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Abstract Ratios of vertical-to-horizontal (V=H) ground motion are important for
the computation of scenario-compatible vertical design spectra. They are therefore a
crucial aspect of seismic hazard analysis. We characterize the V=H ratio at rock sites
in terms of the recording site’s average quarter-wavelength velocity. A predictive equa-
tion is presented, which can be used for reconstructing the expected V=H ratio of the
5%-damped response and Fourier spectra for rock sites, given a known shear-wave
velocity profile. The equation is based on the regression analysis of two datasets:
one from Switzerland and one from Japan. The two datasets allow us to analyze
well-characterized hard-rock sites in Switzerland using small earthquakes (Mw >2),
while the magnitude range is increased up to events of Mw 7.3 using strong-motion
recordings from Japan’s KiK-net seismic network. It is shown that a correlation exists
between the quarter-wavelength velocity at a given frequency and the V=H ground-
motion ratio. Small differences, possibly due to velocity measurement bias or topogra-
phical and basin effects, existed when analyzing the individual regional datasets. Apart
from near-source distances (R < 30 km) for response spectra V=H, no clear magni-
tude- or distance-dependence of the V=H ratios is present in either of the datasets
of earthquake recordings.We show that the same correlation exists for response spectra
and Fourier spectra of recorded ground motion. A similar correlation was derived for
ambient vibrations recorded at Swiss station sites, resulting in larger values ofV=H at a
given frequency and thereby indicating that V=H is sensitive to the composition of
the wave field. Finally, uncertainties in the V=H models are presented. We separate
the sources of uncertainty into source and site-specific components and present the
single-site sigma uncertainty measure for site-specific hazard analyses.

Introduction

It is common for ground-motion prediction equations
(GMPEs) to be available for predicting horizontal ground mo-
tion given a range of input parameters, such as magnitude,
distance, and site class. However, in most cases the vertical
component of motion is not modeled. For instance, current
models based on data from Europe and the Middle East
(Akkar and Bommer, 2010), the New Generation Attenua-
tion (NGA) dataset (Abrahamson and Silva, 2008; Boore and
Atkinson, 2008; Chiou and Youngs, 2008; and Chiou et al.,
2008), and data from Japan (Zhao et al., 2006) all provide
only predictions of horizontal ground motion. However, it
has recently been shown that the vertical component of
ground motion can have a significant effect on the seismic
response of particular structures, such as bridges (e.g.,
Kunnath et al., 2008; Gülerce and Abrahamson, 2010). A
primary use of the vertical-to-horizontal ground-motion ratio
(V=H) is to facilitate the prediction of response spectral

ordinates (e.g., pseudospectral acceleration) for the vertical
component of motion, given a GMPE derived from horizontal
ground-motion data. The V=H ratio is therefore an important
concept in probabilistic seismic hazard analysis (PSHA).
While it may seem unusual that GMPEs are not typically
available for the vertical component, it may actually be ben-
eficial to use a GMPE for the horizontal component of motion
in combination with a V=H ratio. In this case, PSHA is under-
taken solely on the horizontal component of ground motion,
and the resulting design spectra are later adjusted to the ver-
tical orientation. The resulting horizontal and vertical design
spectra will then both correspond to exactly the same earth-
quake (disaggregation) scenario (Gülerce and Abraham-
son, 2011).

Newmark and Hall (1969, 1982) were among the first to
propose a ratio for the scaling of vertical-to-horizontal
ground motions. They proposed a V=H ratio of 2=3,
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independent of period, magnitude, distance, and site condi-
tion. McGuire et al. (2001) proposed V=H ratios for rock
sites in the United States based on existing GMPEs (western
United States) and stochastic simulations (central and eastern
United States). Their model was given as a function of peak
ground acceleration in rock, such that increasing ground
motion led to higher V=H ratios. For the western United
States model they also noted a transition between around 2
and 15 Hz, where the V=H ratio increases from lower values
at long periods to higher values at short periods. Since then,
several studies have been undertaken with increasing model
complexity, including the use of VS30. See, for example,
Bozorgnia and Campbell (2004), Malhotra (2006), Cauzzi
and Faccioli (2008), Bommer et al. (2011), Gülerce and
Abrahamson (2011).

V=H spectral ratios have also been studied in detail in
their inverse form, theH=V ratio (e.g., Nogoshi and Igarashi,
1971). The first peak of the H=V spectral ratio is considered
a reliable proxy for the estimation of the fundamental fre-
quency of resonance (f0) of the site S-wave transfer function
(e.g., Hagshenas et al., 2008, and references therein) and has
been widely used in microzonation studies to characterize
sediment cover, using ambient vibrations or earthquake
recordings. The interpretation of the H=V spectral ratio is
strongly related to the composition of the seismic wave field,
which is in turn dependent both on the sources and the sub-
surface structure. For 1D media and ambient vibrations,H=V
spectral ratios are usually interpreted as the result of surface
wave propagation (Rayleigh and Love waves, fundamental
or higher modes), with a significant contribution of body
waves at sites exhibiting moderate to low impedance con-
trasts between the sediment cover and the seismic bedrock
(e.g., Bonnefoy-Claudet et al., 2006; Köhler et al., 2007).
For sites with a high impedance contrast, the typical shape
of an H=V curve appears to be mainly influenced by the
ellipticity function of Rayleigh waves (e.g., Yamanaka et al.,
1994; Fäh et al., 2001). The fundamental mode, but also
higher modes and Love waves, can be important. Separating
the different wave contributions is not an easy task. However,
special techniques (e.g., Fäh, Wathelet, et al., 2009; Hobiger
et al., 2009; Poggi and Fäh, 2010) allow the extraction of the
ellipticity of the fundamental-mode Rayleigh wave. It has
also been argued that the H=V ratio is representative of
the site S-wave amplification function (Nakamura, 1989),
induced by resonance of shear waves trapped in the soil
column. This however, has only been observed in a few
cases. An identified resonance frequency in H=V ratios can
also be due to 2D or 3D resonances caused by particular
valley shapes (e.g., Roten et al., 2006) or rock slope features
(Burjánek et al., 2010). In the case of 2D resonance, the
resonance frequency is the same across the whole valley.
As Bard and Bouchon (1985) demonstrated, the 2D funda-
mental frequencies of SH and SV waves are slightly above
the 1D resonance frequency for shallow valleys and increase
with increasing thickness to width ratio.

The influence of surface waves on the V=H ratio is sig-
nificant in the frequency range above f0. It has been shown
(Scherbaum et al., 2003; Albarello and Lunedei, 2009) that
below this value the body wave contribution increases
progressively. This is the case in soils in the frequency band
below f0 and in for rock sites in which a weathered layer is
present. The S-wave resonance peak for weathered rock is
generally located at rather high frequency (e.g., f0 > 10 Hz
for Swiss sites that were exposed to weathering after the last
glaciations). At longer periods, surface waves can again con-
tribute significantly to the wave field depending on the origin
of the waves.

