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High-Resolution Near-Surface Imaging at the Basin Scale
Using Dark Fiber and Distributed Acoustic Sensing: Toward
Site Effect Estimation in Urban Environments

Feng Cheng!?

, Jonathan B. Ajo-Franklin?? (©’; and Veronica Rodriguez Tribaldos?

!School of Earth Sciences, Zhejiang University, Hangzhou, China, 2Department of Earth, Environmental, and Planetary
Sciences, Rice University, Houston, TX, USA, *Lawrence Berkeley National Laboratory, Berkeley, CA, USA

Abstract Near-surface seismic structure, particularly the shear wave velocity (V)), can strongly affect
local site response, and should be accurately estimated for ground motion prediction during seismic
hazard assessment. The Imperial Valley (California), occupying the southern end of the Salton Trough,

is a seismically active basin with thick surficial lacustrine sedimentary deposits. In this study, we utilize
ambient noise records and local earthquake events for high-resolution near-surface characterization and
site effect estimation with an unlit fiber-optic telecommunication infrastructure (dark fiber) in Imperial
Valley by using the distributed acoustic sensing (DAS) technique. We apply ambient noise interferometry
to retrieve coherent surface waves from DAS records, and evaluate performances of three different

surface wave methods on DAS ambient noise dispersion imaging. We develop a quality control workflow
to improve the dispersion measurement of noisy portions of the DAS data set by using a data selection
strategy. Using the joint inversion of both the fundamental mode and higher overtones of Rayleigh waves,
a high resolution two-dimensional (2D) V, structure down to 70 m depth is obtained. We successfully
achieve an improved V 30 (the time-averaged shear-wave velocity in the top 30 m) model with higher
spatial-resolution and reliability compared to the existing community model for the area. We also explore
the potential for utilizing DAS earthquake events for site amplification estimation. The preliminary results
reveal a clear anti-correlation between the approximated site response and the V 30 profile. Our results
indicate the potential utility of DAS deployed on dark fiber for near-surface characterization in appropriate
contexts.

Plain Language Summary Site effects play a critical role in earthquake ground motions. During an
earthquake, the soft sedimentary basin can strongly amplify both the amplitudes and duration of ground motion.
Earthquakes are a common occurrence across the soft and thick Imperial Valley Basin in Southern California,
where they have been observed for more than two decades. Therefore, the engineering seismology community
urgently needs cost-effective and reliable approaches to evaluate the high-resolution site effect across the
densely populated Imperial Valley Basin. We utilize a ~28 km-long existing unused telecommunication

fiber as an array of seismic sensors using a new sensing technology called distributed acoustic sensing

(DAS) to characterize the near-surface structure as well as site response. Our results reveal a high-resolution
soil profile of the time-averaged shear-wave velocity in the top 30 m of the basin using DAS ambient noise
data, and an approximated site response profile using DAS earthquake events. A clear correlation has been
observed between the soil velocity profile and the site response profile from two independent data sets, which
corroborates the accuracy of DAS seismic observations and indicates that DAS is a promising tool for high-
resolution near-surface site effect estimation as well as seismic hazard mapping.

1. Introduction

Thick soft sedimentary deposits can strongly amplify earthquake ground motion (Aki, 1993). This phenome-
non is known as the site effect, and depends on the near-surface material properties of the site, such as seismic
velocity structure, and geometrical effects, such as surface topography. Near-surface site effect is one of the most
influential factors that affect ground motion parameters for engineering design and seismic hazard prevention
(Kawase, 1996). During an earthquake, site effects can dramatically increase both the amplitude and duration of
ground motion at certain frequencies, particularly for sites located on thick sedimentary deposits (sedimentary
valley or basin) like the Imperial Valley. Moreover, seismic waves resonate in three-dimensional (3D) sedimentary
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basins and lead to rapid lateral changes of site effects or ground motions over distances of only a few tens of
meters (Anderson, 2007; Castellanos et al., 2020; R. Clayton et al., 2019; Imtiaz et al., 2018; Svay et al., 2017).

