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Abstract Tokyo, like many seismically threatened cities, is situated atop a sedimentary basin that has the
potential to trap and amplify seismic waves from earthquakes. We study amplification in the Kanto Basin by
exploiting the information carried by the ambient seismic field. We use 375 seismic stations from the high
sensitivity seismograph network across central Honshu as virtual sources and 296 seismic stations of the
Metropolitan Seismic Observation network shallow borehole seismometers within the basin as receivers to
map the basin response. We find a linear relationship between ground motion and basin depth at periods
of 2–10 s that could be used to represent 3-D basin effects in ground motion prediction equations. We also
find that the strength of basin seismic amplification depends strongly on the direction of illumination by
seismic waves.

1. Introduction

Sedimentary basins surrounded by stiffer bedrock have a strong effect on earthquake ground motion
because they trap and amplify seismic waves [Anderson et al., 1986]. Basin effects can overwhelm the
amplitude decay with distance from the earthquake source. The most dramatic example of strong seismic
amplification distant from the source is the M 8.0 Michoacán, 1985, earthquake, which devastated Mexico
City despite the rupture being located at a distance of about 300 km. This earthquake led the seismo-
logical community to pay closer attention to wave propagation effects in soft sediments [Bard et al., 1988;
Aki, 1993].

The most common approach to ground motion prediction uses parametric ground motion prediction
equations (GMPEs) to relate shaking intensity to source, distance, and site characteristics. GMPEs do not
commonly incorporate three-dimensional wave propagation effects and are limited by a lack of data for
large earthquakes at short distances. Physics-based simulations can compensate for this by modeling seis-
mic wave propagation in complex crustal velocity structure [Olsen et al., 2006; Graves et al., 2011; Day et al.,
2012]. These simulations show the strong influence of basin structure in amplifying ground motion. Day
et al. [2008] proposed adding a term to GMPEs to represent basin effects, and Campbell and Bozorgnia [2013]
used data from California and Japan to constrain this term. Given the limitations of available strong ground
motion data, both GMPEs and simulations would benefit from additional observations.

The combination of high seismic activity, state-of-the-art dense seismic networks, and complex crustal
structure in Japan provides the ideal opportunity to improve the understanding of basin effects. Miyake and
Koketsu [2005] used earthquakes off the Kii Peninsula to observe seismic excitation of the Osaka, Nagoya,
and Kanto Basins. In each case they found relatively long-period (5–10 s) resonances, which are controlled by
the shape and wave speed of the basins. Seismic amplification was also observed in the Kanto Basin during
the M 6.6 Chuetsu, 2004, earthquake [Furumura and Hayakawa, 2007].

The Kanto sedimentary basin, which underlies Tokyo, consists of sediments with S wave velocities VS as low
as 500 m/s [Yamanaka and Yamada, 2002; Tanaka et al., 2005] and basement as deep as 4 km underneath
Chiba prefecture [Koketsu et al., 2009]. The concave structure of the basin combined with the low wave
speed of the sediments leads to a resonance period of approximately 7 s [Furumura and Hayakawa, 2007].
Figure 1 shows depth contours of the VS = 3.2 km/s isosurface, which is used by Koketsu et al. [2009] as a
measure of basin depth. Furumura and Hayakawa [2007] used a combination of observations and simula-
tion of the 2004 Chuetsu earthquake to demonstrate the presence of a seismic waveguide near the Gunma
Pass that funnels seismic waves from the Niigata Basin into the Kanto Basin. Central Honshu has a large
number of historically active faults (Figure 1) [Advanced Industrial Science and Technology (AIST), 2012]
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Figure 1. Kanto Basin with basement depth (upper left inset) [Koketsu et
al., 2009], MeSO-net stations (solid orange triangles), Hi-net stations (solid
dark triangles), M 6 earthquakes between 2009 and 2013 (Japan Meteo-
rological Agency (JMA) location, National Research Institute for the Earth
Science and Disaster Prevention moment tensor solutions), and active fault
traces (solid brown curves) from the Research Information Database DB095
[Advanced Industrial Science and Technology (AIST), 2012].

that could direct seismic waves into
this waveguide in future earthquakes.
Waveguides in other settings are
known to enhance seismic ampli-
fication by channeling waves into
sedimentary basins [Olsen et al., 2006;
Day et al., 2012; Denolle et al., 2014].

