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ABSTRACT: Proper evaluation of the site characteristics is indispensable for a quantitative
strong motion prediction and seismic hazard assessment. An empirical prediction of strong
motions that implements techniques such as GMPE modeling requires the relationship
between the S-wave velocity of the ground and site amplification factors. For theoretical pre-
dictions we need to use the entire S-wave velocity structure below the target site. Historically,
the surface geology of the 1923 Kanto earthquake was found to have a strong effect on seismic
motions, which promoted investigations to quantify site amplification factors due to soft sedi-
ments. The 1985 Mexico earthquake showed strong long-period amplification inside Mexico
City. After a brief historical review, the progress on the velocity structure inversion based on
observed ground motion spectra is reported. Using the diffuse field concept, the site amplifica-
tion factors can be estimated directly from observed data, either from earthquakes or micro-
tremors. Furthermore, key points learned from successful evaluation of site characterization
are presented.

1 INTRODUCTION

It is essential to evaluate the strong motion characteristics for quantitative strong motion pre-
diction and subsequent seismic hazard assessment. Among three important aspects of strong
motion characteristics, namely source, path, and site effects, the site effect or the site amplifi-
cation factor (SAF) is the most important factor that controls the characteristics of strong
motions on the sedimentary basins. However, the necessary information for the quantitative
prediction of strong motions during future earthquakes depends on the method used for
prediction.
For example, if we employ an empirical prediction method of strong ground motions such

as Ground Motion Prediction Equation (GMPE) modeling, we need the relationship between
the S-wave velocity (Vs hereafter) of the ground averaged over certain depths (e.g., Vs30 for
top 30 m) and the empirically obtained SAFs. We usually do not need the detailed velocity
structure in this empirical approach. If we employ surface and borehole sensors, we can
obtain theoretical 1-D amplification ratios from the borehole layer to the surface to obtain the
relative amplification between them. However, for a totally-theoretical prediction such as
physics-based approaches, we need the entire S-wave velocity structure between the target site
and the source.
In this review on the seismological approaches for the site characterization studies, we first

refer to a brief history of the development on the subject, then cover our recent studies on a
couple of sedimentary basins in Japan based on the surface and borehole recordings. In the
course of the review we need to refer to the recent advances on the techniques using the diffuse
field concept.
As one of the methods for site characterization of strong motion stations the Horizontal-

to-Vertical spectral ratios (HVRs) have been utilized as a convenient tool to extract a
predominant frequency at a target site or even to derive an S-wave velocity structure at
the site. The so-called “Nakamura” method (Nakamura, 1989) assumed that microtremor
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HVR (MHVR hereafter) directly provides us the S-wave amplification factor of the earth-
quake in the horizontal components (i.e., the Horizontal Surface-to-Bedrock spectral Ratio,
HHBR). However, based on the diffuse field concept recently proposed by Sánchez-Sesma
et al. (2011) and Kawase et al. (2011), MHVRs correspond to the square root of the ratio of
the imaginary part of the horizontal displacement for a unit harmonic load and the corres-
ponding one in the vertical direction, while earthquake HVR (EHVR) corresponds to the
ratio of the horizontal motion for a vertical incidence of the S-wave with respect to the ver-
tical correspondent of the P-wave. Thus, there should be a systematic difference between
EHVR and MHVR because of the difference in their primary contributing wave types. We
report here empirical methods to convert EHVR to HHBR with a special emphasis on the
importance of the vertical amplification factors, VHBR.

2 BRIEF HISTORY IN 20TH CENTURY ON SITE CHARACTERIZATION STUDIES

2.1 1923 Kanto earthquake

The great progress of science can only be made by faithfully examining observed facts and in
the case of seismology and earthquake engineering their provider is always a large earthquake
that rarely occurs. For the case of the site characterization studies on seismic ground motions
the first evidence of its clear correlation with the surface geology was provided by the 1923
M7.9 Kanto, Japan earthquake, which created devastating damage to Tokyo and Yokohama.
About 10,000 casualties were reported as a direct consequence of building damage and about
90,000 more due to the subsequent fire. After the earthquake researchers and officers investi-
gated the cause of such devastating damage and found that areas with a high damage ratio of
wooden houses in Tokyo and Yokohama were located mostly in regions with soft surface sedi-
ments (e.g., Omote 1949).
After the earthquake accelerometers were placed at two sites in Tokyo, one at the Univer-