Recently, a novel approach to define a reference rock-
velocity condition was developed by Poggi et al. (2011).
They correlated empirical shear-wave site amplification
(e.g., Edwards et al., 2008; Edwards and Rietbrock, 2009;
Drouet et al., 2010) to the quarter-wavelength velocity pro-
file of the site. Using the quarter-wavelength approach to
compute average S-wave velocities introduced the possibility
of separately analyzing amplification at different frequen-
cies. This is not possible with classification approaches based
on standard VS30, National Earthquake Hazards Reduction
Program (NEHRP), or Eurocode 8 (EC8). Reconstruction
of the profile leading to relative-null-amplification (i.e., the
reference rock) was therefore possible. In an extension of this
work, we investigate the V=H ratio in terms of its relation to
the average rock properties using the quarter-wavelength
approximation for frequencies much lower than f0. On the
assumption that, for a rock site, the V=H ratio is controlled
by characteristics of the shear-wave velocity profile, the
resulting correlation between the quarter-wavelength veloc-
ity and V=H facilitates the prediction of V=H or, equally,
H=V, given any specific rock-velocity profile. Our interpre-
tation is limited to hard-rock sites, which are of principal
interest in PSHAwhen rock ground-motions are investigated.
V=H ratios due to low-velocity superficial deposits are not
considered as they introduce the additional complexity of
resonance within the frequency band of interest. They are
also very site specific and depend on the velocity contrast
between sediments and bedrock, in addition to the shape
of the sediment–bedrock interface.

We investigate two regions of interest. The first is
Switzerland, with its relatively dense broadband instrumenta-
tion (Deichmann et al., 2010) located on hard- and very hard-
rock sites (EC8 or NEHRP class A, B; Building Seismic Safety
Council, 2003). In this region, 27 stations with derived
shear-wave velocity profiles are available. In the case of
Switzerland, mostly broadband or midperiod sensors are in-
stalled on well-studied rock sites (Fäh, Fritsche, et al., 2009).
However, due to the relatively low seismicity in Switzerland,
themagnitude range is limited to events withMw <5. In order
to both increase the robustness of the regression analysis
and explore any magnitude dependence of the V=H ratio, a
Japanese dataset was also analyzed. Each of the 689 sites of
the dense KiK-net strong-motion network (Aoi et al., 2004)
includes a shear-wavevelocity profile and could be used in the
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analysis. While the inclusion of this data significantly in-
creased the robustness of the results, some limitations were
presented due to the simplification of some of the provided
soil velocity profiles, especially at shallow depths.

V=H Ratio Data

We present the analysis of V=H ratios of ground motion
in terms of both the Fourier spectra and the 5%-damped
response spectra. Both Swiss and Japanese datasets are pro-
cessed following the same method. The time series used are
instrument corrected and include various amounts of pre-
event noise. In Switzerland, the total length of recordings is
limited to 100 s; generally for events recorded within
250 km, the entire wave train, including coda, is captured.
In the case of Japan, the waveforms are not truncated in dura-
tion. Recorded events of any magnitude, occurring at depths
of less than 25 km in Japan are included. We imposed a
25-km depth limit due to the complex tectonic environment
in Japan, such that all events in our dataset can be considered
shallow crustal earthquakes. In Switzerland, all earthquakes
are considered shallow crustal events (with maximum depths
of around 33 km). Because of the high detection threshold
for the Swiss Digital Seismic Network (SDSNet), the mini-
mum magnitude for inclusion in the analysis was set to
ML 2.0. Because of the drastically different level of seismic
activity in the two regions, each dataset is covered by a dif-
ferent range of magnitudes. The wide overall range of
recorded magnitudes (Mw 2–7.3) allows us to investigate
the magnitude dependence of the V=H ratio.

Fourier spectra are computed for windows comprising
of 5%–75% of the squared acceleration integral around the
S wave and coda on one of the horizontal components (e.g.,
Raoof et al., 1999, and Edwards et al., 2010). Window
lengths are fixed for further components of the same record-
ing so that the frequency interval is consistent. No filtering is
applied, but a mean offset removal is performed before com-
puting the Fourier spectra. Using these Fourier spectra, along
with noise estimates taken from the pre-P-wave arrival data
on each recording, a signal-to-noise ratio (SNR) analysis is
undertaken. This analysis assesses the bandwidth above a
level equal to three times the noise. For each of the three
components of a record, two values are defined: a lower and
an upper frequency limit. From all components of each
recording, we then selected the highest lower limit and the
lowest higher limit for further processing (flow and fhigh).
Between these limits, the recorded signal is considered to
be dominated by the earthquake signal on all components.

For computing the response spectra, the whole time ser-
ies is used. A six-pole acausal Butterworth band-pass filter is
first applied (Douglas and Boore, 2010), with corner fre-
quencies (flow and fhigh), as defined by the SNR on the
three-components of motion. We define the valid frequency
range of the V=H ratio based on the SNR analysis. For the
Fourier spectral V=H, flow is used as the lower limit. For the
response spectrum flow is increased by a factor of 1.2 to

account for the influence of lower frequencies on a particular
response spectral period (Akkar and Bommer, 2006). For the
upper limit of V=H for both Fourier and response spectra,
fhigh is used. In this sense, the V=H ratios are defined purely
by earthquake signals as opposed to noise.

For each record, the horizontal component used for the
V=H ratio is computed from the geometrical mean of the two
perpendicular horizontal Fourier or response spectra, such
that

V

H
�f� � V�f���������������������������

H1�f�H2�f�
p ; (1)

where V is the vertical component and H1 and H2 are two
perpendicular horizontal components of the Fourier or 5%-
damped response spectrum. For each recording station, m,
the average V=H ratio is then given by

log��V=H�m�f�� �
1

N�f�
XN�f�

n�1

log��V=H�n�f��; (2)

where n denotes the n-th record of station m and N�f� is the
number of records available for a particular frequency at
station m. Examples of V=H spectra are given in Figure 1.

Velocity Profiles and Their Quarter-Wavelength
Representation

Twenty-six seismic stations of the SDSNet (Deichmann
et al., 2010) were used for this study. The sites were inves-
tigated as part of the PEGASOS Refinement Project (PRP;
Fäh, Fritsche, et al., 2009), a seismic hazard assessment
project coordinated by swissnuclear (Renault et al., 2010),
and a microzonation project in the Basel area (Fäh and Hug-
genberger, 2006; Havenith et al., 2007). The locations of the
sites investigated during PRP were defined in order to sample
the most typical rock-site conditions of seismic stations in
the Swiss Alpine Foreland. Of the 27 selected station loca-
tions, 10 (all Basel stations [Havenith et al., 2007], plus
ZUR, SULZ, and BALST) were investigated using three-
component high-resolution f-k analysis (Capon, 1969; Fäh
et al., 2008; Poggi and Fäh, 2010), while 17 were investi-
gated using multichannel analysis of surface waves (Park
et al., 1999). Station STEIN was not used in this study,
as it did not satisfy the requirement of including quarter-
wavelength velocities greater than 800 m=s. For more de-
tailed discussion and analysis of the derivation of the velocity
profiles for the Swiss instrumental sites, please refer to Poggi
et al. (2011) and references therein.

A shear-wave velocity profile of each of the 689 stations
of the KiK-net strong-motion network was provided by the
Japanese National Research Institute for Earth Science and
Disaster Prevention (NIED, see Data and Resources section).
These profiles have been obtained from downhole logging on
boreholes set up for buried sensor installation (Fujiwara et al.,
2004). The maximum depth reached is highly variable,
depending on the particular station and spans from a few tens
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of meters to about 200 m. Each profile consists of a limited
number of discrete layers (generally from 4 to 7), for which
an estimate of the S and P velocities is provided. There is a
wide range of surface velocity types, from soil to very hard
rock. Of these sites, 498 were used in this study, with selec-
tion based on quarter-wavelength velocities greater than
800 m=s. Unfortunately, an estimation of uncertainties was
not provided for the Japanese profiles.

