et al., 2019), the
Grenoble basin in French Alps (e.g., Cornou et al, 2003),
the western Taiwan coastal plain (e.g., Wang et al., 2006),
the Kanto basin in Japan (e.g., Koketsu and Kikuchi, 2000;
Miyake and Koketsu, 2005; Furumura and Hayakawa,
2007), the Po Plain basin in North Italy (e.g., Abraham et al.,
2015), the Seattle and Tacoma basins in Washington State (e.g.,
Thompson et al., 2020), the Ashigara valley in Japan (e.g.,
Kawase and Sato, 1992), and so forth. Meanwhile, the 3D seis-
mic-wave propagation numerical simulations also clearly illus-
trated the generation of surface waves at the basin edge and
their propagation through the superficial sediment (e.g.,
Sato et al., 1999; Furumura and Hayakawa, 2007; Roten et al.,
2008; Hartzell et al., 2016). For the first time, Sato et al. (1999)
performed the 3D finite-difference simulation to successfully
reproduce the basin-generated surface waves in Kanto basin
during a moderate earthquake and the Great 1923 Kanto
earthquake.

Reliable evaluation of the additional site amplification
effects related to basin effects is crucial for accurate predictions
of the ground-motion intensity in the basin. Considering the
complex 3D geological structure, the 1D transfer function
derived from the S-wave velocity profile cannot completely
capture the additional site amplification effects on long-period
ground motions, even the 2D numerical approach (Olsen,
2000; Smerzini et al., 2011). As a result, the 3D numerical
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simulation has been widely utilized to assess the basin effects
on amplifying ground motions (e.g., Semblat et al., 2002; Volk
et al, 2017; Wirth et al, 2019; Mouzakiotis et al, 2020;
Thompson et al., 2020). At the same time, the basin effects
were directly analyzed using the observed ground-motion
recordings. The site-to-bedrock spectral ratio of the whole
ground-motion waveform was verified to be an effective
approach to estimate the basin effects (Cornou et al., 2003;
Roten et al., 2008; Hartzell et al, 2016; Luzi et al, 2019).
However, it is usually hard to find an appropriate bedrock
reference site. In many studies, ground-motion residuals with
respect to the ground-motion prediction equation (GMPE)
were calculated to estimate the additional site amplifications
associated to basin effects and further develop the empirical
models (Choi et al., 2005; Skarlatoudis et al., 2015; Marafi et al.,
2017; Moschetti et al., 2020). In recent years, surface-wave
propagation effects in sedimentary basin were also exploited
from the ambient seismic field, for example, in the Los
Angeles basin (Denolle, Dunham, et al, 2014) and the
Kanto basin (Denolle, Miyake, et al., 2014).

Current studies have commonly modeled the additional site
amplification associated to basin effects as a function of sedi-
ment depth, for example, Z,, depth to S-wave velocity (V)
equal to 1.0 km/s (e.g., Boore et al., 2014); Z, 5, depth to Vg =
2.5km/s (e.g., Marafi et al, 2017); Z;4, depth to
Vs = 1.4 km/s (e.g., Morikawa and Fujiwara, 2013; Dhakal
et al., 2015), and suggested the application in seismic hazard
assessments. However, some studies have furnished enough
evidence on the significant dependency of basin effects on
source-to-site distance, source azimuth, focal depth, and earth-
quake type according to ground-motion recordings, ambient
seismic measurements, and earthquake numerical simulations
(e.g., Denolle, Miyake, et al., 2014; Wirth et al., 2019; Lai et al.,
2020; Moschetti et al, 2020; Thompson et al, 2020).
Accordingly, more complicated models integrating multiple
factors appear essential for the accurate predictions of basin
amplifications to ground motion.

The Kanto basin and the surrounding areas are character-
ized by the active and complex seismicity principally due to the
nearby triple junction associated with the Eurasian, Pacific,
and Philippine Sea plates (e.g., Stein et al., 2006; Wu et al,
2007; Ishise et al., 2015; Hashima et al., 2016). The Philippine
Sea plate and the underlying Pacific plate are all wedged
beneath the Kanto basin. It has been subjected to numerous
shallow crustal and deep subduction earthquakes. The
basin-generated surface-wave field in Kanto basin has been
generally observed in ground-motion recordings during some
earthquakes, for example, the 1998 M 5.7 off the Izu peninsula
earthquake (Koketsu and Kikuchi, 2000), the 2004 My, 7.4
off the Kii peninsula earthquake (Miyake and Koketsu, 2005),
the 2004 M, 6.6 Chuetsu earthquake (Furumura and
Hayakawa, 2007), and the 2011 M, 9.0 Tohoku earthquake
and its aftershocks (Tsuno et al, 2012), as well as in the
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ambient seismic field measurements (Denolle, Miyake, et al., Figure 1. Z5, contour maps of the Kanto basin and the surrounding areas.

