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Abstract Surface wave methods are non-invasive, low-cost, and robust approaches
to image near-surface S-wave velocity (Vs) structure. In terms of the energy source
types, they can be classified in two groups: active-source surface wave methods and
passive-source surface wave methods. A clean and high-resolution dispersion image
is critical for the subsequent dispersion curve picking as well as Vs inversion for
either the active-source surface wave methods or the passive-source surface wave
methods. However, aliasing or other artifacts are almost inevitable in surface wave
dispersion measurements in practice, and they can seriously pollute the measured
dispersion spectra. It is significant to figure out how they are generated, how they
affect the dispersion measurement, and how they can be attenuated. We provide
the first comprehensive review on artifacts that are frequently observed in surface
wave dispersion measurements, and summary them into three general types, in-
cluding artifacts from spare spatial sampling, artifacts from array response, and
artifacts from weak coherent signals. Both numerical and field examples, as well as
mathematic derivations, are presented to help reader understand the generations
of the various types artifacts and the way to attenuate them. This work will help
us understand the complex components on the measured surface wave dispersion
spectra, and lead to potential improvements on dispersion measurements.
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2 Cheng and Xia

1 Introduction

Surface waves are guided and dispersive. Shear (S)-wave velocity structure can be
determined by inverting the dispersive phase velocity of surface waves (Dorman
and Ewing, 1962), due to the higher sensitivity of dispersion curve to S-wave
velocity than other earth properties, like compressional (P)-wave velocity, bulk
density, and thickness, for a layered earth model (Xia et al., 1999). Surface wave
methods, particularly techniques based on analysis of Rayleigh wave dispersion,
have been widely utilized at multiple scales in engineering as well as classical
geological studies (Miller et al., 1999; Xia et al., 1999, 2009; Socco et al., 2010;
Nakata et al., 2011; Foti et al., 2018) with advantages in terms of both cost,
acquisition time, and robustness in a variety of contexts. They can be classified
in two groups associated with the energy source type: active-source surface wave
methods and passive-source surface wave methods.

Active-source surface wave methods use hammers (Park et al., 1999), weight
drops (Xia et al., 2000), or vibrators (Miller et al., 1999) as seismic sources. Stokoe
and Nazarian (1983) and Nazarian et al. (1983) present the SASW method (spec-
tral analysis of surface waves), which analyzes the dispersion curve of Rayleigh
waves to produce near-surface S-wave velocity profiles. To improve inherent diffi-
culties in evaluating and distinguishing signal from noise with only a pair of re-
ceivers in SASW measurements, the multichannel analysis of surface wave (MASW)
method, typically using multiple geophones (i.e., 12-24), was developed (Song
et al., 1989; Miller et al., 1999; Park et al., 1999; Xia et al., 1999, 2003, 2009;
Socco et al., 2010; Park and Carnevale, 2010; Pan et al., 2019). With the devel-
opment of horizontal excitation source as well as the multiple component instru-
ments, multichannel analysis of Love wave (MALW) also draws more and more
attentions (Song et al., 1989; Winsborrow et al., 2003; Safani et al., 2005; Zeng
et al., 2007; Eslick et al., 2008; Xia et al., 2012; Yin et al., 2014; Pan et al., 2016a;
Mi et al., 2018, 2020). A key step in the MASW, as well as MALW, is to generate
reliable and high-resolution dispersion spectra; accurate dispersion curves can then
be manually or automatically picked by following peaks of dispersion spectra along
different frequencies and finally inverted for 1D Vs profiles. Several techniques are
available for surface wave dispersion spectra calculation: the 7 — p transformation
(McMechan and Yedlin, 1981), the f — k transformation (Yilmaz, 1987, p.430),
the phase-shift method (Park et al., 1998), the frequency decomposition and slant
stacking method (Xia et al., 2007), and the high-resolution linear Radon transfor-
mation (HLRT, Luo et al., 2008). Love wave dispersion measurements are usually
simpler and cleaner than Rayleigh wave because Love waves are independent of P
wave velocity.

The passive-source surface wave methods use ambient seismic energy from
natural or anthropogenic sources (e.g., small earthquakes (Poupinet et al., 1984),
ocean-seafloor interaction (Lepore and Grad, 2020), traffic (Nakata et al., 2011),
industrial activities (Pan et al., 2016b)). During the past two decades, passive-
source surface wave methods have gained booming development from the geo-
physical and civil engineering communities because of the logistical challenge and
cost from traditional seismic surveys in highly populated urban areas. In fact, the
first passive-source surface wave study originates over 60 years ago in pioneer-
ing works by Aki (1957, 1965), which is known as spatial autocorrelation (SPAC)
method. Okada and Suto (2003) provided a comprehensive review of the SPAC
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method and further extended the SPAC method using microtremor array mea-
surement (MAM) to improve the flexibility of the receiver configuration and the
investigation depth of the objective structure. Aki’s work has been revisited in
light of advances of ambient noise interferometry technique following the ground-
breaking work of Campillo and Paul (2003). Ambient noise interferometry is known
for estimation Green’s function between two receivers from the ambient seismic
field (Shapiro and Campillo, 2004; Snieder, 2004; Wapenaar, 2004; Bensen et al.,
2007; Snieder et al., 2009; Nakata et al., 2015). This approach has been applied
to characterize multiple scales of earth structure: from global scale or continen-
tal scale deep-structure imaging in seismology (e.g., Yang et al., 2007; Lin et al.,
2008; Yao and van der Hilst, 2009; Lin et al., 2009; Strobbia and Cassiani, 2011)
to local scale exploration (e.g., Bakulin and Calvert, 2006; Wapenaar et al., 2008;
Draganov et al., 2009; Nakata et al., 2011; Ali et al., 2013; Behm et al., 2014;
Nakata et al., 2016; Castellanos et al., 2020).

Over the last decade, ambient noise interferometry has also found a variety
of applications in the near-surface characterization domain (e.g., Foti et al., 2011;
O’Connell and Turner, 2011; Xu et al., 2013; Cheng et al., 2015; Foti et al., 2018;
Dou et al., 2017; Cheng et al., 2018a). Since ambient noise interferometry tech-
nique turns the physical receivers into virtual sources, it offers the potential to
apply active-source methods, e.g., the phase-shift method, to the retrieved sur-
face waves (Le Feuvre et al., 2015). Cheng et al. (2016) provided a method by
combining ambient noise interferometry and multichannel analysis of surface wave
for passive-source surface wave dispersion imaging, called multichannel analysis
of passive surface waves (MAPS). In fact, several approaches have already ex-
isted and been popular in the seismic engineering communities in early 2000s.
Louie (2001) presented the refraction microtremor (ReMi) method as a fast and
effective passive-source surface wave imaging method based on the 7 — p transfor-
mation, or slant-stacking (Thorson and Claerbout, 1985). Park et al. (2004) in-
troduced a similar strategy for dispersion imaging of passive-source surface waves
using the phase-shift method, called passive multichannel analysis of surface wave
(PMASW).

