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Abstract
Subsurface velocity structures must be estimated to predict long-period ground motions and seismic hazards. Subsurface

velocity structures can be constructed via an inversion of the horizontal-to-vertical (H/V) spectral ratio of microtremor

(MHV) curves; thus, a method of simulating the MHV curves is key. In this study, we use the H/V spectral ratio of the

surface wave (SHV) based on the surface wave propagation theory in a layered half-space to simulate the MHV curves at

sites A and B of the Yuxi basin. Then, we attempt to analyze the features of the SHV curves. We find the H/V ratio of the

microtremor loading source to be independent of the peak frequency of the SHV curve, but it has some relation to the

amplitude of the SHV curve. Moreover, to reduce the error in subsurface velocity structures obtained by the MHV curves,

we suggest that the SHV curves at near-peak frequencies should not be considered in the inversion, because the amplitude

deviation is higher at the peak frequency of the MHV curve. In addition, the best frequency ranges for the inversion of the

microtremor H/V spectrum are between the peak and trough frequencies of the microtremor H/V spectrum.

Keywords Seismic hazard · Velocity structure · Microtremor · Surface wave H/V spectrum · Microtremor loading source

Introduction

After the 1985 Mexico City earthquake, scientists realized

that sedimentary layers amplify the amplitude and duration

of long-period ground motions (Komatitsch et al. 2004;

Shani-Kadmiel et al. 2012; Rong et al. 2016). Thus, the

three-dimensional (3-D) velocity structures of the subsur-

face sedimentary layers must be estimated for the predic-

tion of long-period ground motions (Gao et al. 2002; Chen

et al. 2014).

Subsurface shallow velocity profiles can be determined

from geotechnical or geophysical investigations. Compared

with data obtained by drilling and seismic exploration,

microtremor data are obtained by inexpensive techniques

that do not require high logistical effort (Picozzi et al.

2005). Since the 1930s, Japanese scholars have been

studying microtremors. To date, the methods of estimating

subsurface velocity structures from microtremor array

records have mainly fallen into two categories: (1) spatial

autocorrelation analysis, which was initiated by Aki (1957)

and (2) frequency-wavenumber spectral analysis, which

was initiated by Capon (1969). Many studies have shown

that the spatial autocorrelation analysis (Apostolidis et al.

2004; Claprood et al. 2011) and frequency-wavenumber

spectral analysis (Satoh et al. 2001; Wu and Huang 2012)

methods were effective for evaluating the subsurface

S-wave velocity structures at different sites. However,

since Nogoshi and Igarashi (1971) proposed the ratio

between the Fourier spectral amplitudes of the horizontal

and vertical components of microtremor recordings

(MHV), the horizontal-to-vertical (H/V) curves of micro-

tremors have become a common method for evaluation of

the site effect (Bonnefoy-Claudet et al. 2006; Carcione

et al. 2017). In addition, the H/V curves of microtremors

have been widely used to evaluate subsurface velocity

structures (Delgado et al. 2000; Dolenc 2005; Hobiger

et al. 2009; Özalaybey et al. 2011). Studies have also

evaluated subsurface S-wave velocity structures via joint

inversions of the phase velocity dispersion and H/V ratio
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curves from microtremor recordings (Arai and Tokimatsu

2005; Picozzi et al. 2005).

The key to estimating subsurface velocity structures by

the inversion of MHV curves is the simulation of MHV

curves. At present, many methods are used to simulate

MHV curves (Lunedei and Malischewsky 2015). MHV

curves can be reproduced by the finite-differential method

(FDM) in a 3-D soil model (Rhie and Dreger 2009),

although Guéguen et al. (2007) found that the fundamental

peak frequency (HVfp) of the MHV curve based on the

FDM does not conform to the peak frequency (RHVfp) of

the fundamental-mode Rayleigh wave H/V spectrum in

areas, where irregular subsurface structures occur. More-

over, Uebayashi et al. (2012) indicated that the HVfp in a

3-D velocity model always is higher than the RHVfp. The

MHV peak shape broadens in areas with irregular subsur-

face structures (Uebayashi 2003).

