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A B S T R A C T   

Site effect is considered a critical component affecting ground motions, and the shallow velocity structure is a 
primary factor for determining the site effect. The shallow velocity structure should be carefully evaluated to 
mitigate earthquake hazards. Thus, we use microtremor array measurements as well as the inversion of 
microtremor horizontal-to-vertical spectral ratios (MHVSRs) to investigate shallow S-wave velocity (Vs) profiles 
in Taiwan, which is one of the most seismically active areas of the world. On the basis of the diffuse field 
assumption, Vs profiles can be efficiently inverted. To reduce the nonuniqueness of MHVSR inversion, Vs profiles 
obtained using microtremor array measurements and from an engineering geological database were adopted as 
model constraints. Finally, this study included 3587 inverted MHVSR Vs profiles and 65 inverted Vs profiles from 
microtremor arrays. The results were used to create a detailed updated VS30 map of Taiwan and to map the depth 
contours of Z1.0; thus, the relationship between VS30 and Z1.0 was determined. We proposed a new parameter, HR, 
as a proxy for VS30, that is defined as a ratio of the average MHVSR across high- and low-frequency bands. This 
parameter was correlated to the predominant frequency without subjective selection. Moreover, we constructed 
a pseudo-three-dimensional shallow Vs model of Taiwan, which describes main shallow structural features and 
provides complete details for plain areas.   

1. Introduction 

Site effect is considered an essential factor affecting earthquake 
ground motion and the resulting earthquake damage distribution 
(Guéguen et al., 1998; Panou et al., 2005; Singh et al., 1988). The 
shallow velocity structure is a primary factor for the evaluation of the 
site effect. Obtaining information regarding the underground structure 
for velocity distribution is vital for understanding the characteristics of 
earthquake ground motion, especially in sedimentary environments. 

Several conventional methods, including invasive and noninvasive 
approaches, have been used to investigate the shallow velocity struc-
ture. The suspension PS logging test (Kaneko et al., 1990; Ogura, 1988) 
is an invasive method used for determining P-wave velocity and S-wave 
velocity (Vs) through velocity logging. Although this method can reli-
ably measure propagation velocities through layers (Kaneko et al., 

1990), it is expensive. Furthermore, obtaining land use permits for 
borehole drilling is difficult, especially in urban areas. 

A low-cost tool has been established to estimate the shallow Vs 
structure (Horike, 1985; Matsushima and Okada, 1990; Tokimatsu et al., 
1992) based on an engineering seismology technique using microtremor 
array records. This noninvasive method does not adversely affect the 
environment and can be deployed anywhere, even in urban areas. 
Moreover, deeper Vs structures can be estimated by increasing the array 
aperture. Hence, to investigate the shallow Vs structure, this procedure 
has been more widely adopted than active source techniques, such as the 
spectral analysis of surface waves (Nazarian et al., 1983) and multi-
channel analysis of surface waves (Park et al., 1999), especially in 
populated areas. 

Subduction and collision processes in the Eurasia plate and Philip-
pine Sea plate resulted in the formation of Taiwan’s complex geological 
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island structure with a series of faults and folds and high seismicity. The 
Taiwan Earthquake Model (TEM) project established a probabilistic 
seismic hazard map (named TEM PSHA2015) (Wang et al., 2016) of 
Taiwan. The map revealed that expected peak ground acceleration can 
be higher than 0.5 g in the southwestern plains, Hengchun, and the 
Longitudinal Valley. However, the TEM PSHA2015 did not consider the 
site effect; the model represented seismic hazards for engineering 
bedrock (VS30 = 760 m/s) at all sites, where VS30 is the average Vs for a 
depth of 30 m. In the new version of the seismic hazard model of Taiwan, 
the TEM PSHA2020 (Chan et al., 2020), site amplification was assessed 
on the basis of VS30 at 816 sites collected from the engineering geological 
database of the Taiwan Strong Motion Instrumentation Program (EGDT, 
http://egdt.ncree.org.tw/). This assessment indicated that the site effect 
considerably affects the seismic hazard, resulting in a higher hazard 
level than that in the previous model in the Taipei Basin, Ilan Plain, and 
Yun–Chia–Nan Plain. This finding demonstrates the importance of the 
site effect, which should be considered for ground-motion evaluations. 
On the basis of the numerical modeling of three-dimensional (3D) 
seismic waves, some studies (Chen et al., 2016; Lee et al., 2008; Miksat 
et al., 2010) have investigated the seismic wave amplification of sub-
surface structures in Taiwan and indicated that shallow low-velocity 
formations can significantly amplify seismic waves. A detailed shallow 
velocity structure can provide essential information for engineering 
purposes and facilitate the development of a 3D velocity model for 
ground motion simulation to mitigate earthquake damage. 

Since 2000s, many studies have performed microtremor array mea-
surements to investigate shallow Vs structures in Taiwan (Huang and 
Wu, 2006; Huang et al., 2015; Kuo et al., 2009, 2016; Lin et al., 2009; 

Satoh et al., 2001; Wu and Huang, 2012, 2013). The microtremor array 
method is believed to be a reliable and useful tool for estimating shallow 
Vs structures. These studies have provided valuable Vs profiles for 
evaluating the site effect, mapping engineering bedrock, and under-
standing depositional processes. However, these studies have focused 
only on particular small areas. Moreover, microtremor array measure-
ments cannot be used to perform sufficiently dense surveys covering all 
the plain areas of Taiwan uniformly because of economic, human 
resource, and spatial limitations. Hence, the Vs profiles reported by 
previous studies are inadequate for mapping engineering bedrock or 
constructing 3D velocity models at a scale appropriate for the entire 
Taiwan. 