2014; Boué et al., 2016). Dense ground_motion observation Triangles represent the 127 K-NET stations where the additional site
network in and around Kanto basin has accumulated abun- amplifications are derived from distant shallow crustal earthquakes. Gold,
. .. . red, and blue lines indicate the contour lines of Z3, equal to 500 m,
dant ground-motion data, fundamental for add1t10r'1a1 site 1560 m, and 2000-4000 m at a constant interval §f210(g)0 m, respectively.
amplification estimations related to basin effects using the  gjacy s5jig line indicates the coastline. Green rectangle indicates the
residuals from a GMPE. In this study, residuals of ground |ocation of Kanto basin. The color version of this figure is available only in
motions during earthquakes in and around Kanto basin with ~  the electronic edition.
respect to the GMPE in Japan are calculated and decomposed
to estimate the additional site amplifications. We further
discuss the potential effects of multiple factors on the  from south to north due to the younger bedrock toward the
amplifications, including the sediment depth, source-to-site south (Koketsu et al, 2009). The Kanto basin reaches a maxi-
distance, magnitude, focal depth, and source azimuth.  mum depth up to 4.0 km to the east side of the Tokyo bay
Furthermore, an empirical model for predicting additional  according to the Japan Integrated Velocity Structure Model of
site amplification related to basin effects is developed by  the Headquarters for Earthquake Research Promotion (HERP)
accounting for multiple factors. Finally, we emphasize the  (see Data and Resources), when the Vg = 3.2 km/s isosurface
prominent differences of additional site amplifications at sites  is used as a proxy of the sediment depth (Fig. 1). The boundary

within and outside Kanto basin. of the Kanto basin is approximately illustrated by the contour
line of Z;, (depth to Vg = 3.2 km/s) equal to 1.5 km in
GEOLOGICAL SETTING this study, as shown in Figure 1. The thickness of the sediments

The Kanto basin, a large-scale sedimentary basin, is sur-  is larger than 2.0 km from the center (Tokyo bay) to the north-
rounded by mountains on the west and north where the stiffer ~ west (Gunma tunnel). The basin is opened to the southeast,
bedrocks are exposed, and by the Pacific Ocean on the eastand ~ whereas a sharp basin edge can be clearly observed at the west.
south. The sediments filling the Kanto basin can be divided  In the present study, the HERP velocity model is used for
into three groups from surface to basement according to  the depth of Z;, in the correction equations explained later.
geological surveys and borehole measurements, that is: the =~ The HERP velocity model is easily available and was found
Shimosa group with Vg = 0.4-0.6 km/s, the Kazusa group with ~ to have satisfactory results for the simulation of long-period
Vs =1.0 km/s, and the Miura group with Vg =17 km/s  ground motions in the Kanto basin (e.g, Dhakal and
(Koketsu et al., 2009). The basement velocity gradually increases Yamanaka, 2013).
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GROUND-MOTION DATA

We downloaded 39,207 ground-motion acceleration time his-
tories recorded by K-NET stations during 301 earthquakes
with Mjya = 5.0-8.0 that occurred in and around Kanto basin
(latitude 34°-38° N, longitude 137°-142° E) from January 2010
to December 2019 (see Data and Resources).

The high-resolution focal locations for these earthquakes are
retrieved from the Japan Meteorological Agency (JMA)
Uniformed Hypocenter Catalog (see Data and Resources).
The focal mechanisms for 256 earthquakes are obtained from
the Global Centroid Moment Tensor Project (see Data and
Resources), and their fault types are specified by the plunge
of the P and T axes (Boore et al., 2013). We further obtain the
focal mechanisms for additional 28 earthquakes from the Focal
Mechanism Catalog of the High Sensitivity Seismograph
Network Japan (see Data and Resources) and specify their fault
types according to the rake angle (Ancheta et al, 2013). These
284 in total 301 earthquakes with available focal mechanisms are
classified into 96 normal events, 147 reverse events, 27 strike-slip
events, and 14 oblique ones. Their moment magnitudes are in
the range of 4.5-6.9. We also classify these 284 events into differ-
ent tectonic categories, including 80 shallow crustal events, 42
subduction interface events, 102 slab events, and 60 upper man-
tle events, using the classification schemes proposed by Zhao
et al. (2015) and the subduction zone geometries defined by
the Slabl.0 model (Hayes et al., 2012).

We first eliminate the near-field recordings with source-to-
site distances smaller than 10 km to avoid the unreliable dis-
tance estimation and the occurrence of strong nonlinear soil
behavior as much as possible. Then, the magnitude-dependent
distance limits, which are intuitively expressed by a straight
line from 120 km for M,, 4.5 to 300 km for M,, 6.9 in the dis-
tance-magnitude plots, are applied to the ground-motion
dataset to avoid the bias as much as possible due to the trig-
gered threshold (Abrahamson et al, 2016; Zhao et al., 2016). In
this study, the rupture distances for recordings from 24 earth-
quakes with M,, 2 6.0 and the hypocentral distances for
recordings from other events are regarded as the source-to-site
distance metrics, respectively. The rupture distance is esti-
mated according to the following steps: (1) The area of the fault
plane is constrained by its empirical relationship with the M,,
and the tectonic category (Murotani et al., 2008, 2015; Irikura
and Miyake, 2011; Iwata and Asano, 2011), the geometry of the
fault plane (length and width of the fault plane, along the strike
and dip, respectively) is then empirically defined by an aspect
ratio of 1.7. (2) The probability density functions provided by
Mai et al. (2005) are used to define the occurrence probability
of the hypocenter position on the fault plane. The down-dip
hypocenter position can be modeled by a Weibull distribution
for strike-slip and crustal dip-slip earthquakes and a narrow
Gamma distribution for subduction dip-slip earthquakes.
The along-strike hypocenter position can be modeled by a nor-
mal distribution. With the geographical coordinates of the
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hypocenter fixed, totally 121 hypocenter positions on fault plane
are considered in this study. (3) The rupture distances for a spe-
cific site are all calculated according to 121 dummy rupture
planes with various hypocenter positions on fault plane, and
the weighted average is used as the rupture distance. The weights
are equal to the occurrence probabilities for various hypocenter
positions. Recordings at stations with unavailable borehole
velocity profile or with available velocity profile but profile depth
smaller than 10 m are also eliminated due to the unknown or
unreliable Vg3, values (V g3, time-weighted average shear-wave
velocity over the upper 30 m). The extrapolation relation pro-
posed by Wang and Wang (2015) for Japan sites is used to esti-
mate Vg3, values for those K-NET stations with profile depth
greater than 10 km but smaller than 30 m.