Based on the data processing schemes of the previously mentioned passive-
source surface wave methods, they can be roughly divided into two groups: non-
interferometric methods (e.g., ReMi and PMASW) and interferometric methods
(e.g., MAPS and SPAC). Non-interferometric methods directly extract dispersion
measurements from ambient seismic records (Louie, 2001; Park et al., 2004), while
interferometric methods calculate interferograms before dispersion measurements
is applied, where interferograms are either empirical Green’s function (Cheng et al.,
2016; Xu et al., 2017) or spatial autocorrelation coeflicients, also known as spatially
averaged coherency (Asten, 2006; Chéavez-Garcia et al., 2006). Severals studies
have provided explicit relationships between Green’s function (or cross-correlation
functions) and spatial autocorrelation results (Asten, 2006; Nakahara, 2006; Tsai
and Moschetti, 2010; Haney et al., 2012). Interferometric methods appear more
reasonable for utilization in passive-source seismic surveys. Because they retrieve
interpretable signals with a specified virtual source (e.g., Green’s function or spa-
tially averaged coherency) from ambient seismic records, the process of dispersion
analysis is analogous to active-source surface wave analysis (e.g., MASW). Re-
cent works have argued that interferometric methods have advantages over non-
interferometric methods (Cheng et al., 2016; Xu et al., 2017). Cheng et al. (In
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4 Cheng and Xia

reviewb) provided comprehensive comparisons between non-interferometric and in-
terferometric passive-source surface wave imaging methods, and concluded that the
interferometric methods have the superiority for more accurate dispersion imaging
in terms of the linear acquisition system.

No matter for the active-source surface wave methods or the passive-source
surface wave methods, a clean and high-resolution dispersion image without alias-
ing or artifacts is critical for the subsequent dispersion curve picking as well as Vs
inversion. Compared with the active-source methods, the passive-source methods
have the advantage of extending the depth of investigation due to the broader
bandwidth from abundant passive sources, particularly at lower frequencies. Since
the temporal and spatial distribution of ambient noise sources are unknown, mean-
while, the passive-source methods also suffer from incoherent noises, particularly
at higher frequencies. Aliasing or artifacts are almost inevitable for either active-
source or passive-source surface wave surveys, although the former can usually
provide much better dispersion measurements. Several studies have attempted to
improve surface wave dispersion measurements, for example, by enhancing disper-
sion imaging resolution (Luo et al., 2008; Mikesell et al., 2017), and by deblurring
of surface wave dispersion spectra (Picozzi et al., 2010; Cheng et al., In reviewa),
and by analyzing and filtering surface wave energy (Park et al., 2002; Ivanov et al.,
2005), and by selective stacking noise segments for passive-source surface wave dis-
persion imaging (Cheng et al., 2018b, 2019; Pang et al., 2019). Only a few studies
were devoted to investigate how the aliasing or artifacts are generated, and how to
attenuate them. Turner (1990) presented the aliasing problems in the 7 — p trans-
form due to the insufficient spatial sampling. Cheng et al. (2018b) first discussed a
kind of ”crossed” artifacts for high-frequency passive-source surface wave surveys,
explained the underlying physics and proposed an effective way to attenuate them
by using FK-based data selection. Dai et al. (2018) discussed the effects due to
aliasing on wavefield decomposition.

In this work, we seek to provide a comprehensive review on artifacts that are
frequently observed in surface wave dispersion measurements, and explore how
they generate and how to eliminate them. The current paper is organized as follows.
We first review the existing surface wave methods, including both active-source
and passive-source methods, from the data processing workflow to the mathe-
matic derivations of dispersion imaging scheme. Next, we summary three types of
artifacts in surface wave dispersion measurements, including artifacts from spare
spatial sampling, artifacts from array response, and artifacts from weak coherent
signals. Both numerical examples and field examples, as well as mathematic deriva-
tions, are presented to help reader understand the generations of these different
types artifacts and the way to attenuate them. We also make further discuss on
artifacts from the non-interferometric methods and the directional noise sources,
which directly affect the real dispersion energy and produce biased dispersion infor-
mations. Finally, we present a brief conclusions, as well as some recommendations,
for surface wave dispersion imaging.

In this paper, we use terminology ’high-frequency surface wave’ to limit the
scope of this work to near surface scale including most of passive-source surface
wave surveys with frequency band above 1Hz as well as active-source surface wave
surveys with frequency band usually above 10Hz. The frequency band (> 1Hz) is
relative higher compared to the long period ( > 30s) for teleseismic surface waves
used in global scale ambient noise applications. We focus on high-frequency (>
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artifacts in surface wave imaging 5

1Hz) surface waves because they contribute significantly to urban seismic noise in
a broad frequency range from 1Hz to more than 45 Hz with maximum amplitudes
between 1 and 10 Hz (Groos and Ritter, 2009). Besides, it is worth noting that
this work focuses on the linear receiver array, which is often deployed for both
passive-source and active-source surface wave investigations because of its high
efficiency and convenience. In populated urban areas, it is challenging to construct
dense 2-D arrays due to the spatial restrictions imposed by existing infrastructures.
Linear receiver arrays are a natural geometry for road-side investigations utilizing
receivers deployed on shoulders or median strip areas. Linear array techniques are
also useful when processing distributed acoustic sensing (DAS) datasets, a recently
developed technique which utilizes subsurface fiber-optic cables to capture earth
vibrations for seismic imaging (Dou et al., 2017; Ajo-Franklin et al., 2019; Zhan,
2019).

2 Surface wave methods

Figure.1 provides a general flowchart for both the active-source surface wave meth-
ods and the passive-source surface wave methods. In order to explore the under-
lying physics of the potential aliasing as well as artifacts, we briefly review the
workflow for both the active-source surface wave methods (e.g., MASW) and the
passive-source surface methods (e.g., MAPS), and introduce the mathematic back-
ground for the corresponding dispersion measurement technique.

2.1 Active-source surface wave methods

The MASW method utilizes a multichannel recording system to estimate near-
surface S-wave velocity from high-frequency Rayleigh waves. It usually consists of
four steps: (a) acquisition of wide-band, high-frequency ground roll using a multi-
channel recording system (e.g., Song et al., 1989); (2) creation of linear algorithms
to transform the time-offset (z—t) domain wavefield into frequency-velocity (f —v)
or frequency-wavenumber (f — k) domain dispersion spectra (e.g., Yilmaz, 1987;
McMechan and Yedlin, 1981; Park et al., 1998; Xia et al., 2007; Luo et al., 2008);
(3) extraction of accurate 1D dispersion curves manually or automatically (e.g.,
Dai et al., 2020; Ren et al., 2020); (4) development of stable and efficient inversion
algorithms to obtain S-wave velocity profiles (e.g., Xia et al., 1999; Wathelet et al.,
2004; Maraschini et al., 2010).