A denser survey can be performed using single-station microtremor 
measurements than microtremor array measurements, especially in a 
metropolitan area such as Taipei City. A project deployed approximately 
4000 single-station microtremor survey points around the plains, basins, 
and foothills of Taiwan. The spatial distribution of horizontal survey 
points reached approximately 1 km in urban areas and 2 km in other 
areas. A study performed microtremor horizontal-to-vertical spectral 
ratio (MHVSR) analysis based on dense microtremor survey data to 
investigate the site effect in Taiwan (Wen and Huang, 2012). The diffuse 
field assumption (DFA) approach has been developed (García-Jerez 
et al., 2013; Kawase et al., 2011; Sánchez-Sesma et al., 2011) to interpret 
the theory of MHVSR and obtain the shallow velocity structure (García- 
Jerez et al., 2016) based on the MHVSR inversion technique. High- 
density velocity profiles in Taiwan can be obtained using this inver-
sion technique with microtremor data. 

In this study, we estimated Vs structures in high-density spatial 

Fig. 1. (a) Location of dense microtremor survey sites in Taiwan. The black dots represent single-station survey sites, which have measurement intervals of 1 km for 
the Taipei Basin, Ilan Plain, and Kaohsiung City and 2 km for other areas. The yellow circles represent microtremor array measurements from this study. The green, 
brown (Kuo, 2004), blue, and red (Kuo et al., 2016) squares indicate the locations of microtremor arrays presented in previous studies. (b) The predominant fre-
quency (fpeak) contour map in Taiwan (Wen and Huang, 2012). The black lines denote the 38 major seismogenic structures (Shyu et al., 2016) of Taiwan. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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distributions for all the plain areas of Taiwan through two main steps. 
First, microtremor array measurements in the Western Foothills 
Terrane, Pingtung Plain, and Huadong Valley were collected. On the 
basis of high-resolution frequency–wavenumber (F–K) analysis (Capon, 
1969), the Rayleigh wave dispersion curves were estimated. Subse-
quently, the surface wave inversion technique was applied to obtain Vs 
profiles. Second, we adopted the MHVSR inversion technique based on 
the DFA to investigate shallow Vs structures. More than 3500 one- 
dimensional (1D) Vs profiles were obtained in this study; these pro-
files can provide useful information for establishing a detailed velocity 
model for numerical seismic wave simulations and help determine 
valuable engineering earthquake parameters such as VS30, Z1.0 (a depth 
parameter defining the depth in meters where Vs is 1.0 km/s), and en-
gineering bedrock. 

Several studies (Hassani and Atkinson, 2016; Karagoz et al., 2015; 
Yilar et al., 2017; Yaghmaei-Sabegh and Hassani, 2020) have used the 
predominant frequency of the MHVSR or earthquake horizontal-to- 
vertical spectral ratio (EHVSR) to determine the relationship between 
local geological conditions (VS30) and the MHVSR or EHVSR. Wald and 
Allen (2007) reported that VS30 well-correlated with the topographic 
slope, which is the maximum elevation gradient at each point. Many 
studies have since adopted the digital elevation model (DEM) or 
geotechnical categories to develop a proxy for VS30 (Ancheta et al., 2013; 
Seyhan et al., 2014). Kwok et al. (2018) demonstrated regional proxy 
relationships in Taiwan used for VS30 prediction, and Heath et al. (2020) 
developed a global slope-based VS30 map. In addition, we applied our 
inverted VS30 database and MHVSRs to develop a new relationship be-
tween VS30 and the MHVSR through our proposed parameter, HR, and 
elevation. The parameter HR is a ratio of the average MHVSR across 

high-frequency bands to that across low-frequency bands; it can be 
easily calculated and demonstrates a favorable VS30 prediction ability. 
This parameter allowed us to rapidly evaluate VS30values with high 
accuracy for sites by using MHVSRs. 

2. Data 

The main purpose of this study was to obtain a dense map of shallow 
Vs structures in Taiwan. Several types of measurement data were used to 
develop this map. First, the single-station microtremor survey included 
3789 survey points uniformly distributed around the plains, basins, and 
foothills of Taiwan. Microtremor data were recorded using the 24-bit 
digital recorder SAMTAC-801B and the triaxial-servo velocity sensor 
VSE-311C or VSE-315D (Tokyo Sokushin) with a flat amplitude response 
at 0.1–70 Hz. Each single-station microtremor survey included 18 min of 
recordings at a sampling rate of 200 Hz. The method used by Nakamura 
(1989) with a time window length of 8192 points was applied to all the 
recordings to obtain MHVSRs and investigate the site effect throughout 
Taiwan (Wen and Huang, 2012). Furthermore, the processed data were 
used to obtain shallow Vs structures by applying the MHVSR inversion 
technique. 

Velocity profiles from 136 microtremor arrays were used to design 
suitable velocity and thickness search ranges for each MHVSR site near 
the deployed array location to overcome the nonuniqueness problem. 
Among the 136 microtremor arrays, 71 have been reported in previous 
studies (Kuo, 2004; Kuo et al., 2009; Kuo et al., 2016; Lin et al., 2009), 
and these arrays mostly cover the Taipei Basin, Ilan Plain, and Yun–-
Chia–Nan Plain areas. In addition, microtremor array measurements 
were performed at 65 sites that were generally uniformly distributed 

Fig. 2. Phase velocities obtained from the array measurements in this study by applying the F–K method at 65 microtremor array sites. For readability, the sites are 
divided into four panels. 
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around the other areas in this study. Fig. 1a displays the locations of the 
dense microtremor survey points in the plain regions of Taiwan. In 
addition, microtremor array measurement locations are presented in the 
same figure. Fig. 1b shows the MHVSR predominant frequency (fpeak) 
contour map in Taiwan (Wen and Huang, 2012). Finally, we used site 
parameters, namely VS30 and Z1.0, from the EGDT (Kuo et al., 2011, 
2012) to validate the resulting model obtained using the MHVSR 
inversion technique. 