The dense Metropolitan Seismic
Observation network (MeSO-net)
[Sakai and Hirata, 2009; Kasahara
et al., 2009] was deployed with the
primary scientific goal of characteriz-
ing the deep structure and tectonics
of the plate boundaries under Tokyo.
The 296 shallow borehole instru-
ments in urban Tokyo (Figure 1)
also provide an exceptional oppor-
tunity to study basin effects. Tsuno
et al. [2012] used earthquakes of
MJMA (magnitude from the Japan
Meteorological Agency) greater
than 6 that occurred since 2009 to
measure seismic amplification and
basin resonance.

In this study, we use the ambient seis-
mic field to explore basin response.
We treat stations outside the basin

as virtual sources and stations inside the basin as receivers. We estimate the vertical-to-vertical impulse
responses from all sources (Hi-net stations, Figure 1) [Okada et al., 2004; Obara et al., 2005] in central Honshu
to all receivers (MeSO-net stations, Figure 1) [Sakai and Hirata, 2009] in the Kanto Basin. Although predic-
tions of horizontal strong ground motion is of greater interest for seismic hazard characterization, we focus
in this paper on the vertical response for two reasons. First, the vertical component data have a higher
signal-to-noise ratio and yield a more stable amplitude response. Second, the basin response includes both
Rayleigh and Love waves with conversions at the basin boundary, and we focus this study on the basin
resonance of Rayleigh waves.

We calculate the averaged relative peak amplitude of the impulse responses in the period band of interest
(2–10 s). Our results support previous correlations between basin resonance and velocity structure [Miyake
and Koketsu, 2005]. We also find an increase in amplitude of long-period vertical ground motion with sed-
iment thickness, and we construct a simple linear relationship that captures both seismic amplification of
long-period ground motion with the basin depth and the natural resonance of the basin at 5–6 s. Finally, we
find that the excitation of the basin resonance strongly depends on the source location.

2. Ambient Seismic Field Green’s Functions

The surface wave fundamental mode typically dominates the correlation functions constructed from the
ambient seismic field [Shapiro and Campillo, 2004; Sabra et al., 2005]. We construct ambient seismic field
Green’s functions [Prieto and Beroza, 2008; Seats et al., 2011; Denolle et al., 2013] using

ĜAB(𝜔) =

⟨
v̂i(𝐱B, 𝜔)v̂∗

j (𝐱A, 𝜔)

{|v̂j(𝐱A, 𝜔)|}2

⟩
, (1)

where A is the virtual source and B is the receiver, v̂i(𝐱A, 𝜔) and v̂j(𝐱B, 𝜔) are their respective ambient field
vertical velocity spectra. The operator ⟨ ⟩ denotes stacking over time windows, and { } denotes smooth-
ing over the virtual source spectrum (10-point running average) to ensure stability in the deconvolution.
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Figure 2. Seismic amplification in the Kanto Basin view from three virtual sources (ASOH, SSWH, and MSKH) along
lines of seismometers and across the basin. Gray-scale waveforms filtered 3–10 s, colored according to peak amplitude
for clarity, and corrected for the surface wave geometrical decay

√
r. Amplification occurs in the central part of the

Kanto Basin.

We use 1 h time series from continuous recordings between January and June, 2013, and detect coherent

signal from 2 to 10 s for distances up to 300 km. We measure the peak amplitude of the (2–10 s) band-pass

filtered Green’s function on either the causal (positive lag) or anticausal (negative lag) side, depending on

which side has greater signal-to-noise ratio, and correct for the surface-wave geometrical spreading of

1∕
√

r, where r is the distance between seismic stations.

The Green’s functions from virtual sources outside the basin to receivers inside the basin are characterized

by large amplitudes and pronounced dispersion (Figure 2). We anticipate such effects from the strong inter-

action between seismic waves and soft sediments in the shallow layers [Boore et al., 1971; Wald and Graves,

1998] that have particularly low wave speed (less than 500 m/s). Despite a nonuniform distribution of the

microseismic energy, predominantly from the Pacific Ocean, our measurements do not exhibit strong direc-

tional variation of amplitude with azimuth due to directionality of the microseism (see Figure S1a in the

supporting information). The distribution of stations with azimuth is highly nonuniform (see Figure S1b in

the supporting information), and we account for this using an azimuthally smooth weighting function to

approximate a uniform seismic illumination of the Kanto Basin.