Dispersion measurement (imaging) is the vital step for surface wave methods.
Slant-stacking algorithm has been primarily used as an array-based data processing
method to extract phase velocity dispersion information from Rayleigh (e.g., Xia
et al., 2009) and Love wave (e.g., Xia et al., 2012) for land seismic survey and
Scholte wave for marine seismic survey (e.g., Bohlen et al., 2004). The phase-shift
method (Park et al., 1998) is a typical presentation of frequency-domain slant-
stacking method, which is popular for its efficiency and accuracy. Considering the
similarity between different algorithms (e.g., Yilmaz, 1987; McMechan and Yedlin,
1981; Park et al., 1998; Xia et al., 2007; Luo et al., 2008), we focus on the phase-
shift method to introduce the mathematic background. It will lead us to explore
the underlying physics for the generation of the potential aliasing or artifacts.



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

[§ Cheng and Xia

Considering the offset-time (z — t) domain representation u(x,t) of a shot
gather, the Fourier transform can be applied to time axis to obtain the frequency-
offset (f — ) domain wavefield U(f, z),

U(f,z) = /u(x,t)ei%ftdt, (1)

where, the i denotes the imaginary unit. To obtain the frequency-velocity (f —
v) domain dispersion spectra, the phase-shift method applies the slant-stacking
algorithm on the phase term of U(f, z), or the whitened f — z domain wavefield,

N
_ 27 fa;/v U(.f7 xj)

B0 =12 T G | ®
where, E(f, v) is the measured dispersion spectra; x; denotes the offset, j € (1..N).
e'?™Fi/v denotes the phase-shift term associated with the scanning velocity v at
frequency f.

Following Aki and Richards (2002), a typical harmonic plane wave U(f, z) can
be expressed as

U(f,x) = A(f,z)e' o 2mhom), (3)

where, ¢o is the initial phase term; ko is wavenumber which is associated with the
theoretical dispersion curve by k = f/v. Thus, we can simplify eq.2 by replacing
U(f,x) with eq.3,

2wk A(f, ;pj)ei(@)*?ﬂ'koxj)
|A(f, .Z'j)ei(d’o—Zﬂ'komj) |

N
E(f,k)=|> e

j=1

N
- Z ei¢>gei(27rk72rrk0)x]-| (4)
j=1

eiQw(k—kU)zJ |

] =

~
~

Jj=1

The energy peaks of E(f, k) will be observed where k is approaching to the accurate
dispersion curve ko of the coherent signal.

2.2 Passive-source surface wave methods

Figure.1 also presents the basic data processing schemes for two groups passive-
source surface wave methods: the non-interferometric methods, for example, ReMi
(Louie, 2001) and PMASW (Park et al., 2004), and the interferometric methods for
example, MAPS (Cheng et al., 2016) and SPAC (Chévez-Garcia et al., 2006). The
key difference between the active-source and passive-source surface methods is that
the later requires sufficient temporal and/or spectral ensemble averaging/stacking
to enhance the coherent signals as well as cancel the incoherent signals from the
inhomogeneous noise source distribution.
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The data processing wokflow before dispersion picking and inversion is made
up of four steps:

(1) Observation of the continuous and long-duration ambient noise records. In
general, tens minutes duration is sufficient for urban passive-source surface wave
survey.

(2) Splitting the continuous time series into short overlapped time segments. Ac-
cording to our experiences, a 20s window is good to ensure sufficient noise sources
propagation range, as well as the efficiency of the ensemble averaging; too large a
stack count will increase computing costs. We usually apply 75% overlap on each
segment to increase the stack count.

(3) Preprocessing on the short time segment to remove potential near-field inter-
ferences and extend frequency bandwidth. The basic data preprocessing includes
tapering two ends, removing the mean, linear trend, dead traces, as well as instru-
ment response as necessary, temporal normalization, and spectral whitening, for
each individual time segment.

(4) Dispersion spectra measurement which is different for the non-interferometric
and interferometric method as indicated on Figure.1. As for the non-interferometric
methods, e.g., PMASW and ReMi, active-source surface wave dispersion imaging
algorithm will be directly applied on a series of preprocessed noise data; next the
obtained dispersion spectra for each short time segment will be stacked to get the
final improved dispersion spectra. As for the interferometric methods, e.g., MAPS
and SPAC, cross-correlation or cross-coherence interferograms between each inter-
station pair will be calculated and stacked along the time direction before the
subsequent dispersion measurement.

Since the non-interferometric methods employ the same active-source disper-
sion imaging scheme as we previously described, we will not go through the deriva-
tion here. Severals studies have provided explicit relationships between Green’s
function (or cross-correlation functions) and spatial autocorrelation results (As-
ten, 2006; Nakahara, 2006; Tsai and Moschetti, 2010; Haney et al., 2012). For
simplicity, we focus on the interferometric method, MAPS, to introduce the math-
ematic background for the dispersion imaging.

We follow the conventions in Cheng et al. (In reviewb) to present the cross-
correlation spectrum Cy, », as

C’9617392 = U(l‘l, w)u*(azg, w)

ok —i2wkoxy i2wkox -~ (5)
Z(e ’ 16 ’ 2) +C$17$27

Jj=1

where, Cy, z, is the cross term; w is the angle frequency; u(z1,w) and u(z2,w)
indicate the ambient noise spectral wavefield following the representation u(z,w) =
Z;V:Sl '(Wts; =2mkors; =2mko) (6 14 in Cheng et al. (In reviewb)) for the in-line
source distribution case.

Because noise sources are assumed to be uncorrelated in time and space, and
the contribution of each source to the cross-correlation function could be deter-
mined independently (Tromp et al., 2010; Lawrence et al., 2013), the cross term
Cq, .z, 18 negligible with a sufficiently time-averaged ensemble. Applying the en-
semble averaging along the time direction yields the cross-correlation spectrum
here (C#,,z,) under the in-line source distribution
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N
<Ca:1,x2> _ <Z(e—z2wkuzlez2ﬂkuzz) + Cwl,m2>
=1 (6)

~ o i2mhom 2
= )
where, (...) indicates the ensemble averaging. We employ the slant-stacking algo-
rithm by replacing the wavefield U(f,z) in eq.2 with ensemble averaged cross-
correlation spectrum (Cyz, z,) to obtain the MAPS representation

N-1 N . «c \
B(f,k)=1> > e?rhemn Zminl |
1 nem 1 HCz, 20 )]
N-1 N (7)
=10 3o iR,
m=1n=m+1
where, Zﬁ;} ,]j:m 41 denotes the C?% inter-station cross-correlation pairs. The

energy peaks of E(f, k) will be observed where k is approaching to the accurate
dispersion curve ko of the coherent signal. Eq.7 demonstrates the ability of the
interferometric method to produce the accurate dispersion curve. Reader is referred
to Cheng et al. (In reviewb) for more details about the derivation for passive-
source surface wave dispersion imaging, including the approximation and bias for
the non-interferometric methods.