3. Methodology 

3.1. Inversion of the microtremor array measurement dispersion curve 

In this study, the Rayleigh wave phase velocity dispersion curve from 
each array measurement site was estimated by performing high- 
resolution F–K spectral analysis on the basis of the maximum likeli-

hood method (MLM) proposed by Capon (1969). The MLM uses cross- 
power spectral densities to estimate the F–K spectrum. The cross- 
power spectral densities P(f,k) can be expressed as 

P
(
f , k

⇀)
=

{
∑N

n,m=1
∅− 1

nm(f )∙exp
[
ik
⇀
∙
(

X
⇀

n − X
⇀

m

) ]
}

− 1 (1)  

where f is the frequency; k
⇀ 

is the two-dimensional horizontal wave-
number vector; i =

̅̅̅̅̅̅̅
− 1

√
; N is the number of sensors; ∅nm

− 1(f) is the 
corresponding element of the inverse of the matrix ∅nm at frequency f, 
which is the estimate of the cross-power spectrum between the nth and 

mth data points; and X
⇀

n and X
⇀

m are the position vectors of the nth and mth 
sensors, respectively. 

For the grids of the two cartesian components of the horizontal 
wavenumber, the F–K spectra were computed at a resolution of 201 ×

Fig. 3. Inverted Vs structures at 65 sites obtained in this study.  
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201 nodes for each frequency. Phase velocities were calculated from F–K 
spectral analysis results in the wavenumber domain at each frequency 
and each wavenumber (kx, ky) corresponding to the maximum peak of 
the F–K spectra. The phase velocity c is given by 

c = f
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

k2
x0 + k2

y0

√

(2)  

where kx0 and ky0 represent the positions of peak power in the wave-
number domain. 

Fig. 2 displays the dispersion curves of phase velocities obtained 
from the array measurements in this study by applying the F–K method. 
Based on previous experiences (e.g. Satoh et al., 2001), the minimum 
frequency considered reliable was that corresponding to six times the 
maximum array separation. Array stations for TCU and HWA (Fig. 2a, b, 
d) were mostly distributed in the Western Foothills Terrane and Hua-
dong Valley (Fig. 1), which generally have higher and steeper phase 
velocities than the stations in the Pingtung Plain (Fig. 2c). Hence, the 
Western Foothills Terrane and Huadong Valley have higher stratum 
velocities than the Pingtung Plain. In addition, phase velocities can have 
a diverse range within the same geological area, indicating lateral var-
iations in the understructure. 

The genetic algorithm (GA) is a powerful global optimization method 
that involves the selection, crossover, and mutation of individuals in a 
population and facilitates the search of an optimal solution both globally 
and locally (Goldberg, 1989). In this study, we used the GA combined 
with the forward modeling of surface waves, as proposed by Herrmann 
(1987), to search for appropriate initial models for all sites within a 
given search range before the conventional inversion of dispersion 
curves. A model with eight layers covering a half space was assumed for 
GA searching and defined both for the velocity and thickness of layers. 
The full GA process involved conducting 30 GA searches. Each GA 
search was terminated at the 450th generation. The population size of 
each generation was 40. Therefore, the total number of repetitions was 
540,000 for one complete GA grid search process. Two genetic opera-
tions, namely crossover and mutation, were performed to generate 
populations and prevent localized minimums. The GA was used to 
search for all possible velocity structures within the given range. The GA 
program used in this study has been successful implemented in many 
studies (Kuo, 2004; Kuo et al., 2009; Kuo et al., 2016; Lin et al., 2009). 
However, the total thickness of layers may be excessive for the estima-
tion of observed dispersion curves. Therefore, after the GA grid search, 
we inverted the dispersion curves by using the stochastic least-square 
inversion (Herrmann, 1987) of the fundamental-mode Rayleigh wave 
to estimate the Vs structures by adopting the initial model provided by 
the GA grid search. The program SURF proposed by Herrmann (1987) 
can perform the interactive inversion of surface wave dispersion data. 
We used this program to test the sensitivities of all layers and exclude 
false and immaterial layers with insufficient resolutions from the Vs 
model derived from the GA search step. Subsequently, Vs profiles 
derived from the GA search step at each site were refined using a con-
ventional surface wave inversion step, which improved the accuracy of 
the Vs profiles and exhibited the lowest variance. The final Vs structures 
are divided into four parts in Fig. 3. 

3.2. Inversion of MHVSR 

The MHVSR method was first proposed by Nakamura (1989) to 
examine the characteristics of surface ground motions. This low-cost and 
convenient method produces accurate estimations. Numerous studies 
have used the MHVSR method to evaluate the site effect or bedrock 
depth. Subsequently, Nakamura (2019) clarified a few mis-
understandings regarding the MHVSR method to ensure its correct 
application. In this study, we confirmed that the predominant frequency 
exhibited high consistency with the geological structure; a lower pre-
dominant frequency typically indicates an alluvial plain, and foothills or 
basin edges usually have higher predominant frequencies (Fig. 1b). 

Nevertheless, a lack of physical theoretical basis has led the MHVSR 
technique to remain an empirical statement. A physical model is 
therefore required to more efficiently interpret MHVSR measurements. 
Sánchez-Sesma et al. (2011) proposed an innovative interpretation that 
assumes that the seismic field is diffuse. The MHVSR includes all the 
contributions of Rayleigh, Love, and body waves and can be modeled in 
terms of the imaginary part of the components of Green’s function (GF) 
for coinciding the source and receiver; this is called the DFA. According 
to the DFA, the definition of MHVSR is given as follows: 

MHVSR(x;w) ≡

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2P1(x;w)
P3(x;w)

√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Im[G11(x; x;w) ]
Im[G33(x; x;w)

√

(3) 

The P1(x;w) is the power spectral densities of motion along the 
horizontal direction at a point x for frequency equal to w/2π, whereas 
P3(x;w) refers to the vertical degree of freedom. The expressions Pm(x;w) 
are proportional to the imaginary part of the corresponding GF at the 
source Gmm(x;x;w). The MHVSR can be computed theoretically in terms 
of Eq. (3) by using the DFA. On the basis of the DFA, the computer code 
HV-inv (https://w3.ual.es/GruposInv/hv-inv) developed by García- 
Jerez et al. (2016) was used to obtain velocity profiles through the 
forward calculation and inversion of MHVSR. Piña-Flores et al. (2017) 
reported that the forward problem was nonlinear and depended on 
several uncorrelated parameters. Consequently, several sets of param-
eters were associated with the same MHVSR. The HV-inv code supports 
the joint inversion of MHVSRs and dispersion curves and can help 
mitigate their nonuniqueness. 