In recent decades, a variety of methods have been developed to estimate site effects. Borcherdt (1970) introduced
the standard spectral ratio (SSR) technique to estimate the site response, which is defined as the spectral ratio of
an observed earthquake in a sedimentary site with respect to a bedrock reference site (Kagami et al., 1982, 1986;
Perron et al., 2018). Unlike techniques that require earthquake observations, Nakamura (1989, 2019) explored
the applicability of the horizontal-to-vertical spectral ratio (HVSR) method to estimate dynamic ground response
characteristics by using microtremor. Another more straightforward proxy used in site response analysis are local
soil profiles, such as the shear-wave velocity (V) profile (Wills & Clahan, 2006; Xia et al., 1999). The time-aver-
aged shear-wave velocity in the top 30 m (referred to as V 30) of the soil profile has been frequently used in vari-
ous geotechnical and seismological applications, such as site classification of the National Earthquake Hazards
Program (NEHRP) (Dobry et al., 2000).

Local V_ profiles are usually determined from boreholes (Garofalo et al., 2016; S. Lin & Ashlock, 2014), in situ
tests (C. R. Clayton, 1995), or geophysical survey methods, for example, spectral analysis of surface waves—
SASW (Nazarian et al., 1983; Stokoe & Nazarian, 1983); multichannel analysis of surface waves—MASW (Foti
etal., 2018; C. B. Park et al., 1999; Socco et al., 2010; Song et al., 1989; Xia et al., 1999); refraction microtremor—
ReMi (Louie, 2001; Louie et al., 2021; Pancha et al., 2008), roadside passive multichannel analysis of surface wave-
PMASW (C. B. Park & Miller, 2008; C. Park et al., 2004), spatial autocorrelation-SPAC (Aki, 1965; Chavez-Garcia
et al., 2006; Hayashi et al., 2022; Kita et al., 2011; Margaryan et al., 2009; Okada & Suto, 2003), multichannel anal-
ysis of passive surface waves-MAPS (Chen et al., 2022; Cheng et al., 2016; Dai et al., 2021; Y. Liu et al., 2020; Mi
etal.,2022; Pang et al., 2019; Zhou et al., 2018). In the past two decades, the ambient noise interferometry technique
has been widely employed for subsurface structure imaging using ambient seismic energy from natural or anthropo-
genic sources (e.g., Lehujeur et al., 2016; Lepore & Grad, 2020; F.-C. Lin et al., 2009; Martins et al., 2020; Nakata
et al., 2011; Pan et al., 2016; Planes et al., 2020; Yao & van der Hilst, 2009). Campillo and Paul (2003) indicated
that one can extract the empirical Green's function between two receivers by cross-correlating their ambient seismic
noise recordings. This work leads a path for non-destructive, efficient and economical seismic imaging and monitor-
ing (Behm et al., 2019; Bensen et al., 2007; Castellanos et al., 2020; James et al., 2019; Mao et al., 2022; Nakata &
Snieder, 2014; Nakata et al., 2015; Shapiro & Campillo, 2004; Snieder, 2004; Snieder et al., 2009; Wapenaar, 2004).

With the rapid development of dense nodal array observation techniques in the past decade, special attention
has been paid to the use of ambient noise interferometry for high-resolution seismic imaging (Behm et al., 2019;
Castellanos & Clayton, 2021; Nakata et al., 2015). However, one demanding challenge for near-surface seismic
imaging is to reasonably extend the high-resolution imaging techniques from small scale to large scale with
limited budget and resources. Distributed acoustic sensing (DAS) repurposes fiber-optic cables as dense arrays of
seismic sensors, which is dramatically changing seismic acquisition, particularly in cases where dense array spac-
ing is required (Cheng et al., 2023a; Daley et al., 2013; Jousset et al., 2022; Walter et al., 2020; Zhan, 2020). The
distributed sensing property of DAS yields the unique advantage of satisfying demands of both high spatial-res-
olution and large spatial-coverage for near-surface seismic imaging. Recently, DAS ambient noise interferom-
etry has been implemented for seismic imaging in various environments and at various scales (Ajo-Franklin
et al., 2019; Cheng et al., 2023a; Dou et al., 2017; Fang et al., 2020; Spica et al., 2020b; Zhu et al., 2021).