The quarter-wavelength velocity profiles for the Swiss
and Japanese sites are computed following Joyner et al.
(1981) and Boore (2003). The reader is referred to Poggi
et al. (2011) for a complete description of the method;
however, the following briefly outlines the procedure. The
quarter-wavelength method assumes that any vertically
heterogeneous soil profile can be characterized, at a given
frequency, by an equivalent two-layer model in which the
interface is located at a depth corresponding to one-quarter
of the wavelength of interest:

z�f� � Vaverage
s �z�
4f

� VQWL
s �f�
4f

: (3)

The equivalent layer has a travel-time average velocity
(VQWL

s �f�) computed over the input profile, down to that spe-
cific depth z�f�. The computation of the average quarter-
wavelength velocity, VQWL

s �f�, at a specific frequency can
then be obtained through the minimization of

argmin
z�f�

����z�f� � VQWL
s �f�
4f

����; (4)

given that

VQWL
s �f� � z�f�

�Z
z�f�

0

1

Vs�z�
dz

��1
: (5)

This is achieved through a direct search approach over z in
order to recursively converge to the solution of the minimi-
zation problem. For the Swiss locations, we used the same
profiles as used in Poggi et al. (2011). For the Japanese sta-
tions, quarter-wavelength velocity profiles were calculated
based on the profiles provided by NIED.

The investigation of increasingly long-period (and thus
long-wavelength) V=H ratio values requires the knowledge
of increasingly deep velocity profiles. However, each site is
characterized only to a limited depth, depending on the
investigation technique employed. It is therefore necessary
to extrapolate the required information from the available
data below this limit. Adding new layers to the existing
velocity models (e.g., using some gradient or power-law
function) would involve numerous assumptions. To produce
a justifiable estimation, we therefore proceed as follows. The
quarter-wavelength velocity functions are computed down to
a frequency (fMax) corresponding to a maximum available
profile depth. The thickness of the last layer is usually un-
defined in the model, so we generally impose a lower depth
bound, corresponding to a percentage of the second-to-last-
layer depth (here 50%). The derived quarter-wavelength
profile is then extended to lower frequencies through cubic
interpolation of the existing points (Fig. 2). A clear advan-
tage of this procedure is that such an extrapolation produces
a smooth average velocity profile, which is constrained by
the velocity variation of the uppermost layers. Clearly, the
lower the extrapolated frequency range is, the higher the

Figure 1. V=H spectral ratios for four Japanese stations used in the study. Black, Fourier spectra; gray, 5%-damped response
spectra; solid line, mean; dotted lines, �1 standard deviation. The minimum and maximum frequencies were limited by the SNR of
the earthquake recordings.
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level of uncertainty on the results. Therefore, we define an
empirical frequency range (fExt) for the extended quarter-
wavelength profile, such that

fMax > fExt ≥ 0:5fMax: (6)

An overview of all quarter-wavelength velocity profiles,
normalized by the frequency corresponding to a threshold
velocity of 800 m=s, is presented in Figure 3 for both the
Swiss and Japanese data.

Correlation of V=H with Quarter-Wavelength
Velocity

V=H ratios of both Fourier spectral amplitudes and
5%-damped response spectra (pseudospectral acceleration)
were compared with the corresponding quarter-wavelength
velocity over frequencies from 0.5 to 20 Hz. For inclusion
in the regression of V=H ratio versus quarter-wavelength ve-
locity, the V=H measure needed to be based on at least five
records, whilst the quarter-wavelength velocity had to be

Figure 2. (Right) Example of quarter-wavelength velocity versus frequency for two profiles of the Japanese KiK-net network, along with
(left) the corresponding shear-wave velocity profiles. It is possible to notice the effect of extrapolating the quarter-wavelength velocity profile
beyond the resolved depth, as indicated by fExt and fMax. The 800 m=s velocity threshold for inclusion in the regressions is indicated as a
horizontal black line.
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greater than or equal to 800 m=s. This lower limit of quarter-
wavelength velocity is defined in order to separate the dif-
ferent contributions of soft sediments and rock sites in the
correlation. For lower velocities, resonance effects might
be dominant and lead to unwanted effects in the regression
(Fig. 4). At the lowest frequencies, a limiting factor for data
availability is the maximum depth of the velocity profile,
while for the highest frequencies it is the resolution of the
upper layers’ velocities. A regression for the best fitting lin-
ear relation between the logarithms of quarter-wavelength
velocity and V=H ratio was performed using a least-squares
minimization. The form of the equations was

ln
�
V

H
�f�

�
� a�f� ln

�
VQWL
s �f�

�
� b�f�: (7)

Switzerland

We used 5384 records to define the V=H ratios of the 26
Swiss sites used in the regression. Minimum available fre-
quencies ranged from 0.1 to around 10 Hz, while maximum
frequencies ranged from 5 to 50 Hz, depending on the noise

present in the recording (Fig. 5a). The recordings sampled a
wide range of hypocentral distances, spanning 5–300 km
(Fig. 5b). Earthquakes with magnitudes between 2 and 5.5
and depths between 0 and 33 km were used (Fig. 5c).

An example of the correlation between quarter-
wavelength velocity and V=H ratio of Fourier spectral
amplitude for the Swiss sites is plotted in Figure 6 for fre-
quencies 1, 2.5, 5, and 10 Hz. Figure 7 shows the same cor-
relations for 5%-damped response spectra. The regression
results are detailed in Table 1. Frequencies between 4 and
8 Hz tended to lead to the smallest standard deviations
relative to the regression. It is possible that this is due to the
resolution of the S-wave velocity profiles from multichannel
analysis of surface waves (MASW) used in this study. For
instance, an average velocity of 800 m=s down to 50 m cor-
responds to the lower 4 Hz frequency in the quarter-
wavelength representation. Greater depths, with velocities
becoming less well resolved by the MASW, correspond to
lower frequencies. For frequencies above 8 Hz, we increas-
ingly enter the limited resolution of the uppermost layers of
the velocity profile. Figure 8 shows the regression results for
frequencies between 1 and 10 Hz. Frequencies outside this
range were considered unreliable. The unreliable velocity
profile at depth leads to uncertainty at low frequencies,
whereas the limited number of data points with velocity
higher than 800 m=s in the upper layers, in addition to the
limited resolution of the velocity profiles in the uppermost
layer, leads to uncertainty at high frequencies.

With the exception of the 1-Hz fit, the regression results
of all frequencies up to 10 Hz converge at quarter-
wavelength velocities around 2000 m=s (Fig. 8). All fits have
a positive gradient, with the V=H ratio changing from around
0.5 at 800 m=s to 0.9 at 2500 m=s. Some frequency depen-
dence can be observed, with higher gradients at lower fre-
quencies. For the 5%-damped response spectra, a similar

Figure 3. Ensemble of all processed quarter-wavelength veloc-
ity versus normalized frequency for (a) Japanese profiles and
(b) Swiss profiles. Normalized frequency refers to that correspond-
ing to the threshold quarter-wavelength velocity of 800 m=s (as
indicated by the horizontal black line).

Figure 4. Example correlation of V=H ratio with the quarter-
wavelength velocity at 6 Hz for Swiss sites. A quarter-wavelength
velocity threshold of 800 m=s is defined in order to separate the
different contributions of soft sediments and rock sites in the cor-
relation. For lower velocities, resonance effects might be dominant
and lead to unwanted effects in the regression.
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observation can be made (Fig. 7, Table 1). Again, the best
fits are obtained for frequencies between 4 and 8 Hz,
although frequencies of 2–10 Hz all produce robust results.
The regression results and misfits of both the V=H from
Fourier spectral amplitude and response spectra are very
similar (Fig. 8).