3 Artifacts in surface wave dispersion imaging

It is well-known that the active-source surface wave surveys usually provides much
better and cleaner dispersion spectra than the passive-source surveys. In prac-
tice, however, aliasing or artifacts are almost inevitable for either active-source or
passive-source surface wave surveys. We summary three types of artifacts that are
frequently observed in surface wave dispersion spectra, and explore the underlying
physics for the generation of these artifacts, as well as the solution to eliminate or
attenuate them.

Note that as a review work, all field examples included in this work have
already been reported before for various purposes. Most of the details about data
collection and basic data processing have been omitted to force on the discussion
about artifacts. Reader is invited to the corresponding reference for more details.
Part of the measurements in this work might be different from the initial reports
because of the difference on some specific data processing. For clearer presentation,
all dispersion images in this work, except for Figure.10, have been normalized along
the frequency direction.

3.1 Artifacts from spare spatial sampling

Spatial aliasing is a kind of artifacts due to undersampling or poor reconstruction.
Therefore, it is usually related to the high frequencies. Several studies have been
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s carried out to understand the aliasing (Turner, 1990; Li et al., 1991; Rafaely et al.,
su  2007; Yan et al., 2016; Dai et al., 2018). In this work, we present a unique prospec-
312 tive on the generation of spatial aliasing in surface wave dispersion imaging.

313 Based on the derivations for the surface wave dispersion measurement (eq.4 and
su eq.7), we will observe the energy peaks of E(f, k) when the scanning wavenumber
a5k = f/v for the phase-shift method is approaching to the accurate dispersion curve
36 ko of the coherent signal. Due to the similarity between eq.4 and eq.7, we focus
a7 on the later to explore the underlying physics of the generation of spatial aliasing.
s Besides, the spatial aliasing is not a common issue for the active-source surface
39 wave surveys due to their dense sampling acquisitions.

320 Given the evenly sampled acquisition system, which is commonly used in near-
s surface surface wave survey, we define 2., = (m — n) * dx for simplicity, where
32 dx denotes the spatial interval. We modify eq.7 using Euler formula as

N-1 N

= | > cos{2n(k — ko)wm,n} + i * sin{2m(k — ko)Tm,n}|
m=1n=m+1
N-1 N

= cos{2m(m — n)(k — ko)dz} + i * sin{2w(m — n)(k — ko)dzx}|.

(8)

23 According to the periodicity of trigonometric function, kg is not the unique solution
24 for eq.8. We list four potential solutions beyond ko as follows:

k:k07é7 (ko > 0) (9a)
k=ko+ 2, (ko >0) (9b)
k= —ko+ %, (ko < 0) (9¢)
k= %, (ko < dz) (9d)

»s  where, j denotes an non-negative integer value. Given a sufficient large dx, the
326 aliasing k£ in eq.9 would posses high possibility to be located at the target window
327 approaching ko. Eq.9 presents the underlying physics for four types of aliasing
s energy that could be observed on surface wave dispersion spectra, particularly with
39 the spare geometries. Figure.2 presents an example of four types of aliasing in f—wv
s domain with different spatial sampling intervals, dz = 2m (a) and dz = 10m (b).
31 The black curve shows the theoretical dispersion curve calculated from a four-layer
s earth model (Tab.1) by Knopoff’s method (Schwab and Knopoff, 1972). We predict
333 four types of spatial aliasing based on eq.9 with j = 1,2, 3. Four different colored
3 curves, red, blue, cyan, green, indicate four different types of spatial aliasing,
35 respectively. Figure.2 clearly illustrates the different characteristics for different
336 types of spatial aliasing. It also explains one fact that spatial aliasing absolutely
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10 Cheng and Xia

exists but will only be observed in relatively spare geometries since our interested
windows on f — v domain are limited. We further introduce three typical field
examples to help reader understand these different types of spatial aliasing.

3.1.1 Spatial aliasing artifacts: type A and type B

According to eq.9a and 9b, the type A spatial aliasing has the less possibility to
be observed on the low velocity surface wave target window compared to type B,
because of the smaller wavenumber value which indicates the higher velocity value
for a specific frequency. It is seldom to observe both types of spatial aliasing on the
same surface wave dispersion image (Foti et al., 2018), although we can frequently
observe type B spatial aliasing on surface wave dispersion spectra images. Here we
present a typical example which was first reported by Hu et al. (2016). Figure.3a
shows a 145-channel common-shot-point (CSP) gather with 10m spatial interval
and 29.5m nearest offset, and both surface waves (ground-roll wave) and body
waves are visible. Figure.3b displays the dispersion spectra obtained by using the
phase-shift method. The multi-mode surface waves energy with low velocity (<
0.5km/s) and low frequency (< 10Hz) can be observed on the bottom left of
Figure.3b. However, the dispersion spectra is dominated by the non-dispersive
body waves, which are represented by the strong horizontal dispersion energy
belts around 1.8km/s (the blue dotted line). Weak air waves energy is also visible
at velocity around 0.34km/s as indicated by the red dotted line. Based on eq.9,
we are able to predict any type of spatial aliasing for all observed wave types
by replacing the objective dispersion curve ko with the picked dispersion energy
peaks of surface waves, body waves, and air waves. We find the type A spatial
aliasing from air wave and the type B spatial aliasing from the body wave are
located inside the spectra window, and match well with the artifacts energy at the
top right (the red diamond curves) and at the bottom right (the blue dash-dot
curves) of Figure.3b, respectively. Although the spatial aliasing from the surface
waves are not observed on the objective spectra range, the good match between
the predicted aliasing and the observed artifacts convince us the derivation on the
spatial aliasing (eq.9).

3.1.2 Spatial aliasing artifacts: type C

According to eq.9c, the type C spatial aliasing will be generated when ko < 0. It in-
dicates the slant-stacking algorithm is scanning a reverse propagating surface wave
instead of the normal forward propagating one (ko > 0). In fact, eq.9c¢ is consistent
with the finding by Cheng et al. (2018b), which firstly demonstrated the existence
of a type of ”crossed” aliasing due to the bidirectional velocity scanning in the
dispersion analysis. It usually happens to the non-interferometric passive-source
surface wave methods, because they include both the forward and the reverse veloc-
ity during the slant-stacking scanning procedure, and sum the dispersion spectra
from both directions in order to account for the possible bidirectional nature of the
recorded passive-source surface waves. In general, the summation operator in the
non-interferometric methods is reasonable and safe because the propagation direc-
tion of the incoming surface wave is unclear. However, this ambiguity produces the
“crossed” aliasing in dispersion measurement, which is exactly the type C spatial
aliasing discussed in this work, and the “crossed” aliasing could seriously smear
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the dispersion energy, particularly at the higher frequency band and the higher
oder components.