We finally assemble 15,218 ground-motion recordings at
422 K-NET stations from 211 M,, 4.5-6.9 earthquakes in our
dataset, as shown in Figure 2a. Figure 2b,c shows the focal
depth-magnitude and the distance-magnitude plots for our
dataset, respectively. These recordings are first processed for cal-
culating the 5%-damped pseudospectral acceleration (PSA). The
cosine tapers with a width of 2.0 s are used near the beginning
and end of the waveforms to avoid truncation effects. Then, the
zero pads with a sufficient length are appended to the beginning
and end (Boore, 2005). The Butterworth band-pass acausal filter
is performed in the frequency domain with the high-pass and
low-pass corner frequencies equal to 0.16 and 30.0 Hz, respec-
tively. The horizontal PSA is represented by the geometric mean
of PSAs at both horizontal components of the ground motion.
Figure 3 shows the horizontal PSAs at oscillation periods of 0.3
and 3.0 s, respectively. The PSAs are shown in five magnitude
bins differentiated by colors. Figure 3 also plots the predicted
medians on hard-rock sites in shallow crustal reverse earth-
quakes with M,, equal to 4.5, 5.5, and 6.5, respectively, using
the GMPE developed by Zhao et al. (2006; hereafter, Zhao06
model) based on the horizontal PSAs of strong-motion record-
ings all over Japan.

GROUND-MOTION RESIDUAL ANALYSIS

The residual, denoted ¢, is expressed by the observed horizon-
tal PSA minus the median value predicted by GMPE in natural
log units. The residual can be decomposed into interevent
residual (6B,), intraevent residual (6W,,), and a mean bias
term ¢, that is,

Ees = 6Be + awes +c (1)

in which the subscript e refers to the earthquake, and subscript
s refers to the recording at station s in earthquake e. The 6B,
represents the average deviation of the observed ground
motion from an earthquake e with respect to the mean of
the predicted ground motion. The §W, represents the degree
of misfit between an individual observation at a station and the
earthquake-specific median prediction (e.g., Wen et al., 2018).
It is mainly related to path and site effects.
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In this study, the Zhao06 model is used to provide the pre-
dicted medians. The site class term instead of the individual
Vs30-scaling site term is used in the Zhao06 model to describe
the site effects. Five site classes, classified base on the site dom-
inant periods, are considered in this model, approximately cor-
responding to the hard rock, rock, hard soil, medium soil, and
soft soil. Before calculating the predicted medians in this study,
the site classes are first classified according to the site dominant
periods estimated from the site Vg3, values. The site class term
in the Zhao06 model was directly determined by the regression
analysis using the observed PSAs, rather than by the theoreti-
cally calculated 1D site amplifications, according to the 1D soil
S-wave velocity profiles. The site class term in the Zhao06
model may thus combine the 1D site amplification and a part
of the other site amplification accounting for the basin or ter-
rain effects. Therefore, the average of the § W, values at station
s over all events can be approximately defined as the additional
site amplification at station s with respect to the site class term
in the Zhao06 model. For those stations in Kanto basin, the
additional site amplification is mainly related to the basin
effects.
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Figure 2. (a) Map of earthquake epicenters (stars) and K-NET stations (tri-
angles) for ground-motion dataset considered in this study. Triangles with
crosses indicate 127 K-NET stations where the basin amplifications are
derived from shallow crustal distant earthquakes. (Inset) The blue rectangle
indicates the location of the study region in Japan, and the red lines indicate
the boundary of plates. (b) Moment magnitude versus focal depth and

(c) moment magnitude versus source-to-site distance for those earthquakes
considered. The color version of this figure is available only in the electronic
edition.

The linear mixed-effects regression (Abrahamson and
Youngs, 1992) is performed to decompose ¢,. The §B, and
¢ values are obtained and plotted against oscillation period
in Figure 4a,b. The ¢ values, close to zero at short periods
but generally smaller than zero at long periods, approximately
show a decreasing trend with increasing oscillation period. The
negative ¢ values indicate that the Zhao06 model overpredicts
ground motions. The §B, values at each oscillation period fluc-
tuate around zero and generally show an average of zero.
Figure 4c,d shows the 6W,, values against distance for PSAs
at oscillation periods of 0.3 and 3.0 s, respectively. The distance
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FACTORS AFFECTING
ADDITIONAL SITE
AMPLIFICATION
Sediment depth

Sediment depth has been typi-
cally recognized as a funda-

Distance (km)

Figure 3. Horizontal 5%-damped pseudospectral accelerations (PSAs) at oscillation periods of (a) 0.3 and (b) 3.0 s
for recordings considered in this study. The predicted medians by the Zhao et al. (2006; referred as Zhao06 model)
on hard-rock sites in shallow crustal reverse earthquakes with M,, equal to 4.5 (dotted line), 5.5 (dashed line), and
6.5 (solid line) were also plotted. The color version of this figure is available only in the electronic edition.

Distance (km)

mental factor affecting the
basin amplification of earth-
quake ground motions (e.g.,
Choi et al., 2005; Marafi et al.,
2017). Consistently, the pro-
nounced effects of sediment
depth Z;, are observed in the
additional site amplification

trend in §W, appears to occur at far field, especially for those
OW,, values at oscillation period of 0.3 s.

