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Strong Shaking Predicted in Tokyo From an Expected M7+
Itoigawa-Shizuoka Earthquake

Marine A. Denolle'"’, Pierre Boué?'"', Naoshi Hirata3, and Gregory C. Beroza*
1Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA, USA, 2|nstitut des Sciences de la Terre,
CNRS, Université Grenoble Alpes, Grenoble, France, 3Earthquake Research Institute, University of Tokyo, Tokyo, Japan,

4Department of Geophysics, Stanford University, Stanford, CA, USA

Abstract The Itoigawa-Shizuoka Tectonic Line (ISTL) is a major oblique left-lateral crustal fault that is
expected to host M7+ events in the near future. Its proximity to the Kanto sedimentary basin poses a
threat to the population of Metropolitan Tokyo. This study constructs ground motion predictions for
scenario earthquakes on the ISTL using virtual earthquakes. We use the ambient seismic field to calculate
the cross-correlation function that we assume proportional to the elastodynamic Green tensor between
High-Sensitivity Seismograph network stations, which act as sources located above the ISTL, and the
stations of the dense Metropolitan Seismic Observation network, which act as receivers in the Kanto Basin.
We use the virtual earthquake approach (Denolle et al., 2013, https://doi.org/10.1029/2012JB009603;
Denolle, Dunham, et al,, 2014, https://doi.org/10.1126/science.1245678) to predict ground motion from

a suite of 270 kinematic sources and find that predicted ground motions are strong enough that nonlinear
effects, which we do not model, may become important. We find that the shape of the sedimentary basin
substantially alters the shaking by amplifying long-period ground motions as seismic waves refract at the
basin edge. Additionally, we quantify ground motion variability due to source uncertainty, surmise that
ground motions are lognormally distributed with regard to source uncertainties, and suggest that the
variability is affected (locally either enhanced or reduced) by the basin shape. Finally, we find a coupling
point between source and wave paths for epicentral locations on the ISTL that generates almost

twice the shaking as equivalent unilateral ruptures, despite directivity orientation that would favor
southward ruptures.

Plain Language Summary The Itoigawa-Shizuoka Tectonic Line (ISTL) is a major crustal fault
that is expected to host M7+ events in the future. Its proximity to the Kanto sedimentary basin poses

a threat to the population of Metropolitan Tokyo. This study constructs ground motion predictions for
scenario earthquakes on the ISTL using continuous recordings of the ambient seismic field. It takes
advantage of dense seismic networks in Japan (High-Sensitivity Seismograph network and Metropolitan
Seismic Observation network) to characterize seismic wave propagation in complex sedimentary basin
structures. The results show that the sedimentary basin shape particularly affects the strength of the ground
shaking and its variability. Overall, ground motion levels for a future ISTL earthquake are large and likely to
affect tall infrastructures such as tall buildings and bridges.

1. Introduction

The Tokyo Metropolitan area is subject to high earthquake activity due to its location near the complex
junction of three plates. More than 26 million inhabitants and critically important Japanese infrastructures
are exposed to high seismic risk. The M7.9 Great Kanto earthquake struck Tokyo in 1923, caused more than
120,000 fatalities, and was a subduction zone earthquake located underneath Tokyo-Yokohama. The M8
Mino-Owari earthquake, also in Central Honshu in 1891, was a crustal earthquake and had a maximum sur-
face offset of 8 m and a surface rupture of 80 km (Fukuyama & Mikumo, 2006) that caused damage in Osaka
and Nagoya and was felt as far as Tokyo. Both subduction zone earthquakes and crustal earthquakes carry
potential for extensive damage in Honshu.

The Itoigawa-Shizuoka Tectonic Line (ISTL) is among the crustal fault zones that comprise the three plate
boundaries and that are capable of hosting large M7+ earthquakes (Okumura et al., 1994). It extends across
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Figure 1. Map showing MeSO-net stations (cyan circles), Hachioji Line (purple line), and Hi-net stations used as virtual
sources (red triangles). Epicentral locations used in this study are indicated by the yellow stars. Major cities are marked
by their name; the Boso Peninsular is contoured by its coastline in brown. The M6.2 Northern Nagano earthquake

is shown with its focal mechanism (National Research Institute for Earth Science and Disaster solution). Topography

is shown in colorscale and extracted from topex.ucsd.edu (Smith & Sandwell, 1997), and basin contours are the iso

Vs = 3.2-km/s contours (Koketsu et al., 2009). Hi-net = High-Sensitivity Seismograph network; MeSO-net = Metropolitan
Seismic Observation network.

Honshu as a north-south feature that separates the island into southwestern and northeastern blocks, at the
southern edge of the rift zone that opened the Sea of Japan (H. Sato, 1994). The faulting mechanism of the ISTL
varies along strike; it transitions from predominantly thrust motion in the north to predominantly strike-slip
motion in the south (Kondo et al., 2006; Sagiya et al., 2004). The ISTL is segmented but has hosted magnitude
7-8 earthquakes in the past; the largest single-event slip measured at the surface is 6-9 m, and the ISTL
is thought to have recurrence times of about 1,000 years (Okumura, 2001; Okumura et al., 1994). The last
significant earthquake was in CE 841, and no earthquake of magnitude 7 or greater has occurred in the last
1,200 years. The ISTL is thought to be at a mature stage of its cycle with a probability of occurrence on its
northern segment of 22% by 2047 (Japan Seismic Hazard Information Station). The M6.2, 22 November 2014,
Northern Nagano earthquake ruptured the Kamishiro Thrust, which is the northern active segment of the
ISTL and was well recorded in Kanto Basin by the dense array of 296 shallow boreholes accelerometers, the
Metropolitan Seismic Observation network (MeSO-net).

The ISTL is only 100-200 km away from greater Tokyo, and the seismic hazard Tokyo faces from it is increased
by the presence of the Kanto sedimentary basin. The Kanto sedimentary basin is a deep basin with a base-
ment depth as deep as 4 km (Afnimar et al., 2003; Koketsu et al., 2009). Complex sedimentary basin structures
present particular challenges to seismic hazard assessment as they trap seismic waves, amplifying the shak-
ing and extending its duration (Kawase & Aki, 1989). Seismic amplification occurs because soft sediments
have a lower seismic wave speed than surrounding bedrock. Seismic amplification is strongest around 6- to
7-s period in Kanto (Denolle, Miyake, et al., 2014; Furumura & Hayakawa, 2007; Miyake & Koketsu, 2005; T.
Sato etal., 1990). The low wave speed sediments also promote the excitation of high-frequency surface waves
(Tsai etal., 2017) and higher-mode surface waves (Bard & Bouchon, 1980; Boué et al., 2016; Cruz-Atienza et al.,
2016; Kawase & Aki, 1989), which greatly extends the duration of shaking. The trapping of seismic waves can
be explained by wave focusing with refraction (Koketsu & Kikuchi, 2000) and reflection (Boué et al., 2016)
along or at the western basin edge, referred to as the Hachioji Line (see Figure 1).
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Table 1
Virtual Source Stations From Hi-Net
Station name Latitude (°) Longitude (°) Distance from fault trace (km)
HKKH 36.53 137.8201 6.6
OM2H 36.37 1137.9203 17.5
AAKH 36.53 137.9390 4.0
ATYH 36.4598 137.9637 20.5
IKSH 36.5533 137.9415 14.9
MANH 36.3127 138.0167 33
MMOH 36.2578 137.9898 3.8
MNYH 36.1987 138.0122 6.9
SSWH 36.1088 138.1297 4.7
SSGH 36.0233 138.1400 4.6
CHNH 35.9465 138.1848 6.7
HQNH 35.8501 138.2644 5.8
HQSH 35.7974 138.2982 9.7
NRSH 35.7604 138.3874 8.5
OMYH 36.4680 137.8692 5.7

Note. Hi-Net = High-Sensitivity Seismograph network.