The Imperial Valley, south of the Salton Sea in southern California, is a tectonically active sedimentary basin
(Kaspereit et al., 2016). Earthquakes, including swarms, are a common occurrence near the Salton Sea, where
they have been observed for more than two decades (Hauksson et al., 2013; Johnson & Hadley, 1976; Lohman
& McGuire, 2007; Wei et al., 2015). The small dots shown in Figure 1 represent historical earthquakes from
the catalog relocated by Hauksson et al. (2012). The sedimentary fill has a depth of approximately 5 km in the
depocenter and consists of heterogeneous deltaic deposits (Muffler & White, 1969; Winker, 1987). Therefore,
accurate knowledge of the site effect of the shallow soft sediment is significant for the community infrastructure
and buildings in valleys located in or near tectonically active areas.

In this study, we investigate the possibility of using DAS data acquired on existing unused telecommunications fiber
(~28 km) for high-resolution site effect estimation across the Imperial Valley basin. The data set provides an excellent
opportunity to investigate site response and near-surface structure in a region with a history of strong ground motion
and significant earthquake hazards. We retrieve high-quality Rayleigh waves from anthropogenic noise using ambi-
ent noise interferometry and generate a shallow (~70 m) high-resolution 2D V, model using surface wave inversion.
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Figure 1. Site overview of the Imperial valley dark fiber experiment. Map of the Imperial Valley with DAS cable array (black line), Quaternary faults (red lines),
Brawley seismic zone (BSZ, orange dash line polygon), rivers (Alamo River and New River, steelblue lines), USGS wells for downhole seismic velocity survey
(magenta triangles), surface rupture (yellow line) due to the 2012 Brawley swarm, and historical earthquakes from 1981 to 2019 (blue-to-green colored dots). The colors
of the earthquakes are coded by the relocated depths (Hauksson et al., 2012). The 40 red stars show the earthquake events picked during DAS observation; two events,
highlighted with black edges, show the locations of the events displayed in the following study. The 5 cyan squares mark the cable length at the 5/10/15/20/25 km
locations, with zero referring to the north end of the DAS array.

This model compares favorably with other ground-truth observations of near-surface structure acquired in the basin.
We then conduct preliminary tests using local earthquake events observed in the DAS array for site effect evaluation
and compare these measurements of ground motion with our high-resolution near-surface V, model and V 30 profile.
Our results indicate that it is feasible to use such passive DAS surveys for near-surface structure characterization and
site response estimation at large scale and high resolution, a combination useful for hazard microzonation.

2. Experiment and Data

Our experiment was carried out in the Imperial Valley with a fiber-optic telecommunication cable across the sedi-
mentary basin, and it was designed to map and monitor geothermal resources at the basin scale using dark fiber
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Figure 2. Observations of ambient noise on ~28 km DAS array. (a) 30-s ambient noise record of strain-rate (unit, nanostrain/s) with seismic signatures from moving
vehicles and persistent localized sources, such as factories, crossing roads, Brawley Bypass. (b) The frequency-averaged power spectrum of ambient noise along the
cable. (c) The spatially averaged amplitude of ambient noise along the cable.

