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S U M M A R Y
We propose a direct estimation of dampings in surface layers based on the normalized energy
density (NED). The ratio of the NED, defined as the NED for the uppermost layer divided by
the NED for the basement, correlates well with the total damping, t∗

S . We apply the relation
between the NED ratio and the total damping to estimate the total damping at an actual site,
Katagihara (KTG) site in Japan. The total damping at the KTG site is directly estimated as
t∗
S = 0.038. This value agrees well with the estimated values determined from a conventional

method, incorporating the non-linear inversion scheme.
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1 I N T RO D U C T I O N

The evaluation of site amplification is an important issue to be ad-
dressed in earthquake disaster mitigation in the field of Earthquake
Engineering, for example, seismic microzonation (Borcherdt 1970),
because it is one of the major factors causing damages to specific
sites. For example, the basin-edge effect (Kawase 1996) causes the
spatial anomaly of damage distributions, such as that which oc-
curred in Mexico City during the 1985 Michoacan, Mexico, earth-
quake (Kawase & Aki 1989), in the ‘damage belt’ during the 1995
Kobe, Japan, earthquake (Kawase 1996), in Adapazari during the
1999 Kocaeli, Turkey, earthquake (Goto et al. 2005), in Tomakomai
in the Yufutsu basin during the 2003 Tokachi-oki, Japan, earthquake
(Hatayama et al. 2007), etc. In some cases, the damaged areas were
located far from the seismic faults. The non-linear site response is
another factor to cause a damage; it is sometimes associated with
the liquefaction of saturated sands, as observed during the 1993
Kushiro-oki, Japan, earthquake (Iai et al. 1995), during the 1995
Kobe earthquake (Suetomi & Yoshida 1998), and also during the
2011 off the Pacific coast of Tohoku, Japan, earthquake (Goto et al.
2012; Goto & Morikawa 2012).

The site amplification has been evaluated from several types
of approaches. When geophysical exploration traces and also the
other survey data (e.g. microtremor arrays, gravity anomaly, etc.)
are available, a 3-D basin model can be numerically constructed,
for example, Kagawa et al. (2004a), and the model can be verified
and updated by a comparison with the ground motion records, for
example, Iwaki & Iwata (2010). This approach is the most appro-
priate for evaluating the site amplification; however it is too costly
to apply in dealing with the whole region of the Earth. Another ap-
proach is to interpolate the characteristics of the site amplification

based on geological and geophysical information, for example, a
Vs30 map evaluated from the geomorphologic classification (Waka-
matsu & Matsuoka 2006; Wald & Allen 2007). It is possible to
obtain a map of the amplification in the scale of the Earth; however,
users should understand that the map is not an exact alternative
to the real site amplification depending on frequency. Either way,
the detail geophysical structure beneath a seismic station is a key
for understanding the site amplification. For the 3-D basin model,
the structure can constrain the number of possible models. For the
interpolation, it is useful for verification and regression of the inter-
polation model as a sample. Many research works have addressed
these issues by using data of vertical arrays (Seale & Archuleta
1989; Huang & Chiu 1996). Spectral ratio between records at the
seismometers in the vertical array contains much information about
the surface layers. It is compared to the synthetic spectral ratio by
assuming material properties in the surface layers, and the proper-
ties are searched to fit it. The procedure has been applied for the
estimation of the material properties in the surface layers.

In this paper, we focus on damping in surface layers at seismic
stations. It is usually more difficult to estimate the damping than the
other material properties of surface layers, such as S- and P-wave
velocities (Kurita & Matsui 1997). Therefore, several special meth-
ods have been developed, and applied to the actual sites. Hauksson
et al. (1987) obtained low quality factors Q in the near-surface layer
using vertical array records in Baldwin Hills. Seale & Archuleta
(1989) estimated the material damping coefficient by using the ver-
tical array at McGee Creek, California. Aster & Shearer (1991)
estimated mean quality factors based on the spectral ratio of the
vertical arrays in the Southern California batholith region. Aber-
crombie (1997) estimated QP and QS in the Cajon Pass borehole
in Southern California. Kurita & Matsui (1997) assessed the effect
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of observation noises in estimating the soil properties via a sensi-
tivity analysis. Yamada & Horike (2007) estimated Q values below
1 Hz in Osaka basin. Parolai et al. (2010) estimated the average QS

by separating the contributions of upgoing and downgoing waves,
and applied it to the vertical array in Istanbul, Turkey. Many re-
lated researches have also been reported in Japanese, for example,
Takemura et al. (1993), Tsujihara & Sawada (2003) and Sato et al.
(2006). All of the works have indicated low quality factors in the
surface layers, QS ≈ 10–50; however, we should take care of some
results focusing on the amplitude decay due not only to the damping,
but also the reflection and transmission on the layer interfaces.

