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Abstract—People have calculated Rayleigh-wave phase
velocities from vertical component of ambient seismic noise for
several years. Recently, researchers started to extract Love waves
from transverse component recordings of ambient noise, where
“transverse” is defined as the direction perpendicular to a great-
circle path or a line in small scale through observation sensors.
Most researches assumed Rayleigh waves could be negligible, but
Rayleigh waves can exist in the transverse component when Ray-
leigh waves propagate in other directions besides radial direction.
In study of data acquired in western Junggar Basin near Karamay
city, China, after processing the transverse component recordings
of ambient noise, we obtain two energy trends, which are distin-
guished with Rayleigh-wave and Love-wave phase velocities, in
the frequency—velocity domain using multichannel analysis of
surface waves (MASW). Rayleigh waves could be also extracted
from the transverse component data. Because Rayleigh-wave and
Love-wave phase velocities are close in high frequencies
(>0.1 Hz), two kinds of surface waves might be merged in the
frequency—velocity domain. Rayleigh-wave phase velocities may
be misidentified as Love-wave phase velocities. To get accurate
surface-wave phase velocities from the transverse component data
using seismic interferometry in investigating the shallow geology,
our results suggest using MASW to calculate real Love-wave phase
velocities.

Key words: Surface-wave phase velocity, seismic interfer-
ometry, multichannel analysis of surface waves.

1. Introduction

Ambient seismic noise contains surface waves
(SHAaPRO and CampiLLo 2004) and body waves (e.g.,
Roux et al. 2005; WANG et al. 2014a). It is more

' Subsurface Imaging and Sensing Laboratory, Institute of

Geophysics and Geomatics, The China University of Geosciences,
388 Rumo Rd., Wuhan, Hubei 430074, China. E-mail: jiang-
hai_xia@yahoo.com; jxia@cug.edu.cn

> Hubei Subsurface Multi-scale Imaging Key Laboratory,
Institute of Geophysics and Geomatics, The China University of
Geosciences, 388 Rumo Rd., Wuhan, Hubei 430074, China.

convenient to extract surface waves from ambient
noise, however, because surface waves possess
higher energy than body waves. Nowadays, ambient
noise is widely used to extract surface waves in
research (SHAPIRO et al. 2005) and engineering (PARK
et al. 2007; LN et al. 2013). Rayleigh waves could be
extracted in two main methods: spatial autocorrela-
tion method (SPAC) and seismic interferometry. The
common features of the two methods have been
studied (Prieto et al. 2009; Tsai and MOSCHETTI
2010).

SPAC method was firstly proposed by Axki (1957)
with sensors arrayed in a circle. Sensor-array was
simplified into line (CHAVEzZ-GARCiA et al. 2006;
MARGARYAN et al. 2009) and even only two sensors
(Morikawa et al. 2004; CHAVEZ-GARCIA et al. 2005).
It has been demonstrated that reliable Rayleigh-wave
phase velocities would be calculated with two sensors
using SPAC method (BoscHi et al. 2013).

Seismic interferometry, including cross-correla-
tion and cross-coherence, has been used to generate
empirical Green’s functions from ambient seismic
noise (WEAVER and Loskis 2001; CampiLLO and PauL
2003). Rayleigh-wave group velocities and phase
velocities can be calculated through the empirical
Green’s function between two sensors (SHAPIRO et al.
2005; Yao et al. 2006). Xu et al. (2013) used mul-
tichannel analysis of surface waves (MASW) (e.g.,
SoNG et al. 1989; Xia 2014) in imaging surface waves
by processing the empirical Green’s functions while
investigated the near surface.