This study used HV-inv for the forward calculation and inversion of 
the MHVSR to investigate shallow Vs profiles in Taiwan. To prevent the 
nonuniqueness of MHVSRs in the forward calculation and inversion 
process, joint inversion with the dispersion curve was suggested and has 
been successful in previous studies (Castellaro, 2016; García-Jerez et al., 
2019; Picozzi et al., 2005; Senna et al., 2018; Sivaram et al., 2018; Spica 
et al., 2018; Yamada et al., 2020). 

However, dispersion curves are unavailable for most of the single- 
station microtremor survey locations in this study. Therefore, perform-
ing joint inversion to obtain Vs profiles was not feasible in this situation. 
To mitigate nonuniqueness, suitable velocity and thickness search 
ranges were designed for each MHVSR individually by considering 
investigated velocity structures obtained using microtremor array 
measurements. Microtremor array data were processed and analyzed to 
obtain Vs profiles in this study. These profiles provide useful velocity 
information for shallow formations and can contribute to the fields of 
earthquake engineering and seismological research. 

These velocity models were used to design constraints for MHVSR 
inversion to mitigate the nonuniqueness. A total of 71 microtremor array 
velocity profiles from previous studies (Kuo, 2004; Kuo et al., 2009, 
2016; Lin et al., 2009) were collected to complement the spatial 
coverage of the survey. In total, we used 136 microtremor array velocity 
profiles to serve as constraints for MHVSR inversion. We constructed 
two generic models for “plain” and “piedmont” areas with suitable ve-
locity and thickness ranges. According to the elevation of MHVSR sites, 
we applied a corresponding generic model as well as the velocity range 
as the initial model for the inversion. For the setting of searching ranges 
of inversion, the Vs profiles of nearby microtremor arrays and EGDT 
were considered, and 4000 inversion models with misfit values were 
implemented for each MHVSR site. The model range of inversion for a 
MHVSR site was adjusted, and the inversion was performed again once 
the misfit exceeded a predefined threshold. Finally, the minimum misfit 
model was adopted as the final model at a MHVSR site. The procedure of 
creating initial models with suitable searching ranges for high-density 
MHVSR inversions depends on sufficient reliable Vs profiles obtained 
using microtremor arrays and velocity loggings and on the under-
standing regarding local geology at different regions. Considering that 
the subsurface structure may vary considerably in particular areas, the 
upper and lower thickness and velocity bounds for MHVSR inversion 
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were provided in a wide range, particularly for sites with limited con-
straints due to the large distance from an array site. 

Within the suitable ground parameters, the HV-inv program applies 
the Monte Carlo sampling inversion method to search for the optimal 
model according to the misfit function, which is defined as 

misfit(f ) =
∑n

i=1

(
dobsfi − dsynfi

)
2

σ2
fi

(4)  

where df
obs is the observed MHVSR at frequency f, df

syn is the synthetic 
MHVSR at frequency f, and σf is the standard deviation of the observed 
MHVSR. The lowest misfit value representing the best model was ob-
tained. To speed up the inversion calculation, the observed MHVSRs 
were downsampled to n = 37 and logarithmically equally spaced in the 
frequency band from 0.12 Hz to 12.4 Hz. 

Fig. 4 represents an example of the MHVSR inversion for eight sites 
from different geological areas. The locations of these sites are indicated 
in Fig. 1a. The MHVSR inversion mostly had a low misfit value, indi-
cating that this method could be suitable for application to different 
geological substructures in Taiwan. 

4. Results and discussion 

In this study, we analyzed microtremor arrays at sites distributed in 
the Pingtung Plain, Huadong Valley, and Western Foothills Terrane of 
Taiwan. In addition, we inverted Vs profiles by using the HV-inv pro-
gram based on the DFA. In the following sections, we discuss the model 
quality and study results. 

Fig. 4. Examples of MHVSR inversion at eight sites (see locations in Fig. 1a). Top panels display the observed MHVSR (black lines) and its standard deviations, and 
colored curves are the synthetic MHVSR according to misfit value bars. Bottom panels indicate the best-fitting model (black lines), and the inverted models are 
colored according to the corresponding misfit value. 
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4.1. Model validation 

To validate our MHVSR inversion results, additional criteria were 
applied as thresholds to quantify inversion quality and remove sub-
standard sites. First, we calculated the correlation coefficient (R) be-
tween the observed and synthetic MHVSRs for each site. The sites with R 
≤ 0.35 and misfit ≥ 40 were removed to ensure that the MHVSR inver-
sion quality was acceptable for each site. Some of the disqualified sites 
exhibited an abnormal MHVSR, whereas the MHVSRs of other sites were 
considerably different from those of nearby sites. Those sites might have 
an extraordinary underground structure (e.g., embedded very-low- or 
high-velocity layers), which is beyond the designed search range based 
on microtremor array measurements. A total of 202 sites mostly located 
near foothill areas did not fulfill the criteria and thus were eliminated 
from the database. These findings indicated the presence of a complex 
and varied substructure in Taiwan, especially in the Western Foothills 
Terrane. 