The discrepancy in far-field apparent anelastic attenuation
between the observed ground motions and the GMPE may
greatly affect the additional site amplification estimation.
Such discrepancy can be illustrated intuitively from the dis-
tance trend in W, at far field. Following Boore et al.
(2014), we adopted the path-correction term §W , to describe
the potential distance trend in W, at far field, and W, is
expressed as

6W = AC3R€S + AWIR’ (2)

esp
in which R, is the distance of station s to earthquake e. AW, is
approximately the mean 6 W, at close distance. Slope Ac; is an
index for quantifying the discrepancy in far-field anelastic
attenuation. Ac; = 0 implies no perceptible distance trends in
OW,, at far field. Negative (or positive) Ac; indicates that
OW,, values have downward (or upward) distance trend at
far field. Values of Ac; and AWy are plotted against oscillation
period in Figure 4e. The yield Ac; values are always less than zero
at short oscillation periods (< ~1.0 s) whereas greater than zero
at long oscillation periods (> ~1.0 s). The negative or positive
Ac; values verify the discrepant far-field anelastic attenuation.

After correcting the path attenuation, the additional site
amplification A, at station s is expressed as

N
A = exp[Z(awes - 6Wesp)/N} (3)

e=1

in which N is the number of earthquake events recorded by
station s. The minimum N no less than 10 is used in this study.
The additional site amplification values for 20 oscillation
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values at 224 K-NET stations
at some oscillation periods, as
plotted in Figure 5. It is first noted that the sediment-depth
scaling of additional site amplification is dependent on the
oscillation period. Additional site amplification values at the
shortest period (0.05 s) show a decreasing trend from ampli-
fication to deamplification with the increasing Z; ,, which can
be explained by the reducing body-wave energy due to the
increased number of wave cycles with the increasing sediment
depth. However, the increasing trends from deamplification to
amplification always occur in the amplifications at medium-to-
long periods (>0.3 s), which can be explained by the strong
amplifications due to the long-period surface waves prone
to be produced at sites atop the thick sediment. At long periods
(21.0 s), additional site amplification values are generally
greater than 1.0 at sites atop the thick sediment, whereas lower
than 1.0 at those sites with shallow sedimentary thickness. The
simple linear relation of additional site amplification value A
associated with sediment depth Z; , both in natural log units is
adopted to approximately describe the sediment-depth scaling
of additional site amplification, that is,

In(4y) = ¢ In(Z3,) + ¢ 4)

The linear expression has also been adopted by Denolle,
Miyake, et al. (2014) to account for basin depth scaling. We
fit coefficients ¢, and ¢; at all oscillation periods using the
linear least-squares regression, as listed in Table 1. Even if
the best-fitting regressions (solid lines in Fig. 5) are in good
agreement with the general trends, the calculated additional
site amplification values scatter significantly, which may be
attributed to potential effects of earthquake source, for
example, source-to-site distance, focal depth, magnitude,
or more.
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amplifications at these 86 sta-
tions derived from both dis-
tance-dependent subsets are
finally used to calculate devia-
tions to those derived from the
whole dataset, as shown in
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is found that sites atop the thick
sediment (mainly in Kanto
basin) appear to greatly amplify
the long-period ground motions

107! 10° 10!
Period (s)

Figure 4. (a) The bias terms ¢ and its 95% confidence intervals. (b) The 8B, values against oscillation period. (c) The
OW . values against distance for PSAs at oscillation period of 0.3 s. (d) The 6W,, values against distance for PSAs at
oscillation period of 3.0 s. (e) Values of Acs and AW in the path-correction term to describe the distance trend in
the intraevent residual at far field. The color version of this figure is available only in the electronic edition.

from distant earthquakes more
than those from local earth-
quakes. Similar results, larger
amplifications  associated to
earthquakes located farther
from the basin, have been
observed both in ground-
motion recordings and in
numerical simulations in some
previous studies (e.g., Olsen,
2000; Luzi et al, 2019; Wirth
et al, 2019). Wirth et al
(2019) explained that basin
geometry focuses wave energy,
resulting in more amplified
ground shaking in the regions
of the basin farthest away from
the earthquake rupture. They

Distance (km)

also pointed out that distant

Source-to-site distance

To evaluate whether the source-to-site distance potentially
affects the additional site amplification, the whole ground-
motion dataset is first divided into two subsets according
to source-to-site distances, that is, the local dataset with
R, <100 km and the distant dataset with R, > 100 km.
According to equation (3), we then calculate the additional site
amplification values at 94 and 173 K-NET stations using the
local and distant datasets, respectively. Because of the reduced
number of recordings at station from the subset, the limit on
minimum N in equation (3) leads to the fewer stations where
additional site amplifications can be calculated. Totally 86 sta-
tions are included in the 94 stations and the 173 stations at the
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earthquake is likely to cause
large amplification due to mode
conversions and reverberations by the shallowing of sediment
thickness near the basin-edge. Moreover, we also note contrary
distance effects at sites with shallow sedimentary thickness,
which generally results in larger amplifications to the long-period
ground motions from local earthquakes than distant ones. A
hyperbolic tangent functional form is applied to depict the dis-
tance-dependent amplification effects that modify the default
sediment-depth scaling, that is,

In(Agis/A;) = a; tanh[In(Z5,) - a,] + a3, (5)

in which a;, a,, and a5 are regression coefficients obtained by
nonlinear least-squares regression, listed in Table 1 for local
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and distant datasets, respectively. The best-fitting lines well
represent the overall variation of distance-dependent deviation
with sediment depth, as shown in Figure 6.