In addition, since Harkrider (1964, 1970) proposed the

theory of surface wave propagation in a 1-D layered half-

space, the H/V spectra of the fundamental-mode Rayleigh

waves have been used to simulate the MHV curves in 1-D

velocity structures (Fäh et al. 2003). The peak frequencies

of the H/V spectral ratio of fundamental-mode Rayleigh

waves are similar to those of the microtremors at a given

site (Lachetl and Bard 1994), and Malischewsky and

Scherbaum (2004) found that higher similarity corre-

sponded to a higher impedance contrast between the layer

and the half-space. However, the amplitudes are dissimilar

(Yamanaka et al. 1994), because higher mode Rayleigh

waves, Love waves, and body waves are observed in

microtremors. The subsurface S-wave velocity structures

can be successfully evaluated by the inversion of the dis-

persion curves of microtremor vertical motions, which

indicates that microtremors mainly consist of surface

waves (Horike 1985). Moreover, because body waves

attenuate more rapidly than surface waves, surface waves

can predominate at distances greater than one wavelength

of a Rayleigh or Love wave from the source (Tamura

1996). Hence, a more reasonable approach is to simulate

MHV curves using surface waves rather than body waves.

On the other hand, Malischewsky and Scherbaum (2004)

studied the Love formula and H/V ratio (ellipticity) of

Rayleigh waves, and found that the dependence of the

ellipticity of Rayleigh wave on frequency is very sensitive

on the material properties of the propagation medium.

Bonnefoy-Claudet et al. (2008) found that the relative

proportion of Love and Rayleigh waves in microtremors

depends on the site conditions (the subsurface structure and

the sources may have effects on the Love wave contribu-

tion) and especially on the impedance contrast. Certain

sites present a low impedance contrast when Love waves

dominate the wavefield at the H/V peak (Endrun 2011).

Studies have also focused on simulating Rayleigh and

Love waves (Bonnefoy-Claudet et al. 2008; Endrun 2011).

Arai and Tokimatsu (2004) proposed the H/V spectral ratio

of the surface wave (SHV) curves of all modes of surface

waves. The Rayleigh-to-Love wave amplitude ratio (R/L)

in the horizontal components of microtremors is important

for calculating the SHV. The R/L values can be estimated

by analyzing the spatial autocorrelation function of the

microtremor array records (Köhler et al. 2006, 2007;

Bonnefoy-Claudet et al. 2008). The R/L value varies

widely (from 10 to 90%) with the frequency (Köhler et al.

2007; Endrun 2011). Arai and Tokimatsu (2000) indicated

that the R/L values occur in a range from 0.4 to 1.0 with

changes in the sites and frequencies. However, the R/L

values are assumed to be constant at all frequencies in the

inversion of the microtremor H/V spectrum, because the R/

L values cannot be evaluated by a single-station three-

component seismometer if the subsurface seismic velocity

model is unknown (Arai and Tokimatsu 2000).

Moreover, based on the model for the formalization of

the full wavefield, Lunedei and Albarello (2010) indicated

that the numerical approximation model consisting of the

surface waves is appropriate if a source-free area with a

radius of suitable length occurs around the receiver. Fur-

thermore, based on the diffuse field theory (Garcı́a-Jerez

et al. 2013), the MHV can be simulated as the ratio of the

imaginary parts of Green’s function for the horizontal

components to the vertical component when the exciting

and receiving points coexist on the ground surface (Sán-

chez-Sesma et al. 2011). In addition, the inversion result of

the H/V spectral ratio under the diffuse field assumption is

reproduced well (Garcı́a-Jerez et al. 2016; Piña-Flores et al.

2017).

In this study, the area studied is located in the Yuxi

basin in Yuxi City of southwestern China, for which high-

quality drilling data have been obtained and a precise

subsurface S-wave velocity model has been developed. We

simulate the MHV curves via the SHV. Then, we attempt

to analyze the features of the SHV curves with changes in

the R/L values. We also study the sensitivity of the SHV

curve to verify the feasibility of using the SHV curves to

invert the subsurface S-wave velocity structure.

Methods

Harkrider (1964) proposed the vertical and horizontal

powers of the high-mode surface waves based on the sur-

face wave propagation theory in a layered half-space.