sity of Tokyo and another at Marunouchi, and the data were analyzed, the predominant
periods at these two sites were determined by Ishimoto (1931). He found the systematic differ-
ence in their predominant periods irrespective of the earthquake locations. Later, Takahashi
and Hirano (1941) explained the difference in their predominant periods by using a simple
one-dimensional (1-D) two-layered structure. Based on the acceleration waveforms observed
at two sites, namely Ueno and Shinobugaoka, together with their simple theoretical site amp-
lification functions, they deconvolved both waveforms to have similar input motions at the
engineering bedrock level. Figure 1 reproduced their figure in which they compared decon-
volved waveforms at two sites, with different impedance contrast, α. Original (observed) wave-
forms are also shown in the lower panel. This is the first evidence to prove that the surface
ground motion is strongly affected by the local geological structure beneath the site and its
effect can be removed if we know the proper theory and model parameters.
After this successful study for determining an S-wave amplification, the Japanese ministry

of construction issued an announcement in 1952, as an amendment to the building code, to
implement different seismic load coefficients based on the geological conditions at the site.
Then further studies were promoted to establish a method for the site characterization based
on the predominant period of microtremors (e.g., Kanai 1952, Kanai et al., 1954).

2.2 1968 Tokachi-Oki earthquake

Another important evidence was provided from the strong motion record at one site, Hachi-
nohe, during the 1968 M8.0 Tokachi-Oki, Japan earthquake, that is, the evidence of the long-
period basin-induced surface waves. When the researchers saw the observed accelerograms,
they were surprised at the very conspicuous power of the 2.5 s predominant wave-trains from
the onset of the S-wave and their long-duration of more than 3 minutes. Figure 2 shows the
accelerogram and its running spectrum of the W-E component reproduced from Midorikawa
and Miura (2010).
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By using microtremor measurements along the coastline of the Hachinohe basin, together
with the refraction survey to obtain the S-wave velocity of the basin sediments, Kagami (1976)
reported his team’s conclusion on the cause of the long predominant period at the Hachinohe
site as the resonance of the sediments on top of the seismological bedrock, as shown in

Figure 1. Deconvolution analysis at two sites in Tokyo using two-layered models after the 1923 Kanto

earthquake (Takahashi & Hirano 1941).

Figure 2. Accelerogram and its running spectrum of W-E component observed at Hachinohe during

1968 Tokachi-Oki earthquake (reproduced from Midorikawa & Miura 2010). A yellow ellipse shows

later arrivals of the basin-induced surface waves.
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Figure 3. Nowadays, it is well known that they are the reverberated S-waves plus basin-
induced surface waves traveling inside the large-scale basin structure.

2.3 1985 Michoacan, Mexico earthquake

Before 1985 Michoacan, Mexico earthquake, site amplification characteristics had not been
considered to be the controlling factor of the strong motion characteristics on the other side
of the Pacific. Although pioneers such as Borcherdt (1970) or Joyner and Fumal (1984)
reported the influence of the local geology on strong motions at that era, the majority of the
seismologists at that time underestimated the effects. The 1985 Michoacan, Mexico earth-
quake created devastating damage in Mexico City, which was located 400 km away from the
hypocenter and clearly showed us how strong and systematic the site effects could be. In the
case of the Mexico City basin, not only the amplification in the long-period range (2 to 5 s)
inside the city was quite large but also the duration was quite long (3 to 5 minutes). Later it
turns out that this high amplification and long duration characteristic resulted in the coupling
effects of the shallow lacustrine soft sediments with the larger basin structure (e.g., Kawase
and Aki, 1990). High amplification can be obtained by a simple one-dimensional structure
with high impedance contrast, however, large duration cannot be obtained by such a simple
structure and therefore we need a large-size basin below the shallow soft sediments, as was the
case for Hachinohe. Clear prolongation effect of the traveling basin-induced surface waves
had been shown in Kawase and Aki (1989), as reproduced in Figure 4 for a simple 2-D trapez-
oidal basin for a vertically incident SH-wave. We can see clear propagation of basin-induced
surface-waves (this time, Love-waves) back and forth inside the basin. At the same time, con-
structive interference occurs near the edge where a vertically incident S-wave will meet the
horizontally propagating basin-induced diffracted- and surface-waves. This is exactly the

Figure 3. The basin edge structure of the Hachinohe basin based on microtremor analysis and refrac-

tion survey (Kagami, 1976). BPH and No.9 is the location of the strong motion station.