Magnitude

Furthermore, two groups (one with M, < 5.5 and the other
with M, =5.5) are separated from the local dataset
(R,s < 100 km), and then used to calculate the additional site
amplifications at 75 and 34 K-NET stations, respectively, fol-
lowing equation (3). Deviations of additional site amplifica-
tions at 34 stations, both from M, -dependent local dataset
to those derived from the local dataset, are plotted in
Figure 7. It is found that deviations slightly fluctuate around
zero and are independent of the earthquake magnitude, espe-
cially at sites atop the thick sediment. Similarly, Skarlatoudis
et al. (2015), Marafi et al. (2017) also found that earthquake
magnitude shows negligible effects on basin amplifications,
even if small number of earthquakes were considered in their
studies.
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Figure 5. Additional site amplification values for ground motions at oscilla-
tion periods from 0.05 to 5.0 s versus sediment depth Z3,. The depth-
binned means are represented by squares, with bars indicating standard
errors. Solid lines are regressed to describe the additional site amplification
as a function of Z3,, and the dashed lines indicate the one standard
deviation range. The color version of this figure is available only in the
electronic edition.

Focal depth

In this study, focal depths are generally smaller than 30 km for
crustal earthquakes and larger than 30 km for subduction
earthquakes (Fig. 2b). To analyze the effects of focal depth,
both distance-dependent subsets are further divided into four
smaller dataset according to the focal depth (Dep), that is,
R, <100 km & Dep < 30 km, R, <100 km & Dep >
30 km, R,; > 100 km & Dep < 30 km, and R,; > 100 km &
Dep > 30 km. Four aforementioned datasets are used to cal-
culate the additional site amplifications at 61, 46, 127, and
74 K-NET stations, respectively, using equation (3). These
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additional site amplifications derived from the distance- and
focal depth-dependent dataset are used to calculate deviations
to those derived from the corresponding distance-dependent
subset. Deviation is denoted by In(Ag gep/Adis)> in which
Agis_qep Tepresents the additional site amplification associated
with the distance- and focal depth-dependent dataset.

The pronounced effects of focal depth on additional site
amplifications are clearly observed from the deviations plots,
as shown in Figure 8. Deviations are generally greater than zero
and show an increasing trend with the increasing sedimentary
thickness for the shallow crustal earthquakes. However, the
negative deviations are observed for the deep subduction earth-
quakes and show a decreasing trend. Consequently, differences
between deviations from shallow crustal and deep subduction
earthquakes are much more significant at sites atop the
thick sediment. The increasing (or decreasing) trend with

Volume 112 Number 1 February 2022 www.bssaonline.org
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Figure 6. Deviations of additional site amplifications derived from the source-
to-site distance-dependent ground-motion sub dataset to those from whole
dataset. We consider two sub dataset with distance (R,) less and greater
than 100 km, respectively. Solid lines are regressed to describe the distance-
dependent deviations as a function of Z3 ,. The color version of this figure is
available only in the electronic edition.

sedimentary thickness also shows an obvious dependency
on the oscillation period, the sharper trend for the longer oscil-
lation period. Deviation plots indicate that ground motions
from shallow crustal earthquakes experience much stronger
amplifications than those from the deep subduction earth-
quakes, especially for long-period ground motions (>1.0 s)
at sites atop the thick sediment. Considering that sites atop
the thick sediment are mainly located in Kanto basin; this
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phenomenon may be ascribed to the shallower incidence angle
of the body waves from the shallow crustal earthquakes, which
promotes the generation of basin-edge converted surface waves
and focusing of energy at basin margins. On the contrary, it is
not likely to expect the basin-edge converted surface waves
from body waves travelling vertically into the basin from deep
subduction earthquakes. Additional site amplifications for 5 s
ground shaking at thick sedimentary sites from shallow crustal
earthquakes are approximately 3.0 times as great as those from
deep subduction earthquakes according to the deviations
(about 0.5 and —0.5 from shallow crustal and deep subduction
earthquakes, respectively). Focal depth is thus a very key factor
affecting the sediment-depth scaling of additional site ampli-
fications. Wirth et al. (2019), Lai ef al. (2020), Miura et al.
(2019), Thompson et al. (2020) have also found that shallow
crustal earthquakes appear to produce amplifications in some
basins worldwide (Seattle, Tacoma, Los Angeles, and Bogota
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Figure 7. Deviations of additional site amplifications derived from the mag-
nitude (M,,)-dependent local dataset to those from the local dataset. We
consider two M,,-dependent local dataset with M,, < 5.5 and M,, = 5.5,
respectively. The color version of this figure is available only in the electronic
edition.

basins) that are larger than deep subduction earthquakes. A
hyperbolic tangent functional form is also fit to represent
the focal depth effects, that is,

In(Agis-gep/Adis) = by tanh[In(Z3,) - b,] + bs, (6)

in which by, b,, and b; are regression coefficients obtained by
nonlinear least-squares regression. Both R,; < 100 km & Dep
<30 km and R,; > 100 km & Dep < 30 km subsets are used to
fit regressions coefficients for shallow crustal earthquake,
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whereas both R,, < 100 km & Dep > 30 km and R,; > 100 km
& Dep > 30 km subsets are used to fit regressions coefficients
for deep subduction earthquake, which are all listed in Table 1.
The best-fitting lines well represent the overall variation of
focal depth-dependent deviation with sediment depth, as
shown in Figure 8.