Then, assuming that the point sources are randomly dis-

tributed, the vertical and horizontal powers of all point

sources are integrated to obtain the vertical and horizontal

powers of multi-order surface waves (Harkrider 1964).
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Arai and Tokimatsu (2000) indicated that the equation

for SHV and R/L can be expressed as

SHV xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PHS xð Þ
PVS xð Þ

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PHR xð Þ þ PHLðxÞ
PVRðxÞ

s

ð1Þ

R=Lð Þ xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PHRðxÞ
PHLðxÞ

s

ð2Þ

where the subscripts R, L, and S indicate Rayleigh, Love,

and surface waves, respectively, and PHRðxÞ and PVRðxÞ
are the horizontal and vertical powers of all mode Rayleigh

wave from all point sources at a frequency ω, respectively.
These powers can be expressed as

PHR xð Þ ¼ jL2v
XM

m¼0

ARm

kRm

� �2 _u

_w

� �2

m

1þ a2

2

� �
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_w

� �2

m

" #

ð3Þ

PVR xð Þ ¼ jL2v
XM

m¼0

ARm

kRm

� �2

1þ a2

2

� �
_u

_w

� �2

m

" #

ð4Þ

where A is the medium response factor (Harkrider

1964, 1970); m and M indicate surface modes; k is the

wave number; _u= _w is the H/V ratio of Rayleigh wave

velocity on free surface (Haskell 1953); LV is the vertical

loading force of a microtremor; j ¼ 2=hð Þe�4ph, h is the

scattering damping ratio of soil; α is the H/V ratio of

microtremor loading sources, and a ¼ LH=LV , and PHLðxÞ
is the horizontal power of all mode Love waves from all

point sources at a frequency ω. This power can be

expressed as

PHL xð Þ ¼ jL2v
XM

m¼0

a2

2

� �
ALm

kLm

� �2

: ð5Þ

Simulation of microtremor H/V spectral
curves

Soil structure parameters and H/V spectral curves
of microtremors

The Yuxi basin shown in Fig. 1 is located in the southern

end of the fault zone, and it is a typical sedimentary basin

in southwestern China. Yuxi City is located in the south-

eastern part of the basin, and site B is closer to the city,

while site A is far from the city. The S-wave velocity

profiles are shown in Fig. 2 at sites A and B. Moreover, He

et al. (2013) estimated the subsurface velocity structures of

the Yuxi basin from the results of seismic exploration. The

velocity structures below the depth of the borehole can be

obtained from this velocity model (Table 1). The bedrock

depths of sites A and B are 415 and 189 m, respectively.

Microtremor signals are recorded by a single-station

three-component seismometer with a sampling frequency

of 8 ms at sites A and B. On June 3, 2012 at 14:26, 14:34,

and 14:43, three sections of microtremors were recorded at

site A. On May 27, 2012 at 18:02, 18:16, and 18:26, three

sections of microtremors were recorded at site B. Each

Fig. 1 Location/map of the Yuxi basin. The white dots represent

single-station three-component microtremor observation sites. The

red dot represents Yuxi City. The color scale bar shows the altitude
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Fig. 2 Shallow subsurface S-wave velocity profile obtained from

boreholes at sites A and B

Table 1 Velocity structures below the depth of the borehole based on

the results of seismic exploration near site A

Depth (m) VS (m/s) VP (m/s) ρ (t/m3)

80–100 700 1534 1.9

100–185 800 1720 2.1

185–415 1200 2433 2.2

415–900 1700 2766 2.4

[ 900 3000 5326 2.5
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section of microtremor is 360.448 s. For each section of

microtremor, 16.384 s at the head and the end each is

removed, because these records contain interference by

human factors. To reduce the measurement error, ten sets

of data segments of 32.768 s each are used from each

section of the microtremors. Hence, at each site, micro-

tremor records of 983.04 s (30 sets of data segments) are

used for the calculation of MHV curves. The MHV at

frequency ω is defined as

MHV xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PEW xð Þ þ PNS xð Þ
PUD xð Þ

s

ð6Þ

where PEW and PNS are the Fourier power spectra of the

two orthogonal horizontal motions and PUD is the Fourier

power spectrum of the vertical motion.