Predicting ground motion accurately is critical to assessing and mitigating seismic risk. The conventional
approach to predicting ground motion is through empirical relations that express the shaking level as a func-
tion of source and path properties based on shaking intensity measurements of past earthquakes. These
ground motion prediction equations (Douglas & Edwards, 2016) suffer from the lack of data for large earth-
quakes at close distances. To remedy this shortage of data, numerical simulations of wave propagation in
three-dimensional models of Earth structure allow a theoretical prediction of ground motion, provided that
we know the accuracy and the uncertainty of the models (Day et al., 2012; Graves et al., 2011; Olsen et al., 2006,
2009; Roten et al., 2014). Interestingly, the disagreement between those two approaches to ground motion
predictions is strongest at long periods (5-10 s; Wang & Jordan, 2014).

Prieto and Beroza (2008) proposed to use the cross correlation of the ambient seismic field simultaneously
recorded at seismic stations to retrieve empirically 3-D elastic and anelastic path effects. The interpretation of
the seismic amplitudes in terms of scattering and intrinsic attenuation has been widely discussed (Bowden
et al., 2016; Lawrence & Prieto, 2011; Lawrence et al., 2013; Prieto et al., 2009). Viens et al. (2017) have shown
that seismic amplitudes obtained from the deconvolution of the ambient seismic field reliably reproduced
those observed during earthquakes using similar data and in the Kanto Basin. Denolle et al. (2013) built from
this concept and developed the virtual earthquake approach (VEA) that takes those cross correlations and
turns them into waveforms from buried double-couple point sources. Denolle, Dunham, et al. (2014) extended
the VEA point-source method to reproduce the finite-fault effects of large kinematic ruptures and applied it
to predict long period (4-10 s) shaking from a future San Andreas earthquake in the Los Angeles Basin.

Here we follow Denolle, Dunham, et al. (2014) and construct a suite of scenario earthquakes on the ISTL to
predict the shaking in the sediments of the Kanto Basin and in particular in metropolitan Tokyo. We construct
pseudo-dynamic source models (Crempien & Archuleta, 2015; Guatteri et al., 2003; Schmedes et al., 2010) of
a planar oblique left-lateral fault. We take advantage of the dense seismic network MeSO-net (Figure 1) and
of the locations of the Hi-net (High-Sensitivity Seismograph network; Figure 1 and Table 1) stations near the
ISTL fault to build virtual earthquakes from the ambient seismic field. First, we construct the Earth’s impulse
response from deconvolution of the ambient seismic field recorded between Hi-net stations (as sources)
and MeSO-net stations (as receivers) with a method that preserves the relative amplitudes of the response
(Denolle et al., 2013; Prieto & Beroza, 2008). To calibrate the relative amplitudes to absolute levels, we adjust
the VEA predictions to fit the observed shaking in Kanto from the 2014 Northern Nagano earthquake. The VEA
waveforms are practically the convolution of a synthetic source term and an empirical 3-D Green’s function.

We then discuss the cross-correlation results, which unsurprisingly bear similarities to the findings of Boué
et al. (2016). Both of our studies find that wave propagation from outside to within the sedimentary basin
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exhibit strong excitation of the first overtone mode at the basin edge. We elaborate on the source mod-
els and waveform synthetics constructed in laterally homogeneous medium to offer a discussion between
ground motions from a simple and from a realistic 3-D medium. Calibration of the relative VEA amplitudes to
absolute levels is performed using the Nagano earthquake. Finally, we examine and interpret our results for
larger scenario earthquakes for both waveform predictions from the VEA and from the laterally homogeneous
medium. We show that the predicted long-period (1-10 s) ground motion is high enough to trigger nonlin-
ear effects. We find that crustal structure couples with source effects, whereby ground motion variability is
either enhanced or reduced with 3-D crustal structure as opposed to ground motions from laterally homo-
geneous media. We also highlight a given epicentral location in the Matsumoto Basin where the coupling of
source and wave propagation yield particular strong ground motion effects.

2. Ambient Seismic Field Green’s Function

We construct the impulse response function through a deconvolution technique that has been shown
to preserve the relative amplitudes of the Green’s function (Denolle et al., 2013; Prieto & Beroza, 2008;
Prieto et al., 2011). The nine possible deconvolution functions form what we refer to as the Green tensor.
The cross-correlation (or deconvolution) functions are approximately proportional to the elastodynamic
Green tensor under appropriate conditions on the noise wavefield (Sanchez-Sesma & Campillo, 2006;
Stehly et al., 2006). The virtual source stations are listed in Table 1. Hi-net stations (virtual sources) are
short-period velocimeters that sample the wavefield at 100 Hz and the MeSO-net stations (receivers) are
accelerometers that sample the wavefield at 200 Hz. We low-pass filter to 2.5 Hz and downsample all raw
seismograms to 20 Hz, cut the time series into 30-min time windows overlapped by 50% (Seats et al., 2011),
remove their means and trends, ignore those with absolute amplitudes exceeding 10 times the window
standard deviation to remove the transient signals and perform the deconvolution in frequency domain.
The displacement Green’s function between the virtual source A and the receiver B, G*3(t) is proportional
to the first time derivative of the deconvolution function. Given the nine components of the Green tensor,
i,j € [1, 3], the deconvolution of the seismograms at the virtual source uf‘(t) and the receiver uf(t) yields in the
frequency domain:

Mm

~ 08()0 (w)
Gl (@) = iC < A M >

(o @) 2

where the operator ( ) denotes stacking over time windows and { } denotes smoothing over the virtual
source spectrum (15-point running average) to ensure stability in the deconvolution. The factor Cis a scalar
that depends on the energies of diffuse P and S waves (Sdnchez-Sesma & Campillo, 2006) and that is effectively
common to all stations, provided that the station pairs are subject to the same seismic noise, which is appro-
priate for regional-scale study. We stack each deconvolution function over the 3-year period, from January
2010 to December 2012. For computational efficiency and because the instrumental response of both Hi-net
instruments and MeSO-net instruments has not significantly changed over the course of 3 years, we remove
the responses on the final stack in the frequency domain. We remove the mean of the spectrum and per-
form an inverse Fourier transform to return to the time domain. Finally, we rotate the tensor from the
north-east-down coordinate system to the radial-transverse-down coordinate system assuming a straight-line
raypath between the virtual source and receiver and take the convention that the radial component is posi-
tive outward from the source-receiver axis. The VEA treats the surface-wave modes separately such that the
rotation of the Green tensor is necessary to isolate the modes of Rayleigh and Love waves.