and DAS (Ajo-Franklin et al., 2022; Cheng et al., 2023a). Taking into account the distributed sensing property
of DAS, this data set also allows one to investigate the strengths of DAS for various purposes of seismic imaging
at variable scales. The total cable length (~65 km) exceeded the distance that the Silixa iDAS v2 interrogator
unit (IU) used in this experiment was capable of probing; we only utilized the first 28 km of fiber in the northern
section of the cable (the black line in Figure 1) for DAS observations. The gauge length is set as 10 m, and the
laser pulse rate is 2 kHz. The native strain-rate measurement is recorded with a 500 Hz sampling rate and a 4 m
channel interval. The DAS channel locations along the fiber profile are calibrated by tap tests. An introduction to
the experiment has recently been described in Ajo-Franklin et al. (2022), and our investigation of the potential of
dark fiber DAS in combination with ambient noise interferometry for geothermal exploration is shown in Cheng
et al. (2023a).

After acquisition tests, the DAS IU continuously recorded ambient noise data over the ~28 km cable length (total
6,912 channels) between 10 November 2020 and the spring of 2022, with some gaps due to instrumentation
issues. This study, as part of the long-term DAS seismic monitoring project, only utilized the first 2-day data
chunk to evaluate the feasibility of utilizing short duration DAS ambient noise data for high-resolution near-sur-
face site effect estimation.

Due to dense spatial sampling of DAS, seismic signatures associated with various anthropogenic sources across
the 28 km-long fiber can be easily identified from ambient noise records. For example, moving vehicles with vari-
ous weights (blue dashed lines) and persistent localized sources (black dashed lines with nearly vertical moveout)
are distinguished in Figure 2a. Complex human activities across the valley generate abundant energy between
1 and 20 Hz, which is a useful spectral band for typical near-surface characterization (Asten et al., 2022; Foti
etal., 2018; Xia et al., 2009). However, the non-uniform distribution of anthropogenic sources, such as persistent
localized sources with strong spatial consistency, might affect the signal retrieval during ambient noise interfer-
ometry (Cheng et al., 2023a); this challenge will be discussed in later sections.
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Figure 3. Empirical Green's function retrieval using ambient noise interferometry and bin stacking. (a) The EGF extracted
from C}2V inter-station cross-coherence pairs using ambient noise interferometry. The yellow boxes highlight the virtual-source
gathers with the first trace and the 14th trace as the virtual sources, respectively. (b) The enhanced EGF after bin stacking
with an offset bin of 4 m. Two green dashed lines indicate the reference velocity of 100 and 400 m/s.

3. Methods
3.1. Ambient Noise Interferometry

Empirical Green's function (EGF) can be extracted from ambient noise records using ambient noise interferom-
etry (Bensen et al., 2007; Shapiro & Campillo, 2004). Our data processing approach broadly follows the strategy
introduced in Cheng et al. (2023a), and includes DAS ambient noise preprocessing, EGF extracting, and virtu-
al-source gather (VSG) stacking. For more details regarding the DAS ambient noise data processing, we refer the
reader to Cheng et al. (2023a).

In order to suppress effects of persistent localized noise sources as mentioned above, we apply a bin-offset stack-
ing technique on all possible inter-station EGF pairs which are extracted using cross-coherence after 2-day phase-
weighted stacking (PWS). See Figure S1 in Supporting Information S1 for the source and receiver configuration
of all CJZV inter-station interferometric pairs, where C}V =1+4+2+...n—1and n denotes the channel number of
each subarray. This technique has recently been used to improve EGF coherence at lower frequencies (<3 Hz)
for this data set (Cheng et al., 2023a). The cross-coherence EGFs after temporal stacking (PWS) and spatial
stacking (bin-offset stacking) can be used for subsequently dispersion imaging. The offset-sorted super gather
or multiple virtual sources gather (VSG) in Figure 3b has been significantly improved compared to the conven-
tional single virtual source gather as highlighted in Figure 3a (see Figure S2 in Supporting Information S1 for a
side-by-side comparison). It is worth mentioning that the offset bin is set as 4 m, which is identical to the spatial
interval of the raw DAS channels. Considering that the stacking process mitigates local lateral heterogeneity
within each subarray, the lateral resolution of the raw subarray will be smeared. Therefore, this technique cannot
be directly used for 2D seismic imaging, for example, full waveform inversion (Sager et al., 2018; W. Wang
et al., 2017), adjoint tomography (K. Wang et al., 2021; Zhang et al., 2018) and wave-equation dispersion inver-
sion (Li et al., 2017; H. Liu et al., 2022); while it would be appropriate for our dispersion curve inversion where
1D or layer model is assumed.