Japan

The Japanese dataset includes significantly more data
than the Swiss: 78,419 records were used to compute the
V=H ratios of 498 sites, which included quarter-wavelength
velocities of greater than 800 m=s. The maximum frequency

was limited to 30 Hz, due to the low-pass filter applied at the
recording site (Aoi et al., 2004). The resulting range of fre-
quencies available in the data, after checking the SNR, was
between 0.1 and 30 Hz (Fig. 9a). The lower bound ranged
from 0.1 to around 5 Hz, whereas the upper bound ranged
from 5 to 30 Hz; 3379 events with MJMA (Japanese Meteor-
ological Agency magnitude) between 1.9 and 7.3 were used
(Fig. 9b), with hypocentral depths ranging from 0 to 25 km
(Fig. 9c). A trend of increasing minimum epicentral distance
with magnitude is present (Fig. 9b), as often seen due to
triggering, occurrence rates, and SNR constraints (e.g., Zhao
et al., 2006).

Figure 5. Data coverage in terms of (a) frequency (light gray, minimum; dark gray, maximum), (b) epicentral distance, and (c) earthquake
depth for the recordings used to define the V=H ratio of the 26 Swiss sites.

Figure 6. Correlation of V=H ratio of Fourier spectral amplitudes and quarter-wavelength velocities at selected frequencies for the
Swiss dataset.
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An example of the correlation between V=H ratio of
Fourier spectra and quarter-wavelength velocity is shown
in Figure 10. The regression results are detailed in Table 2.
It is evident that most points are available to the regression

for frequencies between approximately 1 and 5 Hz. Below
and above these frequencies, the number of data points
decreases. Additionally, for lower frequencies, more points
are deemed to have unresolved quarter-wavelength velocity,

Table 1
Regression Results for the Swiss Data

Fourier Spectra 5%-Damped Response Spectra

Frequency
(Hz) a b σ�ln�

Number of
Stations Nonextrapolated a b σ�ln�

Number of
Stations Nonextrapolated

0.75 0.4471 �3:7068 0.2674 21 4 0.5441 �4:4422 0.2327 21 4
1 0.4884 �4:0452 0.2668 20 3 0.4329 �3:6503 0.2364 20 3
1.5 0.5828 �4:7051 0.2429 20 3 0.5616 �4:5542 0.2506 20 3
2 0.5755 �4:5929 0.3050 20 3 0.6002 �4:7814 0.2950 20 3
2.5 0.5275 �4:1802 0.3832 19 2 0.5384 �4:2844 0.3427 19 2
3 0.5333 �4:2555 0.3531 18 3 0.5704 �4:5263 0.3434 18 3
3.5 0.6385 �5:0267 0.3212 16 3 0.6198 �4:8909 0.3297 16 3
4 0.6140 �4:8680 0.1438 13 3 0.6669 �5:2509 0.1342 13 3
4.5 0.6505 �5:1469 0.1505 12 3 0.6186 �4:8785 0.1315 12 3
5 0.5675 �4:5070 0.1286 11 2 0.6043 �4:7589 0.1214 11 2
5.5 0.6876 �5:4161 0.1061 11 3 0.6369 �4:9977 0.1056 11 3
6 0.7001 �5:5146 0.1078 11 4 0.6303 �4:9431 0.1013 11 4
6.5 0.5875 �4:6324 0.1055 11 4 0.5878 �4:6093 0.1011 11 4
7 0.5050 �3:9822 0.1066 11 6 0.5284 �4:1461 0.0992 11 6
7.5 0.4693 �3:7218 0.1242 11 7 0.4723 �3:7153 0.1014 11 7
8 0.4332 �3:4621 0.1594 11 8 0.4212 �3:3278 0.1137 11 8
8.5 0.4051 �3:2537 0.1935 11 9 0.3804 �3:0171 0.1311 11 9
9 0.4044 �3:2440 0.2160 11 10 0.3590 �2:8485 0.1461 11 10
9.5 0.4104 �3:2792 0.2333 11 10 0.3534 �2:7951 0.1577 11 10

10 0.3827 �3:0490 0.2498 11 10 0.3486 �2:7458 0.1669 11 10

Parameters a and b refer to Equation 7. σ�ln�, the natural log standard deviation of the regression; Number of Stations, the total number of stations used in the
regression; Nonextrapolated, the number of stations used that did not have their quarter-wavelength velocity extrapolated at that given frequency.

Figure 7. Correlation of V=H ratio of 5%-damped response spectra and quarter-wavelength velocity for the Swiss dataset for selected
frequencies.
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where the value was computed based on extrapolation from
higher frequencies, as described in the section Velocity
Profiles and Their Quarter-Wavelength Representation.

The fit ofV=H from response spectra (Fig. 11, Table 2) is
similar to that of the Fourier spectra, as observed for the Swiss
data. However, on comparing the regression results, there are
slight differences (Fig. 12). The general trend, as found with
the Swiss data, is for increasing quarter-wavelength velocity
to lead to higher V=H ratio over all frequencies. As with the
regression of Swiss data, a systematic variation in the results
with frequency can be observed. However, in this case the
trend is in the opposite sense, with higher frequencies leading
to lower V=H ratios. For the response spectra V=H, all fre-
quencies approach a common ratio of around 0.7 for quar-
ter-wavelength velocities of 2000 m=s. This is lower than
the value of 0.9 at the same quarter-wavelength velocity seen
for the Swiss sites. For the Fourier spectra V=H, the conver-
gence of the different frequency regressions is not as clear. For
lower quarter-wavelength velocities, the V=H ratio of both
Fourier and response spectra decreases, down to around
0.4 for 800 m=s.

Regional Variability

Ideally, a unique relation for the V=H ratio would be
available. However, the results of independent regressions
of Swiss and Japanese sites suggest small differences between
the regions (Fig. 13). Clearly the results using the Japanese
data can be considered more robust, simply due to the volume
of data available. However, the quality of the Japanese veloc-
ity profiles was unknown because only one profile is provided
for each site, without any uncertainty on the velocity estima-
tion. Conversely, the Swiss data were limited in quantity, but
the velocity profile data included the estimation of uncer-
tainty. As an initial test, a subjective selection of the Japanese
sites was undertaken, in order to include only those consid-
ered to be of higher quality. The selection was based on
the comparison of the theoretical SH- and quarter-wavelength
amplification functions, with the shape of theH=V function at
each site. The idea was to identify those profiles with a clear
mismatch between the measured and the modeled fundamen-
tal frequency of resonance. Around 18% of sites were
removed where the peak in the theoretical SH-amplification

Figure 8. Regression results of the quarter-wavelength velocity versus V=H for (a) Fourier spectral amplitude and (b) 5%-damped
response spectra at Swiss sites for frequencies between 1 and 10 Hz.

Figure 9. Data coverage in terms of (a) frequency (light gray, minimum; dark gray, maximum), (b) epicentral distance, and (c) earthquake
depth for the recordings used to define the V=H ratio of the 498 Japanese sites.
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Figure 10. Correlation of V=H ratio of Fourier spectral amplitude and quarter-wavelength velocity for the Japanese dataset at selected
frequencies. “Resolved” points are those for which the quarter-wavelength depth is within the velocity profile. “Extrapolated” points are
based on extrapolated quarter-wavelength velocity.

