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ABSTRACT

Ambient noise is typically used to estimate seismic site effects and velocity profiles instead of earthquake recordings, 
especially in areas with limited seismic data. The dominant Horizontal to Vertical Spectral Ratio (HVSR) frequency of ambi-
ent noise is correlated to Vs30, which is the average S-wave velocity in the top 30 m. Vs30 is a widely used parameter for 
defining seismic amplification in earthquake engineering. HVSR can detect the vertical discontinuity of velocities, that is, the 
interfaces between hard bedrock and soft sediments. In southwestern Taiwan most strong motion stations are located in the 
plains and show a dominant frequency lower than 3 Hz. Several stations near the coast have low dominant frequencies of less 
than 1 Hz. The dominant frequencies are higher than 4 Hz at piedmont stations. The stations in the mountains with dominant 
frequencies over 8 Hz are typically located on very hard sites. This study analyzed the HVSR characteristics under different 
seismic site conditions considering the Vs30 from previous study (Kuo et al. 2012). The result implies that HVSRs are a better 
tool than Vs30 to classify the sites where bedrock is deeper than 30 m. Furthermore, we found a linear correlation between 
Vs30 and dominant HVSR frequency which could be used as a proxy of Vs30. The Vs30 map in this area was derived using 
the Engineering Geological Database for Taiwan Strong Motion Instrumentation Program (EGDT). The comparable distribu-
tion pattern between the dominant frequency and Vs30 demonstrate that HVSR can recognize S-wave velocity properties at 
the shallow subsurface.
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1. INTRODUCTION

Earthquakes generate seismic waves propagating 
from the crust to the surface. Traditionally, their analysis 
has been used to understand the structure of the Earth by 
seismologists. Earthquakes of large magnitudes produce 
seismic waves which sometimes are amplified when propa-
gating into the near surface strata, resulting in devastating 
effects. Major site effects are due to seismic wave amplifi-
cation caused by local unconsolidated sediments at specific 
frequencies during strong ground motions. This is an impor-
tant issue in both seismology and earthquake engineering 
since stronger seismic waves after the amplification of the 
near surface sediments frequently cause destructive damage 
to buildings. The fact that different seismic site conditions 

are able to cause varied site effects was first recognized in 
the 19th century (Milne 1898). It was noted that “It is an easy 
matter to select two stations within 1000 feet of each other 
where the average range of horizontal motion at the one sta-
tion shall be five times, and even ten times, greater than it is 
at the other”. This implies that as consequence of site effect 
strong shaking differences can occur at nearby sites. There-
fore, understanding the variations in the shallow subsurface 
is important for seismic hazard mitigation.

Ambient noises, also called microtremors or micro-
seisms for the frequency bands at higher or lower than 1 Hz, 
are caused by various natural and artificial signals. These sig-
nals always exist and thus the measurement duration could 
be considerably short in comparison with waiting for enough 
earthquakes. Array (e.g., Aki 1957; Capon 1969; Kuo et al. 
2009; Lin et al. 2009) and single-station (Nakamura 1989; 
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Wen et al. 2008) methods are two well-known approaches of 
ambient noise use to estimate S-wave velocity profiles and 
natural frequencies of soils, respectively. After Nakamura 
(1989) proposed the Horizontal to Vertical Spectral Ratio 
(HVSR) method ambient noise became a popular tool to 
assess site response (e.g., Parolai et al. 2001; Del Monaco 
et al. 2013), that is, the resonance frequency and amplifica-
tion factor at a specific site, especially for those areas with 
minimal earthquake records. Recently several studies have 
implemented numerical modeling of HVSR curve values as 
a function of frequencies to estimate S-wave velocity pro-
files (e.g., Arai and Tokimatsu 2004; Castellaro and Mulargia 
2009). In the Taiwan Strong Motion Instrumentation Program 
(TSMIP) framework an Engineering Geological Database 
(EGDT) was constructed by the National Center for Research 
on Earthquake Engineering (NCREE) and Central Weather 
Bureau (CWB). This database included data logged from 
over 400 stations. Drilled station site classification has also 
been accomplished (Kuo et al. 2011a, b, 2012) according to 
the Vs30-based criteria of the National Earthquake Reduction 
Program (NEHRP) (BSSC 2001). Vs30 or site classes were 
utilized as a simple parameter in engineering applications, 
for example, regarding the seismic site effect when apply-
ing peak ground motion prediction equations, although some 
studies considered that Vs30 is weakly correlated with the 
site amplification factor (e.g., Castellaro et al. 2008). Ambi-
ent noise measurements were carried out as part of this study 
at 74 free-field stations in the TSMIP in southwestern Taiwan 

(Kaohsiung and Pingtung areas) (Fig. 1). Numerous strong 
motion stations were investigated through a drilling project. 
It was found that Vs30 data is available from the EGDT in 
this area. We analyzed the correlation between the ambient 
noise and the subsurface S-wave velocity variations by em-
ploying Vs30 as well as the ambient noise spectral ratios.