Love waves could also be extracted from three-
component data or transverse component data using
seismic interferometry (NAKATA et al. 2011; Benm and
SNIEDER 2013). While analyzing the transverse com-
ponent of empirical Green’s functions, people used to
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focus on Love waves and neglect Rayleigh waves. In
real ambient noise, however, there are not only Love
waves but also Rayleigh waves propagating in hori-
zontal directions (Aki 1957). Noise sources were
assumed distributed randomly (ARral and TOKIMATSU
2004). Because some noise sources are distributed
away from the radial direction, the horizontal com-
ponents of Rayleigh waves which are stimulated by
the noise sources could be decomposed to the trans-
verse component. As a result, we could observe both
Love waves and Rayleigh waves in the transverse
direction (Oxkapa 2003). Through analyzing the
transverse component of empirical Green’s functions,
both Rayleigh waves and Love waves would be dis-
tinguished in the frequency—velocity (f-v) domain.

In this study, we process broadband three-com-
ponent ambient noise acquired in Xinjiang Province,
China, using SPAC and seismic interferometry. Ray-
leigh-wave phase velocities are calculated through the
two methods. We then focus on analyzing transverse
component of empirical Green’s functions in theory
and practice. The transverse component of empirical
Green’s functions is analyzed in the f~v domain using
the MASW method. Both Rayleigh waves and Love
waves are found in the f~v domain as theory indicates.
At last, we discuss influence of Rayleigh waves
existing in the transverse component data.

2. Data Acquisition

Ambient seismic noise data were recorded in
western Junggar Basin near Karamay city, China, in
this study for reconnaissance of mineral resources
and delineating deep-seated structures (Liu et al
2014; HE et al. 2015). The study site (Fig. 1) includes
deserts, a river, roads, and Karamay city. Deserts are
the main observation site, where there are few human
activities. A river and several roads cross the survey
line, which is plotted with red triangles (Fig. 1).
Although ambient noises may be due to the flowing
river and moving cars on the roads, the main noise
source is from the city where people’s activities and
traffic noise are strong enough to produce seismic
noise in 1-5 Hz (WANG et al. 2014b).

Karamay downtown is located 5 km away from
the east end of the survey line. The survey line is
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70 km long and about 76° from the north to the east
(NE). The entire survey line was covered by 35
broadband three-component seismometers (120 s to
50 Hz) with a 1 km interval in three rounds. The 71
observation points in total were named W00, WO1 to
W70 (red triangles in Fig. 1). Each round was over-
lapped with a distance about 17 km and lasted around
16 days. Seismometers recorded ambient seismic
noise in vertical, north and east directions at a 100 Hz
sampling rate.

3. Calculating Rayleigh-Wave Phase Velocities

Vertical component of ambient noise is domi-
nated by Rayleigh-wave energy. Rayleigh-wave
phase velocities have always been calculated by
processing the vertical component data (Ak1 1957;
LN et al. 2008). We process the vertical component
data by referring to the procedures proposed by
BENSEN et al. (2007) in three steps: data preparation,
cross-coherence, and phase velocity measurement.

3.1. Data Preparation

Means and trends of raw data are removed in data
preparation. To remove waves outside the target
frequency band (0.5-5 Hz), band-pass filter between
0.1 and 15 Hz is applied to the data. Then the data are
cut into same window-length (1 h) sections. Large
events (such as earthquakes) are removed using
temporal normalization with an iterative water-level
normalization algorithm discussed by BENSEN et al.
(2007). We set three times of standard deviation as
the water-level, and down-weight amplitude above it
iteratively until the entire waveform is below the
water-level. Using this method, the amplitude could
be fully preserved if there are no big earthquakes in
raw data (Fig. 2). Even if earthquakes are obvious in
raw data (Fig. 3a) and after band-pass filtering
(Fig. 3b), they will disappear through the temporal
normalization (Fig. 3c, d).