Source azimuth

Source azimuth (also known as source location relative to site,
the direction of propagation, incidence direction, etc.) has also
been recognized as a crucial factor in strongly affecting the spa-
tial pattern of amplification in basin (Denolle, Miyake, et al.,
2014; Wirth et al, 2019; Moschetti et al, 2020, 2021;
Mouzakiotis et al., 2020). It is likely to be due to the irregular
basin geometry, which imposes unique effects on the
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Figure 8. Deviations of additional site amplifications derived from the dis-
tance- and focal depth-dependent dataset to those from the corresponding
distance-dependent dataset. Four datasets are considered, including distant
shallow crustal earthquakes (Res > 100 km & Dep < 30 km), local shallow
crustal earthquakes (R.s < 100 km & Dep < 30 km), distant deep sub-
duction earthquakes (Res > 100 km & Dep > 30 km), and local deep
subduction earthquakes (Res < 100 km & Dep > 30 km). Solid lines are
regressed to describe the focal depth-dependent deviations as a function of
Z35. The color version of this figure is available only in the electronic edition.

generation and propagation of surface waves in basin. To
examine the dependence of additional site amplification on
source azimuth, the dataset from distant shallow crustal earth-
quakes (R, > 100 km & Dep < 30 km) is divided into two
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groups according to the source azimuths—one with earth-
quakes east (mainly northeast) to Kanto basin (140.5-142.5°
E, 35.5-38.0° N) and the other with earthquakes west (mainly
northwest) to Kanto basin (137-140° E, 35.5-38.0° N) (Fig. 2a).
Following equation (3), two source azimuth-dependent dataset
are used to calculate additional site amplifications, respectively.
Because of the sparse number of recordings at a specific station
from each source azimuth-dependent dataset (especially the
west dataset), the limit on minimum N is relaxed to no less
than three. The N values are mainly in the range of 3-5 and
6-18 for datasets with earthquakes west and east to Kanto
basin, respectively.

Deviations of additional site amplifications at 35 K-NET
stations (mainly in Kanto basin) derived from two source
azimuth-dependent dataset to those derived from the
R, > 100 km & Dep < 30 km dataset are calculated and plot-
ted in Figure 9. Discrepancy of deviations between the east and
412
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Figure 9. Deviations of additional site amplifications derived from the source
azimuth-dependent dataset of distant shallow crustal earthquakes

(Res > 100 km and Dep < 30 km) to those from the R, > 100 km and
Dep < 30 km dataset. Two source azimuth-dependent datasets are con-
sidered—one with earthquakes east to Kanto basin and the other with
earthquakes west to the basin. The color version of this figure is available
only in the electronic edition.

west dataset indicates that the source azimuth has effects on
additional site amplifications. Deviations associated with
earthquakes to the east are generally around zero, and they
appear to be generally positive at long oscillation periods.
However, deviations associated with earthquakes to the west
show strong dependence on the oscillation period, from signifi-
cantly greater than zero to smaller than zero as the oscillation
period increases. The small number of recordings used to
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Figure 10. Additional site amplifications with respect to oscillation period calculated for stations at different loca-
tions, including within Kanto basin, outside Kanto basin, and in the area northeast (NE) to Kanto basin. Means with
one standard deviation (error bar) are plotted for each case. The color version of this figure is available only in the

electronic edition.

those in Kanto basin.
Additional site amplifica-
tions at 34 stations within
Kanto basin are compared with
those at 29 stations with shal-
low sedimentary thickness (in

calculate source azimuth-dependent amplifications may also
be responsible for the large scatter in deviations associated with
earthquakes to the west. Compared with earthquakes to the
east of Kanto basin, long-period ground motions from earth-
quakes to the west are inclined to experience much smaller
amplifications. Surface waves that are induced at the west
and northwest boundary of Kanto basin by conversion
from incident S waves in the west are then attracted by the
thick and low-wave-speed sediment in the center of basin
(Furumura and Hayakawa, 2007). However, surface waves that
are generated at the northeast boundary of Kanto basin by con-
version from incident S waves in the east propagate into the
center of basin and subsequently to the steep west boundary,
where the surface waves are reflected back to the center of
basin (e.g., Boué et al., 2016). Reflection enhances the surface
waves in the basin and may be responsible for the stronger
long-period amplification from earthquakes to the east.

ADDITIONAL SITE AMPLIFICATIONS WITHIN AND
OUTSIDE KANTO BASIN

According to the aforementioned analyses, long-period ground
motions at sites atop the thick sediment from distant shallow
crustal earthquakes experience much stronger amplifications
than from local deep subduction earthquakes. This is likely
because the shallower incidence angle in the distant shallow
crustal earthquakes promotes the generation of surface waves
at basin edges. Hereinafter, we mainly pay close attention to
the additional site amplifications at 127 K-NET stations
(shown in Figs. 1 and 2a, and listed in Table S1, available
in supplemental material to this article) derived from the
R, > 100 km & Dep < 30 km dataset. In these stations,
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general Z;, < 500 m) mainly