The quality factor is originally defined by the energy loss per a
cycle (e.g. Aki & Richards 2002), and many researches related to the
attenuation model of the interior Earth (e.g. Tsumura et al. 1996,
2000; Eberhart-Phillips & Chadwick 2002; Pozgay et al. 2009)
stand on the assumption that the energy loss due to the reflection
can be evaluated as the attenuation due to scattering. To estimate
the damping solely in the surface layer, one of the main problems
is that all the wave energy do not arrive at the free surface passing
through the layers even when the materials do not have the damping.
This is because of the reflection at the material interfaces with a
sharp contrast in velocity. Therefore, some forward simulations are
required to eliminate the effect of reflection and transmission on the
layer interfaces, as performed by Seale & Archuleta (1989), Kurita
& Matsui (1997) and Yamada & Horike (2007).

Recently, Goto et al. (2011) discovered a conserved quantity in
the surface layer, namely, normalized energy density (NED). The
NED keeps a constant value independent of the material velocity
and density even for the layers containing sharp velocity contrast,
and can automatically eliminate the effect from reflection and trans-
mission on the material interfaces. This property is similar to the
energy conservation law, and thus, it may allow us to adopt a similar
approach for estimating the attenuation model of the interior Earth.
In this paper, we simulate the effect of the damping on the NED, and
apply it to estimate the damping of the surface layers at Katagihara
site in Japan.

2 N O R M A L I Z E D E N E RG Y D E N S I T Y

A multilayered model consisting of n horizontal surface layers (#1-
n) over a half-space basement (#0) is considered, as shown in Fig. 1.
The S-wave velocity, the density, and the thickness of the kth layer
are βk, ρk and Hk, respectively. Materials of each layer and basement
are linear elastic. When SH waves transmit vertically into the surface
layers, through the interface between the nth layer and the basement,
full 3-D wave equations are contracted in a 1-D wave equation. In
the case, the NED for the kth layer is defined as follows (Goto et al.
2011):

NEDk ≡ lim
�−→∞

1

�

∫ �

0
ρkβk

∣∣∣∣ Ak(ω)

A0(ω)

∣∣∣∣
2

dω, (1)

where A0 is the Fourier amplitude of the incident wave that is the
upgoing wave in the basement, and Ak is the Fourier amplitude of
the upgoing wave in the kth layer. ω is the angular frequency. The
integration is only applied to a positive value of ω, instead of the
original definition (Goto et al. 2011), in which both the negative
and positive values are integrated. This is permitted because the
integrand is an even function when Ak/A0 is causal.

The value is proved to be constant, NED = ρ0β0, through the
surface layers and the basement, analytically for the two-layered
case and numerically when there are more than three layers (Goto

Figure 1. Multilayered model consisting of n layers over a half-space base-
ment.

et al. 2011). This suggests that the NED is a conserved quantity
through the layered structure and that it is evaluated without detailed
physical properties when a ground transfer function (2A1/A0) and
an impedance of the basement are available.

The NED conservation is confirmed when the materials have no
dampings. Similar to the energy absorption, the NED may decrease
depending on the damping. In the following section, we examine
the dependence of the damping on the NED based on numerical
simulations.

3 E F F E C T O F DA M P I N G

3.1 Damping coefficient and apparent quality factor

In order to account for the effect of an damping on the NED in the
uppermost layer, we introduce two different types of representations,
(1) a complex stiffness and (2) the apparent quality factor. Note
that we use an amplitude ratio of upgoing waves, A1/A0, from the
basement to the free surface that is not the same as the spectral ratio
between the ground motions recorded in a downhole vertical array.
This is because the downhole records contain downgoing waves B0

as well as upgoing waves. The spectral ratio between the records
becomes 2A1/(A0 + B0), which is different from the amplitude ratio
A1/A0.

The complex stiffness is a conventional way to simulate a wave
propagation considering the damping in the surface layers (e.g.
Seale & Archuleta 1989; Kurita & Matsui 1997). Damping coeffi-
cient h is considered in an imaginary part of the stiffness:

μ∗ = μ(1 + 2ih), (2)

where μ is the shear modulus defined by ρβ2. i denotes an imaginary
unit. The amplitude ratio A1/A0 is calculated from a propagation
matrix (Haskell 1960) substituting the complex stiffness into the
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material property. Quality factor QS is inversely proportional to the
damping.

QS = 1

2h
. (3)

This procedure allows us to set different values for QS in each
layer, whereas the QS estimation requires the non-linear inversion
scheme (Yamada & Horike 2007), for example, a genetic algorithm
(Holland 1975).