Unlike conventional estimates of ground motion that combine source characteristics and wave propagation

effects, such as peak ground velocity or peak ground acceleration, we construct nondimensional Green’s

functions (equation (1)) that preserves relative amplitude information. We measure basin response using

the relative peak values, which we denote as peak ground motion (PGM). PGM reflects the seismic amplifi-

cation due solely to linear wave propagation effects. Our estimate of the seismic amplification is relative to a

representative value of ground motion at a given frequency (equation (3)).
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Figure 3. For clarity, we color the observation at different periods accordingly. (a) Base-10 logarithm of the PGM ampli-
tude for different periods T as a function of basin depth (VS = 3.2 km/s isosurface); dashed lines are the best fit basin
term (equation (1)); solid lines are the linear fit of equation (2). (b) Best fit slope of equation (2) with period a(T). (c)
Root-mean-square residuals of the fit to equation (1) (filled triangles) and to equation (2) (filled circles) and the obser-
vations. (d–e) Amplification factor map between lowest-to-highest peak ground motion at periods of 4 and 6 s. Brown
solid lines are coastlines. Black solid contours are 500 m spaced for the VS = 3.2 km/s isosurface depth. Color scale shows
the amplification factor.

3. Ground Motion Prediction From Basin Depth

A simple way to incorporate the effect of basin sediments on ground motion is to correlate the observed
peak amplitudes with the basin depth. Day et al. [2008] used ground motion simulations to develop a spec-
tral response model as a function of basin depth to characterize basin effects in the GMPEs. We narrow-pass
filter the data at periods ranging from 2 and 10 s. We use the parametric form of this function, which
accounts for basin response from Campbell and Bozorgnia [2013], and test it against our observations of ver-
tical peak ground motion (Figure 3). We predict the contribution of the parametric function to each period
of the peak ground motion (PGM):

log10(PGM(T)) =
⎧⎪⎨⎪⎩
(c14(T) + c15(T))(Z2.5 − 1) ; Z2.5 ≤ 1
0 ; 1 < Z2.5 ≤ 3
c16(T)k3(T)e−0.75

[
1 − e−0.25(Z2.5−3)] ; Z2.5 ≥ 3

, (2)

where the coefficients c14, c15, c16, and k3 depend on the period T and Z2.5 is the basin depth, which we take
as the VS = 3.2 km/s isosurface depth [Koketsu et al., 2009]. Campbell and Bozorgnia [2013] find the GMPE
parameters by fitting this functional form to recorded horizontal ground motion intensities. The GMPEs
fit well our observations of vertical ground motion, particularly around the basin resonance periods of
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Figure 4. Amplification maps similar to Figures 3d and 3e with coast lines (brown lines), basement contours 500 m
spaced (black lines), at 6 s period, and for targeted virtual source regions. For each MeSO-net station (black circles), we
average the amplitudes over the virtual sources (red triangles) within the red rectangle.

5 and 7 s. Our measurements suggest a simple linear expression to represent the variation of ground motion
with basin depth as a function of only two parameters:

log10(PGM(T)) = a(T)Z3.2 + b(T). (3)

where the basin depth is Z3.2. We show the best fit slope a(T) in Figure 3b. We find a variable scaling that has
the strongest dependence on basin depth at 5–6 s, periods at which we also minimize the root-mean-square
residual. This scaling relation allows us to estimate a representative value for the peak ground motion ampli-
tudes at a given frequency b(T) (equation (3)) that varies due to the spectrum of the Green’s functions. We
estimate the seismic amplification factor from normalizing PGM(T) by b(T).

Our results suggest that seismic amplification increases, to first order, proportionally with basin depth, and
most strongly at the resonance period. We see that most of the amplification follows spatially the structure
of the basin, with shorter periods amplified near shallow parts of the basin (Figure 3d) and longer periods
amplified near deeper parts (Figure 3e). Simulations and observations of horizontal ground motion yield
a resonance at longer period (7–10 s) with a peak amplification factor ranging between 10 and 16 for seis-
mic waves coming from the southwest [Miyake and Koketsu, 2005] and from the northwest [Furumura and
Hayakawa, 2007] and of short period (5–6 s) for seismic waves coming from the north and east [Tsuno et al.,
2012]. Our amplification measurements are based on the vertical component of the Rayleigh waves which
directly correlates with the horizontal component due to the elliptical particle motion of the Rayleigh waves.
The extensive station coverage allows us to examine the excitation of the basin from all azimuths, though
there are relatively fewer stations to the south and west.