Measured H/V and simulated H/V curves

To calculate the SHV using Eq. 1, α values are required.

The α values can be determined from Eq. 2, because the R/

L values can be evaluated by microtremor array data. The

relative proportion of Love waves in the horizontal com-

ponents of microtremors varies widely (from 60 to 90%)

with the frequency (Köhler et al. 2007; Endrun 2011). Arai

and Tokimatsu (2000) indicated that the R/L values vary

between 0.4 and 1.0 and have an average of approximately

0.7, with a period in the range of 0.1–5 s. We calculated the

MHV and SHV curves for R/L values of 0.4, 0.7, and 1.0,

and they are shown in Fig. 3. In the figure, the MHV curves

are between the maximum and minimum curves of the

SHV. Hence, a reasonable assumption is that the R/L val-

ues are in the range of 0.4–1.0 at those sites and

frequencies.

The microtremor H/V curve can be used to evaluate the

site effect and the subsurface velocity structures. The

fundamental resonance frequency of the site is the key to

evaluating the site effect and the subsurface velocity pro-

file. The frequency window selected for the analysis of

microtremors must contain the fundamental resonance

frequency of the site (Picozzi et al. 2005; Sánchez-Sesma

et al. 2011). The fundamental resonance frequencies of

sites A and B are estimated to be 0.55 and 1.5 Hz,

respectively. Accordingly, at sites A and B, we chose the

H/V spectral curve in a frequency range of 0.1–5 Hz to

analyze the features of SHV curves. Because the bedrock

depth of site B (189 m) is less than the bedrock depth of

site A (402 m), the fundamental resonance frequency of

site B is greater than that of site A, as shown in Fig. 3.

The amplitude of the SHV curve decreases as the R/L

value increases, as shown in Fig. 3. The amplitude devia-

tion between the MHV and SHV curves for R/L value of

n at the frequency ω can be expressed as

Dn xð Þ ¼ MHV xð Þ � SHVn xð Þj j ð7Þ
where n is the R/L value (n in a range from 0.4 to 1.0). The

amplitude deviation between the SHV for R/L values of 0.4

and the SHV for R/L values of 1.0 is 4.44 at the peak

frequency (0.5 Hz) at site A, and the amplitude deviations

decrease gradually from 4.44 as distance from the peak

frequency increases. The amplitude deviation between the

SHV for R/L values of 0.4 and the SHV for R/L values of

1.0 is 2.39 at the peak frequency (1.4 Hz) at site B, and the

amplitude deviations decrease gradually from 2.39 as the

distance from the peak frequency increases. These findings

suggest that the SHV curves are most sensitive to R/L

values at the peak frequencies of the spectrum and the
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Fig. 3 Comparison of the measured H/V (open circles) with the simulated H/V (solid lines) obtained using a 1-D velocity structure model at sites

A and B. The blue line, red line, and green line represent the H/V of surface waves for R/L values of 0.4, 0.7, and 1.0, respectively
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sensitivity of the SHV curves to the R/L values decreases as

the distance from the peak frequency increases.

To obtain more general results, we used two different

soil models (a normal soil model and a low-velocity soil

model) and calculated the SHV obtained using a 1-D

velocity structure model (Fig. 4). We can reach the same

conclusion from Fig. 4, in which the SHV curves are most

sensitive to R/L values at the peak frequencies of the

spectrum. Therefore, when the MHV curves are simulated

by the SHV curves, where the R/L value is constant, the

amplitude deviation between the MHV and SHV curves at

the near-peak frequency is higher, as shown in Fig. 3. The

degree of fitting between the SHV and MHV curves

directly affects the accuracy of the velocity structures

obtained by the inversion of the microtremor H/V spec-

trum. To reduce the error of the subsurface velocity

structures obtained by the MHV curves, we suggest that the

SHV curves at the near-peak frequencies should not be

considered in the inversion of the microtremor H/V spec-

trum, because the amplitude deviation between the MHV

and SHV curves is higher at the peak frequency of the

MHV curves.