The apparent quality factor is an alternative approach used to
simply model the amplitude decay in the surface layers. Several
researches have adopted a similar way to estimate the quality factor
(e.g. Hauksson et al. 1987; Aster & Shearer 1991; Abercrombie
1997). For example, Abercrombie (1997) assumed the exponential
attenuation model for the spectral ratio, and Parolai et al. (2010)
assumed a similar exponential model for the amplitude ratio as

A1(ω)

A0(ω)
= A1(0)

A0(0)
e−ωT/2QSa , (4)

where T denotes the one-way traveltime from the basement to the
free surface. The model has allowed for the stable estimation of
QSa based on a regression analysis, although it cannot exclude the
amplitude decay due to the reflection at the material interfaces. If the
resonance is modelled by an amplitude ratio without the damping,
another representation is available for separating the contribution
from the damping and the resonance as follows:

A1(ω)

A0(ω)
= A1(ω)without damping

A0(ω)
e−ωT/2QSa . (5)

Since the representation does not give the same amplitude ratio
as the method with complex stiffness, we refer to apparent quality
factor to QSa in order to distinguish it from QS by eq. (3).

For the two-layered case, the amplitude ratio evaluated from the
complex stiffness is approximately represented as follows:

A1(ω)

A0(ω)
=

2e−ωh H1/β1

(eiωH1/β1 +e−iωH1/β1 e−2ωh H1/β1)+iR∗ (eiωH1/β1 −e−iωH1/β1 e−2ωh H1/β1)
,

(6)

where (1 + 2ih)1/2 is approximated by 1 + ih, assuming the damping
coefficient is small enough. R∗ denotes the complex impedance
ratio between the surface layer and the basement that is ρ1β1(1 +
ih)/ρ0β0. On the other hands, the amplitude ratio evaluated from
the apparent quality factor via eq. (5) is

A1(ω)

A0(ω)
= 2e−ωH1/2β1 QSa

(eiωH1/β1 + e−iωH1/β1 ) + iR (eiωH1/β1 − e−iωH1/β1 )
, (7)

where R denotes the impedance ratio that is ρ1β1/ρ0β0. The repre-
sentations are obviously different, while a similar relation to eq. (3)
may be available when we focus on the numerator.

QSa ≈ 1

2h
. (8)

Fig. 2 shows one of the examples of the amplitude ratios cal-
culated from the complex stiffness (solid line) and from the ap-
parent quality factor (dotted line) for the two-layered case, whose
impedance ratio from the basement to the surface layer is R = 0.275
and whose ratio of the thickness to the S-wave velocity is 0.44.
The damping coefficient, h = 0.02, and the corresponding apparent
quality factor, QSa = 25, satisfy the relation in eq. (8). The ampli-
tude ratios are similar with frequencies lower than 1 Hz, whereas

Figure 2. Comparison of the amplitude ratios calculated by the complex
stiffness, h = 0.02, and the apparent quality factor, QSa = 25, on the free
surface (R = 0.275 and H1/β1 = 0.440).

ripples for the apparent quality factor do not decrease with frequen-
cies higher than 1 Hz. On the other hand, it averagely decays with a
similar gradient.

3.2 Effect on NED

The NED is defined by the average up to the positive infinity fre-
quency (eq. 1); however, the definition is not appropriate for the real
case that a seismometer has a particular support frequency bands.
Also, the amplitude ratio incorporating the damping decays in high
frequencies. To evaluate the value of the NED, we take the average in
a finite frequency range, truncating the higher and lower frequency
components as follows:

NED1 = 1

2π ( f2 − f1)

∫ 2π f2

2π f1

ρ1β1

∣∣∣∣ A1(ω)

A0(ω)

∣∣∣∣
2

dω, (9)

where f1 and f2 are the lowest and highest frequency supports in the
analysis. In the following simulations, we adopt f1 = 0.1 Hz and
f2 = 20 Hz, respectively.

The effect of the damping is examined by performing a Monte
Carlo simulation for two- and six-layered cases. Three thousand
models are randomly generated by sampling each physical value
of the surface layers and the basement from uniform distributions
within the range of 50–1000 m s−1 for the S-wave velocity and 1400–
2400 kg m−3 for the density. In each model, the total thickness of
the layers is determined by sampling a value from the uniform dis-
tribution within the range of 100–1000 m. For the six-layered case,
four values are sampled from the uniform distribution within 0.0–
1.0, and sorted in ascending order. The depth to each interfaces are
determined by multiplying the total thickness and the four values.
This procedure ensures the random thickness of each layer, and also
controls the total thickness within 100–1000 m.

For each sample, four types of the damping coefficients, h =
0 (no damping), 0.005, 0.02 and 0.05, are simulated by using the
complex stiffness. In addition, three types of the apparent quality
factors, QSa = 100, 25 and 10, are simulated by eq. (5). The damping
is considered only in the surface layers, and the values are constant
over the layers even for the six-layered case.