The cross-correlation functions are predominantly anticausal on all nine components of the Green tensor (see
Figures ST and S3 in the supporting information), indicating that the ambient seismic field is mainly excited
in the Pacific Ocean rather than the Japan Sea. Their asymmetry is more pronounced for the receiver vertical
components ZZ, RZ, and TZ (see Figures S2, S4, and S5) and does not appear to vary with azimuth as all of the
virtual sources have a similar degree of asymmetry (Figure S5). At each virtual source, the azimuthal variations
of the amplitudes, at all components, are dominated by basin amplification (Figure S6), and thus, an uneven
distribution of noise sources does not dominate the signal (Stehly & Boué, 2017; Stehly et al., 2006; Yao et al.,
2009). Thus, we assume an even distribution of noise sources in the considered range of azimuths, limiting
possible biases on relative amplitude estimates. We average both sides of the Green'’s function as in Denolle
etal. (2013) and Denolle, Dunham, et al. (2014).
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Figure 2. Averaged cross-correlation functions from virtual source SSWH to all Metropolitan Seismic Observation
network stations and at all nine components of the Green tensor. The dash colored lines provide a crude indication
of the move out of Love and Rayleigh wave fundamental modes and Rayleigh wave first higher modes.
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Figure 3. Polarization function with distance from the virtual source FMIH. Black color refers to a retrograde polarization,
and white refers to a prograde polarization. The Hachioji Line (Figure 2) defines the sharp boundary between bedrock
and basin sediments beyond which wave speed greatly decreases and the prograde higher mode becomes prominent.
The retrograde particle motion is interpreted as characteristic of the fundamental mode in the 1- to 10-s band, whereas
the prograde particle motion is characteristic of the first overtone (Boué et al.,, 2016). The polarization function suggests
that the fundamental mode also has a prograde particle motion at the greatest distances, which is expected given the
velocity profile and the frequency band (Figure 5 of Boué et al., 2016).

2.1. Fundamental and First Higher Modes

Figure 2 shows the nine components of the Green tensor for virtual source SSWH. Both Viens et al. (2016)
and Boué et al. (2016) analyzed the content of the waveforms and concluded that surface waves dominate
the signal. The Rayleigh wave first overtone mode is known from simulations (Boué et al., 2016; Cruz-Atienza
etal, 2016) and observed in sedimentary basins (Boué et al., 2016; Rivet et al., 2015; Savage et al., 2013). Boué
et al. (2016) found that both fundamental and first higher modes have strong amplitudes in the period range
1-10 s, and while the first overtone has a higher phase velocity than the fundamental mode, they share a
similar wave speed at the osculation point around 4.7 s. Boué et al. (2016) also found that wave propagation
around the Hachioji Line (Figure 1) was marked by both a surface-wave reflection for the wavefield traveling
within the basin and by a diffraction of the fundamental mode into the first overtone for wavefields traveling
from outside to inside the basin. This latter effect is fully captured in our Green'’s functions: the wavefield
outside of the basin is mainly a 2.5-km/s fundamental mode, while the waveforms recorded inside the basin
(after a distance of 140 km in Figure 2) travel at a much lower speed of about 300 m/s for the fundamental
mode and 500 m/s for the first higher mode (Boué et al,, 2016; Denolle, Miyake, et al,, 2014).

To discern the fundamental from the first higher mode in the waveforms, we investigate the polarization of
the Rayleigh wave on the vertical-radial plane. Boué et al. (2016) found that, given a local 1-D velocity profile
(Koketsu et al., 2009), the fundamental mode has a retrograde particle motion, while the first overtone has
a prograde particle motion within the frequency band of interest. Ma et al. (2016) drew similar conclusions
from observations in the Los Angeles Basin. The polarization of Rayleigh waves is expected to be elliptical
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Figure 4. Histograms of the ratio of predicted and observed peak ground motion (horizontal and vertical) for the Nagano earthquake. Redline highlights an
accurate prediction. (a) and (b) show the PGD fit, (c) and (d) show the PGV fits, and (e) and (f) show the PGA fits. PGA = peak ground acceleration; PGD = peak
ground displacement; PGV = peak ground velocity.

in the radial-vertical receiver plane. Ma et al. (2016) and Gribler et al. (2016) proposed a filter to isolate the
fundamental and the first higher modes based on their polarization.

The cumulative unwrapped phase ¢(t) between the RR and RZ (radial impulse force at the source and
radial-vertical components at the receiver) and that between the ZR and ZZ (vertical impulse force at the
source and radial-vertical components at the receiver) has increasing and decreasing trends with time. With
our convention of vertical component positive downward, the positive slopes correspond to retrograde and
the negative slopes to prograde particle motions. By taking the polarization function as the sign of the time
derivative of ¢(t), we can average the polarization functions within distance bins and sort the function with
increasing distance. A coherent signal emerges from the polarization functions (Figure 3). At short distances
from the source FMIH, that is, for paths completely outside the basin, the retrograde particle motion reflects
the dominance of the fundamental mode. At greater distances for paths that cross the basin edge (Hachioji
Line), the particle motion reflects the presence of the faster first overtone followed by a slower fundamen-
tal mode. Note that outside of the basin the shaking duration is much shorter compared to inside the basin
(Figures 2 and 3).

Figure 2 shows that there are clear seismic signals in the cross terms ZT-TZ-RT-TR. Those components of
the surface-wave Green tensor should be null in a laterally homogeneous media (e.g., Aki & Richards, 2002);
however, in the real Earth there are multiple mechanisms to leak seismic energy into those components.
First, because of the concave geometry of the basin, it is possible that incoming Rayleigh waves excite Love
waves at the boundary and vice versa. In a body-wave formulation, this entails a coupling of P-S, and S,
Second, the assumption of straight ray paths between source and receivers is unlikely to be satisfied: with
velocity changes as high as a factor of 3 between outside and inside the basin (Koketsu et al., 2009), the rays
should experience strong lateral bending such that the R and T components would deviate from expectations
based on that assumption. We have explored the possibility of employing the Optimal Rotation Algorithm
(Roux, 2009) previously used for measures of anisotropy in near-field Green’s function in Parkfield, California.
The goal would be to solve for a different outgoing incidence angle and the incidence angle, instead of a
single azimuth angle, by minimizing the amplitudes of the cross terms. One metric of success in decoupling
the Rayleigh from Love waves is to compare the polarization functions as in Figure 3 before and after rotation.
While we found spatial correlation in the best fitting angles, the polarization functions did not increase in
strength (i.e., loss of coherence) as would be expected if ray bending were the predominant source of apparent
coupling. For this reason we decided not to pursue optimal rotation and instead to neglect the cross terms.
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Figure 5. Representative example of a source model showing slip, rupture time, and rise time.

3. Setting Up Sources on the ISTL

The surface expression of the main fault in the ISTL has variable geometry (see Figure 1; Nakata & Imaizumi,
2002). The Japan Seismic Hazard Information Station also indicates that the ISTL has variable dip angles along
the segments that could rupture together (Okumura, 2001). While fault geometry can be represented in kine-
matic source representation through pseudo-dynamic models (Mai et al., 2017), we preserve a simple planar
geometry of the fault with the fault trace shown in Figure 1 and with a dip angle of 70°.