Previous studies have conducted microtremor array measurements 
in Taiwan to obtain reliable shallow Vs structures (Huang and Wu, 2006; 
Huang et al., 2015; Kuo et al., 2009, 2016; Lin et al., 2009; Satoh et al., 
2001; Wu and Huang, 2012, 2013). The results of some of these studies 
(Kuo et al., 2009, 2016) were applied in the design of our inversion 
constraints in this study. To validate our MHVSR inversion results, we 
compared some Vs profiles with those reported in previous studies ob-
tained using microtremor array measurements. In Fig. 5a–g, the Vs 
profiles of two array measurements (Kuo et al., 2016; Wu and Huang, 
2013) and MHVSR inversions determined in this study are compared. 
The two previous studies conducted microtremor array measurements at 
different locations. To ensure the comparability of velocity profiles, we 
selected only seven arrays with a distance of ≤3 km between the arrays. 

For the MHVSR inversion velocity profiles, we selected sites within 5 km 
from the arrays reported by Kuo et al. (2016). The results of the com-
parisons indicated that the MHVSR inversion velocity profiles were in 
agreement with the microtremor array measurement velocity profiles. 
This finding demonstrated that a low-cost MHVSR measurement can 
approximate microtremor array measurements through the use of the 
DFA inversion technique. We observed significant variations in the ve-
locity structure within a short distance, especially for sites located on a 
geological boundary (Fig. 5d). In addition, we calculated the root mean 
square (RMS) of differences between Vs profiles from MHVSRs and the 
corresponding microtremor arrays from the study conducted by Kuo 
et al. (2016) for constructing generic Vs models. To calculate the RMS 
between Vs profiles, we interpolated these Vs profiles into a 10-layer 
model, with each layer having a uniform thickness of 100 m. The 
average RMS and standard deviation were obtained for 1-km bins 
(Fig. 5h). Although the distance between 1 and 2 km had the smallest 
mean RMS value, the mean and standard deviation of RMS values 
increased with distance. We speculate that these values can indicate real 
velocity variations. Hence, a dense survey velocity model for the entire 
Taiwan is required to obtain more detailed parameters, improve pre-
dicted ground motion’s accuracy, and mitigate seismic disasters. 

4.2. A dense VS30 map 

VS30 is the average Vs at depths of up to 30 m and is a vital site 
parameter widely used for many purposes such as microzonation, 
ground motion prediction equations (GMPEs), and building codes 
(BSSC, 2004; ASCE, 2010). 

The VS30 database in Taiwan (Kuo et al., 2017) is provided by the 
National Center for Research of Earthquake Engineering. The database 

Fig. 5. (a)–(g) Comparison of Vs profiles derived using the microtremor array method and MHVSR inversion in this study. Red and green lines indicate the Vs profiles 
derived from microtremor array measurements (Kuo et al., 2016; Wu and Huang, 2013). Gray lines are the Vs profiles obtained in this study by using the MHVSR 
inversion technique at nearby sites. The dashed line denotes the bottom layer of each profile. The distance between the two arrays is illustrated in each figure. (h) 
Relationship between the Vs difference RMS and distance. 
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can also be accessed through the EGDT, which provides VS30 information 
for 816 sites obtained using compound techniques, including suspension 
PS logging (Kuo et al., 2011, 2012), microtremor array measurements 
(Kuo et al., 2016), receiver function analysis (Lin et al., 2018), and 

multiple proxy-based prediction models (Kwok et al., 2018). 
The Vs profiles determined using the MHVSR inversion technique 

were used to calculate VS30 according to the following formula: 

Fig. 6. (a) Comparison of VS30 values obtained from EGDT logged data (X axis) with those obtained from MHVSR inversion results in this study (Y axis). (b) Residuals 
of VS30 from estimates based on MHVSR inversion results. μlnV is the median of the residuals, σlnV is the standard deviation of the residuals, and N is the number 
of sites. 

Fig. 7. (a) A dense updated VS30 map for Taiwan plains and foothills plotted using 136 microtremor array measurement sites and 3587 MHVSR inversion results. The 
legend shows the VS30 categorized into four soil types based on the National Earthquake Hazards Reduction Program (NEHRP) (FEMA 222A, 1994). (b) The Z1.0 map 
for Taiwan. These maps were plotted using the surface command of generic mapping tools (Wessel and Smith, 1998) considering a 1-km increment and 
without smoothing. 
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VS30 =
30

∑n

i=1

(

Zi/Vsi

) (5)  

where Zi is the thickness of the ith layer and Vsi denotes the Vs of the ith 
layer in a total of n layers existing down to 30 m. 

Fig. 6a shows the comparison of VS30 determined from the MHVSR 
inversion results with those obtained from the EGDT. Our inverted VS30 
were not from the same locations as those from the EGDT. We selected 
the nearest sites located within 1 km to enable the comparison. The 
residuals of VS30 were calculated using the following formula (Ancheta 
et al., 2013; Seyhan et al., 2014): 

Ri = ln
(
Vs30obsi

)
− ln

(
Vs30esti

)
(6)  

where Ri is the residual for site i, ln(Vs30i
obs) is the EGDT VS30 for site i, 

and ln (Vs30i
est) is the inverted VS30 for site i. Model bias was estimated 

from the median of the residuals (μlnV). The standard deviation of the 
residuals (σlnV) was calculated for the entire set of residuals or subsets 
under certain conditions. The standard deviation represents the diver-
gence of the residuals, and a higher σlnV indicates that the estimated 
model has a large uncertainty. The inverted VS30 were in agreement with 
those obtained from the EGDT (Fig. 6b). The μlnV was low, and σlnV was 
only 0.18. These findings demonstrated that the VS30 estimated using the 
MHVSR inversion technique exhibited high reliability. Fig. 7a presents 
the integration of the VS30 map from 136 microtremor array measure-
ment sites and 3587 MHVSR inversion sites. The inversion of Vs profiles 
in this study enabled us to add more details in the VS30 map. In general, 
VS30 values <360 m/s were distributed around the Taipei Basin, Ilan 
Plain, Yun–Chia–Nan Plain, and Pingtung Plain. Higher VS30 values 
(>360 m/s) were distributed around the Western Foothills Terrane, 
Huadong Valley, and the mountain foothill area or basin edge. 