Figs 3 and 4 show the effect of the dampings on the NED for
the two- and six-layered cases, respectively. The horizontal axis
is the ratio of NEDs (NED1/NED0), which should be equal to
1 for the no damping cases if the original infinite integration is
applied. The vertical axis is the number of samples. The results for
the three types of apparent quality factors are plotted together in
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Figure 3. Comparison of the effect of the damping simulated by the complex stiffness and the apparent quality factor for two-layered case.

Figure 4. Comparison of the effect of the damping simulated by the complex stiffness and the apparent quality factor for six-layered case.

the corresponding cases for the damping coefficient in the relation
given in eq. (8). For the no damping cases, samples for both the two-
and six-layered cases are distributed around 1 in the NED ratio. In
the original definition of NED, all samples should be 1, whereas
variations are observed due to averaging in the finite frequency
range, especially for the six-layered case. However, the variations
are not major compared to the effect of the damping.

The mean values of the NED ratio decrease, and the variations in-
crease as the damping increases. The results simulated from the ap-
parent quality factor are similar to those from the complex stiffness
for the two-layered case, whereas some discrepancies are observed
between the distributions for the six-layered cases. The differences
are not surprising because the definition is obviously different, while
the similarity in terms of the effect on the NED is interesting for
the two-layered cases. This implies that the apparent quality factor
shows a similar property of the effect on the NED to the com-
plex stiffness when the layered structure is simply modelled by two
layers; for example, a sharp velocity contrast is expected between
the surface layers and the basement, although generally it is not
observed.

3.3 Total damping of surface layers

Attenuation models for the interior Earth, such as the crust struc-
ture, the subduction zone, etc., have been determined by many

researchers (e.g. Tsumura et al. 1996, 2000; Eberhart-Phillips &
Chadwick 2002; Pozgay et al. 2009). The attenuation is usually
modelled by the decay of amplitude spectra A(f), for example,

A( f ) = S( f )e−π f t∗ , (10)

where S(f) is a source model that usually follows the ω2 model
(Eberhart-Phillips & Chadwick 2002). f denotes a frequency. t∗ is
a measurable parameter accounting for the whole path attenuation
defined as follows:

t∗ =
∫

ray path

dx

c(x)Q(x)
, (11)

where c is a material velocity corresponding waves. t∗ originally
comes from the energy decay along the ray tube, whereas t∗ also
accounts for also the effects of dispersion.

t∗ in the surface layers was discussed in Aster & Shearer (1991).
As they mentioned in their article, t∗ includes the contribution of
scatterings due to lateral inhomogeneities. Because the energy is not
conserved through the layers, the relation between the amplitude
ratio and the damping has not been discussed.

Fortunately, we have another conserved quantity NED; it deceases
depending on the magnitude of the damping. The effect of the
damping in terms of t∗ should be examined. We introduce a total
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Figure 5. Effect of t∗S for two-layered case (top panel) and the six-layered case (bottom panel). The gray points are the results of the other damping coefficients.

damping t∗
S to quantify the total contribution of the damping for the

surface layers as follows:

t∗
S =

n∑
k=1

2Hkhk

βk
. (12)

The representation is compatible with the original definition of t∗ in
eq. (11), in which the total damping only accounts for the internal
damping theoretically.

Fig. 5 shows the effect of the t∗
S on the NED ratio for the same

two- and six-layered cases. Each sample shows the simulated re-
sults evaluated from the previous Monte Carlo simulations by using
the complex stiffness (Figs 3 and 4): three thousand sets per each
damping coefficient, h = 0.005, 0.02 and 0.05. The horizontal axis
is the t∗

S evaluated from the definition in eq. (12), and the verti-
cal axis is the NED ratio (NED1/NED0) that is the same as the
horizontal axis in Figs 3 and 4. The results for each damping coef-
ficient case are overlapped on those of the other cases; for example,
the results for h = 0.005 are overlapped on the results for h =
0.02 and 0.05 cases. The NED ratio clearly correlates to t∗

S , and
the relation is independent of the values for the dampings. The
correlation for the six-layered case is less than that for the two-
layered case, whereas the correlation curve is almost similar in both
cases.

To highlight the independence of the damping, we generate ten
thousand sets of six-layered models with a randomly generated
damping coefficient in each layer. The S-wave velocity, the density,
and the thickness of each layer are randomly generated in the same
range as that of the previous simulation, and the damping coeffi-
cient h is sampled from the uniform distribution within the range
of 0–0.05. Note that the generated layered models have different
values for the damping coefficient in each layer. Fig. 6 shows the
effect of the t∗

S on the NED ratio. The samples also exhibit a clear

Figure 6. Effect of t∗S for six-layered case with a variable damping coeffi-
cient. The dashed line represents the relation in eq. (15).

correlation between t∗
S and the NED ratio. This suggests that the

direct estimation of total damping t∗
S is available based on the NED

ratio.
The dependence is explained by a specific case of the apparent

quality factor. For the two-layered case, when the impedance of the
surface layer is equal to that of the basement (R = 1), the amplitude
ratio A1/A0 is calculated from the apparent quality factor via eq. (7)
as