4. Seismic Amplification in the Kanto Basin

Based on the 375 virtual sources, we find a positive correlation between seismic amplification and sedi-
mentary basin depth. Ground motion is amplified up to 25 times for the center of the basin relative to its
surroundings (Figures 3d and 3e). We expect nonlinearity to moderate such amplification during strong
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ground motion, and it is likely to reduce this amplification factor [Roten et al., 2012]. The northern end of
the seismic network is situated atop deep half-grabens at the Gunma Pass [Takahashi et al., 2004] that may
channel seismic waves from the Niigata Basin into the Kanto Basin [Furumura and Hayakawa, 2007], and we
see the resonance of the waveguide at 6 s period on the amplification map (Figure 3e).

The amplification pattern varies significantly with the direction of incoming seismic waves. Note that we
use the maximum (causal or anticausal) Green’s function amplitude in each case, and for this measure
the observed azimuthal distribution (Figure S1b) is not affected by directionality of the ambient seismic
field. This suggests that the variations instead arise from the propagation effects from the virtual source to
the receivers. Given four distinct source regions, we show in Figure 4 the amplification map due to wave
propagation effects.

In the first source region, the Niigata Basin, the sources trigger strong excitation in the waveguide from the
Gunma Pass to the Kanto Basin. This observation supports the hypothesis and modeling results of Furumura
and Hayakawa [2007] that sources in the Niigata region will strongly excite resonance of the Kanto Basin.
The amplification from the second source region, in Tochigi, is not particularly strong in the Kanto Basin. This
is consistent with the weak basin amplification observed for the 2011 Fukushima-Hamadori normal-faulting
earthquake [Tsuno et al., 2012] and the 2005 Miyagi-oki earthquake.

The amplification from sources in the Suwa-Kofu areas is striking as we do not see interaction with the
waveguide, yet it shows strong amplitudes for seismic waves near the western basin edge. This suggests
the potential importance of basin edge effects on ground motion [Kawase, 1996; Pitarka et al., 1998; Graves
et al., 1998]. Finally, we predict that sources in the Izu Peninsula should strongly excite long-period ground
motion in Chiba prefecture, where Koketsu and Kikuchi [2000] proposed that the refraction of seismic waves
along the basin edge increases ground motion in Tokyo.

5. Conclusions

We constructed the Earth’s impulse response for vertical-to-vertical components of the Green tensor for
375 virtual sources at Hi-net borehole instruments across central Honshu, to 296 receivers at the MeSO-net
boreholes seismometers in the Kanto Basin. The surface-to-surface responses extracted from the ambient
seismic field are strongly affected by the presence the sedimentary basin and show strong seismic amplifi-
cation at periods of interest for long-period ground motion prediction. Our results are consistent with basin
effects observed during the M 6.6 Chuetsu, 2004, earthquake and in ground motion simulations [Furumura
and Hayakawa, 2007].

With the exceptional data coverage for both the virtual sources and the receivers, we build seismic
amplification maps from the averaged peak amplitude measurements of the impulse responses. Strong
amplification occurs within the basin and peaks at periods 5–6 s where the basin is the deepest. We find a
simple linear relation between peak ground motion and basin depth. This relation provides a simple and
useful functional form that could be used for the GMPEs to approximate complex three- dimensional effects.
We anticipate the interaction with the waveguide to the northwest, and the basin edge to the west, will sig-
nificantly affect the ground motion within the Kanto Basin. In the future, estimates of amplification using
the horizontal components may reveal basin edge effects [Graves et al., 1998]. We limited our study to the
Rayleigh-wave basin response. Preliminary results for the horizontal components reveal important cou-
pling between Rayleigh and Love waves. Understanding the contributions from Rayleigh and Love waves in
ground motion will require a careful analysis of the full 3-D wave field excitation and coupling using all nine
components of the Green’s function.

This study is an example of the extraordinary potential of dense seismic networks to characterize seismic
hazards in an urban environment. Our results highlight the power of using the ambient seismic field to
investigate basin amplification for future large earthquakes.
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