4.3. Depth contour of Z1.0 and relation to VS30 

Z1.0 is a site parameter defined as a depth where Vs reaches 1 km/s. 
Z1.0 indicates the sedimentary thickness. This parameter has comple-
mentarity with VS30 and has been widely used in advanced GMPEs 
(Abrahamson et al., 2014; Boore et al., 2014; Chiou and Youngs, 2014) 
to represent the thickness of alluvial responses. We used Vs profiles from 
124 microtremor array measurements and 3587 MHVSR inversion re-
sults to delineate Z1.0 depth contours (Fig. 7b). The deepest Z1.0 occurred 
in the Western Plain and Ilan Plain where the maximum depth was 
approximately 1200 m. For the Western Foothills Terrane, Huadong 
Valley, and mountain foothill area or basin edge, the Z1.0 was typically 
<200 m. 

Because Z1.0 is an essential parameter in GMPEs, for specific sites 
without the Z1.0 parameter, a relationship between VS30 and Z1.0 has 
been recommended to estimate Z1.0 (Abrahamson and Silva, 2008; 
Chiou and Youngs, 2008, 2014). In this study, we examined the rela-
tionship between VS30 and Z1.0 for Taiwan following the formula pro-
posed by Chiou and Youngs (2014). The dataset included microtremor 
array and MHVSR inversion results (Fig. 8a). The relationship between 
VS30 and Z1.0 for Taiwan was determined as follows: 

ln(Z1.0) =
− 4.15

2
ln
(
VS30

2 + 334.22

17502 + 334.22

)

(7) 

The relationship between VS30 and Z1.0 determined in this study is 
similar to that reported in previous studies conducted in Taiwan (Kuo 
et al., 2016, 2017). Our model generally agrees with those in previous 
studies, although our relationship exhibits a higher predicted Z1.0 for the 
same VS30 than that in the Japan model (Chiou and Youngs, 2014). This 
finding indicated that Taiwan has slightly thicker sediments than does 
Japan. However, our model has a smaller predicted Z1.0 for the same 
VS30 than that in the California model (Chiou and Youngs, 2014), indi-
cating that California has significantly thicker sediments than Taiwan. In 
addition, we plotted the distribution of Z1.0 as function of fpeak, and 
proposed an empirical relationship as follows: 

ln(Z1.0) =
− 1.648

2
ln

(
fpeak2 + 2.1662

1002 + 2.1662

)

(8) 

We found that the scattering of datasets with an fpeak of 2–5 Hz was in 
the order of 1000 m. Hence, we did not observe less scattering in fpeak – 
Z1.0 than in VS30 – Z1.0 in our datasets. The standard deviation of Eq. (8) 
was 0.81, whereas that of Eq. (7) was 0.51. This finding indicated that 
the fpeak at most sites did not account for the interface of Z1.0. 

Fig. 8. (a) Distribution of VS30 and Z1.0 data for 124 microtremor array mea-
surements and 3587 MHVSR inversion results. The VS30 – Z1.0 relationship is 
shown, where the green and blue lines demonstrate the relationships for Japan 
and California, respectively, as determined from the study conducted by Chiou 
and Youngs (2014), and the black and black dashed lines indicate the re-
lationships for Taiwan, as determined from studies conducted by Kuo et al. 
(2016) and Kuo et al. (2017), respectively. The VS30 – Z1.0 relationship devel-
oped in this study is indicated by the red line. (b) Distribution of the rela-
tionship between fpeak and Z1.0 for 3587 MHVSR inversion results. The fpeak – 
Z1.0 relationship developed in this study is indicated by the red line. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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4.4. Predictive relationship between VS30 and MHVSR 

The newly developed dense VS30 database derived using the MHVSR 
inversion technique in this study provided not only VS30 parameters but 
also a full 1D Vs structure model with a grid resolution between 1 and 2 
km. Although the MHVSR inversion technique is an efficient tool for 
determining Vs profiles, it is time consuming and requires model vali-
dation procedures. For some specific purposes, such as GMPEs, site 
amplification analysis, and seismic microzonation, determining VS30 
instead of a full 1D Vs structure is adequate. Hence, we utilized the VS30 
database obtained in this study to derive a new VS30 prediction equation 
based on MHVSRs and elevation for the rapid evaluation of VS30 in 
Taiwan. To enhance the reliability of the VS30 model, we selected only 
the inverted VS30 data with misfit < 40 and R > 0.6. This allowed us to 
use 1242 sites for developing the VS30 prediction equation. 

First, we used the predominant frequency (fpeak), VS30, and linear 
regression analysis to obtain a prediction equation for VS30 values using 
known fpeak values: 

log10(VS30) = 2.429+ 0.286× log10
(
fpeak
)

(9) 

Fig. 9 reveals the datasets from this study as well as fpeak-based VS30 
prediction models (Eq. (9)) for Taiwan and other regions (Ghofrani and 
Atkinson, 2014; Hassani and Atkinson, 2016; Yaghmaei-Sabegh and 
Hassani, 2020). 