A1(ω)

A0(ω)
= e−iωH1/β1 e−ωH1/2β1 QSa . (13)
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In the above case, the NED ratio is analytically evaluated as follows:

NED1

NED0
= QSa/T

2π ( f2 − f1)

(
e−2π f1T/QSa − e−2π f2T/QSa

)
. (14)

As shown in Fig. 3, because the effect on the NED ratio calculated
from the apparent quality factor is similar that from the complex
stiffness for the two-layered case, we can assume the relation of eq.
(8). Under this assumption, t∗

S equals to T/QSa. This suggests the
direct relation between the t∗

S and the NED ratio, as follows:

NED1

NED0
= 1

2π ( f2 − f1)t∗
S

(e−2π f1t∗S − e−2π f2t∗S ). (15)

The relation is accepted only for specific cases, and it is also one of
the available models. Fig. 6 also plots the relation of eq. (15). The
curve passes through the group of the samples.

NED is evaluated from the amplitude ratio and the material
impedance, as defined in eq. (9). This suggests that the NED ra-
tio can be evaluated from only two pieces of information: (1) the
impedance ratio between the uppermost layer and the basement and
(2) the spectral ratio between the free surface response and the inci-
dent ground motion at the basement. Actual material parameters in
the intermediate layers, such as the density, the S-wave velocity, and
the thickness of the layer, are not explicitly required. No informa-
tion is required when we can directly observe the spectral ratio. For
the downhole vertical arrays, the borehole records at the basement
consist of both the upgoing and downgoing waves, and the spectral
ratio between the records on the free surface and the basement does
not become the amplitude ratio that we want to obtain. One of the
direct approaches is to take the spectral ratio between the records
at nearby stations on both free surfaces; (1) at the deposit site and
(2) at the bedrock site. When the incident wave at the deposit site
is assumed to be the same as the incident wave at the bedrock site,
the spectral ratio becomes A1/A0. This allows the direct estimation
of the total damping without the information on the intermediate
layers.

3.4 Frequency-dependent damping

Some researches have pointed out that the quality factor depends
on frequency even in the near-surface layers (e.g. Kudo & Shima
1970; Kobayashi et al. 1992; Satoh et al. 1995). The major mecha-
nism caused the frequency dependence is usually explained by the
scattering attenuation due to the irregular interfaces and/or material
inhomogenety. In the previous discussion, we assume that the damp-
ing coefficient and the quality factor are independent of frequency,
whereas it may not be realistic. We perform an additional numerical
simulation considering frequency-dependent damping, and discuss
the results compared to the previous ones.

Frequency-dependent quality factor has been modelled by a func-
tion form of QS = QS0 f α , where QS0 is a coefficient depending on
the S-wave velocity and/or soil classifications. α takes a value al-
most in the range from 0.0 to 1.0, which have been estimated from
the observed ground motions (e.g. Satoh et al. 1995). A variety of
established models is well summarized in Fukushima & Midorikawa
(1994). Recently, Yamada & Horike (2007) suggested a model of
the frequency-dependent quality factor proportional to a negative
power of frequency in the low-frequency region, and Sato et al.
(2006) proposed lower limit of Q−1 in the high-frequency region.
Although both recent models are interesting options, we adopt the
conventional frequency-dependent model, 0.0 < α < 1.0, in order
to clarify the effect of frequency dependence.

We generate 10 000 sets of six-layered models with a randomly
generated damping coefficient depending on frequency. The values
of the S-wave velocity, the density, and the thickness of each layer
are randomly sampled from the same range as that of the previous
simulation. The frequency-dependent damping coefficient is mod-
elled by h = h0 f−α , where h0 corresponds to QS0 (=1/2h0). h0 and
α are sampled from the uniform distribution within 0–0.05 and 0–1,
respectively. The frequency-dependent models in each layer, such
as h0 and α, are different each other.

The total damping t∗
S cannot be directly defined under the

frequency-dependent model because the value depends on the fre-
quency. We alternatively define t̄∗

S , an averaged value of the total
damping, by taking the frequency average, as follows:

t̄∗
S = 1

f2 − f1

∫ f2

f1

n∑
k=1

2Hkhk( f )

βk
d f

=
⎧⎨
⎩

∑n
k=1

2Hk h0k
βk

for αk = 0

∑n
k=1

2Hk h0k
βk

f
1−αk
2 − f

1−αk
1

(1−αk )( f2− f1) for αk > 0
, (16)

where h0k and αk denote the values in kth layer. The averaged value
t̄∗
S is equivalent to the total damping t∗

S when all the dampings are
independent of frequency.