3.2. Cross-Coherence

Cross-coherence is calculated between two sen-
sors (for example, A and B). We calculate the spectral
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Figure 1
A site map of the study field. Each red triangle represents an observation point. A river and roads are pointed out with black line. The insects
show the geographical location of the study site in China with the black star
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Figure 2
Data before and after temporal normalization. a After a mean and a

trend are removed from raw data, the data are band-pass filtered
between 0.1 and 15 Hz. b The data in a are temporal normalized

cross-coherence H,p; of ith time-window section
with following equation:

UgUp ;
Hap = — 2B |
AR }MA,iHMB,i} M)

where u, ; is spectrum of sensor A’s ith time-window
record and asterisk denotes a complex conjugate.
Here we adopt cross-coherence instead of cross-cor-
relation, because cross-coherence possesses better
ability to reduce the influence of random noise
(NakATA et al. 2011). Equation 1 indicates that cross-
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Figure 3

The record containing earthquakes before and after temporal
normalization. a The record is processed as Fig. 2a. b The data in
a are band-pass filtered between 0.5 and 5 Hz. The signal of
earthquakes still remains in the band. ¢ The data in a are temporal
normalized. The signal of earthquakes disappears. d The data in
¢ are band-pass filtered between 0.5 and 5 Hz. The earthquakes are
still invisible. So the signal of earthquake is removed fully

coherence could be recognized as pre-whitening plus
cross-correlation in the frequency domain (PRIETO
et al. 2009). The cross-coherences H,p,; are stacked
to obtain final results H,p with following equation:

N
Hyp = ZHABJ (2)

where N is the total number of time-window sections.

3.3. Phase Velocity Measurement

Phase velocity could be calculated from the final
result Hsp in the frequency domain and the time



1118 Z. Xu et al.

domain. In the frequency domain, the real part of
averaged cross-coherence is SPAC coefficient p(w, r)
(Fig. 4a) (CHAVEZ-GARCIA et al. 2005; EKSTROM et al.
2009) and the SPAC coefficient is equal to J0< wr

c(w)
as following equation (Ak1 1957; Oxapa 2003):

plo.n) = Real (o)) = 0(25) )

where Jj is the Bessel function of the first kind, zero
order, r is distance between two sensors (A and B),
and c(w) is phase velocity at frequency . Phase
velocity could be calculated using the frequency of
zero crossings (EKSTROM et al. 2009; Luo et al. 2012),
crests and troughs (Ak1 1957) in the SPAC coeffi-
cients with equation

clwn) =22 (4)
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Figure 4

Calculating Rayleigh-wave phase velocities through SPAC
method. a The real part of averaged spectral cross-coherence
between W37 and W43. b Triangles represent calculated results of
Eq. 5. Upward triangles represent crests in a, and downward
triangles represent troughs in a. According to the range of
Rayleigh-wave phase velocity (from 3 to 2.5 km/s, between 1
and 5 Hz in this area), triangles near the blue line are appropriate
and selected as Rayleigh-wave phase velocities. The blue line
represents the smooth results of the selected phase velocities
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where ,, denotes the frequency of the nth observed
zero crossing, crest or trough and z, denotes the nth
observed zero crossing, crest or trough of J,. In
practice, because random noise in spectrum could
cause missed or extra zero crossings, crests or
troughs, a set of estimated c,,(w,) based on Eq. 4 are
calculated
Wt

Zn+2m

where m equals 0, £ 1, & 2,..., indicating the num-
ber of the missed or extra ones (EKSTROM et al. 2009).

We choose crests and troughs instead of zero
crossings to calculate phase velocity, because crests
and troughs could be detected from random noise
with their high amplitude. Using Eq. 5, a set of phase
velocities could be calculated (Fig. 4b). Because
Rayleigh waves dominate in the vertical component
data, the calculated phase velocities are mainly due to
Rayleigh waves. We identify fundamental mode
Rayleigh-wave phase velocities (triangles near the
blue line in Fig. 4b) within a reasonable range (from
3 to 2.5 km/s, from 1 to 5 Hz in this area).

Stacked cross-coherence Hyp(f) in the time
domain could be used to generate empirical Green’s
function Gp(f) (SNIEDER 2004; LiN et al. 2008) with

H
—dgilj(t)ogt<oo. (6)

GAB (l) =

This step could also enhance signal at high
frequencies (SaBra et al. 2005a, b).