3.1. Hi-Net Sources

Similar to Denolle, Dunham, et al. (2014), we choose for each pixel (point source) a phase-shifted Green'’s
function from the closest Hi-net station. The VEA requires knowledge of the surface-wave dispersion for each
virtual source, which we solve using the Generalized Eigenproblem Spectral Collocation (Denolle et al., 2012).
We assume that the elastic medium close to the source is laterally homogeneous, and we select the velocity
profile at each Hi-net station from Japan Integrated Velocity Structure Model (JIVSM; Koketsu et al., 2009). The
velocity profiles close to the stations extracted from the JIVSM exemplify the case of a homogeneous elastic
half space since the velocity variations are trapped in the near surface, which are less sensitive in the 1- to 10-s
period band. To validate this, the cross-correlation functions from the virtual sources to MeSO-net stations on
bedrock sites (see Figures 2, 3,51, and S3) exhibit simple wave packet with little dispersion of the fundamental
mode. This suggests that despite the narrow and thick sediments Matsumoto and Niigata tectonic valleys
that may not be well represented in the JIVSM model, the surface-wave waveforms are as simple as those in a
homogeneous halfspace in the 1- to 10-s period band. At those frequencies, the surface waves are dominated
by fundamental modes and their dispersion is weak (Boué et al., 2016). This supports our results in Figures 2
and 3 that show only the fundamental mode and narrow waveforms for receivers outside the basin.
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Figure 6. Example of the moment rate functions used in this study. (a) and (b) show example of a single slip rate
function chosen at an individual point on the fault in the time and frequency domains. (c) and (d) show the whole-event
moment rate functions, arithmetically averaged and colored for each epicentral location in the time and frequency
domains: Blue is the unilateral rupture from the northern end, and red is the unilateral rupture from the southern end.
Asymptotes at intermediate and high frequencies are shown in black.

Given that the first higher mode results from a secondary excitation due to the dynamic stresses of a funda-
mental mode at the basin edge, we only perform the VEA using the fundamental mode excitation and perform
the same correction for the full waveform. Note that if higher modes were excited at the source, the VEA could
be applied to each mode separately, provided that we separate or decouple the modes using, for instance,
the polarization filter.

3.2. Calibration With the 2014 Northern Nagano Earthquake

The cross-correlation functions obtained from equation (1) in the Kanto region provide reliable relative ampli-
tudes. First, this is confirmed by Viens et al. (2017). Second, the travel paths share a narrow azimuthal aperture
between virtual sources and receivers are and mostly east-west, which is the dominant ambient wavefield
propagation direction outside the basin. Finally, the amplitudes are dominated by the effects of the sedi-
mentary basin (amplifications and reverberations; Figure S6). These dominant effects strongly mitigate the
amplitude biases due to inherent variability in correlation function sensitivity to noise sources as discussed in
Stehly and Boué (2017) for a line of receivers.

Given that only reliable relative information on the amplitudes is retrieved, a calibration to absolute amplitude
levels of the Green’s function, the factor C in equation (1), is necessary. Denolle, Dunham, et al. (2014) used a
local moderate-sized earthquake that was close to a seismic station to establish a calibration factor. Because
the noise-source distribution in southern California had strong azimuthal variations in amplitudes, Denolle,
Dunham, et al. (2014) constructed an azimuth-dependent calibration factor. In our study, any azimuthal vari-
ations due to nonuniform noise sources are masked by the basin amplification and reverberation such that
we assume that the calibration factor does not depend on azimuth.

We use the 22 November 2014 M6.2 Northern Nagano earthquake (National Research Institute for Earth
Science and Disaster [NIED] centroid location 36.689°N ; 137.890°E), which is located 3.9 km from the Hi-net
station HBAH, to establish the calibration factor. The earthquake ruptured to the surface, but the highest
moment release was at 5-km depth (NIED, Panayotopoulos et al., 2016). We choose the NIED tensor solution
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Figure 7. Displacement waveforms of the east component (approximately Rayleigh waves) for two scenario ruptures
([a, ¢, e,and g] Sg and [b, d, f, and h] S;4(; Figure 1 for selected bedrock sites, where the basement depth is shallower
than 500 m). VEA = virtual earthquake approach.
with a rake of 59°, a dip of 80°, and a strike of 358°. We assume the moment rate spectrum of this event follows
an w2 model,
~ M
My(w) = ——2——, @
1+ (0/w)?
with a corner frequency f, = w./2z = 1/T, chosen to match the half duration T; = 3.2 s as assumed in the
Global Centroid Moment Tensor solution (Ekstrom et al., 2012).
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Figure 8. H/V ratios from (a) displacement waveforms for all sites and over all proposed scenario and (b) their median at each site. Topography is shown in
colorscale and extracted from topex.ucsd.edu (Smith & Sandwell, 1997). H/V = horizontal to vertical.

HBAH is located at the northern end of our virtual array, and the signal-to-noise ratio of the cross correlation
is the lowest among our source stations (see the Green tensor in Figure S1). Nonetheless, we use this station
to perform the VEA and calculate a calibration factor. The factors are calculated with the median (or mean in
log) of the peak ground displacement (PGD) for the vertical, radial, and transverse components. Despite the
high noise levels in the cross correlations due to the incomplete stacking of incoherent noise sources, the
waveform fit at most sites is reasonable after calibration (Figures S7-5S12 and S14-S16).

Common metrics in ground motion predictions are the PGD, peak ground velocity (PGV), and peak ground
acceleration (PGA). These measures are taken in the horizontal plane, by finding the azimuth (or angle)
at which the peak amplitudes are reached. Section 4.3 introduces an interpretation of that angle. After
calibration, we compute the predicted and observed PGD, PGV, and PGA.

Figure 4 shows that the log,, of their ratios provides a reasonable fit to the PGMs; the residuals appear to
follow a lognormal distribution. The fit to the vertical PGM is better than that of the horizontal components.
This is likely due to the greater signal-to-noise ratio for the vertical components. The signal-to-noise ratio is
particularly low for the Love waves on the TT components (see Figure 2). The fit to the horizontal PGV and
PGA is poorer (Figures 4d and 4f) and the VEA systematically overpredicts the shaking levels: the mean of
the natural log of PGV is 0.17 and that of PGA is 0.22, yielding an overprediction of 19% and 24% for PGV
and PGA, respectively. Because the differences between displacement, velocity, and acceleration reside in
the frequency content, Figure S13 shows a comparison between the individual (and averaged) acceleration
spectra from observed and predicted, after calibration to true displacement amplitude. The horizontal spec-
tra are well calibrated to the peak amplitude spectrum within the frequency band, but the data have stronger
low-frequency content than the predictions. It is interesting to note that the maximum spectral amplitude
of the accelerations is at long periods, around 6 s, which corresponds well to the reported long-period
resonance of the basin (Denolle, Miyake, et al., 2014; Miyake & Koketsu, 2005). The decay at higher frequencies

DENOLLE ET AL.

3978



..............
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2017JB015184

a) PGA synthetic b) PGA vea

latitude (")

139
c) SA at T=3s synthétic

latitude (°)

138 139 140 141
longitude (°) longitude (°)

Figure 9. Median peak ground motion (displacement, velocity) for virtual earthquake and synthetics: Peak horizontal
ground displacement (PGD) for synthetics (a) and VEA (b) in centimeters and peak ground velocity PGV for synthetics
(c) and VEA (d) in cm/s. Topography is shown in colorscale and extracted from topex.ucsd.edu (Smith & Sandwell, 1997).
Hi-net = High-Sensitivity Seismograph network; MeSO-net = Metropolitan Seismic Observation network; PGV = peak
ground velocity; VEA = virtual earthquake approach.

likely reflect seismic attenuation between Nagano and sites in the Kanto Basin. The predicted vertical spectra
within the frequency band are relatively similar to the observed spectra, while the horizontal predictions seem
to agree better atlong periods (5-105). It is notable that the VEA waveforms are band limited due to high noise
levels at frequencies greater than 0.8 Hz (or periods shorter than 1.25 s) and at frequencies lower than 0.1 Hz
(or periods greater than 10 s; Figure S13). The high-frequency cutoff may be explained by insufficient coherent
signal at those high frequencies due to attenuation, while the long-period cutoff is likely due to the sensitivity
of the Hi-net short-period instruments.