Table 2
Regression Results for the Japanese Data

Fourier Spectra 5%-damped Response Spectra

Frequency
(Hz) a b σ�ln�

Number of
Stations Nonextrapolated a b σ�ln�

Number of
Stations Nonextrapolated

0.5 0.2481 �2:3008 0.3049 32 6 0.0143 �0:6765 0.3007 30 5
0.75 0.3292 �2:8012 0.2724 104 10 0.2285 �2:1305 0.2510 81 10
1 0.4467 �3:6204 0.2575 184 27 0.4013 �3:3999 0.2441 176 26
1.5 0.4203 �3:4552 0.2223 250 59 0.4090 �3:5038 0.2444 243 59
2 0.4232 �3:4757 0.2454 249 92 0.4406 �3:7297 0.2577 249 92
2.5 0.3948 �3:3011 0.2789 219 107 0.4307 �3:6717 0.2770 218 107
3 0.4200 �3:5288 0.2978 182 111 0.4984 �4:1854 0.2980 182 111
3.5 0.4450 �3:7496 0.3109 154 105 0.5248 �4:3822 0.3100 154 105
4 0.4387 �3:7430 0.3148 125 102 0.4814 �4:0677 0.3178 125 102
4.5 0.5222 �4:3715 0.3213 114 101 0.5249 �4:3909 0.3261 111 98
5 0.5874 �4:8439 0.3142 93 84 0.5914 �4:8681 0.3038 92 83
5.5 0.6228 �5:0910 0.3298 83 75 0.5723 �4:7120 0.3113 83 75
6 0.5641 �4:6862 0.3303 68 63 0.4925 �4:1412 0.3182 66 61
6.5 0.6156 �5:0796 0.3392 60 56 0.5380 �4:4796 0.3311 60 56
7 0.6248 �5:1610 0.3575 56 52 0.5639 �4:6802 0.3429 56 52
7.5 0.4625 �3:9983 0.3669 48 44 0.4398 �3:7893 0.3566 48 44
8 0.5533 �4:6736 0.3791 44 41 0.5312 �4:4572 0.3695 44 41
8.5 0.4097 �3:6716 0.4082 41 38 0.4185 �3:6615 0.3836 41 38
9 0.4708 �4:1206 0.4670 37 35 0.4609 �3:9679 0.4157 37 35
9.5 0.5835 �4:9319 0.4908 35 33 0.5433 �4:5599 0.4305 35 33
10 0.4886 �4:2292 0.4450 32 30 0.4579 �3:9418 0.4067 32 30

Parameters a and b refer to Equation 7. σ�ln�, the natural log standard deviation of the regression; Number of Stations, the total number of stations used in the
regression; Nonextrapolated, the number of stations used that did not have their quarter-wavelength velocity extrapolated at that given frequency.
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function was very different from the measured H=V peak.
This resulted in small changes in the frequency band up to
7 Hz, but larger deviations above 7 Hz (Fig. 13).

In order to test the statistical significance of the different
regression results, we established a hypothesis test. The null
hypothesis was a single quarter-wavelength–V=H model,
with data from both Swiss and Japanese regions sampling
a unique model. In this case the differences observed in
the regression results would be simply due to insufficient
sampling of the model space. The alternative hypothesis is
that two unique models exist, with each region sampling a

different quarter-wavelength–V=H model. Student’s t-test
was employed to evaluate the null hypothesis. For this test
it was postulated that the more substantial Japanese dataset
leads to a model closer to the true single model. The test was
employed for the Fourier spectra quarter-wavelength–V=H
model: as the response spectrum is simply a multiplication
of the Fourier spectrum with the response of a simple har-
monic oscillator, we expect that, given a unique model for
the Fourier domain, a unique model will also exist in the re-
sponse spectral domain. For each site of both the Swiss and
Japanese regions, the V=H ratio was reconstructed from the

Figure 11. Correlation of V=H ratio of 5%-damped response spectra and quarter-wavelength velocity for the Japanese dataset at selected
frequencies. “Resolved” points are those for which the quarter-wavelength depth is within the velocity profile. “Extrapolated” points are
based on extrapolated quarter-wavelength velocity.

Figure 12. Regression results of the quarter-wavelength velocity versus V=H for (a) Fourier spectral amplitude and (b) 5%-damped
response spectra at Japanese sites for frequencies between 1 and 10 Hz.
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site’s quarter-wavelength velocity profile using the Japanese
regression results (Fig. 14).

In order to group all sites into a single analysis, the
residual misfit between the real and computed V=H ratio
was analyzed rather than the actual V=H values for a range
of frequencies between 1 and 10 Hz. Student’s t-test was
performed individually at 25 log-spaced frequencies, with

t�f� � μJ � μS��������������
1
nJ
� 1

nS

q ��������������������������������
�nJ�1�σ2

J��nS�1�σ2S
nJ�nS�2

q : (8)

μJ and μS are the mean of the residual misfit between the
real and back-computed V=H functions for Japan and
Switzerland, respectively.nJ andnS are the number of stations
available at each respective frequency, while σ2

J and σ2
S are the

variance of the residualmisfit for the Japanese and Swiss sites,
respectively.

By definition,μJ ≈ 0 (as the Japanesemodel was derived
using the Japanese data), thus the mean residual misfit is
negligible. Essentially, the test describes how close the Swiss
V=H data are to fitting the Japanese model, considering the
data quantity and standard deviations. In order to obtain a
measure of confidence, the resulting values, t�f�, can be com-
pared with values computed for a particular combination of
degree of freedom and probability (Fig. 15). Depending on
the degree of confidence required to reject the null hypothesis,
different frequencies can be considered to be consistent with
a single quarter-wavelength–V=H model. If requiring a
95%confidence, we cannot reject the singlemodel hypothesis
between frequencies of around 1.2 and 6.5 Hz.

Figure 13. Comparison of regression results between V=H ratios of response spectra and quarter-wavelength velocity for Switzerland,
Japan, and a subset of the Japanese data. The thick lines indicate the mean, while the dotted lines show the standard deviation of data relative
to the mean.

Figure 14. Comparison of measured Fourier spectra V=H ratios versus the Swiss and Japanese models for two Swiss sites, BNALP and
LLS. The mean (solid) and �sigma (dashed) curves are given for the measured V=H.
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The statistical tests showed that, in the lower frequency
range (1 to 7Hz), a singlemodel can be used for the prediction
of V=H based on the quarter-wavelength velocity representa-
tion at a site. Given the differences in the trend of V=H with
frequency in the two models (Figs. 8 and 12), it can therefore
also be considered that a frequency-independent relation is
appropriate in this range. It could be that the differences at
higher frequencies arise due to the peculiarities of a region.
For example, in Switzerland, many sites are located in regions
with strongly varying topography, such as on mountains. On
the other hand, in Japanmany sites are located directly on thin
soil layers, even if the underlying rock is very hard. Other
reasons for the differences are discussed later.

V=H Dependence on Magnitude and Distance

Among others, Bozorgnia and Campbell (2004), Bom-
mer et al. (2011) and Gülerce and Abrahamson (2011) pre-
sented models for the V=H ratio based on a range of
parameters such as earthquake magnitude, slip type, rupture
distance, and site characterization in terms of VS30. Gülerce
andAbrahamson found that, in addition toVS30, theV=H ratio
was dependent on the recording distance and weakly depen-
dent on magnitude. In order to assess if this dependence was
present in our data, we performed residual analysis on the
back-computed V=H functions (Fig. 14) for all sites with
points having a quarter-wavelength velocity greater than
800 m=s (Fig. 4). The regressions of quarter-wavelength
velocity versus V=H of response and Fourier spectra were
used to reconstruct the expectedV=H ratio at each of our sites.
Using these predicted V=H ratios, we could compare a range
of recordedV=H ratios, at differentmagnitudes and distances,
to the expectation. Any dependence should then be evident in
residual plots. Plots of residual versus magnitude, distance,
and frequency are shown in Figure 16.