Green’s function between two sensors could be
recognized as shooting at one sensor, recording at the
other. The vertical component of empirical Green’s
functions between a certain and several other sensors
could be formed as a common-shot gather (Fig. 5a),
where surface waves can be observed clearly. The
pseudo shot-gather is transformed into the f~v domain
using high-resolution linear Radon transform (Luo
et al. 2008). A continuous energy trend can be seen in
the f~v domain (Fig. 5b), and phase velocities could
be picked by following the energy peak.

It is well known that the imaginary part of spectral
Green’s function for Rayleigh waves has the shape of
a Bessel function in a homogeneous medium (Tsal
and MoscreTTI 2010; BoscHr et al. 2013). So seismic
interferometry and SPAC could generate similar
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Figure 5
a The vertical component of empirical Green’s functions (band-
pass filtered between 0.5 and 5 Hz) between W30 and W30 to W45
are arrayed. b The pseudo shot-gather in a (where W30 is a virtual
shooting point, W37 to W43 are receivers) is analyzed in the f-
v domain. The energy trend is calculated using high-resolution
linear Radon transform (Luo et al. 2008) and represents Rayleigh
waves. Black dots represent results calculated through SPAC
method and gray squares represent results calculated by Yao’s
method (Yao et al. 2006)

phase velocity in a homogeneous medium. Particu-
larly, in this study, Rayleigh-wave phase velocities
obtained through the two methods show good con-
sistency (Fig. 5b).

The reliability of the obtained Rayleigh-wave
phase velocities is further ensured by comparing the
obtained and results of another method (Yao et al.
2006). The Rayleigh-wave phase velocities estimated
using Yao’s method also agree well with results of
seismic interferometry and SPAC (Fig. 5b). It is
obvious that we could obtain similar Rayleigh-wave
phase velocities through these three different
methods.
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4. Calculating Love-Wave Phase Velocities

4.1. Theory

People usually extract Love waves from the
transverse component that is perpendicular to the
direction of a great-circle path or a line in small scale
through observation sensors in ambient seismic noise
(LN et al. 2008; NAKATA et al. 2011). The transverse
component data contain Rayleigh waves and Love
waves (Okapa 2003). If the transverse component
data of two sensors (for example, A and B) are
processed with seismic interferometry, the equation
of seismic interferometry in the frequency domain
(here we use cross-correlation as example) is as
followings:

N

*
E Ua,illg ;

i

Z {(uA,R,i tuari)(upg; +ug;;) (7)

7
N

_ * *

= E (Uarillp g ; + Ua Rl ;
7

* *
T UsLiUg R T ”A,L,i“B,L,i)

where usg; and wu,y; indicates the spectrum of
Rayleigh waves and Love waves in the transverse
record within sensor A’s ith time-window sec-
tion. Here we only deal with Rayleigh waves and
Love waves included in the transverse component
data and neglect other irregular or weak noise. Ray-
leigh waves and Love waves are assumed to be
mutually uncorrelated (Okapa 2003; CHoO et al
2006). So Eq. 7 can be further derived as

N
* * * *
UARUR R ; T UARUR ;T UALiUR R ; T UALUR [ ;
f

N
~ * *
~ E (”A.,R,i“B,R,i + “A,L‘i”&L,i)

(3)

Rayleigh waves and Love waves exist in the
cross-correlation of the transverse component data
(Eq. 8). The two kinds of waves also exist in cross-
coherence, because whitened cross-correlation is
equivalent to cross-coherence (PrieTo ef al. 2009);
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it has been proven that there are the two kinds of
waves in the real part of spectral cross-coherence for
the transverse component (Aki 1957; Oxkapa 2003;
Cho et al. 2006). So the transverse component of
empirical Green’s function also includes the two
kinds of waves.

4.2. Practice

To demonstrate this phenomenon, we analyze the
transverse component of empirical Green’s functions
in the f~v domain and distinguish Rayleigh waves and
Love waves.