We present an example of the type C spatial aliasing on Figure.4 from 10-min
traffic noise records with a 24 vertical-component receiver array. The spatial in-
terval is 10m. The same dataset has been first reported by Cheng et al. (2018b).
Based on eq.9c, we predict the spatial aliasing using the picked multi-mode dis-
persion curves from each dispersion measurement, separately. The predicated type
C spatial aliasing generally matches with the ”crossed” artifacts (Figs. 4a, b and
¢), although distortions exist due to errors from dispersion curve picking.

We observe only MAPS method produces the clean dispersion spectra (Fig.4d)
because the direction of the scanning velocity can be defined by the retrieved em-
pirical Green’s function or interferograms. Besides, Cheng et al. (2018b) provided
an effective technique with FK-based data-selection to attenuate this type of alias-
ing. Xi et al. (2020) proposed to use the Wiener filter based on singular value
decomposition (SVD) to attenuate the “crossed” artifacts. The existence of weak
“crossed” aliasing in the SPAC measurement (Fig.4c) is supposed to be directly
related with the bidirectional characteristic of Bessel function or Hankel function
(Forbriger, 2003), and can be attenuated by replacing the Bessel function used in
SPAC with the adaptive Hankel functions (Xi et al., In Review).

3.1.3 Spatial aliasing artifacts: type D

According to eq.9d, the type D spatial aliasing is independent with the real dis-
persion energy, and possesses a series of constant wavenumber values. Therefore,
it is much easier to be distinguished on surface wave dispersion spectra. On the
contrary, the other three types of spatial aliasing are dependent with the real
dispersion energy, and these aliasing energy will present the similar energy distri-
bution along the frequency direction as the real dispersion energy.

Figure.5 shows an example of the type D spatial aliasing. The dataset consists
of 16 days ambient noise data recorded by 35 broadband seismometers (Trillium
120 P/PA), which has been reported by Xu et al. (2016) and Pan et al. (2016b). The
spatial interval is around 1km. We apply ambient noise interferometry to retrieve
the coherent Rayleigh waves from the vertical component. We stack over all inter-
station pairs into discrete offset bins (Fig.5a) to further enhance the coherent
signals. The bin size of the spatial stacking is of 1km. Figure.5b presents the
obtained dispersion spectra using MAPS. The distinct linear artifacts can be easily
distinguished as the type D spatial aliasing using the predicted aliasing (the green
dashed line) from eq.9d.

Since the type D spatial aliasing presents as linear artifacts with constant
wavenumber, it can be easily attenuated in f — k domain using filter techniques,
for example, the median filter and the FK filter. Figure.5c displays an example
of aliasing attenuation using the FK filter. The dispersion spectra has been sig-
nificantly improved with the extended frequency bandwidth and the attenuated
distortions at low frequencies. However, some weak linear aliasing artifacts still
exist at high frequency due to the leakage of the FK filter.

According to the Nyquist theorem, we can define the maximum wavenumber
as the two times of the Nyquist wavenumber, kmqr = 2 * 2*1dx = d—lgg. kmaez can
be taken as an effective quality control factor for surface wave dispersion imaging,
and provide a reference for the available maximum frequency boundary.
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3.2 Artifacts from array response

Array geometry configuration is vital for seismic acquisitions. Eq.9 demonstrates
the spatial aliasing is directly associated with the spatial sampling interval, which
controls the maximum wavenumber observed with the array. It usually affects the
ability of the array for high frequency seismic signals acquisition. Nevertheless,
the ability for the minimum wavenumber is dominated by the length of the array
with the relationship (kmin = m), which can be taken as the absolute
wavenumber resolution according to the Fourier analysis. It indicates the maximum
array length (L) affects the imaging resolution of the surface wave dispersion
spectra.

Here we employ the array response function (ARF) concept to present the
influence of the array geometry on dispersion measurement (Capon, 1969; Rost
and Thomas, 2002; Picozzi et al., 2010; Liu et al., 2020). The array response
function is also called the array smooth function (ASF) as the spectral estimator
in some literatures (Johnson and Dudgeon, 1993; Boiero and Socco, 2011; Bergamo
et al., 2012). We define the ARF as

N
ARF(k) = |y e/ Fkolzs), (10)

i=1

For comparison, two numerical tests with different array lengths, 50m (Fig.6a)
and 250m (Fig.6b), are carried out to generate 15-min ambient noise records with
the random distributed sources configuration. Reader is referred to Cheng et al.
(2016) for more details about ambient noise modeling. Figure.7a presents the cor-
responding normalized ARFs for two arrays. We observe the ARF curve (the pink
curve) of the shorter array posses the broader (lower kurtosis) main lobe and dis-
tinct side lobes. As for the slantstacking-based dispersion imaging methods, the
main lobe of the ARF determines the imaging resolution. Figure.7b and Figure.7c
present the obtained dispersion spectra using the MAPS method for two arrays.
We overlay the dispersion spectra with the ARF curves. For a specific frequency,
i.e. 17THz on Figure.7b and Figure.7c, the main lobes of the ARFs match well with
the dominant dispersion energy bandwidth, and the peaks of ARFs are consistent
with the peaks of the accurate dispersion energy. In general, the shorter array
produces lower resolution spectral imaging, and vice versa.

The weak wiggles around the dominant dispersion energy (as indicated by the
black arrows on Fig.7b) coincide with the side lobes of the ARFs, and can be
taken as artifacts from the array response. In practice, the array response artifacts
on dispersion spectra might be misidentified as weak higher modes. Moreover,
the wiggles could emphasize smearing from the incoherent noise on the dispersion
spectra. Therefore, Cheng et al. (In reviewa) proposed a phase-weighted slant-
stacking technique for surface wave dispersion measurement in order to enhance
coherent signals as well as attenuate artifacts from array response on dispersion
spectra.

kmin controls not only the imaging resolution but also the limitation of the bot-
tom frequency for the dispersion measurement. Because the minimum wavenumber
is linearly associated with the lowest frequency for most of the increasing velocity
earth model. We carry out two similar numerical tests based on two arrays with
different array lengths, 100m and 20m, to generate 15-min ambient noise records
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with the same random distributed source configuration as indicated on Figure.6.
We apply the MAPS method on the generated noise records from two arrays to
obtain dispersion spectra (Fig.8). Note that no data preprocessing operator is
included prior to noise cross-correlation to avoid potential effects from the pre-
processing operators, like spectra whitening, on the frequency bandwidth of the
dispersion spectra. Figure.8 shows that the obtained dispersion spectra coincides
with the accurate dispersion curve before the scanning wavenumber reaches kp,in
as indicated by the pink dashed line. The dispersion energy below kn,;n is biased
from the accurate dispersion curve because the scanning wavenumber is beyond
the absolution resolution of wavenumber (Kmin).