Figure 4. Surface responses of a simple 2-D trapezoidal basin (on the left) subject to a vertically incident

SH wave (Kawase & Aki 1989).
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phenomenon called the “basin-edge effect” shown in Kawase (1996) to explain the damage-
concentrated belt in Kobe during the 1995 Kobe earthquake.

2.4 Vs 30 for relative site amplification index

After the deployment of the strong motion seismometers in California, researchers at USGS
started to create so-called attenuation functions, nowadays called GMPEs. In the pioneering
work such as Boore and Joyner (1982) no classification for site characteristics were made.
Later Borcherdt (1994) proposed to use an average S-wave velocity for the upper 30 meters,
Vs30, to classify sites into categories A to E (F is the softest category but without specific
Vs30). Since then Vs30 has been the most important “single” parameter for the empirical
ground motion prediction and hazard analysis, as well as the building code where the design
response spectra are depending on the site classification based on Vs30. Nowadays there are a
couple of proxies to estimate Vs30 from surface geology and/or topography. At the same
time, there have been discussions on the validity of Vs30 as the best methodology for site clas-
sification for strong motions. Yet in NGA-West2, the “new generation of GMPE” creation
project, all the proposed GMPEs used Vs30 as a primary site parameter, although three of
them used Z1.0 and one used Z2.5, the depth to the specified S-wave velocity layer, as an add-
itional site parameter (Gregor et al., 2014). In Gregor et al. (2014) the relative amplification in
PGA in the linear regime at the site with Vs30=200 m/s with respect to the site with Vs30=1.0
km/s is found to be 2.5 in four GMPEs, which is smaller than expected.
In Japan using Japanese strong motion data (K-NET, KiK-net, and JMA Shindokei net-

work) Kawase and Matsuo (2004a, 2004b) separated site amplification factors (SAFs) of all
the sites in Fourier spectra relative to the reference site with the S-wave velocity of 3.4 km/s by
the generalized inversion technique (GIT) first. Then, they inverted the velocity structures
based on the 1-D S-wave soil amplification theory and the genetic algorithm (See the next
chapter). After the determination of the velocity structures at all the sites, they selected well-
reproduced 404 sites using the criteria of correlations and residuals between the separated
SAF and 1-D theoretical amplification. Using the selected 404 sites they compare SAFs with
Vs10, Vs20, Vs30, and so on. They also obtained relative site amplification ratios of PGA and
PGV and found that correlation of site amplification ratios of PGA with Vs30 is not quite
good, as shown in Figure 5 on the right. Although not perfect, we can see that Vs10 on the left
is better than Vs30 as an index to explain PGA and PGV site amplification ratios.
Recently Alan Yong and Jaime Steidl initiated a project to make a guideline for a non-inva-

sive method to measure S-wave velocities of sediments for site classification under COSMOS
activities (https://www.strongmotion.org/Projects/CharacterizationGuidelines/). It is an effort
to reduce the variability of the Vs30 estimate which directly leads to the different design input
spectra under the current building code in the U.S. and Europe. The guideline will cover those
popular exploration methods such as SASW, MASW, ReMi, SPAC, f-k, interferometry, and
HVR. So those who want to see pros and cons of these methods should wait for a couple of
years until the guideline becomes available. In the meantime the readers should refer to a
recent review on MHVR by Molnar et al. (2018) as well as a recent guideline on the surface-
wave methods by Foti et al (2018).

3 “GIT” SITE AMPLIFICATION FACTORS AND S-WAVE VELOCITY INVERSION

We have been trying to separate the so-called source spectra, attenuation coefficients, and the
site amplification factors from K-Net, KiK-Net (Aoi et al., 2000), and JMA Shindokei net-
work records observed throughout Japan in these 15 years (e.g., Kawase and Matsuo 2004a,
2004b, Nakano et al. 2015) based on GIT initially proposed by Andrews (1986). We have
already mentioned their derived relationships between relative amplification of PGA/PGV
and Vs10/Vs30 but here we introduce their velocity inversion results. As a reference site we
have been using one rock station of KiK-Net, YMGH01, from which we removed the effects
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of shallow weathered rock formations to obtain relative SAF with respect to the seismological
bedrock with an S-wave velocity of 3.4 km/s.
Kawase and Matsuo (2004a) used jointly K-NET, KiK-net, and JMA Shindokei network