For the Fourier spectra V=H, we found no evidence for
magnitude or distance dependence of the V=H ratio. It should
be noted that, due to the different magnitude scales employed
by the Swiss and Japanese agencies, there may be systematic
differences inM between the two datasets. However, the only
consequence of this to the residual plot in Figure 16 is that
densities could be shifted horizontally (M changes). As there
is already no trend present with magnitude, this could not
affect our interpretation. Below 15 km, there is a slight
departure from a nonzero residual (e.g., approximately 4%
at 10 km), but, considering the limited data coverage in this
range, it is difficult to conclude its significance. On the other
hand, the response spectra V=H show a slight trend with
distance. At 30 km the V=H ratios are about 5% lower,
whereas at 190 km, the V=H ratios are, on average, about
5% higher than the model predicts. This trend, however, is
only present in the Japanese data. Because of the distance–
magnitude distribution in the Japanese data, this trend is also
reflected in the magnitude residual plot. Further analysis con-
firmed that the trend was only with distance and not magni-
tude. In order to rule out interplay between residuals (e.g.,
opposing residual trends with different parameters), we
looked at the data in small bins of different frequency, mag-
nitude, and distance in order to assess if any systematic
variation or trends were apparent. This was not the case,
and the trends always appeared (as presented) for all the data
combined. Nevertheless, considering the standard deviation,
the variation is so small that it should not be overinterpreted.
At near-source hypocentral distances (Rhyp < 30 km), the
variation of V=H with distance is more pronounced for
response spectra (Fig. 17), with V=H around 18% lower
than the model at 10 km. A correction for this near-field effect
(δr) was computed by producing a linear fit to the mean V=H
residual versus distance within 30 km. This led to

V=HR Corr
� δr

V

H
� 10�4:13:10

�3Rhyp�0:127� V
H
;

Rhyp ≤ 30 km:

(9)

The correction is only applicable to the response spectra V=H
model. Further analysis of individual frequency ranges indi-
cated that this near-field correctionwas specifically applicable
to lower frequencies (i.e., up to 5 Hz). For higher frequencies,
themean residual becamemore scattered and showed less sys-
tematic deviation. Beyond 10 Hz, no near-field systematic
trend was observed in the residual misfit. The decrease in
V=H in the near-field response spectra, and not in the Fourier
spectra, may be due to an increase in strong horizontally
orientated pulses, such as S-wave phases.

Frequency-Independent Correlation of
Quarter-Wavelength and V=H Ratio

Statistical tests suggest that, between ∼1 and 7 Hz, a
unique model exists that can explain the relation between

Figure 15. Normalized t-test values versus frequency for dif-
ferent confidence limits. Positive normalized t-test values indicate
that the null hypothesis (a single V=H model) cannot be rejected at
the relevant confidence level.
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V=H and the quarter-wavelength velocity in both the Swiss
and Japanese datasets. As the frequency dependence of the
V=H relation was in the opposite sense for the two regions, it
can also be inferred that a frequency-independent relation
should fit the combined data equally well in this frequency
range. Such a model has the advantage that it is also easy to
implement. The form is given by

ln
�
V

H
�f�

�
� a ln�VQWL

s �f�� � b: (10)

In the following, we produce a frequency-independent V=H–
quarter-wavelength velocity relation for the individual re-
gions, in addition to a combined average model. To reduce
bias in the results, which may occur due to the reduced data
coverage of both low and high frequencies, a synthetic dataset
was produced, based on the individual frequency regressions
(Tables 1 and 2). For the average model, based on data from
both Japan and Switzerland, the resampled dataset also
reduces the bias due to the significantly larger size of the
Japanese dataset.

Resampling of the datasets was made at 10 quarter-
wavelength velocities between 800 and 2500 m=s. One-
thousand predictions were made at each quarter-wavelength
velocity for frequencies 1–7 Hz, in steps of 0.5 Hz. A random
component was introduced in order to account for the stan-
dard deviation of the original regression (Tables 1 and 2).
The resulting data were then inverted for a frequency-
independent relation between quarter-wavelength velocity
and the V=H ratio. The regression results are given in
Tables 3 and 4. The models are compared in Figure 18.
The difference between the Fourier and response spectra
V=H models is very small. The variation between the Swiss
and Japanese results mimics the differences discussed for the
frequency-dependent regressions, while the combined model
provides an intermediate model. Figure 18 also shows a com-
parison of the combined model with the model of Gülerce

Figure 17. Mean near-source V=H ratio residuals (over the
range 1–10 Hz) for Fourier and response spectra. The linear fit is
to the response spectra data (equation 9).

Figure 16. Residual analysis of recorded V=H (labeled Obs) versus V=H reconstructed using the quarter-wavelength velocity model
(labeled “Mod”) for the V=H data. The individual regional models are used. Plots of residual misfit (log�Obs=Mod�) are shown for R hyp
(hypocentral distance), log�R hyp�, frequency, andM (MJMA for Japanese data;ML for Swiss data). The error bars (dark gray, Fourier spectra;
light gray, response spectra) indicate the mean and standard deviation of the residuals at various intervals of each parameter.
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and Abrahamson (2011) for Mw 6.5 at 30, 50, and 100 km.
The comparison of the model of Gülerce and Abrahamson
(2011) with quarter-wavelength velocity is possible through
the use of corresponding VS30 and frequency pairs, where the
quarter-wavelength frequency is given by

f � VQWL
S �z�f��
4z�f� � VS30

120
: (11)

The match in some cases is reasonable, with increasing V=H
with quarter-wavelength velocity. However, for increasing
magnitude or decreasing distance, the V=H values given
by Gülerce and Abrahamson (2011) increase and vice versa.
The majority of their values do, however, consistently fall
within the standard deviation of our model.

The residual misfit of the data to the V=H model is
shown in Figure 19. The correction for the response spectra
in the near field (equation 9) is applied. Note that, as we now
use the frequency-independent regression model, the resi-
duals are not forced to have zero mean at all frequencies
(as was the case for Fig. 16). Nevertheless, even well beyond
the frequencies used in the combined frequency regression
(1–7 Hz), and up to 25 Hz (limited by the data bandwidth),
the residual misfit is still reasonable. In order to improve the
high-frequency fit of this model further, we propose a simple
adjustment (δf) based on the residual analysis, such that

V=HhfCorr � δf
V

H
� �V=H�

0:722� 0:9672 exp��0:176f� ;

f > 7 Hz: (12)

This correction is valid for the Fourier spectra and response
spectra V=H models. It is consistent with the results of
others, such as McGuire et al. (2001), Bommer et al.
(2011), and Gülerce and Abrahamson (2011), who also
found higher V=H at frequencies greater than approximately
10 Hz.