Therefore, we can approximately regard k.., as a quality control indicator
to avoid the artifacts. It is worth noticing that it is possible to enhance the ap-
parent wavenumber resolution by increasing the sampling number of the Fourier
transform, for example, padding zero-value traces (Cerna and Harvey, 2000). It
indicates kmin is not a strict limitation, because the minimum scanning wavenum-
ber in field application is possible to go beyond kinin. But kmqn can still provide
a soft reference for the available minimum frequency boundary.

3.3 Artifacts from weak coherent signals: the radial pattern artifacts

The frequency band of observed seismic record is finite, and usually dependent
on the source spectrum distribution. In general, for the hammer activated sur-
face waves, the observed frequency band is usually above 10Hz; for the traffic-
induced surface waves in urban area, the observed frequency band is usually be-
tween 1Hz and 10Hz. If we force the mathematic algorithms to measure surface
wave dispersion spectra beyond the recorded frequency band, artifacts will be pro-
duced. For example, if we give a very small value to U(f,z), the computation of
U(f,z)/|U(f,z)| in eq.2 will be unstable. For the scanning frequencies beyond the
acceptable frequency band, the measurement of eq.4 will be dominated by the term
e*?™*% which is associated with the array response and is frequency independent.
Thus, it will produce artifacts with constant wavenumber values which present as
radial pattern energy on f — v domain dispersion spectra. We call this type of
artifacts as radial pattern artifacts. Besides, the type D spatial aliasing can also
be taken as one special case of radial pattern artifacts.

Here, we present one active-source numerical example and two passive-source
field examples to introduce the radial pattern artifacts, and, more importantly,
discuss the influences from different data processing procedures on attenuation of
this type of artifacts.

3.8.1 Numerical example

An active-source surface wave shot gather from a two-layer earth model (Table.2)
was generated using a finite-difference solver, SOFI2D (Bohlen, 2002), with a 25Hz
ricker wavelet and 30m nearest offset. Figure.9a shows the synthetic Rayleigh wave
observed with a 60-channel linear receiver array with 1m spatial interval. Figure.9b
displays the corresponding dispersion measurement obtained using the phase-shift
method. We can observe distinct radial pattern energy at the high frequency (>
65Hz) band as well noisy artifacts at the lower frequency (< 5Hz) band. After
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spectral analysis, we find these artifacts at two ends are co-located with the weak
spectrum energy, where the spectrum amplitudes are approaching to zero (Fig.9¢c).

In order to better display the characteristic of the radial pattern artifacts, we
present the obtained dispersion spectra without frequency-direction normalization
on both f — k domain (the top panels on Fig.10) and f — v domain (the bottom
panels on Fig.10), respectively. Note that we break the frequency axis to empha-
size the lower frequency band. On the f —k domain dispersion spectra, a series of
horizontal artifacts are located at two ends as indicated by the black arrows; on
the f —v domain dispersion spectra, a series of radial pattern artifacts are located
at two ends as indicated by the black arrows. It coincides with our previous dis-
cussions that dispersion imaging beyond the recorded frequency band will produce
radial pattern artifacts. Besides, we can also distinguish the consistency between
the horizontal artifacts at lower frequency (< 5Hz) and wiggles from the array
response artifacts at the higher frequency (> 6Hz). It indicates the connection
between the array response and the radial pattern artifacts, and the possibility to
attenuate the radial pattern artifacts by attenuating the array response artifacts
as previously described.

3.8.2 Field example #1

Figure.11 presents a passive-source field example of the radial pattern artifacts.
5-min ambient noise data were recorded by a linear array of 38 Zland nodes (5
Hz) with 2ms sampling rate and 1m spatial-interval. The dataset has been first re-
ported by Liu et al. (2020). Figure.11a shows the bin-stacked virtual source gather
retrieved from ambient noise interferometry without noise data whitening prepro-
cessing (Bensen et al., 2007). We apply the MAPS method for dispersion analysis.
The obtained dispersion spectra presents two distinct radial pattern artifacts as
highlighted by the black dashed line. We can also observe weak spatial aliasing
at the right bottom. After including the whitening preprocessing procedure prior
to the cross-correlation, however, we observe the mentioned two types of artifacts
have been significantly eliminated on the obtained dispersion spectra (Fig.12a).
It indicates the spectral whitening preprocessing is able to attenuate the strong
radial pattern artifacts.

Ambient noise whitening is an important data preprocessing technique, which
aims to balance the noise spectrum and extend the frequency bandwidth of the
retrieved coherent signals from ambient noise cross-correlation. In order to fig-
ure out the influences of the spectral whitening on cross-correlation, we apply
spectral analysis on the extracted cross-correlations. Two different colored curves
on Figure.12b shows the normalized spectrum of the cross-correlations without
whitening (the dark blue curve) and with whitening (the pink curve), respectively.
We observe the distinct enhancement of the spectrum energy at lower frequency
band (< 5Hz) after whitening. Besides, the spectrum energy has been balanced
between the frequencies below and above 15Hz. It indicates spectrum balance from
the spectral whitening preprocessing makes contribution to the attenuation of the
radial pattern artifacts.

According to Prieto et al. (2009), performing cross-correlation with spectral
whitening is strictly equivalent to calculating the cross-coherence Hy, .,
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u(z1,w)u™ (T2, w)

Hzy oy = (11)
In some degree, it indicates the advantage of cross-coherence over cross-correlation
in passive-source surface wave imaging (Nakata et al., 2011). However, pseudo ar-
rivals generated by spectral whitening or cross-coherence with scattered waves
should also be aware of, particularly for the low frequency targets (Nakata, 2020).
It is worth noticing that some spikes on the spectrum (the pink curves) have
been enhanced after whitening, and these spikes are associated with the spikes on
the dispersion spectra around frequencies, 22Hz, 31Hz, 39Hz. The conventional
spectral de-spiking processing (Girard and Shragge, 2019) seems to fail to remove
these spikes on dispersion spectra, since the slant-stacking algorithm will empha-
size them even after spectral de-spiking. Further studies are required to attenuate
these spikes on dispersion spectra.

|u(zr, w)lfu(zz, w)|

3.3.83 Field example #2

According to eq.7, MAPS includes the whole C% inter-station cross-correlation
pairs for dispersion imaging. However, many passive-source surface wave applica-
tions using ambient noise cross-correlation only include one virtual-source gather
(Cy) located at one end of the receiver array (Zhang et al., 2020; Li et al., 2020),
because they still follow the conventional active-source surface wave, e.g., MASW,
acquisition strategy. It means many useful informations will be wasted. On the
other hand, the array responses for one virtual-source gather and multiple virtual-
sources gather are also different. Figure.13 shows a comparison between ARF's
for one virtual-source gather (C}; inter-station pairs) and multiple virtual-sources
gather (C% inter-station pairs). Here we take an array of 24 sensors with 10m spa-
tial interval as example. The ARF of multiple virtual-sources gather (the black
curve) shows smoother side lobes than that of one virtual-source gather (the
red dashed curve). Compared with the wiggles of one virtual-source gather, the
smoother side lobes decrease the possibility to be coupled with incoherent noise.