data as a source of weak motions in Japan observed from August 1996 to June 2002. Criteria
to select appropriate earthquakes and data were: i) Mjma≧4.5, ii) depth≦60km, iii) hypocen-
tral distances X≦200km, iv) PGA≦200Gals, and v) triggered station≧3 per earthquake. Final
sites for inversion were 1,700 in total, 913 from K-NET, 468 from KiK-net, and 319 from
JMA network and final earthquakes used are 228. The total number of source-station pairs
are 15,800. Here we focus on the velocity structure inversion based on the separated SAFs in
Kawase and Matsuo (2004b).
They tried to construct 1-D S-wave velocity structures from the seismological bedrock to

the bottom of PS logging data (usually down to 20 m in K-NET and 100 m in KiK-net). They
fixed PS logging data and invert only three layers’ parameters below (thickness and Vs) plus
the thickness of the bottommost layer of the logging to minimize the residual between
observed SAF and theoretical amplification factors from 0.3Hz to 20Hz. They use a conven-
tional genetic algorithm for inversion. The density of each layer was calculated as a function
of S-wave velocity and Q was assumed to be 19f0.52 for all the layers to avoid the trade-off
between Vs and damping.
Figure 6 shows comparisons of theoretical 1-D amplifications with observed SAFs (black

lines). Red lines show 1-D amplifications only for the PS logging layers down to 20 m, while
blue lines show those inverted by genetic algorithm from the seismological bedrock. There are
large differences from red lines to blue lines. The inverted structures reproduced quite well the
observed SAFs at 404 sites.
After the inversion, they plotted arithmetically averaged SAFs at these good sites with five

categories based on Vs30, which is reproduced here as Figure 7. We should note that averaged
SAFs for sites with Vs30 higher than 800 m/s (orange) or even 1,200 m/s (green) were not flat

Figure 5. Relative amplification ratios of PGA and PGV with respect to the average S-wave velocity

Vs10 and Vs30 (Kawase and Matsuo 2004b). Linear regression lines and correlation coefficients R2 are

shown.
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and close to 1.0 at all. This means that the concept of a homogeneous ground motion at the
engineering bedrock level for seismic design is not appropriate.

4 DIFFUSE FIELD CONCEPT FOR 1-D VELOCITY INVERSION

Recently the so-called Green’s function retrieval method based on the diffuse field concept
(DFC) has been widely applied to both a lot of seismic data or long-duration of microtre-
mors using the cross-correlation of two stations. DFC provides us quite a powerful tool to
determine a velocity structure averaged over the entire path between stations. After the suc-
cessful application of DFC to cross-correlation, it is natural to employ auto-correlation
from a single station measurement. The velocity structure immediately below the observed
site can be determined using the auto-correlation approach. Sánchez-Sesma et al. (2011)
derived a formula for Horizontal-to-Vertical Ratios of microtremors (MHVR) based on the
theory of auto-correlation for multiple random sources on the surface. Kawase et al. (2011)
extended the idea to the stack of the Horizontal-to-Vertical Ratios of earthquakes (EHVR)
and provided a simple theoretical formula for plane body waves. It turned out that this is a
powerful tool to determine an S-wave velocity structure below the observed site of earth-
quakes down to the seismological bedrock, as confirmed by Ducellier et al. (2013),

Figure 6. Examples of observed SAFs (black) in comparison to 1-D theoretical amplification factors for

PS logging velocity structures down to 20 m (red) and those for inverted velocity structures from the seis-

mological bedrock to the surface (blue). The vertical axis is the amplification factor (no dimension).

Figure 7. Arithmetic average SAFs for five categories of Vs30 based on the inverted velocity structures

(Kawase & Matsuo 2004a, 2004b).
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Nagashima et al. (2014, 2016), and Fukihara et al. (2015). Here we would like to introduce
our recent achievement for the borehole sites of KiK-net, where we can simultaneously use
EHVRs and Surface-to-Borehole spectral Ratios (SBRs) for inversion of S-wave velocities
and damping (Kawase & Nagashima 2018).
In the DFC formula for plane body wave incidence from totally randomly scattered sources

we can obtain a simple formula for EHVR of the seismic motions on the surface as

H 0;ωð Þ

V 0;ωð Þ
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Im½GEq
horizontal 0; 0;ωð Þ�

Im½GEq
vertical 0; 0;ωð Þ�

v

u

u

t ¼

ffiffiffiffiffiffi

αH

βH

r

TFhorizontal 0;ωð Þj j

TFvertical 0;ωð Þj j
ð1Þ

where αH and βH are the P- and S-wave velocities of the half-space (bedrock), respectively.
Under the ordinary selection scheme we select seismic records, whose PGA levels are in

between 1 and 50 cm/s2 to avoid records with high levels of noise and those with nonlinear site
responses. Moreover, data from earthquakes exceeding the JMA magnitude MJMA 6.5 were
removed to avoid data with significant long-period contribution through the excitation of
basin-induced or basin-transduced surface waves, since theoretical EHVR formula Equation
(1) is derived by considering only plane body waves. The portion before the arrival of the P-
wave is considered a noise part, up to 40.96 s after the S-wave onset as an S-wave part, and
40.96 s following the S-wave part as a coda part. The data with a length less than 40.96 s are
padded with zeros at the end. A standard spectral analysis is carried out in both the S-wave
and coda parts, as well as the noise part to check the signal-to-noise ratio. A cosine-shaped
taper is added to both ends before the fast Fourier transform (FFT) is applied.
For the inversion we used the so-called Hybrid Heuristic Search (HHS) method (Nagashima

et al. 2014). The method does not require an initial model, but it would be better to have one
to constrain the searching range of the parameters. For the KiK-net sites we have the S-wave
velocity information of the downhole P- and S-wave logging down to the borehole sensor
depths, typically 100 to 200 m. In our S-wave velocity inversion using EHVRs we need to
determine the P- and S-wave velocities down to the seismological bedrock, the S-wave velocity
of which would be greater than 3 km/s, as shown in Equation (1). It is made possible because
we use not only the peak frequencies but also their amplitudes to reproduce the observed
EHVRs. For the deep basin structures at the KiK-net sites we can refer to the J-SHIS model
of the shallow (<5 km) crust, which can be downloaded from the portal site of J-SHIS (http://
www.j-shis.bosai.go.jp/en/, last accessed on 2019/1/13). The P-wave velocities are not the
target of inversion but are translated from the inverted S-waves based on the empirical rela-
tionship (Nagashima et al., 2017). We assume a damping of 1.1% for all the layers for both P-
and S-waves, if the inversion is performed only on EHVR.
The misfit (residual) function to be optimized is shown in Equation (2), where the misfit is

normalized by the frequency f because the equal sampling in frequency by FFT makes rela-
tively increased numbers of constraints in the higher frequency range.

misfit ¼
X

20

f¼0:1

log EHVRobsð Þ � log EHVRtheð Þð Þ2

f
ð2Þ

We usually performed 10 inversions per site with different initial sets of randomly-generated
genes and selected the best structure with the smallest residual (the best-fit model).
In Figure 8 we show matching of EHVRs and the shallow velocity structures at three sites for

example (Kawase et al. 2017). The basic features of the best model correspond to the reference
model quite well. However, the reference model cannot explain the entire EHVR frequency
characteristics and therefore the resultant shallow structures from the inversion are not the same
as the downhole measurements. This does not necessarily imply the unreliable nature of the
downhole measurements. This may partly be due to the variability in the field measurement, but
is largely due to the pin-point nature of the downhole measurement in situ. The horizontal
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extent of the seismic waves (i.e., sampling areas) that contribute to the EHVR site response for
the frequency range from 0.1 to 10 Hz would be on the order of 20 to 1000 m, which is signifi-
cantly greater than the sampling size of soil for the downhole measurement, 2 to 20 meters.
If we have a borehole sensor just beneath a surface sensor, then we can use Surface-to-Bore-

hole spectral Ratios (SBRs) to delineate the S-wave velocity structure between them. There
are plenty of studies using borehole sensors so that we do not review here previous studies in
detail. When we use SBRs, we should note that the 1-D theoretical amplification relative to
the borehole sensor level is the same as the amplification of the 1-D soil column on the rigid
bedrock at that level. This means that the peak amplitudes of SBR are solely determined by
the damping in the soil layers between two sensors and are not related at all to the velocity
(See Satoh et al. 1995, Kawase 2006). In the observed SBR, the peak amplitude in the lower
frequency range usually would not be so high that the inverted damping would be significantly
larger in comparison to those from other methods such as HHBR, that is, Horizontal Surface-
to-Bedrock spectral Ratio from GIT.
The method used for the joint inversion is also the same as for the EHVR-only inversion, HHS.