The distributions of the residuals in Figure 4 are interesting in several respects. First, the standard deviation
of the natural log of PGV and PGA are 0.33 and 0.34, respectively, values that are lower than the intraevent
residuals reported from ground motion predictions using ground motion prediction equations (GMPEs; Baltay
etal, 2017; Campbell & Bozorgnia, 2014; Villani & Abrahamson, 2015). This suggests that virtual earthquakes
have the potential to improve on GMPEs. Second, the distributions allow us to establish the component of
the epistemic uncertainty in the VEA that is due to the calibration. We take the calibration factors, separately
for the horizontal components and for the vertical components, reduced by 1 standard deviation and those
augmented by 1 standard deviation of the PGD log ratios to construct a low-level and a high-level prediction.
We report that the resulting epistemic uncertainties are within a factor of 2, that is, either overpredicting or
underpredicting by a factor of 2. Third, the level of residuals between horizontal and vertical components
are similar.
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Figure 10. Median peak ground motion acceleration and SA for virtual earthquake and synthetics. (a) Synthetic PGA (in cm/s2), (b) VEA PGA (in cm/s2),
(c) synthetic SA at T = 3 s (in cm/s2), and (d) from VEA (in cm/s2). Topography is shown in colorscale and extracted from topex.ucsd.edu (Smith & Sandwell, 1997).
PGA = peak ground acceleration; SA = spectral acceleration; VEA = virtual earthquake approach.

Finally, we also show that the predicted and observed horizontal-to-vertical (H/V) ratios are similar
(Figure S17), with a median value of 3 for the earthquake and 3.13 for the VEA ground motions. The misfit is
more pronounced for sites that are located outside the basin (for stations located in the azimuthal 135°-145°
from HBAH).

3.3. Kinematic Source Generator

The source is a planar fault of dimension 160 x 20 km with a strike of 150° and a dip of 70°. We simulate a
M7.6 with an averaged slip of about 5 m. We choose a kinematic source generator (Crempien & Archuleta,
2015; Mai & Beroza, 2002; Schmedes et al., 2013) that is statistical and that respects the correlations between
source parameters found in dynamic simulations (Schmedes et al., 2010). The source generator prescribes a
distribution of slip (amplitudes are drawn from a truncated Cauchy distribution), rise time (duration of active
slip), and rupture velocity that follows a k=2, k=175, k=983 spatial distribution (k being the spatial wave number).
We impose a correlation length of 20 km for the slip distribution. We perform 30 realizations of slip, rise time,
and rupture velocity, and select nine epicentral locations evenly spaced by 20 km. The rupture time is found
by solving the wave equation (Crempien & Archuleta, 2015; Frankel, 2009; Schmedes et al., 2013).

We compute 270 realizations of kinematic sources. The hypocenter is fixed at 9.4-km depth (10 km downdip
from the surface). The rupture velocity V, averages approximately 0.884, where we choose the shear
wave speed of f = 3.2 km/s, V, = 2.88 km/s. In these realizations, we do not include perturbations in
the moment tensor and simulate an oblique thrust mechanism with a rake of 45° to represent a com-
bination of thrust mechanism to the north (Sagiya et al., 2004) and left-lateral mechanism to the south
(Kondo et al., 2006).

The choice of epicentral locations allows us to evaluate the effects of source directivity onto the predictions
of ground motion: An epicenter to the north will simulate a unilateral southward rupture or toward Tokyo; an
epicenter to the south will simulate a unilateral rupture to the north, away from Tokyo; and an epicenter in
the middle of the fault illustrates scenarios of bilateral ruptures. Figure 5 shows an example of such a scenario
source with the distribution of moment for each point source, the rupture time for an epicenter located at
20 km of the northern edge, and the rise time.

At each pixel i, the moment rate function is
M (6) = MLS'(t), 3)
where Mg is the moment at the point source (pixel) i and §/(t) is the slip rate function normalized such that over

the source duration 7/, /OTI $i(t)dt = 1. To respect a parametrization of the slip rate function that is typically
found in dynamic rupture simulations (Mai et al., 2017; Schmedes et al., 2013; Tinti et al., 2005), the slip rate
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Figure 11. Coefficient of variation coefficient of variation of PGD for (a) synthetics and (b) VEA. Topography is shown in
colorscale and extracted from topex.ucsd.edu (Smith & Sandwell, 1997). PGD = peak ground displacement; VEA = virtual
earthquake approach.
function is a regularized Yoffe function (Tinti et al., 2005), that is, a convolution of a truncated Yoffe function
Y(t) with a triangle function W(t):
NOE A/ Y(t, 7, t)W(t — 7, 7))dr, (4)
0
where r;' represents the rise time, tg represent the onset time of the subfault indexed i, and the factor A is the
slip normalization factor. The truncated Yoffe function is
2 T, —(t—1t)
Y(t,7,.t)) = ——H(t — ty)H(r, — t — ty)q] ——=, (5)
T, t—1t,
where H(t) is the Heaviside function. 7, is the local rise time, ri is the width of the triangle function such that
the effective rise time ¢ is larger than 7, 7" = 7, + 27,. The triangle function is
1
W(t) = = [HOH(z, — t) + 27, — DH(t — T)HQRT, — 1)] . (6)
s
We draw rfff from the distributions to be consistent with the source parameter correlations (Crempien &
Archuleta, 2015). We choose a time to peak velocity fixed at O.Brfff and using the scaling found in Tinti et al.
(2005), we select the triangle function half width as 7, = 0.315”/1 .27.In our realizations, the average rise time
*f is around 4.5 s.
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Figure 12. Sensitivity of the velocities (PGV) with various fault dip and rupture velocity for planar faults with median
and the 10% and 90% percentiles as a measure for average and spread of the distributions of peak ground motions.
PGV = peak ground velocity.

Figure 6 shows an example of such a function after summation of all point sources and averaged over the 30
scenario sources of a given epicenter. The pulse shape is characteristic of self-healing pulses (Heaton, 1990;
Nielsen & Madariaga, 2003) with a local rise time much shorter than the overall source duration. The presence
of an intermediate slope in the amplitude spectrum has recently been observed in moderate-to-large crustal
earthquakes (Archuleta & Ji, 2016; Boatwright & Choy, 1989, 1992) and for global thrust events (Denolle &
Shearer, 2016).

3.4. Synthetic Waveforms in a Laterally Homogeneous Medium

We use the surface-wave eigenfunctions and wave numbers to compute the far-field surface waves (Aki &
Richards, 2002; Denolle et al., 2012), the representation theorem to sum the sources from the kinematic mod-
els, and we construct the seismogram at all MeSO-net receivers. We attribute a local velocity profile to each
virtual source, extracted from the community velocity model JIVSM (Koketsu et al., 2009). At each site, we solve
for the surface-wave eigenfunctions (Denolle et al., 2012) assuming that the medium is laterally homoge-
neous and construct the five nonzero components of the synthetic Green tensor. The velocity model is taken
outside of the sedimentary basin to highlight the contrast between the VEA prediction and the assumption of
a 1-D structure (laterally homogeneous). In the frequency band of our study, the variations in velocity models
between the Hi-net station locations do not generate noteworthy differences in surface-wave eigenfunctions.
Finally, the medium is described as purely elastic, and we do not account for attenuation in constructing
the synthetic waveforms. Additionally, we have assumed that attenuation is incorporated in the ambient
seismic field, and thus, we shall expect that synthetics would overpredict the amplitudes. Besides attenua-
tion, the main difference resides in the contrast between 3-D velocity structure of the basin and the laterally
homogeneous (referred to as 1-D) used in the synthetics.
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Figure 13. Comparison of the virtual earthquake approach displacements relative to 1-D synthetics for (a) peak ground displacement and (b) ratio of the
coefficient of variation for horizontal components; (c) and (d) are same as in (a) and (b) but for vertical ground motions. Topography is shown in colorscale and
extracted from topex.ucsd.edu (Smith & Sandwell, 1997) and basin contours are the iso Vg = 3.2-km/s contours (Koketsu et al., 2009).