The standard deviation of the residuals (σlnV) for the model was 0.31. 
The coefficient of determination (R2) for Eq. (9) was 0.399. We 
compared the prediction model of Taiwan with the other regional fpeak- 
based VS30 prediction models developed for California, Japan, and Iran. 
The σlnV for the California model (NGA-West2), Japan model (Ghofrani 
and Atkinson, 2014), Central and Eastern North America model (Hassani 
and Atkinson, 2016), and Iran model (Yaghmaei-Sabegh and Hassani, 
2020) were 0.372, 0.372, 0.322, and 0.223, respectively. Although the 
residuals representing the fpeak-based VS30 prediction models were 
acceptable, they exhibited a large uncertainty. The predominant fre-
quency of the MHVSR or EHVSR correlated with VS30; however, deter-
mination of this frequency requires human judgment and is sometimes 
challenging because of the presence of multiple peaks. Moreover, the 
examination of the predominant frequency by a human is time 
consuming and can result in discrepancy. Hence, we defined a new 
parameter to determine the predictive relationship between the MHVSR 
and VS30. On the basis of the characteristics of the MHVSR, wherein the 
amplitude of the predominant frequency typically has a higher value for 
alluvial sites and the predominant frequency generally tends toward a 
low value, we present a new parameter, HR, a relative ratio within the 
MHVSR as a proxy for VS30. We calculated the ratio between the average 
MHVSR for the high-frequency (HMH) and low-frequency (HML) bands 
to define HR. A given central frequency fc divides the MHVSR into high- 

frequency and low-frequency bands. HR is expressed as follows: 

HR =

1
n

∑i=m+n

i=m+1
(MHVSR)fi

1
m

∑i=m

i=1
(MHVSR)fi

=
HMH
HML

, fm = fc (10) 

According to the definition of HR, the predominant frequency (fpeak) 
dominates the equation for HR, implying that a high fpeak results in a 
large HR value (Fig. 10). HR is considered a relative measurement of the 
ratio between the amplitude of the site response at high and low fre-
quencies; thus, it is correlated with the predominant resonance fre-
quency, in which a large amplitude ratio exists. A schematic 

Fig. 9. Distribution of VS30 and predominant frequency (fpeak) data (gray cir-
cles) for 1242 MHVSR sites in Taiwan. Relationships from other regions indi-
cated in different colors. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Schematic of the relationship between MHVSR and HR. The legend 
indicates the VS30 for each MHVSR site. 

Fig. 11. (a) Variation in estimated VS30 from MHVSR inversion versus HR, 
represented with gray circles. (b) Variation of estimated VS30 from MHVSR 
inversion versus HREm (represented by squares), where the scattered colors 
represent modified elevations. 
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Fig. 12. Comparison of Vs contours at four depth levels (100, 250, 500, and 900 m).  
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representation of HR is presented in Fig. 10. When a resonance peak 
appears at a high frequency (i.e., >2 Hz), HMH is larger than HML, and 
the value of the resultant HR is ≥1, as was the case for sites 3 and 4. By 
contrast, once a resonance peak rises at a low frequency (i.e., <2 Hz), 
HML is larger than HMH, and the resultant HR is likely <1, as was the 
case at site 1. For a resonance peak occurs near the central frequency, 
the resultant HR is close to 1, as was the case at site 2. In other words, HR 
considers both predominant frequency and amplitude but does not 
require human judgment and can be calculated automatically. The 
central frequency fc plays a crucial role in controlling HR. In this study, 
we observed that the optimum value for fc was 2.0 Hz. This choice is in 
accordance with the relationship between the predominant frequency 
and VS30 at several regions in previous studies (Hassani and Atkinson, 
2016; Yaghmaei-Sabegh and Hassani, 2020). These studies have sug-
gested a transition frequency of 1 or 2 Hz. On the basis of the suggestion, 
a grid search on fc was used to minimize the correlation coefficient be-
tween HR and VS30; therefore, we determined 2 Hz as the fc for Taiwan 
data. Furthermore, the predominant frequency contour map (Fig. 1b) 
reveals a 2-Hz contour boundary between the geological structures 
roughly divided into alluvium and mountain hills. Sedimentary areas 
thus usually had a predominant frequency of <2 Hz, and the basin edge 
or foothill areas usually had a predominant frequency of >2 Hz in 
Taiwan. The fc could be different in other areas because of substructure 
or depositional environment variations. 

An HR-based prediction function expressed as follows can be adopted 
to fit the Taiwan MHVSR inverted VS30 database and HR: 

log10(VS30) = 2.558+ 0.66× log10(HR) (11) 

The VS30 prediction equation, Eq. (11), is based on the HR parameter, 
which resulted in a lower σlnV value of 0.291 (Fig. 11a) compared with 
that obtained using fpeak. Furthermore, determining the HR parameter is 
easier. These results demonstrated that the new parameter HR is suitable 
for VS30 model predictions. 

Geotechnical category and elevation data have been used to infer 
VS30 in Taiwan (Ancheta et al., 2013; Seyhan et al., 2014). Although the 
topographic slope was well-correlated with VS30 (Allen and Wald, 2009; 

Heath et al., 2020; Wald and Allen, 2007), calculating the topographic 
slope by using different tools (e.g., generic mapping tools, GMT or 
ArcGIS) can create inconsistent results (Lemoine et al., 2012). To obtain 
consistent estimates of the topographic slope, a fixed-resolution DEM 
and a homogeneous processing procedure should be adopted. To reduce 
uncertainty in the proxy of VS30 by using a simple method, we adopted 
both HR and modified elevation as predictor variables in this study to 
regress a predicted equation as follows: 

log10(VS30) = 2.279+ 0.376× log10(HR)+ 0.191× log10(Em) (12)  

where Em denotes the modified elevation, which fixes elevations below 
5 m to be equal to 5 m. Using Eq. (12), the uncertainty in the predicted 
VS30 could be considerably decreased to 0.214 (Fig. 11b). The co-
efficients of determination (R2) for Eqs. (11) and (12) were 0.469 and 
0.713, respectively. The p values of both the independent variables were 
<0.05 in the partial F test; thus, both log10(HR) and log10(Em) were sig-
nificant parameters in Eq. (12). According to the success of the proposed 
VS30 prediction equation, this study demonstrated the ability of a new 
VS30 proxy and revealed the reliability of our inverted VS30 database. 