Fig. 7 shows the relation between the averaged value t̄∗
S and the

NED ratio on the ten thousand samples. It also exhibits a clear corre-
lation between them, which is similar to the correlation between the
total damping t∗

S and the NED ratio in the case of frequency-constant
dampings as shown in Fig. 6. We also plot the relation of eq. (15),
substituting t̄∗

S instead of t∗
S , in Fig. 7. The curve passes through the

group of the samples. This implies that the total damping directly
estimated from the NED ratio corresponds to the frequency aver-
aged value t̄∗

S . In other words, when the total damping is defined
by the frequency average, its direct estimation from the NED ratio
is valid whether the damping depends on frequency or not. In the
following discussion, we focus on the frequency-independent damp-
ing, whereas this suggests that the estimated total damping is re-
garded as its frequency average for the case of frequency-dependent
damping.

Figure 7. Averaged t∗S for six-layered case with frequency-dependent qual-
ity factor. The dashed line represents the relation in eq. (15).
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Figure 8. Location of KTR at the Katsura Campus of Kyoto University and
KTG at the Katagihara site.

Figure 9. Borehole data and SPT-N values in about 20 m of depth at KTR
and KTG sites.

4 T O TA L DA M P I N G AT
K ATA G I H A R A S I T E

4.1 Seismic stations KTG and KTR

We focus on the Katagihara site located in Kyoto, Japan. Local
damage was observed in the area during the 1995 Kobe earthquake
even about 70 km away from the epicentre (Kansai Geo-informatics
Network 2002). The Katsura Campus of Kyoto University is located
just 1 km away in a northwestern direction from the Katagihara site,

as shown in Fig. 8. The elevation at the Katagihara site is about 40 m,
while it increases to 150 m at the Katsura Campus, and an outcrop
of bedrock is observed at the Katsura Campus. The geology and
geography suggest that the Katagihara fault is located in between
the sites, for example, Uemura (1990), and that a deep and soft
alluvial deposit overlies Palaeozoic rock, for example, Iwano et al.
(2001).

Seismic stations for observing strong ground motions have been
installed at both sites, namely, KTG at the Katagihara site (N
34.973◦, E 135.693◦) and KTR at the Katsura Campus (N 34.983◦,
E 135.677◦). The stations belong to the seismic network organized
by the Committee of Earthquake Observation and Research in the
Kansai Area (CEORKA) (Kagawa et al. 2004b), in operation since
1996 for KTG site and since 2009 for KTR site. Each station con-
sists of three servo-velocity types of sensors, which supports a flat
response in wide frequency range, 0.01–100 Hz in –3 dB. The A/D
sampling rate is 100 Hz. Fig. 9 shows the borehole data and the
SPT-N values at a depth of about 20 m. A rock layer appears at 6 m
at KTR site, while sand and gravel layers continue to 20 m at KTG
site. Soft clay with a low N value of about 10 appears at 15 m at
KTG site. This also indicates a soft deposit at the Katagihara site
relative to the Katsura Campus. On the other hand, KTR site is sup-
posed to be the rock site because a seismometer is settled on the stiff
foundation constructed just above the bedrock and the foundation
is separated from the foundation of the building.

We assume that the rock at KTR site has the same material
properties as the basement beneath the Katagihara site, and that the
incident waves are common for both KTR and KTG sites. Under
these assumptions, the spectral ratio of the records at KTG and KTR
sites becomes the amplitude ratio between the upgoing waves in the
uppermost layer and the basement at KTG site. This allows the
direct evaluation of the NED ratio directly from the spectral ratio.

Local earthquakes of the epicentre distances within 150 km have
been selected from the available records from 2009 to 2010. The
detailed source parameters are listed in Table 1, and the epicentre
locations of nine events are plotted on the map in Fig. 10. Eight
events (1–7 and 9) are distributed in the western direction of the
sites with an epicentre distance of about 15 km, and the other event
(8) is located in the southern direction with an epicentre distance
of about 80 km. Fig. 11 shows the observed velocity waveforms at
the KTG and KTR sites in both horizontal components, east to west
(EW) and north to south (NS), for events 2 and 8 in Table 1. The
amplification at the KTG site has a peak value of about 2.5, and
increase of the duration is clearly observed. This also indicates that
the site amplification due to the surface layers should be considered
at the KTG site.

Spectral ratios in each component for each of the nine events
are calculated. The Fourier amplitude of each velocity waveform

Table 1. Parameters of the selected nine earthquakes.

Date Time Latitudea Longitudea Deptha MJMA
a

(hh:dd JST) (N deg) (E deg) (km)

1. 2009 September 19 01:46 35.097 135.562 12 3.6
2. 2009 October 25 05:50 35.088 135.571 13 3.9
3. 2009 November 9 21:59 35.057 135.613 12 3.0
4. 2009 November 18 13:13 34.942 135.540 9 3.4
5. 2009 December 31 18:03 35.017 135.558 14 3.0
6. 2010 January 21 04:18 34.960 135.445 11 3.7
7. 2010 February 16 07:33 34.918 135.570 11 3.6
8. 2010 July 21 06:19 34.205 135.693 58 5.1
9. 2010 August 13 21:10 35.017 135.557 14 2.8
aAfter JMA.
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Figure 10. Location of the epicentres for the selected nine earthquakes
(detailed in Table 1).