Here, we present an example to show the performances of the interferomet-
ric method, MAPS, on dispersion imaging with different virtual-source gathers.
The dataset has been first reported by Cheng et al. (2019), which was collected
along a busy railway over 30-min using a 24-channel linear array. The spatial
interval is 10m. We first apply ambient noise interferometric to retrieve empiri-
cal Green’s functions. Figure.14a presents the configuration of virtual source and
virtual receiver for the multiple virtual-sources gather. Figure.14b displays the re-
trieved C% inter-station cross-correlation pairs. The yellow box highlights the one
virtual-source gather with the first trace as the virtual source.

Figure.15 shows a comparison between the obtained dispersion spectra by using
one virtual-source gather (Fig.15a) and the whole multiple virtual-sources gather
(Fig.15b). With more data included, the dispersion spectra from the multiple
virtual-sources gather is more continuous and much cleaner with less distortions
and less radial pattern artifacts. Although spectral whitening is applied prior to
cross-correlation for both dispersion measurements, radial pattern artifacts still
exist on Figure.15a and Figure.15b as indicated by the black dashed lines. It indi-
cates spectral whitening does not apply to all datasets for radial pattern artifacts
attenuation. In fact, no one technique can do that.



608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

16 Cheng and Xia

Data-selection is an important technique for data quality control. Several stud-
ies have successfully applied data-selection on passive-source surface wave imaging
(e.g., Cheng et al., 2018b; Zhou et al., 2018; Cheng et al., 2019; Pang et al., 2019).
Here, we present an example of radial pattern artifacts attenuation (Fig.16) after
applying automatic data selection in 7—p domain (Cheng et al., 2019). We observe
the dispersion spectra has been much improved with the radial pattern artifacts
significantly attenuated. Reader is referred to Cheng et al. (2019) for more details
about the data selection technique.

4 Discussion

As the first review work on the artifacts in surface wave dispersion imaging, we
admit that we might not be able to include all the existing artifacts but the
presented three types of artifacts in this work are significant for understanding
the complex components on the dispersion measurements and lay a foundation for
the further work.

All previously mentioned artifacts, including spatial aliasing, array response
artifacts, and radial pattern artifacts, present as the external energy, which usually
exists around the accurate dispersion energy but could seriously smear the accurate
dispersion peaks. However, there are also some artifacts that directly affect the
real dispersion energy and produce biased dispersion informations. Here, we discuss
two types of these artifacts: artifacts from the non-interferometric passive-source
methods, and artifacts from the directional noise sources.

4.1 Artifacts from the non-interferometric passive-source methods

Cheng et al. (In reviewb) presents a comprehensive comparison between the non-
interferometric methods and the interferometric methods. Numerical tests and
field examples demonstrate that the non-interferometric methods cannot provide
accurate dispersion measurement as the interferometric methods under the off-line
distributed sources, e.g., away from the roadside. Compared with the accurate
dispersion spectra that can be obtained from the interferometric methods, these
biased dispersion energy measured by the non-interferometric methods can be
taken as artifacts.

Here we present an example of the artifacts from the non-interferometric meth-
ods. The dataset is reported by Cheng et al. (In reviewb). A linear array of 48
RefTek 125A digitizers connected to 2.5 Hz vertical-component geophones was
deployed along a busy road with an offset around 20~30m from the survey line
to the road. Figure.17 presents a comparison of the obtained dispersion spectra
between the non-interferometric methods, PMASW (Fig.17a) and ReMi(Fig.17b),
and the interferometric methods, SPAC (Fig.17c) and MAPS (Fig.17d). The black
crosses indicate the picked dispersion curve based on the MAPS measurement. The
shifts between the dispersion energy peaks from the non-interferometric dispersion
measurements and the picked dispersion peaks indicate the biases produced by the
non-interferometric methods. Therefore, Louie (2001) indicated that an interpreter
must pick the lower edge of energy peaks of phase velocities on the ReMi mea-
surements, rather than the dispersion energy peaks, and hypothesized that the
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off-line triggered sources caused the higher apparent velocities. However, this bias
phenomenon is not unique to the ReMi method but is relevant to all linear-array-
based non-interferometric passive-source surface wave methods. Cheng et al. (In
reviewb) provided a way to estimate the biases in non-interferometric measure-
ments by using the defined array smoothing function (ASF).

4.2 Artifacts from directional noise sources

It is well known that the empirical Green’s function can be extracted by cross-
correlating two receivers under the random distributed noise sources. In practice,
the noise source distribution is rarely perfect random but inhomogeneous. Cheng
et al. (2016) presented that the directional noise sources could produce biased
cross-correlations, as well as dispersion measurements, particularly for linear re-
ceiver array. In order to attenuate the azimuthal effect on dispersion measurements,
Cheng et al. (2016) proposed to apply azimuthal adjustment to the slant-stacking
algorithm for accurate dispersion imaging. It still remains a realistic challenge for
azimuth detection using the linear array. In order to obtain the accurate dispersion
measurement based on the linear array, Liu et al. (2020) adapted the frequently
used linear receiver array into the pseudo-linear array by adding two more off-line
receivers to increase the array response to off-line signals.

We apply the 2D ARF concept to explain the limitation of linear array. For
the consistency, we simply adapt the ARF on eq.10 from 1D to 2D as,

N
ARF(IC, 0) _ | Z eik(zj0059+yJ sinf)—ikq(xjcosbo+y;sinby) |7 (12)
j=1

where, x; and y; indicates the receiver location in Cartesian coordinates. 2D ARF
has the ability to illustrate the array response or beamforming resolution to a plane
wave. Figure.18 presents a comparison of ARFs between the linear array (the left
panel) and the pseudo-linear array (the right panel). We take a plane wave at
frequency 15Hz and velocity 0.3km/s as example. We observe that the multiple
beamer peaks for the linear array can not focalize to the target azimuth and veloc-
ity; while the adapted pseudo-linear array shows the high resolution response to
the input plane wave with beamer energy peaks focalized at the accurate location
(the pink circle). It indicates the linear array can not solve the 2D beamforming
problems that simultaneously includes azimuth and velocity. Thus, Cheng et al.
(2016) suggested to define an average velocity for azimuth detection. However, the
pseudo-linear array geometry provides a solution in a clever way.