4.5. 3D shallow Vs model in Taiwan 

Distinct inverted 1D models obtained from the MHVSR and micro-
tremor arrays at different locations were used to construct the Taiwan 
pseudo-3D shallow Vs model (TSVM) in the plain areas of Taiwan. All 1D 
Vs profiles were assembled into pseudo-3D models by using an inverse 
distance weighted interpolation by employing MATLAB software. 
Fig. 12 presents Vs contours at four depth levels (100, 250, 500, and 900 
m). The clear geological structure boundary could be identified from the 
lateral distribution of velocities. In general, at depths of 100 and 250 m, 
the Taipei Basin, Ilan Plain, and Yun–Chia–Nan Plain presented lower 
distributed velocities than did the Western Foothills Terrane and Hua-
dong Valley. The velocity contrast was lower at depths of >500 m than 
that in shallow parts; however, the velocities distributed in the Western 
Foothills Terrane and Huadong Valley were still higher than those in 
other areas. The velocity model’s lateral distribution exhibited similar 

Fig. 13. (a) Average 1D models from all the inverted results in Taiwan overall and in seven areas. (b) Locations of these subareas as well as the abbreviations.  
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patterns as did the MHVSR predominant frequency (Fig. 1b), where low- 
velocity distribution corresponded to a low predominant frequency (<2 
Hz). The Taipei Basin, Ilan Plain, Pingtung Plain, and Yun–Chia–Nan 
Plain had lower predominant frequencies than did the Western Foothills 
Terrane and Huadong Valley. 

The 1D average Vs model for the entire Taiwan as well as the 1D 
average Vs models of seven areas are presented in Fig. 13a. The locations 
of these areas as well as the abbreviations are indicated in Fig. 13b. Each 
Vs model was averaged from all Vs profiles in an area. The Vs profiles 
were sliced into 5-m layers, and the mean was calculated to obtain the 
1D Vs model. On the basis of gradient changes in velocity structures, we 
restratified them into six layers as a simplified model. Thus, the 1D 
models for different areas exhibited distinct thicknesses. The variation in 
near-surface lateral velocity was significant for certain areas. The 
Yun–Chia–Nan Plain (CHY) and the Ilan Plain (ILA) had the lowest 
average velocities in Taiwan, which could be related to thicker uncon-
solidated sediments. 

Fig. 14 presents three cross-sections along the Taipei Basin and Ilan 
Plain from the TSVM. The location of these sections are indicated in 

Fig. 1b. The elevation along the profiles and MHVSRs with predominant 
frequency highlighted were plotted in each cross-section. The A–A′

cross-section cuts north to south along the coast of the Ilan Plain. The 
sediment thickness varied from thin to thick to thin again in this cross- 
section. The sediment thickness (covering bedrock with Vs ≥ 760 m/s) 
ranged from 50 m to approximately 700 m. The B–B′ cross-section cuts 
southwest to northeast through the Ilan Plain. This profile crosses the 
mountain hill area to the coastline area, and the sediment thickness 
exhibited more lateral variations ranging from 0 m to approximately 
700 m. The deepest parts of the sediment were located in the center and 
near the coastline. The C–C′ profile crosses the Taipei Basin north to 
south. The thicker sediment was located in the center of the basin, and 
the basin edge had relatively thin sediment and high velocity. The Vs 
distribution is consistent with the topography of the three cross-sections 
and is associated with the predominant frequency of the MHVSR. In the 
top panel of each figure, the MHVSR peaks corresponded to sediment 
thickness. A low MHVSR predominant frequency had lower Vs and 
deeper sediment distribution, and the high MHVSR predominant fre-
quency had higher Vs and thinner sediment distribution. Our model 

Fig. 14. The three cross-sections of the inverted 3D Vs model. The location of these sections are indicated in Fig. 1b. The top panel of each figure is the MHVSR, 
highlighting the predominant frequency; the middle panel is the station location with the topography; the bottom panel is the Vs model slice along the section. (a) 
The A–A′ cross-section cuts north to south along the coast of the Ilan Plain. (b) The B–B′ cross-section cuts southwest to northeast across the Ilan Plain. (c) The C–C′

cross-section cuts north to south across the Taipei Basin. 
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agrees with the results of previous studies in the Taipei Basin (Wang 
et al., 2004) and the Ilan Plain (Shi, 2011), indicating that the results of 
MHVSR inversion not only fit the shallow Vs distribution but also have 
the ability to reveal the stratum interface. 

5. Conclusions 

Using DFA theory and the computer code HV-inv, we inverted 3587 
MHVSRs in Taiwan to obtain Vs profiles. The obtained 1D velocity re-
sults were used to calculate the site parameters VS30 and Z1.0. The site 
parameter data provide a denser and higher spatial resolution with 
respect to previous studies, thus indicating the importance of site 
amplification investigation and providing valuable information for 
reducing seismic hazards. We proposed new VS30 predictive equations 
and introduced a new parameter, HR, which is defined as a ratio of the 
amplitude of the MHVSR between high and low frequency; this 
parameter is proportional to a predominant frequency without subjec-
tive selection. Our HR-based VS30 proxy model reduced the standard 
deviation of VS30 estimates, thus outperforming the fpeak-based proxy. 
Notably, when Em was used in the HR-based model, the standard devi-
ation in VS30 predictions was further reduced. When the MHVSR and 
elevation are both available, we suggest HR and Em as optimal parame-
ters as VS30 proxies in Taiwan. We constructed the TSVM that described 
main shallow structural features with unprecedented detail in the plain 
areas of Taiwan. This study contributes to 3D seismic wave simulations 
and ground motion predictions with higher resolution and accuracy. In 
this study, dense inverted 1D Vs models were derived only for the plain 
and foothill areas; thus, studies investigating mountain areas are still 
lacking. The MHVSR technique may have limitations in areas with 
complex or oblique underground structures. The highly complex 
geological structures in mountain areas require further investigation and 
new techniques for accurate surveying. 
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