The study areas include Kaohsiung City and Pingtung 
County which are located north of the Western Foothills of 
Taiwan. The main geological formations outcropping in these 
areas, which comprise the Tashe Formation, Gutingkeng 
Formation, Linkou Conglomerate, Terrace Alluvium, and 
Holocene Alluvium, belong to Quaternary (Fig. 2). Others 
in the mountain area are Pliocene and Miocene. Most of the 
free-field TSMIP stations were distributed in the Pingtung 
Plain which is covered with unconsolidated alluvial sand and 
gravel deposits of recent age while Neogene rocks are dis-
tributed around the eastern plain border. Chiang (1971) in-
dicated that the plain sediments thickness thins from west to 
east according to the data from seismic surveys, deep bore-
holes, and surface geology. Therefore, the subsurface lay-
ers in the Pingtung Plain can be assimilated into simple flat 
horizontal layers and we assume the potential 2D/3D effects 
(Haghshenas et al. 2008) that might complicate the HVSR 
properties are negligible in this study area.

2. DATA ACQUISITION

A 24-bit SAMTAC-801B recorder and six-channel 

Fig. 1. Distributions of the free-field TSMIP (Taiwan Strong 
Motion Instrumentation Program) stations (black triangles) 
where the ambient noise measurements were conducted in 
southwestern Taiwan. The stations were mainly installed in the 
plains, especially in metropolitan areas.

Fig. 2. Geological map of the Kaohsiung and Pingtung regions. 
Q2 and Q3 denote the Pingtung Plain covered by the Quaternary 
sediments.
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VSE311C sensor with flat amplitude from 0.1 - 50 Hz (man-
ufactured by Tokyo Sokushin) were used to record ambi-
ent noise for this study. The sampling rate was set at 200 
points per second with a recording period of 18 minutes for 
each measurement. The ambient noise measurements were 
conducted next to the strong motion stations in order to en-
sure that the geological conditions of the measurement sites 
are identical to those of the stations. Ambient noise record-
ings were partitioned into windows with a length of 8192 
points (40.96 s) and a 6% cosine taper was implemented at 
both ends of each window. The recordings were checked 
and windows contaminated by exceptionally fluctuant noise 
were discarded in advance. The window number chosen for 
this study was above 20 to ensure that the averaged results 
are stable and reliable. The quadratic mean of the horizon-
tal Fourier spectra was calculated, smoothed 5 times using 
the three-point average method and then divided by the 
smoothed vertical Fourier spectrum to derive a single-sta-
tion HVSR, according to the expression:

HVSR F
(F ) (F )
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2
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where FEW, FNS, and FVert are the Fourier spectra in the east-
west, north-south and vertical directions. Averaging the HVSR 
from all time windows, the mean HVSR at a station was fi-
nally derived. The instrumental response function was thus 
eliminated during the procedure of the spectrum division.

Sites are commonly classified from the point of view 
of their response to seismic shaking based on Vs30 val-
ues. According to NEHRP’s provision the hardest rock 
site is class A, and the Vs30 at such a site must be higher 
than 1500 m s-1. A class B site has a Vs30 in the range of  
760 - 1500 m s-1, which indicates a firm to hard rock site. A 
class C site is on dense soils or soft rocks with a Vs30 in the 
range of 360 - 760 m s-1. A class D site is located on stiff soils 
and has a Vs30 in the range of 180 - 360 m s-1. The Vs30 of 
a soft soil class E site is less than 180 m s-1. HVSR values 
obtained from ambient noise measurements were compared 
with Vs30 data derived from EGDT data. The velocity pro-
files down to about 32 m were measured using a suspension 
PS-logging system at the majority of stations in the region. 
At station KAU048 the depth is 11 m for the measured veloc-
ity profiles. However, N values obtained from Standard Pen-
etration Tests carried out down to 15 m were used to correct 
Vs30 to 195 m s-1 due to the larger N-value at the bottom of 
the borehole, and thus the site was reclassified from classes E 
to D. Unlike other stations that were investigated in the study 
of Kuo et al. (2012), a suspension PS-logging system was not 
used to measure the velocity at KAU086. Instead, the S-wave 
velocity profile was calculated using the N-value profile via 
an empirical equation proposed by Kuo et al. (2012). The 
calculated Vs30 at this station is 213 m s-1 and thus classified 

as class D. The Vs30 at a total of 62 stations are available in 
southwestern Taiwan including 6 class B stations, 10 class C 
stations, 44 class D stations, and 2 class E stations.