3.2. Surface Wave Dispersion Measurements

After coherent signal retrieval using ambient noise interferometry, we utilized a MASW roll-along strategy (C. B.
Park, 2005; Song et al., 1989) for our linear array surface wave dispersion imaging. We divide the entire DAS array
into a series of shorter subarrays, whose length allows one to sample the expected wavelengths for near-surface
V., structure imaging. Compromising between the depth of investigation and the lateral resolution for near-surface
characterization (Foti et al., 2018; Xia et al., 2006), a 100 m subarray was selected and rolled along the DAS
cable without coverage subarray overlap. Across the 28-km telecommunication cable, this process generated a
total of 273 short subarrays where the enhanced VSG was analyzed for surface wave dispersion measurement.
Cheng et al. (2023a) utilized the same DAS data set to image the deeper geothermal reservoir by resampling the
distributed strain-rate array into a series of longer subarrays (5 km) to extract the lower frequency surface waves.
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The versatility of this data set demonstrates the potential of using DAS for multi-scale and multi-purpose seismic
imaging.

According to Cheng et al. (2023b), passive-source surface wave dispersion analysis methods can be broadly
grouped into non-interferometric methods (e.g., ReMi and PMASW) and interferometric methods (e.g., MAPS
and SPAC). The former directly extract phase velocity dispersion spectra from ambient surface wave records
(Louie, 2001; C. Park et al., 2004), while the latter calculate interferograms before dispersion estimation is
attempted; in this case interferograms are either EGFs (e.g., Cheng et al., 2016) or SPAC coefficients (e.g.,
Asten, 2006; Chavez-Garcia et al., 2006). To ensure the accuracy of dispersion measurements and estimate their
uncertainties (Vantassel & Cox, 2021), for the first time, we tested three different techniques (MAPS, SPAC, and
ReMi) in this study and evaluated their performance on DAS ambient noise dispersion imaging.

We follow Cheng et al. (2023b) to briefly introduce the data processing involved in the three dispersion measure-
ment techniques. For MAPS, we apply the phase-weighted slant-stacking algorithm (Cheng et al., 2021) on the
retrieved EGFs enhanced by bin-offset stacking, and measure the dispersion spectra E(f, v) using

N
E(f,v) = o(f,0)| ). exp(i27 £ x;/0)C;(f) (1)
Jj=1

where, o(f, v) denotes the phase-weight for the slant-stacking enhancement, which is calculated by the instanta-
neous phase of the slant-stacking complex spectra (Equation 5 in Cheng et al. (2021)); C; denotes the enhanced
EGF (the cross-coherence function) at offset X = (G — 1) * dx (note that, dx is the offset bin which is equal to the
channel interval of DAS in this case); N denotes the channel number of the subarray; f and v denote the scanning
frequency and velocity parameters, respectively.

For SPAC, we follow Chavez-Garcia et al. (2006) to estimate the misfit between the SPAC coefficient p and the
zero-order Bessel function of the first kind J,

-1

N
E(f,0) =[] X 10Gej w) = JoCxs, ko) @

J=1

where, k = 2zflv = w/v. Here, we use the inverse of the misfit to keep it consistent with other measurements. The
SPAC coefficient (p(x;, ) is represented by the real part of the whitened cross-correlation (i.e., cross-coherence)
spectrum.