Modelling the Uncertainty of V=H

The contribution of uncertainty is important in PSHA. So
far the V=H–quarter-wavelength velocity regressions were
presented with uncertainty based on average V=H ratios
at a particular site. This uncertainty, therefore, does not re-
present the true variability of V=H ratios on a record-to-
record basis. Furthermore, it is useful to present uncertainty
of ground-motion parameters in terms of their interevent,
intraevent, and site variability for PSHA studies (Alatik et al.,
2010). Assuming normal statistics, the total uncertainty of
the V=H model is given by

σ2 � 1

N

XN
n�1

fYn � ln�fn�Xes;Θ��g2; (13)

where Yn is the natural log of the V=H ratio and fn�Xes;Θ� is
that predicted by the model at a given frequency for
observation n. Xes is the vector of independent parameters
(in this case the frequency and corresponding quarter-
wavelength velocity) andΘ is the vector of model parameters
(the coefficients of the regression; e.g., from Tables 3 or 4,
together with the corrections in equations 9 and 12). This
can be split into inter- (between) and intra- (within) event
terms, τ and ϕ, respectively:

σ �
�����������������
τ 2 � ϕ2

q
: (14)

The intraevent term ϕ is then split into intersite and intrasite
terms, ϕS2S and ϕSS, respectively:

ϕ �
�����������������������
ϕ2
SS � ϕ2

S2S

q
: (15)

This formulation is very useful for site-specific hazard
analyses, where the so-called single-site sigma is more repre-
sentative of variability at the site because it removes the con-
tribution to uncertainty by using numerous sites in the
derivation of models:

Table 3
Regression Results for the Frequency-Independent Fourier Spectra V=H

Model (Equation 10)

Switzerland Japan Combined

a b σ�ln� a b σ�ln� a b σ�ln�
0.589 �4:677 0.247 0.502 �4:155 0.327 0.546 �4:416 0.296

σ�ln� is the natural log standard deviation of the regression.

Table 4
Regression Results for the Frequency-Independent Response Spectra V=H

Model (Equation 10)

Switzerland Japan Combined

a b σ�ln� a b σ�ln� a b σ�ln�
0.584 �4:631 0.238 0.498 �4:163 0.314 0.541 �4:397 0.291

σ�ln� is the natural log standard deviation of the regression.
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σSS �
�������������������
ϕ2
SS � τ 2

q
: (16)

For the V=H model, we chose to use the frequency-indepen-
dent V=H–quarter-wavelength correlation of the individual
regions instead of the combined region model so as not to
add any uncertainty that may be related to systematic bias
in velocity measurement techniques or regional differences.
It should be noted that we also applied the high-frequency

and close distance corrections (equations 9 and 12) to the
model, where applicable. The models are compared to the
respective data between 1 and 7 Hz (both Fourier and
5%-damped response spectra), as this is the target range of
the combined frequency V=H–quarter-wavelength model.
The resulting uncertainty values are presented in Table 5
for the Fourier spectra model and Table 6 for the response
spectra V=H model. All measures of uncertainty tended to

Figure 18. (a) Comparison between the Swiss, Japanese, and combined frequency-independent V=H–quarter-wavelength velocity
relation models for the Fourier and response spectra. The standard deviation (�sigma) is indicated for the combined response spectra
V=H model. (b) The combined frequency-independent V=H–quarter-wavelength velocity model is compared to the model of Gülerce
and Abrahamson (2011 (GA2011) for Mw 6.5, with R rup � 30, 50, and 100 km, using VS30 and frequency corresponding to the given
quarter-wavelength velocity.

Figure 19. Residual analysis of recorded V=H (labeled “Obs”) versus V=H, reconstructed using the frequency-independent
V=H–quarter-wavelength velocity relation (labeled “Mod”) for the V=H data. The corrections for near-field response spectra V=H
(equation 9) and high-frequency V=H (equation 12) are applied. Plots of residual misfit (log�Obs=Mod�) are shown for R hyp (hypocentral
distance), log�R hyp�, frequency, and M (MJMA for Japanese data; ML for Swiss data). Frequencies from 1–7 Hz are included in all plots. In
the frequency plot, frequencies up to 25 Hz are also included. The error bars (dark gray, Fourier spectra; light gray, response spectra) indicate
the mean and standard deviation of the residuals at various intervals of each parameter.
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be lower for the subset of data using only magnitudes greater
than 4.5. The interevent variability was higher in the range 0–
30 km, which is consistent with the complexity and variation
of near-source wave propagation. Intrasite variability was the
least variable measure, when varying the magnitude and dis-
tance selection. This suggests that the deconvolution of uncer-
tainty is robust, as this measure should indeed be independent
of magnitude and distance because it is a purely site-related
parameter. It should be noted that the uncertainty measure of
the Fourier spectra V=H may be influenced by processing
steps such as smoothing or, as in this case, the use of multi-
taper fast-Fourier-transform algorithms. Table 7 shows the
variation in uncertainty (in terms of the factorial difference)
with varying frequency, even beyond the frequencies used in
the derivation of the model. Even at frequencies controlled
only by the empirical aspect of the model (i.e., above 7 Hz),
the uncertainties remain low and even generally decrease.
This may be due to the stochastic nature of the high-frequency
wave field.

Noise

The use of ambient noise is a common means of obtain-
ing theH=V ratio at a site. So far, we have compared only the
V=H ratios obtained from earthquake recordings. We now
explore the possibility of the equivalence, or indeed differ-
ence, between V=H ratios of earthquake recordings and
ambient noise. For the 26 Swiss sites used in the analysis,
noise measurements were compiled. For the broadband in-
stallations, around 10 hours of noise were taken from the
continuous datastream, comprised of 5 minutes each day
between January and April at 02:00. For the strong-motion
installations, noise recordings of around one hour duration
were made using 5-s velocimeters. The data were carefully
checked for spikes, outages, earthquakes, and any other is-
sues. The data were then processed in the same way as the
earthquake recordings. V=H was then correlated with the
quarter-wavelength velocity, as before. The resulting regres-
sions are plotted in Figure 20b. A comparison with the results
from the Fourier V=H from earthquakes (Fig. 20a) shows a
constant shift in the amplitude of the V=H ratio obtained

from the different sources. Noise measurements lead to V=H
ratios that are higher (by a factor of around 1.5 at 800 m=s)
than that seen in earthquake recordings. For the higher
quarter-wavelength velocities, this difference becomes less
apparent.

The differences between V=H ratios observed for earth-
quake recordings and noise recordings may be caused by the
different compositions of the wave fields. In earthquake
recordings, the incident wave field arrives from a restricted
range of azimuths, whereas for ambient vibrations and high
frequencies, waves arrive at the same time from different di-
rections. For the low-frequency range of ambient vibrations
(below 1 Hz), the range of azimuths of the incident waves is
also limited due to the ocean sources. Such effects of the
azimuth might be tested by comparing different processing
of V=H spectral ratios (e.g., Fäh et al., 2010).

For a given frequency, high quarter-wavelength veloc-
ities relate to longer wavelengths, and we might therefore
expect a higher surface-wave contribution to the wave field.
Indeed, more comparable V=H ratios for earthquake record-
ings and ambient vibrations are observed at low frequency.
Further experimentation would be required to test whether
body waves contribute more at low quarter-wavelength ve-
locities for ambient vibrations than for earthquakes at a par-
ticular site.

The difference in the composition of the wave field
might be a reason for the difference in V=H ratios obtained
for the Swiss and the Japanese datasets at frequencies above
1 Hz (Fig. 13). For instance, the difference could be caused
by systematic differences in the average site condition in the
two datasets. Swiss sites have a tendency to be close to a
theoretical rock site where body waves, in particular P
waves, might contribute more to the wave field at high fre-
quency. On the other hand, Japanese sites include a number
of locations in or close to deep basins for which surface-wave
excitation might significantly contribute to the wave field.

Table 8 shows the results of a regression for equally
sampled distributions from each of the individual frequency
regressions between 1 and 7 Hz for the noise data, as was
done for the earthquake data. This relation could be used for
the reconstruction of quarter-wavelength velocity profiles
based on ambient noise measurements.