3.5. Virtual Earthquake Waveforms

We perform the similar technique as in Denolle, Dunham, et al. (2014). The kinematic sources are discretized
over grid points whereby each grid point is a small double-couple source with a specific moment rate func-
tion. For each grid point, we perform the similar approach as for the Nagano earthquake (source depth and
mechanism correction, i.e., Denolle et al., 2013). Each point source correction provides a three-component
seismograms rotated into individual radial-transverse-vertical framework. We rotate these seismograms into
the regional north-east-vertical coordinate system and stack these over all point sources of the extended
source using the principle of superposition. The final set of waveform is a three-component displacement seis-
mograms (north, east, and vertical) at each receiver and for each source. To analyze the results, we differentiate
in time the waveforms to evaluate also ground motion strength in velocity and accelerations.

4. Results and Discussion

4.1. Scenario Earthquakes

We construct a total of 270 scenario earthquakes for ground motion prediction using the VEA approach. The
resulting database contains almost 240,000 waveforms. We show examples of waveforms in Figure 7, where
we compare selected basin and bedrock sites.

Additional examples of such waveforms are shown in Figures S19-521. However, rather than comparing indi-
vidual waveforms, we use metrics of ground motion common to earthquake engineers: the PGMs taken in
time domain (PGD: displacement, PGV: velocity, and PGA: acceleration) and the spectral acceleration (SA)
for a single degree of freedom oscillator with a damping of 5%. SA is a ground motion metric that is often
used in GMPEs and routinely estimated for earthquakes by the United States Geological Survey and they
allow for a direct comparison with outputs from GMPEs. While buildings are more sensitive to shear and thus
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Figure 14. Median seismic periods of greatest shaking for (a) horizontal displacements PGD and (b) spectral
accelerations (SAs) estimated over all 270 scenario sources. Topography is shown in colorscale and extracted from
topex.ucsd.edu (Smith & Sandwell, 1997), and basin contours are the iso Vg = 3.2-km/s contours (Koketsu et al., 2009).
PGD = peak ground displacement.

to horizontal ground motions, we also discuss the vertical ground motions. The PGM values are found by
rotating the horizontal seismograms to the angle at which PGM is reached.

For each site, we calculate the median of the PGMs for the entire set of 270 scenario earthquakes since they
are approximately lognormally distributed. We also take the interquartile range (iqr, 25%-75%) instead of
standard deviation as a measure of variability. The absolute difference in levels between the synthetics and
the VEA ground motions may be explained by the simplified model set up for the synthetic case. The medium
is assumed purely elastic, for example, without attenuation, and the velocity profile chosen at each source is
that of a bedrock upper crust, with no excitation of higher modes in the frequency band of this study.

The PGM levels of the VEA scenario earthquakes are predicted to be quite large: the median PGD is 20 cm
(the median + 1 igr is 30 cm), the median PGV is 32 cm/s (the median + 1 iqr is 46 cm/s), and the median PGA
is 74 cm/s? (~ 0.7% g, the median + 1 igris 1 m/s?,"10% g). These values are similar to those found by Denolle,
Dunham, et al. (2014) for a M7.2 San Andreas event recorded in Los Angeles. The median level is controlled
by the calibration to the Nagano earthquake and thus may be uncertain by a factor of 2. The peak period of
resonance of the basin is captured in the horizontal displacements (Figure 13a), which we find to be longer in
the deepest parts of the basin (7-8 s) as against outside of the basin (2-4 s). We show in Figure 10d that SA
at 3-s period peaks at high values (Figure S18), 1.55 m/s? ("15% g, the median + 1 igris 2.5 m/s?, "25% g). We
find, however, that the peak period of the spectral acceleration varies throughout the basin (Figure 13b), with
less spatial correlation than the period of resonance (Figure 13a). A comparison to previous ground motion
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Figure 15. Median of the peak the azimuth of greatest horizontal displacement ground motion for (a) synthetic
waveforms and (b) virtual earthquake approach (VEA) waveforms. Topography is shown in colorscale and extracted from
topex.ucsd.edu (Smith & Sandwell, 1997), and basin contours are the iso Vs = 3.2-km/s contours (Koketsu et al., 2009).

measurements is needed to validate our results. Previous shaking intensities were observed for earthquakes
in the vicinity of the ISTL. Furumura and Hayakawa (2007) reported and simulate ground motions for the 2004
M6.6 Niigata-ken Chuetsu earthquake with PGDs ~2 cm, PGV ~2 cm/s, and PGA ~20 cm/s? (2% g). Using a
simple omega-square source model with a corner frequency that varies such that the static stress drop on a
circular crack equals 3 MPa, we can scale the expected PGMs and find that for a M7.6 local to Niigata would
yield 28 times greater shaking displacement levels (i.e., PGD ~56 cm), 10 times more PGVs, ~20 cm/s, and 3
times more PGA, ~60 cm/s? (6% g). Similarly, if we were to scale linearly the shaking levels observed during the
Northern Nagano event, one might expect levels as high as PGD ~56 ¢cm, PGV ~16 cm/s, PGA ~4 cm/s? (4% g)
for our scenario sources. Finally, Mikumo and Ando (1976) reported the PGD and PGV recorded in Nagoya
during the M8 1891 Mino-Owari earthquake to be ~20 cm and ~54 cm/s, respectively, at distances of about
50 km.

The linear shaking levels are high, and nonlinear effects may reduce future ground motions from these sce-
nario earthquakes. At these levels of PGVs, the Kanto area responds nonlinearly. Roten et al. (2014) and Roten
etal. (2017) simulated long-period ground motions (periods greater than 2 s) for a large M7.8 scenario source
on the San Andreas Fault (California) and showed a possible reduction of 70% in PGV, decreasing the expected
~2+ m/s down to ~1 m/s. A large proportion of that reduction occurred near the fault, but it also occurred
during the wave propagation in sedimentary basins. Thus, we expect in a real earthquake that our linear
predictions would be reduced by nonlinearity of the dynamic soil response.
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Figure 16. Time of the peak amplitude one scenario source Sgq. Topography is shown in colorscale and extracted from
topex.ucsd.edu (Smith & Sandwell, 1997), and basin contours are the iso Vs = 3.2-km/s contours (Koketsu et al., 2009).

We estimate the H/V ratio as the PGD divided by the peak ground vertical displacement. The horizontal ground
motion includes both Love and Rayleigh waves. For a laterally homogeneous medium, such as that used for
the Hi-net stations, the median H/V ratio over all sites and all scenario sources is 2.09. The median H/V ratio
observed during the Northern Nagano earthquake was 3, and the median H/V ratio predicted from the VEA
is 2.56 (Figure 8). The H/V ratios are approximately lognormally distributed, with a distribution that exhibits a
tail at high values (up to 80). The H/V ratio predicted by the VEA are higher than those predicted by a laterally
homogeneous medium. Indeed, the horizontal component of the Rayleigh waves are known to carry strong
amplitude in sedimentary layers (Savage et al., 2013). The high H/V values localize at the southwestern edge
of Kanto Basin, where we expect the strongest PGDs (Figure 9b).