The transverse component of ambient seismic
noises is acquired through observation in transverse
direction (NAKATA et al. 2011) or recovering from
north and east components (LN ef al. 2008; BEam and
SnieDER  2013). Here we rotate north and east
components (N and E) into the transverse component
(T) with following equation:

T =Ncosf — Esinf 9)

where 0 represents the angle between direction of the
survey line and east direction (Fig. 6).

By processing the transverse component data with
the same procedures of seismic interferometry dis-
cussed in the previous sections, we could achieve
empirical Green’s functions. The empirical Green’s
functions are arrayed to form a pseudo shot-gather
(Fig. 7a). The dispersion image in the f-v domain
presents two dispersion energy trends. The two
energy trends suggest two kinds of dispersive waves
which possess different velocities at each frequency
(Fig. 7b). The two kinds of surface waves will be
demonstrated to be Rayleigh waves and Love waves

Figure 6
Ilustration of how transverse (7) component is defined between
two sensors (A and B)
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with determined Rayleigh-wave and Love-wave
phase velocities in the followings.

Rayleigh-wave phase velocities obtained using
vertical component data through SPAC (black dots in
Fig. 7b) are very close to the lower-velocity energy
trend. It indicates that the lower-velocity energy trend
represents Rayleigh waves. So the energy of Rayleigh
waves exists in the transverse component of empirical
Green’s functions.

With the Rayleigh-wave phase
(Fig. 5b), we could obtain a multi-layer shear-wave
velocity model (Xia ef al. 1999) as the inversion

velocities
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Figure 7
a The transverse component of empirical Green’s functions (band-
pass filtered between 0.5 and 5 Hz) between W33 and W33 to W48
are arrayed. b The pseudo shot-gather in a (where W33 is a virtual
shooting point, W37 to W43 are receivers) is analyzed in the f-
v domain using high-resolution linear Radon transform (Luo et al.
2008). Black dots represent the Rayleigh-wave phase velocities
calculated in Fig. 4b; gray squares represent the forward calculated
Love-wave phase velocities discussed in Sect. 4.2
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result, then Love-wave phase velocities (gray squares
in Fig. 7b) can be calculated through forward mod-
eling (ScuwaB and Kwnoporr 1970). The forward
calculated Love-wave phase velocities agree with
velocity of the higher-velocity energy trend, indicat-
ing that the higher-velocity energy trend is due to
Love waves.

As Fig. 7b shows, the two energy trends are close
to each other. So these two trends would merge and
probably be misidentified as one trend (the energy
trend in Fig. 8) with methods (such as Yao et al.’s
method 2006) that neglect Rayleigh waves exist. The
misidentified energy trend would be the mixture of
Love waves and Rayleigh waves, instead of true Love
waves. As a result, slightly lower Love-wave phase
velocities and an inversion result with lower shear-
wave velocity would be obtained.

5. Discussion

5.1. Assessing Bias in Phase Velocities

There would be bias in measured surface-wave
phase velocities from the real ones due to uneven
ambient energy noise distribution (YanG and Rirz-
woLLER 2008). The bias is found to be slight and
below 5 % (Yao and van DEr HiLst 2009). The bias
could be smaller if more noise sources were within

Phase velocity (km/s)

1 1.5 2 2.5
Frequency (Hz)

Figure 8
Love waves imaging using Yao’s method (2006) with the empirical
Green’s function between W37 and W43. Black dots represent the
Rayleigh-wave phase velocities calculated in Fig. 4b; gray squares
represent the forward calculated Love-wave phase velocities
discussed in Sect. 4.2
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the Fresenel zone where plane waves propagate with
an angle aside the direction of a survey line (the angle
is from 0° to 28.9° and from 331.1° to 360° in a
homogeneous media), because energy of noise
sources in the Fresenel zone controls recovering
empirical Green’s function (YAo and vaN DErR HiLsT
2009). Besides noise sources distributed in the
Fresenel zone, long time recording and 2D array
could also reduce the bias in measured surface-wave
phase velocities (A1 1957; Yao and van DErR HiLst
2009).