to the west of the Kanto basin,
as shown in Figure 10. Mean additional site amplifications
within Kanto basin are generally equal to 1.0 for short-period
ground motions (<0.1 s), and then gradually increase as the
oscillation period increases and reaches a maximum of approx-
imately 2.25 for long-period ground motions at 5.0 s. The over-
all trend of amplification with oscillation period in our study is
very similar to those proposed by Marafi et al. (2017) for the
Yufutsu and Konsen basins during the M 8.3 Tokachi-Oki
earthquake and the Niigata basin during the M 9.0 Tohoku
earthquake, while significantly different from the strange trend
proposed by Marafi et al. (2017) for Kanto basin during the
M 9.0 Tohoku earthquake over 200 km to the northeast of
Kanto basin. They found that amplifications in Kanto basin
exceed one at oscillation periods less than 1.4 and larger than
3.0 s, and the maximum amplification (~2-3) occurs at short
periods (<0.3 s). The specific earthquake (M 9.0 Tohoku earth-
quake) considered may be responsible for the strange trend of
amplification in Kanto basin by Marafi et al. (2017). On the
contrary, mean amplifications calculated for stations outside
the Kanto basin are generally smaller than 1.0, except for
the short-period ground motions (<0.1 s). They show an
approximately decreasing trend from ~1.2 to ~0.5, as the oscil-
lation period increases from 0.05 to 2.0 s, and then very slowly
escalate to ~0.65 at period of 5.0 s with the increasing oscil-
lation period. Mean amplifications within Kanto basin are
about 3.5 times larger than those outside the basin for oscil-
lation periods ranging from 2.0 to 5.0 s. The pronounced dis-
crepancy of amplification estimates between stations within
and outside Kanto basin indicates that long-period ground
motions is subject to be strongly amplified by Kanto basin.
Such strong amplifications on long-period ground motions
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within Kanto basin are very important for the reliable assess-
ment of its seismic hazard.

We further note that mean amplifications calculated for sta-
tions northeast (NE) to Kanto basin with Z;, equal to 650-
1500 m are significantly higher than those within Kanto basin.
Mean amplifications for these stations NE to Kanto basin are
approximately in the range of 2-3 for the short-period ground
motions (0.05-0.3 s). They also gradually increase as the oscil-
lation period increases from 0.4 to 5.0 s, up to a maximum of
approximately 3.0 at 5.0 s. Similarly, much stronger basin
amplifications occurred in the area NE to Kanto basin, accord-
ing to the amplification maps provided by Denolle, Miyake,
et al. (2014). Different from the west boundary, sedimentary
thickness in the area NE to Kanto basin slowly decreases from
the NE boundary of Kanto basin to NE far from the Kanto
basin (Fig. 1). Z3, values in a large area NE to Kanto basin
are in the range of 500-1500 m. Moreover, there are large
Z, values, about 450-1000 m also in this area (Table S1). We
thus infer that the Kanto basin defined in this study can be
further extended to the NE. The basin edge effects may be
mainly responsible for the pronounced basin amplifications
occurred in the area NE to Kanto basin.

Integrating multiple factors, including basin depth, source-
to-site distance, and focal depth, additional site amplifications
can be empirically expressed as

In(A,) = ¢yIn(Z3,) + ¢; + a; tanh[In(Z3,) - a,] + a5
+ b] tanh[ln(ziz) - bz] + b3. (7)

Coefficients are all listed in Table 1. ¢; and ¢, indicate sedi-
ment depth-dependent effects; a;, a,, and a; indicate distance-
dependent effects; and b, b,, and b; indicate focal depth-
dependent effects. In Kanto basin, the additional site amplifi-
cation expressed by the empirical model in equation (7) can be
attributed to the basin effects, which is not completely covered
by the site class term in Zhao06 model. Combining the site
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Figure 11. Means and standard deviations for residuals over all stations con-
sidered. Residuals at 127 K-NET stations between the amplifications derived
from the dataset with distant shallow crustal earthquakes and the predicted
amplifications by four models with different complexity are calculated.
Model I: just considering the sediment-depth scaling, model II: considering
the effects of source-to-site distance on sediment-depth scaling, model IlI:
considering the effects of focal depth on sediment-depth scaling, and model
IV: considering both effects of distance and focal depth on sediment-depth
scaling. The color version of this figure is available only in the electronic
edition.

class term in Zhao06 GMPE, additional site amplifications pre-
dicted by equation (7) can be used to represent the whole site
effects on ground motions in Kanto basin, including the basin
amplifications.

To evaluate the model performance with its complexity
increased, we calculate the residuals at 127 K-NET stations
between the calculated amplifications using the dataset from
distant shallow crustal earthquakes and the predicted amplifi-
cations by four models with different complexity, that is, model
I just considering the sediment-depth scaling, model II consid-
ering the effects of source-to-site distance on sediment-depth
scaling, model III considering the effects of focal depth on sedi-
ment-depth scaling, and model IV considering both effects of
source-to-site distance and focal depth on sediment-depth
scaling. The means and standard deviations for residuals over
all 127 stations considered are plotted in Figure 11 in the cases
of four models used, respectively. As the increasing of model
complexity, there is no obvious change in the residual standard
deviations, whereas significant changes occur in residual
means. Model complexity can promote the residual means
to shift toward zero, indicating the better performance as
the model complexity increased. Either distance or focal depth
is capable of improving the model performance, but focal
depth works much better. The model considering both effects
of distance and focal depth on sediment-depth scaling shows
the best performance with residual means very close to zero,
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especially at periods longer than 0.3 s. To improve the predic-
tion reliability, it is better to consider the effects of source-to-
site distance and focal depth.

Z, values for stations within Kanto basin are mainly in the
range of 1500-3000 m. Setting Z; , values to 1500, 2000, 2500,
and 3000 m, respectively, we provide the additional site ampli-
fication predictions for Kanto basin based on the empirical
model (equation 7) developed in this study, as shown in
Figure 12. Here, we take three cases into consideration, includ-
ing all earthquakes with source-to-site distance and focal depth
out of consideration, distant shallow crustal earthquakes
(Rgs > 100 km & Dep < 30 km), and distant deep subduction
earthquakes (R, > 100 km & Dep > 30 km). Meanwhile, the
basin amplification predictions derived from the empirical
model proposed by Boore et al. (2014) are plotted and com-
pared in Figure 11. They developed the empirical model of
basin amplification as a function of 6Z;, which is represented
as Z, minus the prediction of an empirical model relating Z, to
V0. According to their empirical model, we calculate the
basin amplification predictions for stations within Kanto basin
of which Z, and Vg3, values are listed in Table S1.