5 Conclusions

We summary three types of artifacts that are frequently observed in surface wave
dispersion measurements, including the artifacts from spare spatial sampling, arti-
facts from the array response, and artifacts from weak coherent signals. We present
how these artifacts are generated and how these artifacts can be attenuated. It will
help us understand the complex components on obtained surface wave dispersion
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spectra, and lead to potential improvements on dispersion measurements. It also
suggests us:

(1) the shorter spatial interval dz will extend the maximum wavenumber kmaqq,
and usually leads to higher top frequency limitation that can be observed on
dispersion spectra;

(2) the longer array length L will increase the dispersion imaging resolution
with the smaller minimum wavenumber k., and usually leads to lower bottom
frequency limitation that can be observed on dispersion spectra;

(3) the spectral whitening is critical to broaden frequency bandwidth for surface
wave dispersion imaging, particularly for the passive-source surface wave imaging;

(4) the cross-coherence algorithm is recommended for the applications of the
interferometric methods, since it has the advantage of including spectral whitening
when cross-correlating;

(4) the multiple virtual-sources gather (C%) is prior to the one virtual-source
gather (C}) for passive-source surface wave imaging, which will increase the data
utilization and attenuate the array response artifacts.

Considering the limitation of the expensive instruments, the shorter spatial
interval and the longer array length are always in conflict for the conventional
nodal-based or cable-based seismic survey. We have to make a trade-off between
the higher frequency limitation with the denser array and the lower frequency re-
quirement with the longer array. However, recent advances in distributed acoustic
sensing (DAS) acquisition provide routes to solve these problems; DAS in particu-
lar allows for acquisition over tens of kilometers while providing spatial sampling
in the meter range, thus enabling local surface wave analysis with high fidelity
(Ajo-Franklin et al., 2019).
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Layer number Vp(m/s) Vs(m/s) p(g/cm3) h(m)
1 400 800 2.0 10
2 200 400 2.0 10
3 600 1200 2.0 10
Half-space 800 1600 2.0 Infinite
Table 1 Parameters of a four-layer model.
Layer number  Vp(m/s) Vs(m/s) p(g/cm?) h(m)
1 200 800 2.0 10
Half-space 400 1200 2.0 Infinite

Table 2 Parameters of a two-layer model.
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retical dispersion curve. . . . . . . . ... ..o 33
a-b present the obtained dispersion spectra without frequency-direction
normalization in f — k domain; c-d present the obtained dispersion
spectra without frequency-direction normalization in f —v domain.
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Fig. 1 Flowchart for two types of surface wave methods, the active-source method (the left
panel) and the passive-source method (the right panel).
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Fig. 2 A comparison of the predicted spatial aliasing with different spatial sampling, de = 2m
(a) and dz = 10m (b). The black curves show the theoretical dispersion curve; four colored, red,
blue, cyan, green, dotted curves represent four types, A, B, C, D, spatial aliasing, respectively.
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Fig. 3 An example of the type A and B spatial aliasing. a). the observed seismic shot gather;
b). the obtained dispersion measurement. The red dotted line indicates the weak air wave
energy; the red diamond curves represent the predicted type A spatial aliasing from air wave;
the blue dotted line indicates the non-dispersive body wave energy; the blue dash-dot curves
represent the predicted type B spatial aliasing.
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Fig. 6 Random noise sources and receivers configurations for seismic noise modeling with
different array length, 50m (a) and 250m (b). The black dots denote the receivers; the random
sources are color coded by the random source impulse time.
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Fig. 7 a) Array response functions for two linear arrays with different array lengths, 50m
(the pink line) and 250m (the gray line). b-c present the corresponding dispersion spectra for
two linear arrays, respectively. The black dashed lines in b and c are the theoretical dispersion
curves; two colored, pink and gray, solid lines are the corresponding ARFs at frequency 17 Hz;
the black arrows on b indicate the wiggles artifacts from the array response.
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lines indicate the minimum wavenumber (or the maximum wavelength) inferred from the array
length; the black dashed lines represent the theoretical dispersion curve. Note that no data
preprocessing procedure is included prior to noise cross-correlation.
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Fig. 9 a). A synthetic active-source surface wave shot gather; b). the obtained dispersion
spectra using the phase-shift method; ¢). the normalized spectrum. The black dashed line on
b represents the theoretical dispersion curve.

f-k domain
0.4
— a b
Ié 0.3 40
9]
Ke]
€ 02
)
5]
30
> 01 .
=
0 =4
f-v domain 5
— d M20 %
0 g
~ oS
IS i ¥ <
=3 -~
> e
= R
(%] L
o E o H10
q) 1] -~
> -
[0] _/"
2
< 5=
& = —— ; = 0
2 4 6 8 10 20 40 60 80
Frequency (Hz) Frequency (Hz)

Fig. 10 a-b present the obtained dispersion spectra without frequency-direction normalization
in f — k domain; c-d present the obtained dispersion spectra without frequency-direction
normalization in f — v domain. The black dashed arrows on a and b indicate the horizontal
artifacts with constant wavenumber; the black dashed arrows on ¢ and d indicate the radial
pattern artifacts; the pink box highlights the consistency between the horizontal artifacts at
lower frequency (< 5Hz) and wiggles artifacts from the array response artifacts at the higher
frequency (> 6Hz).
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Fig. 11 An example of the radial pattern artifacts for field example #1. a). The bin-stacked
virtual source gather retrieved from ambient noise interferometry without noise data prepro-
cessing. The bin-size is 1m. b). Dispersion measurement with distinct artifacts. The black
dashed lines highlight the radial pattern artifacts.
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Fig. 12 a). Dispersion spectra with spectral whitening included prior to cross-correlation.
The blue dotted line indicates the minimum wavenumber (or the maximum wavelength) in-
ferred from the array length; the blue dashed line indicates the maximum wavenumber (or the
minimum wavelength) inferred from two times of the Nyquist wavenumber (kmaz = 2 * ﬁ)
b). The spectrum of extracted cross-correlations without (the dark blue curve) and with (the
pink curve) spectral whitening.
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Fig. 13 A comparison of ARFs between one virtual-source gather and multiple virtual-sources
gather. Here we take an array of 24 sensors with 10m spatial interval as example.
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Fig. 17 An example of the artifacts from the non-interferometric methods from Cheng et al.
(In reviewb). a-d present the obtained dispersion spectra using different passive-source surface
wave imaging methods, PMASW, ReMi, SPAC, and MAPS, respectively.

Normalized beamer spectra
0.9990 0.9992 0.9994 0.9996 0.9998 1.0000

Fig. 18 Array responses for the linear array (a) and the pseudo-linear array (b). The black
dots denote the receivers; the black arrows indicate the plane wave.
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