Figure 11. Velocity waveforms at KTG and KTR sites for event no. 2 (top
panel) and no. 8 (bottom panel).

is smoothed by a Parzen window with a width of 0.1 Hz, and the
one for KTG site is divided by the one for KTR site. Fig. 12 shows
the spectral ratios in the horizontal components plotted by dashed
lines for each spectral ratio, and a solid line for the average of the
spectral ratios. The peaks are observed at around 0.5 and 6.0 Hz,
and the average exceeds 1 in the wide frequency range, 0.2–10 Hz.

4.2 Estimation of dampings by conventional method

We first apply a conventional method to estimate the dampings in
each layer at the KTG site. The synthetic spectral ratio is calculated
from the complex stiffness under the given material properties,
such as the S-wave velocity, the density, the layer thickness, and the
damping coefficient. This is because S-wave velocity and density
structures are not available at the KTG site, and there is no direct
information how deep the soft deposit continues over 20 m. The

Figure 12. Spectral ratio of KTG/KTR for each earthquake (dash lines) and
the average (solid line).

synthetic one is compared to the averaged spectral ratio of the ob-
servation, as shown in Fig. 12, and the optimum model is searched
based on the discrepancy between the synthetic and observed spec-
tral ratios via a non-linear inversion scheme, for example, Kurita &
Matsui (1997) and Yamada & Horike (2007). A six-layered model
with a five surface layers and a half-space basement is assumed.
The layer thickness shallower than 20 m is based on the borehole
data (Fig. 9). Prior to applying the inversion scheme, the S-wave ve-
locity, the density, and the damping coefficient models are manually
modified to fit the observed spectral ratio.

The optimum parameter sets are searched using a simple genetic
algorithm (Holland 1975); 100 populations, 200 generations, 0.5 per
cent mutation probability and 75 per cent crossover probability. The
search ranges of each parameter are limited to within 50–200 per
cent of the initial values for the S-wave velocity, the density, and the
layer thickness, and within 0–0.1 for the damping coefficient. The
synthetic spectral ratio is calculated from the propagation matrix
(Haskell 1960) substituting the complex stiffness into the material
properties. The objective function is defined as follows:

J (m) = 〈|O(m) − S(m)|2〉
〈|O(m)|〉〈|S(m)|〉 −→ min, (17)

where m is an estimation vector whose component consists of the
S-wave velocity, the density, the layer thickness, and the damping.
O(m) and S(m) denote the observed and synthetic spectral ratios,
and the brackets 〈 〉 means the following integration operator in
frequency, for example,

〈|O(m)|〉 =
∫ f2

f1

|O(m, f )|
f

d f, (18)

〈|O(m) − S(m)|2〉 =
∫ f2

f1

|O(m, f ) − S(m, f )|2
f

d f, (19)

where f1 and f2 are the low and high cut-off frequencies. In this case,
we set f1 = 0.1 Hz and f2 = 20 Hz to be consistent with the definition
of NED. The integrand is inversely proportional to the frequency.
This is consistent with the integration by the log-scaled frequency,
and it emphasizes the low frequency components in quantifying the
discrepancy between the observed and synthetic spectral ratios.

We perform ten trials, changing the set of random numbers and
starting from the same initial model, and obtain ten independent op-
timum layered models. Fig. 13 shows a comparison of the observed
and the synthetic spectral ratios for the 10 optimum models. The
synthetic ones agree well with the observed ones, and they converge
to similar shapes. The peak values and the corresponding frequen-
cies, 0.5 and 6.0 Hz, are simulated well. Fig. 14 shows the optimum
velocity models and the damping models. The dashed lines indicate
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Figure 13. Comparison of the synthetic and observed spectral ratios for
KTG/KTR.

Figure 14. Optimum velocity and damping models evaluated by the genetic
algorithm. The dashed lines denote the search range.

the search range during the non-linear inversion scheme. The veloc-
ity models converges well among the ten independent simulations;
however, there is much variation among the damping models. Thus,
the models evaluated from the ten simulation cases converge to the
optimum model, but this is not the case for the damping model. The
search range of the damping coefficient, 0–0.1, that corresponds to
QS = 5 ∼ ∞, is wide enough to model the dampings of the surface
layers based on the previous works. This implies that the damp-
ing coefficients in each layer are less sensitive to the spectral ratio,
which has been reported in several studies (Kurita & Matsui 1997;
Tsujihara & Sawada 2003). Therefore, some average quantities are
required to quantify the damping, such as the average quality factor
(Parolai et al. 2010), etc.