The peak frequencies of the SHV curves for R/L values

of 0.4, 0.7, and 1.0 are similar to those of the MHV curves,

although the amplitudes are not exactly consistent. There-

fore, the peak frequencies of the SHV curves are inde-

pendent of the R/L values and are not affected by the α
value in the area studied. The amplitude of SHV for the

constant R/L value is not consistent with that of the MHV

curves, because the R/L value varies widely based on the

site conditions and frequencies.

Figure 5 shows the amplitude deviations between the

MHV and SHV curves for different R/L values and fre-

quencies at sites A and B obtained using Eq. 7. The range

of best R/L values at site B is larger than that at site A, as

shown in Fig. 5. The fluctuations of the best R/L values in

the high-frequency part ([ 1 Hz) of the MHV curve are

significantly higher than those in the low-frequency part

(\ 1 Hz) at site B, which is likely because the high-fre-

quency part ([ 1 Hz) of microtremor signal is primarily

influenced by artificial noise (Seht and Wohlenberg 1999).

These microtremor signals are recorded during the day, and

site B is located close to the city. Human activities cause

the points to fluctuate in a larger range at site B. As a result,

the fluctuation range of the best R/L values is significantly

larger in the high-frequency range.

When the R/L values are estimated by analyzing the

spatial autocorrelation function of the microtremor array

records, the D values are less than 0.2 (Arai and Tokimatsu

2000). Moreover, the inversion results of the MHV curves

can ensure that the D values are less than 0.2 (Parolai et al.

2005; Picozzi et al. 2005). We define the best R/L value as

the value that generates amplitude deviations between the

SHV and MHV curves (D values) that are less than 0.2. We

use the best R/V values obtained from Fig. 5 to simulate the

MHV curves. When the R/L value is the best, the SHV

curves simulate MHV curves very well, as shown in Fig. 6.

We approximate the best R/L values as the true R/L values.
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Fig. 4 S-wave velocity profile

and H/V spectra of surface

waves (solid lines) obtained

using a 1-D velocity structure

model with two different
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line, red line, and green line

represent the H/V of surface

waves when the R/L values are

0.4, 0.7, and 1.0, respectively
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Sensitivity analysis of the surface wave H/V
spectrum

To verify the feasibility of using MHV curves to estimate

subsurface velocity structures, the sensitivities of the SHV

curves must be analyzed. The sensitivities of the SHV

curves (Arai and Tokimatsu 2000), which are the absolute

values of the dimensionless partial derivative of SHV for

any parameter P of the soil models, can be expressed as

S
p
ji xð Þ ¼ P

SHV xð Þ
oSHV xð Þ

oP

�
�
�
�

�
�
�
�
P¼Pji

ð8Þ

where S
p
ji is the sensitivity of the SHV and Pji may repre-

sent the thickness Hj, the P-wave velocity VPj, the S-wave

velocity VSj, and the density qj in the jth layer of the soil

model.

The sensitivities (S) of the SHV curves for the soil

model parameters at site A that were obtained using Eq. 8

are shown as Fig. 7. The S-wave velocity and thickness of

the soil layer have a great influence on the SHV curve,

whereas the density and P-wave velocity of the soil layer

have a lesser influence on the SHV curve. Therefore, the

inversion of MHV curves can be best achieved by adjusting

either the S-wave velocity, thickness or both these

parameters at each soil layer.

The maximum S values (Smax) of the SHV curves for the

soil layer parameters in a frequency range of 0.1–5 Hz are

shown in Fig. 8. At site A, the Smax values are mainly

concentrated in a frequency range of 1.1–2.4 Hz, which is

between the peak and trough frequencies of the H/V

spectrum of microtremors recorded at site A. At site B, the

Smax values are concentrated in a frequency range of 1.4–

2.4 Hz, which is between the peak and trough frequencies

of the H/V spectrum of microtremors recorded at site B. In

addition, Fig. 7 shows that the S values at frequencies less

than 1 Hz are far less than those at frequencies greater than
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1 Hz at site A. The same trends can be obtained from the

soil model at site B. Therefore, the spectrum curves are

sensitive to the parameters in a frequency range that is

located between the peak and trough frequencies of the

microtremor H/V spectrum. Therefore, this frequency

range is the most suitable for inversion.