Most of the strong motion stations in southwestern Tai-
wan are located in the plains and are classified as classes D 
or E without significant variations in the S-wave velocity at a 
depth of less than 30 m. Class C stations are distributed main-
ly in piedmonts with larger S-wave velocity variations in the 
near surface. The class B stations have relatively low veloc-
ity in the velocity range of this class. Vs30 values are below 
1000 m s-1 at 5 stations and higher than 1000 m s-1 at only one 
station. Figure 3 shows the cumulative percentage, for veloc-
ity steps of 50 m s-1, of sites with different average S-wave 
velocities down to four different depths, i.e., 5, 10, 20, and 30 
m, in this area. The highest cumulative rate is in the range of 
150 - 300 m s-1, indicating that the percentages of classes D 
and E are more than 70%. The divergence of the average S-
wave velocities in this range is inconspicuous. This suggests 
that no significant velocity increase with depth is present at 
classes D and E sites. A more substantial divergence of the 
average S-wave velocities with depth is observed in the range 
350 - 600 m s-1. This indicates that the S-wave velocity of 
class C sites increases substantially from depths of 5 to 30 m.  
This figure also shows that the number of classes C and D 
stations is larger than that of classes B and E stations.

3. PROPERTIES OF AMBIENT NOISE

HVSRs at the investigated strong motion stations were 
derived in accordance to the standard data processing steps in-
troduced in the above section except for the station KAU054 
(class C) where a typhoon forced the closure of the road. In 
this stage, only 61 of the 74 HVSRs were plotted using dif-
ferent colors according to the Vs30 from the logging data 
(Fig. 4). The resonant peaks of stations increase in frequency 
with increasing Vs30. Moreover, these HVSR curves were 
categorized into classes B, C, D, and E according to the site 
classification system of Kuo et al. (2012), taking into account 
the corrections at the two stations based on the N-values  
(Fig. 5). Some class B stations are situated on hard rocks, 
sometimes covered with a thin regolith layer and therefore 
the resonant HVSR peaks are unremarkable or at relatively 
higher frequencies with stronger amplifications. The class C 
stations which are located on soft rocks or stiff soils, have 
noticeable amplification at comparatively lower resonant fre-
quencies than class B. The HVSRs of classes D and E are 
evidently amplified at the resonant frequencies of around  
1 Hz, which is relatively lower than that of classes B and C. 
In summary, similarities of HVSRs in each class are well de-
fined as are the discrepancies between different classes.

Figure 6 shows the average HVSR values for the four 
classes: the differences in the curves and the dominant fre-
quencies of each class are clear. The resonant frequency of 
class B is higher than that of class C; class C is higher than 
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class D, and the resonant frequency of class E is clearly the 
lowest. The largest amplification was found in class E while 
class C showed the lowest amplification. However, the 
HVSR of class E is only available at two stations, thus the 
average HVSR for this class may be adjustable if HVSRs at 
more class E sites are available in this area.

4. DISCUSSION

A comparison between HVSR and Vs30 values ob-
tained for southwestern Taiwan sites shows a clear corre-
lation characterized by a linear trend (Fig. 7). We further 
carried out a linear regression for the data and obtained the 
result for Vs30 = 49.66Fo + 182.29, where Fo is the domi-
nant HVSR frequency with a determination coefficient of 
0.84. The line corresponding to the regression equation is 
shown in Fig. 7 as a black solid line with 95% confidence 
intervals represented by black dashed lines. Although the 
data sets show obvious scattering the above regression re-
sult can be a proxy of Vs30 using HVSR. The dominant 
frequencies for classes B and C overlap at around 9 - 10 Hz, 
and classes C and D overlap at around 3 - 5 Hz. For the class 
E sites, which are very few so that the Fo range for this class 
is not well constrained, the dominant frequencies are dis-
tributed within the class D range. It should be noted that the 
HVSR resonant peak frequency can assist in distinguishing 
the seismic site condition.