The only difference in the parameter that we determine is the average damping of the entire
layers. No frequency dependence on the damping is considered. The misfit (residual) function is:

isfit ¼
X

20

f¼0:1

EHVRobs � EHVRtheð Þ2

f � EHVRobs
2

þ
log SBRobsð Þ � log SBRtheð Þð Þ2

f � log SBRobsð Þ2
ð3Þ

Linear values are used for EHVR and logarithmic values are used for SBR, because the
latter tends to have large values in amplitude and therefore when we used the same dimensions
for both, the latter apparently had a stronger influence on the misfit. The target of EHVRs
used here are those of NS/UD and EW/UD, rather than RMS/UD, to account for the direc-
tionality even if it is small.
In Kawase and Nagashima (2018) there are two examples shown, among which we show

here IWTH25 because we studied the site in detail in Nagashima et al. (2018). Figures 9 and
10 show the comparisons of the observed EHVR and the theoretical EHVRs for ten inverted
velocity structures (on the left) and those of SBRs (on the right) for NS and EW components,
respectively. The highest peak amplitude of EHVR in the NS component is 30% greater than
that in the EW component. The matching up to 15 Hz is quite good, especially for EHVRs.
The only difference is the higher amplitude of the inverted SBR ratios at the fundamental
peak frequency because we did not introduce frequency dependence in damping. The reference
model from a priori information performed well only near the highest peak in EHVR.

Figure 8. Matching of EHVRs at three sites (EHMH10, FKOH01, and GIFH25) and the inverted vel-

ocity structure in the shallow part. The green lines indicate the initial models from downhole PS logging.
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The resultant S-wave velocity structures shown in Figure 11 are quite similar to the refer-
ence models, except for the shallower part. The damping values for the NS and EW compo-
nents obtained by the inversion are close to each other, 4.6% and 4.3%, respectively. The
stability of the damping for the ten trials (not shown here) is also good. Thus we can see that
it is quite effective to determine the S-wave velocity structure and its damping by using EHVR
and SBR simultaneously from surface and borehole recordings of weak motions.

5 EMPIRICAL CORRECTION ON “EHVR” TO GET SITE AMPLIFICATION

Based on the diffuse field concept, we can look at EHVR and SAF from GIT in a new way,
which leads us to the direct evaluation of SAF from EHVR. The empirical correction to
EHVR in order to get SAF is quite straightforward, though nothing had been proposed until
Kawase et al. (2018) did.
Although there had been a long history of discussion on the validity of the hypothesis on

the direct correspondence of EHVR and horizontal SAF (hSAF), after the proposal of Naka-
mura (1989), the method proposed by Kawase et al. (2018) provides the final solution for the
discussion; we definitively need correction for vertical SAF (vSAF). The EHVR-hSAF direct
correspondence hypothesis of Nakamura (1989) needs two assumptions; the horizontal to

Figure 9. Matching of the observed EHVR (green) and the theoretical EHVRs (red and gray) on the

left and those of SBRs on the right for the NS component at IWTH25. The orange lines indicate those of

the reference model from a priori information.

Figure 10. Matching of the observed EHVR (green) and the theoretical EHVRs (red and gray) on the

left and those of SBRs on the right for the EW component at IWTH25. The orange lines indicate those

of the reference model from a priori information.
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vertical spectral ratio at the bedrock VBHBR is 1, and the vertical surface and bedrock compo-
nent is the same (vSAF=1). Then the vertical surface component is the same as the horizontal
bedrock component, and therefore EHVR equal to hSAF.
As for the first assumption DFC suggests that VBHBR should be the square-root of the

ratio of the S-wave velocity relative to the P-wave velocity at the bedrock, as seen in Equation
(1). If we assume a Poisson solid for the bedrock, VBHBR will be close to 0.76. The actual
ratio from GIT at the reference site, YMGH01, turned out to be 0.95 on the average from 0.1
to 15 Hz. Therefore, we can accept the first assumption with an error tolerance of about 20%.
Then, let us look at the second assumption. Figure 12 showed hSAF and vSAF at ten K-

NET sites selected arbitrarily from separated site factors by GIT (Nakano et al. 2016). Note
that we used three component data extracted for the same S-wave portion with respect to the
same reference (the horizontal component at YMGH01) for both horizontal and vertical com-
ponents. We
can see stable amplification from 1 Hz to 15 Hz in vSAFs on the right, although amplitudes

are much less than those of hSAFs on the left.
Conceptually in the GIT an observed horizontal Fourier spectrum of the S-wave portion at

a site j for an earthquake I, FS_ij, can be written as follows:

logFS ij ¼ logSS i þ logPS ij þ logHS j ð4Þ

where SS_i is the source term, PS_ij is the path term, and HS_j is the site term in the horizon-
tal component. The average of HS_j is exactly hSAF. Similarly an observed vertical spectrum
GS_ij will be:

log GS ij ¼ logSS i þ logPS ij þ logVBHBRþ logVS j ð5Þ

Again the average of VS_j times VBHBR is exactly vSAF. Here we assume that the same S-
waves are coming at the bedrock just below the observation site and provide the equiparti-
tioned energy in three components.
In the EHVR calculation we can write