Discussion

We simulated MHV curves using the surface wave prop-

agation theory in a layered half-space. In Fig. 3, we com-

pare the MHV and SHV for R/L values of 0.4, 0.7 and 1.

The misfit is clearly different for both R/L curves compared

to the measured H/V. In this paper, we find the best R/L

values by simulating MHV curves for different values and

by evaluating the misfit with respect to the measured MHV.

Figure 5 shows that the best R/L values are stable in the

range of 0.8–1.0 with changes in frequency at site A, and

the best R/L values are stable in the range of 0.4–0.9 with

changes in frequency at site B. Hence, the R/L values vary

widely based on the site condition and frequency. Bon-

nefoy-Claudet et al. (2008) and Endrun (2011) calculated

R/L values via a frequency-dependent analysis of the main

propagation and polarization based on microtremor array

measurements and found that the relative proportion of

Love and Rayleigh waves in the microtremors varies

widely with frequency and site conditions and the R/L

values are stable in the ranges of 0.2–1.0. At sites A and B,

the best R/L values we get are also in this range. However,

the R/L value cannot be evaluated from microtremor data

recorded by a single-station three-component seismometer
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if the velocity model is unknown. Further study is required

to determine a method of identifying the true R/L values to

estimate the subsurface velocity structure using the H/V

spectrum of microtremors recorded by a single-station

three-component seismometer.

Figures 3 and 4 show that the SHV curves are the most

sensitive to R/L values at the peak frequencies of the

spectrum. To reduce the error of subsurface velocity

structures obtained from the MHV curves, the SHV curves

at the near-peak frequencies should not be considered in

the inversion of the microtremor H/V spectrum. Because

the location of the peak frequency depends on the sub-

surface structure, it varies naturally from low to high fre-

quencies for different sites. Therefore, we cannot provide a

specific frequency range that contains the peak frequency

that is not used to estimate the velocity structures.

Finally, we analyze the sensitivity of the SHV curves.

Figure 7 confirms that the S-wave velocity and the thick-

ness of the soil layer has a great influence on the SHV

curve. By calculating the partial derivatives of the H/V

spectrum of Rayleigh waves, Tsuboi and Saito (1983)

indicated that the H/V curves are most sensitive to the

S-wave velocity. Furthermore, the MHV curves are sensi-

tive to the parameter in a frequency range that is located

between the peak and trough frequencies of the SHV, as

shown in Fig. 7. In the process of applying the mode

summation method and a finite difference technique to

investigate the spectral ratio, Fäh et al. (2001) similarly

found that the MHV curves are controlled by the ellipticity

of the fundamental-mode Rayleigh wave in the frequency

band between the fundamental frequency of resonance of

the sediments and the first minimum of the average H/V

ratio. Although the peak frequencies of the H/V spectral

ratio of fundamental-mode Rayleigh waves are similar to

that of the microtremors in general, there are some sites

with a low impedance contrast, where the Love waves

dominate the wavefield at the H/V peak. Hence, a more

reasonable approach is to express the sensitive frequency

range of MHV using surface waves rather than Rayleigh

waves.

Conclusions

In this study, we used the SHV equation based on the

surface wave propagation theory in a layered half-space to

simulate the MHV curves of sites A and B in the Yuxi

basin. We found that the peak frequency of the SHV curve

is independent of the α value, although the amplitude of the

SHV curve has some relation with the α value. Further-

more, we found that the SHV curves are most sensitive to

R/L values at the peak frequencies of the spectrum.

Therefore, to reduce the error of subsurface velocity

structures obtained by the MHV curves, we suggest that the

SHV curves at the near-peak frequencies should not be

considered in the inversion of the microtremor H/V spec-

trum, because the amplitude deviation between the MHV

and SHV curves is higher at the peak frequency of the

MHV curves.

In addition, to verify the feasibility of the inversion of

MHV curves, we analyzed the features of the sensitivity of

SHV curves. We confirmed that the inversion of MHV

curves can be best achieved by adjusting either the S-wave

velocity, thickness, or both these parameters at each soil

layer. Moreover, the best frequency range for the inversion

of the microtremor H/V spectrum is between the peak and

trough frequencies of the microtremor H/V spectrum.
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