The spatial patterns of the synthetic PGMs display a simple geometrical spreading effect with shaking intensity
decreasing with distance from the fault (Figures 9a and 9¢, and 10a and 10c). Proximity to the fault is among
the most important parameters in GMPEs (Douglas & Edwards, 2016). In contrast, the spatial pattern of the
VEA PGMs clearly shows that the center of the Kanto Basin will experience stronger shaking at all frequencies
(for PGD, PGV, and PGA). In this instance, proximity to the fault is not the main criterion for long-period strong
ground motion, an expected result for basin amplification (Denolle, Dunham, et al., 2014; Denolle, Miyake,
et al., 2014; Furumura & Hayakawa, 2007). Spatial variations of VEA shaking levels are also greater than the
smoothly varying shaking levels predicted from synthetics.

The comparison between the VEA and the synthetics PGMs (Figures 9b and 9d, and 10b and 10d) demon-
strates the relation between basin structure and ground shaking. The strongest ground motion locates near
the deepest parts of the basin. In particular, the northern edge of the basin is where the strongest difference
between the 3-D (VEA) and 1-D (synthetic) lie.

4.2. Variability in Ground Motions Due To Uncertain Sources

We explore the variability in ground motion due to the uncertainties in potential future sources. We use a
simple kinematic model on a planar fault and vary slip distribution, hypocentral location, fault dip, and average
rupture velocity. At all sites, ground motions are lognormally distributed.

First, we explore over all 270 scenario sources the distributions of the PGMs. We modify the metric that is
commonly used for variability with the ratio of the median over the interquartile range instead of the mean
over the standard deviation of the PGDs. We keep the notation CV (coefficient of variation) despite this differ-
ence and use the horizontal displacements values. The variability in the synthetic PGMs is uniform throughout
the basin (Figure 11a) with a median value of 0.31. In contrast, the variability predicted from VEA is greater
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Figure 17. Peak of the moment rate function (blue stars), peak ground motions (PGD in cyan circles, PGV in red circles,
and PGA in yellow circles) taken as the median + interquartile range), normalized to the southern epicenter (located

at latitude 35.35, source S;4() attributed to each epicenters. The y axis is the dimensionless ratio of peak amplitudes.
The epicenters to the north (Sy-Seq) represent southward ruptures with directivity effects toward Tokyo. The epicenters
to the south (S199—S160) represent northward ruptures, with directivity effects away from Tokyo. The epicenter in the
middle (Sgq) represents bilateral ruptures. PGA = peak ground acceleration; PGD = peak ground displacement;

PGV = peak ground velocity.

(median 0.34) and not uniform across Kanto Basin (Figure 11b). We discuss the likely role of the basin shape
in the following section.

Because the ISTL may be segmented and has variable fault dip, we then investigated the variability in ground
motions due to uncertainties in fault dip. Our reference model is a 70° dipping fault, and we carry out an
experiment with fault dipping from 40° to 90°. Similar to our reference case, we construct 30 scenario sources
and fix the epicentral distance to Sg,. We explore the distributions of the ground motions at all ground motion
metrics and show the PGV (horizontal and vertical) in Figures 12a and 12b. We find the lowest ground motions
for a ISTL dipping at 60° and a greater ground motion for a pure vertical fault, in particular for the vertical
ground motions (see Table S1). The ratio of the maximum to minimum median PGD for the vertical component
is 1.74 and 1.23 for the horizontal components. Thus, one might expect an uncertainty in ground motions due
to uncertain fault dip of 74% for the vertical ground motions and 23% for the horizontal ground motions.

We carry a similar experiment to establish the effects of rupture velocity on the PGMs. We construct a suite of
scenario sources with a 70° fault, an epicenter located at Sg,, and vary the rupture velocity from 0.54 to 0.9
(always sub-Rayleigh wave speed). The distributions of the ground motions are shown in Figures 12c and 12d
and exhibit, as expected, an increasing trend from lower values for slow earthquakes to higher values for fast
earthquakes. The fault dip affects more strongly the high frequencies (see Table S1). The ratio between the
fast and slow ruptures 62% and 57% for the horizontal and vertical ground motion, respectively.

There are major limitations in using kinematic models on planar faults. First, the ISTL is likely composed of
multiple segments and variable fault geometry, which we do not account for in this study. The effect of fault
segmentation and geometrical complexity at various length scales onto the near-field ground motion are
currently an active area of research (Aochi & Madariaga, 2003; Aochi & Ulrich, 2015; Lozos, 2016; Mai et al., 2017)
and are computationally to expensive to produce populations of kinematic sources. While seismic moment
may be largely released within a segment, the jumping from one segment to next may excite high-frequency
ground motions (Adda-Bedia & Madariaga, 2008). A parametric description of such effects in kinematic models
would improve the prediction of ground motions in complex fault systems. Such description may be modeled
through dynamic modeling in future work.
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Figure 18. Median ratios of peak ground displacements from the scenario sources with the epicenter at the coupling
point (Sgg) and at the southern edge of the fault model (S;¢0). Topography is shown in colorscale and extracted from
topex.ucsd.edu (Smith & Sandwell, 1997), and basin contours are the iso Vs = 3.2-km/s contours (Koketsu et al., 2009).

4.3. Effect of the Basin Shape on Ground Motions and Their Variability

To establish the role of the sedimentary basin and its shape to ground motions, we explore various char-
acterizations of the wavefield (seismic amplification, ground motion variability, spectral content, wavefield
polarization, and wavefield refraction) and relate their effects on ground motion variability.

First, we evaluate seismic amplification due to basin shape as the ratio of the median PGMs from VEA to those
from the synthetics. The median seismic amplification of horizontal ground motion, as seen in Figure 13a
shows shaking levels 5 times greater for the VEA than for the synthetic values. The amplification is lower
than that previously discussed in Denolle, Miyake, et al. (2014) who proposed values as high as 15 times for
sources on the ISTL. Here we find horizontal seismic amplification to be greater than the vertical amplification
(Figure 13c), which may be explained by the VEA H/V ratios higher than the synthetic H/V ratios. Overlaying
the contours of the basin basement depth (Figures 13a and 13c) shows a spatial correlation between seismic
amplification and basin depth.

The difference in variability that can be attributed to 3-D wave propagation effects can be measured with the
ratio of the VEA to synthetic displacement CV (Figures 13b and 13d). In general, the horizontal variability of
the VEA predictions is greater than that of the synthetics in the southern part of the basin by about 60%. In
contrast, it appears to decrease in the northern half of the area of interest. It reaches its lowest value (variability
is lower for VEA than for synthetics) at the northern edge of the basin. The northern region encompasses
Tokyo, Saitama, Chiba, and Narita, while the southern region encompasses Yokohama and the Boso Peninsula
(see Figure 1). In contrast, the vertical variability of the VEA is reduced compared to that of the synthetic: The
crustal structure appears to homogenize the wave propagation of vertical Rayleigh waves.

The sedimentary basin shape also tends to alter the frequency content of the strongest ground motion.
Denolle, Miyake, et al. (2014) found that, when averaged over all sources, the ambient-field vertical displace-
ment cross correlation were amplified mostly at 6 s. Our analysis also shows that the basin shape affects long
periods (6-8 s) of the horizontal ground displacements (Figure 14a). The effect of the basin depth also affects
the peak periods of spectral acceleration. In general, longer acceleration periods are expected in the central
part of the basin (3-7 s), though the correlation with basin depth or sediment thickness is not as trivial
(Figure 14b).