The Vs30 map of the research area shown in Fig. 8 uses 
the site classification result of Kuo et al. (2012). The map 
also includes several stations in Tainan and Taitung to cover 
a wider area in this contour range. Figure 9 shows the domi-
nant HVSR frequency map of ambient noise measured at  

74 KAU (Kaohsiung and Pingtung station code) strong mo-
tion stations. The distribution pattern shown in Fig. 8 is sim-
ilar to that in Fig. 1, so that Vs30 is believed correlated with 
topography (e.g., Wald and Allen 2007; Chiou and Youngs 
2008; Allen and Wald 2009). Therefore, we speculate Vs30 
can also be estimated using dominant frequency due to the 
similarity shown in Figs. 8 and 9 as well as the correlation 
shown in Fig. 7.

5. CONCLUSIONS

Ambient noise measurements in Kaohsiung and Ping-
tung were conducted considering the EGDT logging results 
to analyze the S-wave velocity properties at the near sur-
face. The dominant frequency contours are very similar 
to that of Vs30 and comparable with the topography. The 
dominant frequency is in the range of around 1 - 2.5 Hz in 
the plains with Vs30 values of 180 - 300 m s-1; over 4 Hz 
in the piedmont and mountainous areas with Vs30 values 
higher than 360 m s-1; at several sites near the coast is lower 
than 1 Hz with Vs30 values ranging between 100 - 240 m 
s-1. The resonant frequencies of class B ranges from 9 - 18 
Hz; approximately 3 - 10 Hz for class C; less than 5 Hz for 
class D; and approximately 1 Hz for class E. The regression 
result (Vs30 = 49.66Fo + 182.29) can be a fast assessment 
tool for Vs30 although the data show obvious scattering. 
The largest amplification was found in class E while class C 
showed the lowest amplification. Classes B and D showed 
similar amplifications. In addition, all of the classes may 
have a wide amplification factor range. We therefore con-
cluded that no obvious relation between the amplification of 
HVSR ambient noise and Vs30.

Fig. 3. Cumulative percentage of sites with different aver-
age S-wave velocities down to four different depths: 5, 10, 
20, and 30 m. Velocity data of different depths are also 
from EGDT (Kuo et al. 2012).

Fig. 4. HVSR of the 61 measured stations under different seismic site 
conditions with colors of corresponding Vs30. Two red curves are class 
E sites; yellow means class D sites; green denotes class C sites; blue 
indicates class B sites.
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Fig. 5. The categorized HVSR (Horizontal to Vertical Spectral Ratio) curves according to the site classification system of Kuo et al. (2012). From 
upper left are class B HVSR curves, upper right indicates class C, class D in the lower left, and lower right shows class E.

Fig. 6. HVSRs averages of site classes B, C, D, and E, respectively.

Fig. 7. Correlation between Vs30 and dominant frequency. Dia-
monds denote class B, squares denote class C, triangles denote 
class D, and circles denote class E. The resonant frequency shows 
a tangential linear increase with the Vs30. A linear regression re-
sulted in equation Vs30 = 49.66 Fo + 182.29 plotted as a black solid 
line with 95% confidence intervals (black dash line).



Kuo et al.210

The similarity between Vs30 and dominant frequency 
distributions indicates that the depth variations of the inter-
face between a soft shallower layer and a stiffer substratum 
can be detected by observing the dominant frequencies of 
ambient noise. When the sedimentary depth of a site is less 
than 30 m, it could be classes B or C. On the contrary, when 
the sedimentary depth is above 30 m, it may be classes D 
or E. The HVSRs indicate several stations with dominant 
frequencies lower than 1 Hz near the coast. However, one 
exception near the coast is the KAU003 station at the Na-
tional Sun Yat-sen University. This location has a dominant 
frequency that is higher than 15 Hz due to the station loca-
tion on limestone. The local observations of extremely low 
resonant frequencies were caused by the presence of very 
thick sediments whereas Vs30 does not seem sensitive to 
deeper interfaces between different velocity layers. This 
may imply that HVSRs are a better tool than Vs30 to clas-
sify the sites where bedrock is deeper than 30 m. The dis-
tributions of Vs30 as well as the averaged HVSRs are able 
to be used in site amplification corrections of strong motion 
prediction studies.

Ambient noise is also believed to be a cost and time 
effective tool for investigating variations in S-wave veloci-
ties in the shallow subsurface. This study confirms that the 
dominant HVSR frequency varies with Vs30 and indicates 
that HVSR is a better tool than Vs30 to classify sites where 
the bedrock is deeper than 30 m.
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