EHVR ¼
FS ij

GS ij

� �

¼
HS j

VS j � VBHBR

� �

ð6Þ

Then hSAF should be

Figure 11. S-wave velocity structures inverted at IWTH25 (red and gray lines) together with the two

reference models (solid orange line: PS logging; dotted orange line: NIED model) from the NS (left) and

EW (right) components, respectively.
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hSAF ¼ HS j

� �

¼ EHVR � VS j � VBHBR
� �

¼ EHVR � VSAF ð7Þ

where < > means the average operation. Equation (7) shows that hSAF can be calculated
from EHVR by simply multiplying vSAF with the bedrock amplitude correction factor inclu-
sive. If we use vSAF obtained at the same site, Equation (7) would become identity. But, as
seen in Figure 12, vSAF tends to be much more stable than hSAF so that we can obtain aver-
age vSAF characteristics, vSAFEMP. Then

hSAF ≈ EHVR � VSAFEMP ð8Þ

This means that the horizontal site amplification would be directly obtained by using
EHVR and the empirically-determined vertical correction factor vSAFEMP. Please note that
we do not need to include VBHBR explicitly here because we use GIT to obtain vSAF with
respect to the same horizontal component at the reference site.
Figure 13 shows geometrically averaged vSAFs for eight categories, based on the maximum

peak frequency in EHVR <1 Hz, 1 Hz~5 Hz, 5 Hz~10 Hz, and >10 Hz and the maximum
peak amplitude either less than 5 or larger than 5.
We can see a validation exercise at two sites in Figure 14. The simulated hSAFs are quite

close to the observed (i.e., separated) hSAFs. As we can see in Figure 12, one standard devi-
ation of about 1.8 times or 1/1.8 times in vSAFEMP is expected so that the tolerant error in
this direct hSAF estimate should be the same order.

6 EMPIRICAL CORRECTION FROM MICROTREMOR TO EARTHQUAKE

The proposal of Nakamura (1989) also included the use of microtremors as a substitute for an
earthquake. This means that his method required one additional assumption: MHVR should
be equal to EHVR. After the advent of the theoretical solution for MHVR and EHVR based
on DFC, this is no longer a valid assumption. Since the fundamental source of energy for
earthquake and microtremors are totally different, the frequency characteristics of MHVR
and EHVR should be different, especially after the fundamental peak.
Therefore, we proposed a new method in which empirical transformation from MHVR to

EHVR can be performed based on the observed spectral ratio between EHVR and MHVR,
that is, EMR. EMRs are calculated as the averaged values from observed data for different
categories classified based on their fundamental peak frequencies in MHVRs. The resultant
HVRs transformed from MHVRs, that is, pseudo EHVRs (pEHVRs) show quite similar

Figure 12. Average and average +/- one standard deviation of hSAF (left) and vSAF (right). In GIT

analysis the common reference of 1-D amplification corrected horizontal component at YMGH01 is

used. Note that the peak in vSAF in the frequency range higher than 15 Hz is probably due to the P-

wave amplification of weathered layers at YMGH01.
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characteristics to the observed EHVRs. The details of the method to obtain empirical EMRs
and the effectiveness of the EMR correction can be found in Kawase et al. (2017).
The point here is not to use pEHVRs for velocity inversion as seen in Kawase et al. (2017)

but to use pEHVRs as the direct substitutes of EHVRs in Equation (8). For details reader
should refer to Kawase et al. (2018). We just show a formula and some results here. In the
case of microtremors we need to use this formula:

hSAF ≈ MHVR � EMR � VSAFEMP�M ð9Þ

where EMR is the correction factor to fill the gap between EHVR and MHVR and vSAF-

EMP-M is the factor for vertical amplification specifically designed for microtremors. EMR is
depending on the fundamental peak frequency fp of MHVR so that it is normalized to fp as
shown in Figure 15.
On the other hand, vSAFEMP-M is made for the real frequency as vSAFEMP for EHVR

because they share the same peak frequency around 1 Hz no matter what the category is.
Figure 16 shows obtained vSAFEMP-M for the same five categories based on fp of MHVR.
The resultant hSAFs from MHVRs and EMRs are shown in Figure 17 in the same manner as
in Figure 14. The reproducibility of these corrections is quite good.