In our study site, the main noise source is found to
be the Karamay city based on the results of beam-
forming analysis (WANG et al. 2014b). Because the
city is distributed in the Fresenel zone of the survey
line (Fig. 1), the obtained Rayleigh-wave and Love-
wave phase velocities are reliable. Inverted multi-
layer shear-wave velocity models are also reliable
due to the stability of inversion (Xia et al. 1999).

5.2. Calculating Real Love-Wave Phase Velocities

Methods that neglect Rayleigh waves exist would
misidentify Love-wave phase velocities dealing with
the transverse component of ambient seismic noise in
this paper. Those methods are based on one empirical
Green’s function between two sensors. Waveforms of
surface waves in the empirical Green’s function are
important for calculating phase velocity of the
surface waves (Yao et al. 2006; LN et al. 2008).
Because the phase velocities of Rayleigh and Love
waves are close at high frequencies (>0.1 Hz) and
distance between two sensors in this paper is short
(e.g., 6 km), arrival times of the two kinds of waves
are very close. As a result, the waveforms of Love
waves and Rayleigh waves would be merged (Fig. 9).
There is only one peak of waveforms (red line in
Fig. 9) in the transverse component near the peak of
Rayleigh waves in the vertical component (black line
in Fig. 9). So the waveforms in the transverse
component must include the two kinds of waves.
Information of Love waves may not be identified in
the waveforms of single empirical Green’s function
so that true Love-wave phase velocities could hardly
be calculated. Love-wave phase velocities, which are
slightly lower than the real ones, could be obtained
using those methods at high frequencies in this study.
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Amplitude

Time (s)

Figure 9
The transverse component (red line) of empirical Green’s function
extracted from the transverse component data and the vertical
component (black line) of empirical Green’s function extracted
from the vertical component data between W37 and W43. Both are
band-pass filtered between 0.5 and 5 Hz, and normalized

Those methods (Yao et al. 2006; LIN et al. 2008)
based on one Green’s function could only calculate
fundamental Rayleigh-wave or Love-wave phase
velocities, but MASW is based on several Green’s
functions. And MASW could image different surface
waves, like fundamental and higher-mode surface
waves, in the f~v domain simultaneously (XiA et al.
2003). So we adopt MASW to obtain Love-wave
phase velocities in the frequency band (0.5-5 Hz). As
a result, Rayleigh waves and Love waves could both
be imaged (Fig. 7b). Love waves at high frequencies
are important in investigating the shallow geology
while the distance between sensors is limited to
several hundred meters, even meters. MASW is
suitable for calculating Love-wave phase velocities in
investigating the near surface. MASW does require
dense networks of sensors, and this requirement could
be easily met in investigating the shallow geology.

It does not mean that true Love-wave phase
velocity could not be calculated using those methods
(Yao et al. 2006; LiN et al. 2008) in other situations.
When ambient seismic noise in a low frequency band
(e.g., 0.01-0.1 Hz) is researched and the distance
between sensors is several hundred kilometers, the
velocities of Rayleigh and Love waves are in large
difference. In this situation, the arrival times and
waveforms of the two kinds of waves could be
distinctively separated from each other.
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6. Conclusions

Rayleigh waves and Love waves both could be
extracted from the transverse component data using
seismic interferometry, because horizontal compo-
nents of ambient seismic noise possess the two kinds
of waves. We demonstrate it in both theory and
practice.

Rayleigh waves and Love waves can be imaged in
the f~v domain after processing the transverse com-
ponent data in this paper. Rayleigh-wave and Love-
wave phase velocities are so close at high frequencies
that the energy of two waves could merge in the f-
v domain. If we neglect Rayleigh waves, the merged
energy trend may be misidentified as Love waves.
Consequently, we would calculate Love-wave phase
velocities which are slightly lower than the real ones
in this study, which results in a multi-layer model
with lower shear-wave velocities after inversion.

We recommend, in investigating the shallow
geology, using MASW with the high-resolution linear
Radon transform (Luo er al. 2008) to calculate real
Love-wave phase velocities from the results of seis-
mic interferometry.
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