With the source-to-site distance and focal depth out of con-
sideration, the additional site amplification predictions are up
to approximately 1.5 at long periods (2-5 s). They are signifi-
cantly smaller than those at long periods (approximately 2.0-
3.0) derived from distant shallow crustal earthquakes, whereas
slightly greater than those (~1.0 or more) from distant deep
subduction earthquakes. The empirical predictions from our
study well describe the enhanced basin amplifications within
Kanto basin during distant shallow crustal earthquakes.
Basin amplifications at long periods predicted by the empirical
model of Boore et al. (2014) for stations within Kanto basin are
mainly in the range of 1.3-2.0. Our predictions with distance
and focal depth out of consideration are in good agreement
with their predictions at some station and also smaller than
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Figure 12. Additional site amplification predictions based on the empirical
models from our study and Boore et al. (2014). The color version of this
figure is available only in the electronic edition.

their predictions at other stations. However, predictions from
Boore et al. (2014) are generally smaller than those predicted
for distant shallow crustal earthquakes by our model.

CONCLUSIONS

Basin effects are very fundamental for seismic hazard assess-
ment, because most metropolitan areas are located in sedimen-
tary basins worldwide. Ground-motion residuals with respect to
the GMPE developed by Zhao et al. (2006) for Japan are calcu-
lated and decomposed to evaluate additional site amplifications
at over 200 K-NET stations within and around Kanto basin.
Additional site amplifications in Kanto basin can be attributed
to the basin amplification effects, which are not completely
included in the site class term in Zhao06 model. In addition to
the effects of sediment depth, we pay special attention to the
potential effects of multiple source-dependent factors on addi-
tional site amplifications, including source-to-site distance,
magnitude, focal depth, and source azimuth. We find that
amplifications for long-period ground motions gradually
enlarge with the sediment depth Z;, increased. Magnitude has
negligible effects on the amplifications. However, source-to-site
distance, focal depth, and source azimuth all exert nonnegligible
effects on the amplifications, especially the focal depth.

Thick sedimentary sites appear to amplify the long-period
ground motions from distant earthquakes much more greatly
than from local earthquakes. Meanwhile, ground motions from
shallow crustal earthquakes generally have much stronger
amplifications than those from deep subduction earthquakes.
Effects of focal depth on amplifications show significant depend-
ency on the oscillation period and sedimentary thickness. Focal
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depth is capable of causing much more notable effects on ampli-
fications for long-period ground motions (>1.0 s) at sites with
deep sedimentary thickness. We also note that weaker amplifi-
cations are, in general, inclined to occur in long-period ground
motions during earthquakes west to Kanto basin than those dur-
ing earthquakes east to the basin. Moreover, an empirical model
integrating sediment depth and source-dependent factors
(source-to-site distance and focal depth) is developed to predict
the amplification effects. Our model well describes the source-
dependent amplifications. This empirical model is the first one
to predict basin amplifications in Kanto basin, considering the
source-dependent factors.

Finally, we focus on the addition site amplifications in the
worst case of distant shallow crustal earthquakes. Additional
site amplifications within Kanto basin show an increasing
trend with respect to the oscillation period. However, the esti-
mated amplifications for stations with shallow sedimentary
thickness outside Kanto basin are generally characterized by
the decreasing trend with the increasing oscillation period.
The mean amplification within Kanto basin is up to about
2.25 at period of 5.0 s, whereas 0.65 outside Kanto basin. It
thus can be inferred that long-period ground-motion predic-
tions, underestimated within basin whereas overestimated out-
side basin, are provided by GMPEs with the basin effects out of
consideration. We also note that the largest amplifications
occur at stations located northeast to Kanto basin, rather than
those within the basin. Their mean amplifications are larger
than 2.0 at periods of 0.1-0.3 s and 21.0 s, and reach about
3.0 at periods of 0.15 and 5.0 s. We inferred that their stronger
amplification may result from the basin edge effects at the
northeast edge of Kanto basin.

DATA AND RESOURCES

Ground-motion data from the K-NET strong-motion seismography net-
works were downloaded at www.kyoshin.bosai.go.jp. The high-resolution
focal locations were obtained from the Japan Meteorological Agency
(JMA) Uniformed Hypocenter Catalog at https://hinetwwwll.
bosai.go.jp/auth/J]MA/jmalist. php?LANG=en. The Global Centroid
Moment Tensor (Global CMT) Project database was searched using
https://www.globalcmt.org/CMTsearch.html. The Focal Mechanism
Catalog from the High Sensitivity Seismography Network Japan
(Hi-net) was searched using https://www.hinet.bosai.go.jp/AQUA/
aqua_catalogue.php?LANG=en. The subsurface velocity structure model
was derived from the official website (https://www.jishin.go.jp/
evaluation/seismic_hazard_map/lpshm/12_choshuki_dat/) of the Head-
quarters for Earthquake Research Promotion (HERP). All websites were
last accessed in February 2020. The supplemental material includes Table
S1 describing the information on 127 K-NET stations where additional
site amplifications are derived from recordings during the distant shallow
crustal earthquakes.
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