Figure 13. Empirical vertical correction factor vSAFEMP for eight categories. The largest correction is

needed at around 1 Hz for the category with a peak amplitude lower than 5 and a peak frequency lower

than 1 Hz (a red slid line). We should not use these correction factors for frequencies higher than 15 Hz.

Figure 14. Comparison of observed hSAF (black) and simulated hSAF (red) from EHVR and

vSAFEMP in Figure 13.
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Figure 15. EMR correction factor for MHVR for five categories based on peak frequency of MHVR,

fp, after Kawase et al. (2017). A black line shows EMR without a category.

Figure 16. The empirical vertical correction factors vSAFEMP-M for the same five categories used for

EMR in Figure 15. We should not use these correction factors for frequencies higher than 15 Hz.

Figure 17. Comparison of observed hSAF (black) and simulated hSAF (red) from MHVR with double

corrections by EMR in Figure 15 and vSAFEMP-M in Figure 16.
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7 KEYS FOR SUCCESSFUL EVALUATION OF SITE CHARACTERIZATION

Finally in this chapter we would like to summarize key points of successful evaluation of site
characterization based on our three decades of experience in this field of science. There are
three major points that we need to pay strong attention to:
(1) Do not use PGA, PGV, and response spectra because they are all the strength indexes

and hence should be complex functions of the soil response in frequency. Use Fourier spectra
instead for site amplification studies first to delineate the physical entity of the characteristics.
(2) Do not use whole waveforms. Extract first only the major S-wave part. We have time-

varying characteristics of the site response so that it would be better to use a wave packet with
simple physical meaning.
(3) Do not use engineering bedrock as a reference. There is no guarantee that any bedrock

other than the seismological bedrock can be site-effect free or homogeneous in terms of the
input ground motions.
From a practical viewpoint it is totally rational to define design ground motions at the engin-

eering bedrock level or define them by response spectra. It is OK to make predictions based on
the response spectra at the engineering bedrock after we completely understand the physical phe-
nomena at the target site with physical properties determined by the Fourier spectra. In other
words all the efforts to correlate relative amplification on PGA or response spectra using physical
parameters such as S-wave velocities would not be so efficient after all, if not totally useless.

8 CONCLUSIONS

In this lecture note, first we reviewed the brief history of the development for site characterization
in the 20th century. We noticed that pioneers focused on the peculiar phenomena observed during
devastating earthquakes and tried to solve the cause of such mysterious phenomena by using tools
of theoretical calculation for 1-D amplification and physical parameters such as S-wave velocity
structures underneath. Nowadays we are using a significant amount of strong motion data to
delineate 3-D basin structures from the seismological bedrock to the surface, however, we still
need to develop simple yet accurate tools to obtain site characterization. We mentioned briefly the
most popular single parameter for site characterization, Vs30, however, this does not imply that
the author is supporting the use of Vs30 as a valid “single” site characterization index.
After the historical reviews, we introduced techniques based on the recently proposed dif-

fuse field concept, namely HVR technique and GIT analysis. First, we showed some examples
of the velocity inversion based on EHVR. Then, we extended the coverage to the joint inver-
sion for EHVR and SBR, which lead us to determine both velocity and damping at the same
time. Next, we introduced GIT to determine horizontal SAFs and vertical SAFs with respect
to the same reference spectra at the site, which is considered to be the outcrop of the seismo-
logical bedrock with an S-wave velocity higher than 3 km/s. The horizontal SAF provided us
targets for site characterization and the vertical SAF provided us empirical correction factors
to get horizontal SAF from EHVR. Further, we introduced EMR to transform MHVR into
pseudo EHVR, which can be used as a quantitatively accurate substitute for EHVR. The
direct evaluation of horizontal SAF from either EHVR or MHVR is the physically rational,
final solution for a long lasting question on the use of HVR for site characterization. Now, we
can utilize full amplitudes of HVR, rather than the fundamental peak frequency only.
In the final section the author emphasized three important points for successful extraction

of site characteristics necessary for quantitative strong motion evaluation and prediction. All
of them could be painful for earthquake and geotechnical engineers to accept, but to para-
phrase Karl Marx, “there is no royal road to reach the truth.”
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