Instead of executing the dispersion measurement after EGF retrieval, ReMi directly applies rand (tau-p) transform
on the noise data of each time segment, and stacks dispersion spectra of all segments to enhance the quality with

E(f,v) =(|E(f.p| + |E(f,=D)I)

N N
3
= <| D exp(i2z fpxu(f, x;)| +| Y exp(=i2z fpx;u(f, x,-)|> @
j=1 Jj=1

where, u(f, x;) denotes the preprocessed ambient noise waveform at offset x;; p = 1/v is the slowness; (... ) denotes
the ensemble stacking of all time segments, which is a classical processing step to mitigate incoherent or random
noise in ambient noise interferometry. Note that non-interferometric methods (e.g., ReMi and PMASW) imple-
ment the ensemble stacking in the spectral domain for the dispersion estimation, while interferometric methods
(e.g., MAPS and SPAC) implement the ensemble stacking in the temporal domain for the EGF enhancement.

Figure 4 shows three examples of the DAS-based passive surface wave dispersion measurements at location
9 km (upper panels), 18 km (middle panels), and 13 km (bottom panels) using MAPS (al, a2, a2), SPAC (bl,
b2, b3), and ReMi (cl, c2, c3), respectively. Clear and continuous fundamental modes have been obtained and
picked from most dispersion measurements. Note that the non-interferometric methods usually estimate higher
apparent velocities; we followed Louie (2001) and Pancha et al. (2008) to carefully pick dispersion curves along
the lower boundary, rather than the peak, of the dispersion energy. According to Louie (2001), this lower bound-
ary effectively selects for array colinear wave propagation while the peak may indicate arrivals illuminating the
array broadside.
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Figure 4. Surface wave dispersion measurements at location 9 km (upper panels), 18 km (middle panels), and 13 km (lower panels) using different techniques,
including MAPS (al, a2, and a3), SPAC (b1, b2, and b3), and ReMi (c1, c2, and c3), and the corresponding picked dispersion curves (d1, d2, and d3). The blue
dashed lines indicate the potential maximum resolved wavelength inferred from the profile length. The gray dotted lines that overlay the dispersion spectra indicate the
corresponding dispersion picks. The fundamental mode picks from different techniques closely match each other and are overlain with the cyan error bars. The black
curves in the right panels show the final smoothed estimated fundamental modes. Note that the fundamental modes on a3 and b3 do exist but appear relatively weak
compared with the stronger higher overtones, which are further highlighted by frequency normalized display.

Higher overtones have also been observed on most dispersion measurements, while different methods behave
differently. The MAPS method provides the best performance and presents the higher overtones with sufficient
resolution and a continuous energy trend. In contrast, the SPAC method shows lower sensitivity to the spectral
peaks where higher overtones are located, and presents superposed modes rather than individual modes as shown
on MAPS results. It is worth mentioning that a recently revisited technique, the frequency-Bessel transform
(Forbriger, 2003; Hu et al., 2020; J. Wang et al., 2019; Xi et al., 2021), had also been tested and was also able
to recover higher overtones as expected, but its stability is a bit unclear (in some cases, e.g., it would generate
artifacts and mislead the identification of high overtones). Therefore, we did not include this method in our
comparisons and further investigations are beyond the scope of this work.

Unfortunately, ReMi did not provide sufficient resolution to identify higher overtones due to the cross-talk
between different modes, especially for these modes showing similar apparent velocities. However, ReMi appears
to be more stable in terms of fundamental mode recovery, particularly for sites where noise sources are not
uniformly distributed and only poor-quality EGFs are retrieved. For example, at the subarray centered around the
13 km location, both interferometric methods recover only weak discontinuous fundamental modes as well as
distorted high overtones (Figures 4a3 and 4b3), while the non-interferometric method (ReMi) cleanly recovers
the fundamental mode (Figure 4¢3), particularly at low frequencies. As described above, interferometric methods
only employ single-time dispersion measurement on the stacked VSG while non-interferometric methods average
dispersion measurements of all individual time segments. Compared to the single-time dispersion measurement
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for interferometric methods, the ensemble stacking provides non-interferometric methods the potential advantage
to enhance the dispersion energy trend of the fundamental mode, because the lower boundaries are usually fixed
although the apparent phase velocities are higher than true velocities. In this context, it could be helpful to employ
non-interferometric measurements as references for fundamental-mode dispersion curve picking, particularly for
cases where interferometric methods do not perform well.