4.3 Estimation of total damping t∗
S

We estimate the total damping t∗
S at the KTG site based on the

relation between t∗
S and the NED ratio. The parameter ranges are

adjusted to generate the appropriate random models at KTG site.
Because the S-wave velocity in the surface layer can be assumed
to be less than that of the basement, as seen in the amplification
and the duration of the observed ground motions, the ranges in
S-wave velocity are 50–2000 m s−1 for the surface layers and 700–
3200 m s−1 for the basement. The density and the total thickness of
the layer are generated from the ranges 1400–2400 kg m−3 and 100–
1000 m. The damping coefficients are in the range of 0–0.1. Note

Figure 15. Simulation results for ten thousand random models for evaluat-
ing the relation between the NED ratio and t∗S (top panel), and the histogram
of the samples corresponding to 0.165–0.185 of the NED ratio (bottom
panel).

that the simulation ranges are different from those in the previous
section (Fig. 6).

The 10 000 random layered models are generated numerically,
and the relation between t∗

S and the NED ratio is plotted in Fig. 15.
As discussed in the previous section, the NED ratio correlates well
with the total damping t∗

S .
To evaluate the NED ratio directly, the spectral ratio between

the records at KGT and the records at KTR site, and also the
impedances of the uppermost layer at each site are required. The
spectral ratios are available from the observed records, whereas the
impedance ratio is not available at this time. A technique to mea-
sure the impedances should be developed. Note, however, that the
measurement is only for the uppermost layers, not for all of the
properties at the sites. We human, as well as any equipment, can
touch or come into contact with the material without disturbing the
ground itself, such as occurs in drilling for boreholes. In this paper,
we demonstrate the estimation of the total damping by assuming
that the impedance ratio is available. Here, we give the impedance
of the uppermost layer at KTG and KTR sites as the average of the
ten optimum values obtained using the conventional method. Then,
the NED ratio is directly calculated from the integration of eq. (9)
as 0.175.

Fig. 15 also shows the line 0.175 of the NED ratio. The line
cuts the group of samples in the range of about t∗

S = 0.01–0.2.
The histogram of the samples within the range of 0.165–0.185 of
the NED ratio is shown in the bottom panel of Fig. 15, and it
suggests that most samples are distributed around t∗

S = 0.038. As
the distribution shape depends on the random generation of the
model, the variation does not have much physical meanings. If we
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consider the total damping as the value corresponding to the sample
peak, the estimated value of t∗

S by using the NED ratio is 0.038 at
KTG site.

To verify the estimated t∗
S value, we compare the total dampings

calculated from the ten optimum models evaluated from the con-
ventional method. The results from the optimum models are plotted
together in the histogram in Fig. 15, and they are distributed within
the range of 0.020–0.032. The large variation for the optimum mod-
els is not seen in terms of the total damping coefficients, and the
value estimated directly from the NED ratio (t∗

S = 0.038) is close to
the values for the optimum models. This suggests that total damp-
ing t∗

S is one of the stable variables for quantifying the damping
property in the near-surface layer, and that the value can be directly
evaluated from the NED ratios.

5 C O N C LU S I O N

We have proposed a direct estimation method of the total damping in
the surface layers based on the NED. The NED ratio, defined as the
NED for the uppermost layer divided by the NED for the basement,
was found to correlate well with the total damping t∗

S . We have
examined its applicability to an actual site using the spectral ratio
between the deposit site KTG and the bedrock site KTR. The total
damping in the surface layers at the KTG site was estimated at
0.038 directly from the value of NED ratio. The value was seen to
be similar to those estimated via a conventional method using the
non-linear inversion scheme.

Attenuation parameter t∗ for the Earth interior model is not a
material-specific parameter because t∗ depends on the ray path.
Therefore, the attenuation model for the Earth interior was quan-
tified by a quality factor, eliminating the contribution of the ray
path. On the other hand, total damping in the surface layers, t∗

S , is
a specific parameter at the site. The one-way traveltime, T, from
the basement to the free surface, may turn the total damping into
the average quality factor, T/t∗

S , in which T is also a site-specific
parameter. This property is an important point to note in the total
damping.

A simulated group of samples, representing the relation between
the NED ratio and the total damping (Figs 6 and 15) is independent
of the sites. The samples can be applied to any other sites if the
material properties are expected to lie in the range of the random
simulation. This is the benefit that no simulations are required in
order to apply it to the other sites when it has already been prepared.

In this paper, we have demonstrated a performance whereby we
obtain the impedance at the uppermost layers at KTG and KTR sites.
The measurement technique and analysis method must be further
developed in the near future. If the technique is readily available,
the total damping can be quantified at the site using only the records
on the free surface and without detailed velocity and density models
for beneath the site.
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