We explore the variation in the direction of greatest shaking. At each site and for each scenario source, we cal-
culate the angle of polarization at which the PGD is the greatest. We take the median over all scenario sources
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for the synthetic and VEA values and show them in Figure 15. In the synthetic examples (Figure 15a), the
polarization of greatest shaking implies that Rayleigh waves dominate the horizontal components because
the polarization in the laterally homogeneous medium is oriented along the source-receiver axis. The polar-
ization of the VEA waveform instead indicates the strong wave refraction at the basin edges (Figure 15b). This
is further supported by the distribution of the arrival times of the peak amplitudes (Figure 16), where the
northern edge of the basin exhibit strong shaking relatively early compared to the central part of the basin.
Indeed, strong refraction is expected to occur at the basin edges (Boué et al., 2016; Furumura & Hayakawa,
2007; Koketsu & Kikuchi, 2000). The most pronounced effect is seen in the seismic waveguide at the northern
edge of the basin where the polarization is parallel to the basin edge. This indicates that the dominant phase
in the waveform is either a Love wave or is a Rayleigh wave that drastically refracts along the basin edge. In
contrast, the polarization at the southern edge is perpendicular to the basin edge, likely a signature of the
strong radial component of the higher Rayleigh wave mode (Boué et al.,, 2016).

Wavefield refraction can be easily measured using the time of PGM. The JIVSM velocity model exhibit par-
ticularly strong contrast of seismic wave speeds across the basin walls, and one might expect seismic waves
excited in the Niigata region to arrive faster on the northern and southern edges of the basin and later in
the central part of the basin. Our results confirm this (Figure 16), with sites in the northern edge of the basin
experiencing wave arriving at similar times than the southern edge.

Finally, the characteristics of the wavefield may explain the spatial variation in ground motion variability
(Figure 11). The southwestern edge of the Kanto Basin experiences higher ground motion variability than the
median synthetic CV, along with higher PGDs, while the northeastern part of the basin experiences lower
ground motion variability. Seismic waves have to travel through the seismic waveguide before reaching those
MeSO-net sites, and we suggest that a reduced ground motion variability may be explained by the funneling
of the seismic waves and the controlling their polarization through the seismic waveguide. On the other hand,
the southwestern basin edge exhibits an increase in ground motion variability. Seismic waves travel directly
from bedrock to the basin edge; the MeSO-net sites are closer to the fault. We interpret that in that case, the
close basin edge is responsibly to perturnb

4.4. Coupling of Source Directivity and Path Effects

Source directivity is often assumed to greatly impact ground motions, in particular at long seismic periods.
Denolle, Dunham, et al. (2014) showed a coupling of source directivity and basin effects for ground motions
predicted in the Los Angeles Basin due to a San Andreas event. Wang and Jordan (2014) also showed that such
coupling was particularly strong for certain epicentral locations, calling them “coupling points.” Here we also
investigate the role of source directivity in ground motion. We find that in general, the difference in ground
motions between a southward (toward Tokyo) and the northward (away from Tokyo) rupture is lower in the
VEA predictions than in the synthetic examples. This reduction is more pronounced for ground motions in
the northern part of the basin, and we interpret that long-range 3-D wave propagation overcomes the finite
source effects in ground motions.

We estimate the median of ground motions for all sites and for all scenario sources for given epicentral loca-
tions and show these median values (PGD, PGV, and PGA) in Figure 17. We find that the directivity effect is
stronger for long period (PGD) than for the high frequencies (PGA), as expected. For a given set of source
parameters (distributions of rupture velocity, slip, and rise time), the bilateral ruptures experience a stronger
peak moment rate that is more than twice that of the unilateral rupture (Figure 6c). In a laterally homogeneous
medium and in the point-source approximation, the PGMs are proportional to the peak moment rate value
and thus should exhibit a symmetry with the highest value for the bilateral ruptures. Instead, the variations
in PGMs along epicentral distance reveal that

1. the amplification due to the peak moment rate function expected by the theory is reduced for VEA;

2. southward ruptures generate 1.25 greater shaking in Kanto than northward ruptures;

3. there exists a coupling point, Sq,, that generates overall 1.7 time stronger shaking in Kanto than other
ruptures;

4. the long periods are more sensitive to the location of the epicenter than the short periods.

To establish where the amplification between Sy, and S, 4, occurs, we show the ratio of the PGDs in Figure 18.
The amplification occurs at all sites and is greater in the southern part of the basin, in particular at the transi-
tion between the Sagami and Kanto basins. It is interesting to note that this amplification occurs where the
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H/V ratios are the largest (Figure 8) and where the wavefield polarization is perpendicular to the basin edges
(Figure 14b). Therefore, there must exist aspect in the kinematic ruptures of bilateral ruptures on the ISTL that
favor the excitation of the Rayleigh wave higher mode.

5. Conclusions

Greater Tokyo is expected to experience the ground motions of a large rupture on the ISTL in the near future.
Using the ambient seismic field, we have calculated empirically the elastodynamic Green tensor between
Hi-net stations that act as virtual sources and MeSO-net stations that act as receivers. The ambient-field Green
tensor exhibits a rich wavefield with multiple surface-wave modes and can be used in the VEA approach to
predict long-period surface-wave amplitudes. Because only the relative amplitude is retrieved from the ambi-
ent noise deconvolution, we calibrate the relative amplitudes to the absolute level using the 22 November
2014 Northern Nagano earthquake as a calibration event. Uncertainties in ground motion that arise from this
calibration are approximately a factor of 2 in the final shaking levels.

We construct 270 scenario sources for a oblique left-lateral M7.6 on the ISTL and test for ground motion levels
and variability due to unknown sources. We conclude that

1.the overall linear ground motion between 1 and 10 s is elevated in the Kanto Basin (PGD = 20 cm,
PGV = 50 cm/s, PGA = 74 cm/s? = 0.07 g, and SA [at 3 s] = 1.55 m/s? = 15% @), values that approach the
elastic-plastic threshold;

2. the ground motions are greater in the central and southern parts of Kanto Basin;

3.the H/V ratios are about 2.5, slightly greater than predicted by simple Earth structure, and particularly
elevated in the southern part of the basin (up to 80);

4. ground motion variability due to uncertainty in scenario sources is particularly affected by the crustal
structure; it is reduced in the northern part of the basin and enhanced in the southern part;

5. basin amplification is greater for the horizontal than for the vertical ground motion;

6. the dominant polarization of horizontal waves varies smoothly across Kanto due to basin structure;

7. bilateral ruptures can produce greater shaking than unilateral ruptures with a factor up to 1.7 for epicenters
located at the coupling point.

The southern H/V ratios are high (up to 80), ground motion variability is larger by 50%, horizontal seismic
amplification due to 3-D path effects is greater, the horizontal wavefield is dominantly oriented perpendicular
to the basin edge, and the sensitivity to directivity coupling is strong. For identical characterization of the
seismic wavefield, the wave propagation in the northern part of the Kanto Basin has opposed to that in the
southern part. In all parts of the basin, the basin shape affects the ground motion.

Overall, this investigation confirms the importance of shallow crustal structure in controlling ground motion.
Itamplifies seismic waves where the basin is deep; it reduces the vertical component variability but aggravates
the variability of the horizontal components. Because of a coupling between wave propagation and earth-
quake source, our results further validate that rupture initiation and propagation controls ground shaking
amplitude and variability in Kanto for future ISTL large earthquakes.
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