Discussion and Conclusions

We showed that, in the log-space, the V=H ratio at a
given frequency was linearly related to the corresponding
site’s quarter-wavelength velocity over a suite of over 450
Japanese and 26 Swiss sites. A frequency-independent para-
meterization of the relation was presented. In addition, a cor-
rection for V=H of near-field response spectra and V=H at
high frequencies was included, purely based on observa-
tional misfit to the initial quarter-wavelength model. The
model is completely independent of earthquake magnitude.
The final V=H model, including single-site uncertainty
(σSS), is

Table 7
Correction Factors for Obtaining Frequency-Specific

Uncertainties

M � 2–7:3, R � 0–200 km

f (Hz) ν�σ� ν�τ� ν�ϕS2S� ν�ϕSS� ν�σSS�
0.5–3.5 0.968 0.924 0.988 0.981 0.962
3.5–6.5 0.990 0.894 1.136 0.968 0.944
6.5–9.5 0.940 0.899 1.117 0.875 0.883
9.5–12.5 0.859 0.776 0.961 0.852 0.828

12.5–15.5 0.782 0.682 0.913 0.767 0.740
15.5–25.5 0.799 0.670 0.895 0.814 0.769

These values should be multiplied with the values in Tables 5
or 6 to obtain frequency-specific uncertainty.
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�
� ln�δrδf� � �a ln�VQWL

s � � b� � σSS; (17)

with

δr � 10�4:13:10
�3Rhyp�0:127� for response spectra with Rhyp ≤ 30 km;

δr � 1 for response spectra with Rhyp > 30 km or Fourier spectra,
δf � 1 for f ≤ 7 Hz;
δf � 1

0:722�0:9672 exp��0:176f� for f > 7 Hz;

and a and b given by the combined model in Table 3 for
Fourier spectra and Table 4 for response spectra. σSS can
be taken from Tables 5 or 6, depending on the spectrum type,
while the correction factors in Table 7 can be used to adjust
the uncertainty for selected frequency ranges.

Frequency-dependant models were initially established
for the Swiss and the Japanese regions separately. Both mod-
els displayed similar features, principally that the general
trend was for V=H values around 0.5 at 800 m=s increasing
to values between 0.8 and 1.0 at 2500 m=s. The frequency
dependence of the models displayed trends in the opposite
sense, with increasing V=H with frequency for Switzerland
and decreasing V=H with frequency for Japan (relative to a
given quarter-wavelength velocity). It was noted, however,
that limitations in both datasets may lead to a degree of
uncertainty in the regressions at individual frequencies.
The magnitude- and distance-dependence of the V=H ratio
was also explored. Moment magnitudes between 2 and 7.3,
and distances up to 200 km were tested. We compared the

measured V=H ratio with the model and found that, contrary
to other models, there was no systematic dependence on
either magnitude or distance. However, for near-source dis-
tances (R < 30 km), the response spectra V=H were gener-
ally lower than the initial model. This was not observed for
the Fourier spectra V=H. This may be due to strong horizon-
tally oriented pulses; for example, S-wave phases being pre-
sent in the near field. An adjustment to the response spectra
V=H model was presented to account for this.

Statistical tests showed that the regressions for individual
frequencies were robust for the frequency range of 2–7Hz but
were more unstable for the highest frequencies (i.e., greater
than around 10Hz). However, such high frequencies are often
associated with the uppermost layers of the velocity profile in
the quarter-wavelength representation. These upper layers
may not always be properly resolved. We showed that at
95% confidence we could not discard a null hypothesis of
a single V=H model for both regions between 1 and 7 Hz.
We computed a synthetic dataset that sampled the two regio-
nal frequency-dependent models equally. Three frequency-
independent relations between V=H and quarter-wavelength
velocity were then produced: a Swiss, a Japanese, and a
combined model for both Fourier and 5%-damped response
spectra. These frequency-independent relations leave all
variation of the V=H ratio with frequency to the quarter-
wavelength velocity profile. The three models lead to similar
relations. These frequency-independent relations can be used
for the prediction of the V=H ratio at given rock sites with

Figure 20. Regression results of the quarter-wavelength velocity (in m=s) versus V=H for (a) Fourier spectral amplitude from earthquake
recordings and (b) Fourier spectral amplitude from ambient noise recordings at Swiss sites for frequencies between 1 and 10 Hz.

Table 8
Regression Results for the Frequency-Independent
Fourier Spectra V=H Model of Ambient Noise

(Equation 10)

a b σ�ln�
0.430 �3:344 0.223

σ�ln� is the natural log standard deviation of the regression.
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known velocity profile. The prediction can be extended to
purely theoretical profiles, which may be defined as a
reference condition for hazard analysis. When using the
frequency-independent V=H–quarter-wavelength relations
at high frequencies (e.g., f > 10 Hz,whichwere not included
in our original analysis due to their association with very
shallow surface layers), it was seen that the V=H ratio was
underpredicted. A correction for this was produced that is
consistent with the observations of others, such as McGuire
et al. (2001).

A similar correlation between V=H and the quarter-
wavelength velocity was derived for ambient vibrations
recorded at Swiss station sites. These resulted in larger values
of V=H at a given frequency. This may indicate that V=H
depends on the composition of the wave field in terms of a
ratio between surface waves and body waves (P and S
waves), the distribution of azimuths of incidence, and related
constructive and destructive interference on the vertical and
the horizontal components of motion. We plan to expand the
available noise dataset and improve our understanding and
interpretation of the difference between ambient noise and
earthquake signals by utilizing recordings on the Japanese
seismic network.

Some differences in V=H existed when analyzing the
Swiss and Japanese datasets. One explanation for this differ-
ence could be the composition of the wave fields, which is
related to the peculiarities of the sites in the particular region
(e.g., the influence of sedimentary basins and topography).
Swiss sites have a tendency to be close to theoretical rock
sites where body waves, in particular P waves, might con-
tribute more to the wave field at high frequency, whereas Ja-
panese sites include a number of sites close to or in deep
basins in which surface-wave excitation might significantly
contribute to the wave field. A further reason for the small
differences in V=H could be a measurement bias of the
velocity profiles in the two datasets. Within the Network of
Research Infrastructures for European Seismology project,
active and passive seismic experiments were performed and
compared at 19 sites selected in Italy, Greece, and Turkey
(Bard et al., 2010; Fäh et al., 2010). The comparison proved
good for all sites with VS30 lower than 500 m=s; at stiffer
sites, velocity values estimated with surface-wave techniques
(both passive and active) were smaller than those derived
from borehole measurements. This observation is consistent
with the previous comparison results reported by Moss
(2008), and can explain the difference in the V=H relations
for Switzerland and Japan. One of the main reasons for the
different results is that borehole logging, as applied for the
Japanese sites, and seismic measurements with surface
waves, as applied for the Swiss sites, are performed in two
different frequency ranges. This influences the level of het-
erogeneities that are resolved by the waves and thus might
lead to differences in results. Further work is needed to pro-
vide a conclusive answer.

Data and Resources

Velocity profiles from ambient noise and multichannel
analysis of surface waves are part of the site characterization
database of the Swiss Seismological Service (SED; available
upon request). The Swiss earthquake recordings used for de-
fining site V=H ratios have been extracted from the recording
database of SED through AutoDRM (http://www.seismo.ethz
.ch/prod/autodrm/index_EN, last accessed July 2011). The
Japanese earthquake data and velocity profiles are available
through the Japanese National Research Institute for Earth
Science and Disaster Prevention (NIED) ftp service (http://
www.kik.bosai.go.jp, last accessed July 2011).
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