With various independent fundamental-mode dispersion measurements observed at the same site, we have the
opportunity to calculate the data error or uncertainties of the picked dispersion curves (Vantassel & Cox, 2021). We
first extrapolated and combined three dispersion curves picks into a uniform maximum and minimum frequency
range, then predicted a smoothed dispersion curve (the black solid line in d1 and d2) from the combined picks
using the Gaussian kernel regression (Henderson & Parmeter, 2015). For each frequency, we can also estimate
the root-mean-square (RMS) error (the cyan error bar in d1 and d2) between three fundamental-mode picks.
Figures 4d1-4d3 demonstrate the high consistency of the picked fundamental modes between various disper-
sion measurements with picks from one method closely overlaying with picks from others. This exercise also
increases our confidence in the accuracy and stability of our DAS dispersion measurements. We should note that
the uncertainties captured are a combination of data noise and methodological biases in the different dispersion
curve extraction algorithms and do not represent a true prior data covariance.

To avoid potential mode misidentification, we only pick higher overtones from MAPS measurements at sites
where similar mode patterns can also be observed on SPAC or ReMi measurements despite their lower resolu-
tion. For example, we did not pick higher overtones in Figure 4a2 although clear higher overtones are visible
at frequencies >15 Hz; because we can also detect weak and smeared dispersion energy with higher velocities
around 300 m/s at frequencies <10 Hz on the SPAC measurement (highlighted with an ellipse in Figure 4b2)
which is likely the first-order higher overtone. The cause of the disappearance of the higher overtone energy on
MAPS measurement at location 18 km could be that the specified higher overtone is less horizontally polarized
compared to the fundamental mode in the specified site. Spectral normalization along the frequency axis also
decreases the weights of the higher overtones at frequencies <15 Hz. The phenomenon of jumps across more than
one mode has also been observed by others (O’Neill & Matsuoka, 2005; Yan et al., 2022). For accurate dispersion
curve picking, we limited the target zone and removed the energy beyond the maximum effective wavenumber
range defined by k. = 1/dx (dx, spatial interval 4 m); we also paid special attention to picks at lower frequencies
with wavenumbers below the minimum effective wavenumber &, = 1/L (L, array length 100 m) as indicated
by the blue dashed lines. For higher overtones picks, we determined the picking error with the velocity interval
between the boundaries of the 90% energy peak and the peak itself from each MAPS measurement.

3.3. Quality Control of DAS Dispersion Measurements

Unfortunately, not all dispersion measurements are acceptable for confident dispersion curve picking and inver-
sion. In fact, around 15% of the dispersion measurements show a noisy spectral response with discontinuous
energy trends regardless of the use of interferometric or non-interferometric methods. For these subarrays, it is
challenging to pick continuous dispersion curves, particularly for the higher-frequency range from 5 to 20 Hz in
which urban anthropogenic noise dominates the response. However, these higher-frequency Rayleigh waves are
required to provide sensitivity at shallow depths for near-surface structure imaging.

We find that most of the poor dispersion measurements are observed at sites where persistent noise sources exist.
Figure Sa displays the retrieved EGF before bin stacking for the subarray located near 15 km where the Brawley
overpass crosses. If we focus on the VSG with the first trace as the virtual source (highlighted with the pink box in
Figure 5a), we will find that the VSG is significantly different from the one shown in Figure 3a, with the retrieved
surface waves presenting linear move-outs; in contrast, the VSG appears contaminated by a “left-going” wave
train which actually originates from a persistent noise source located at the right end of the subarray. We observe
that these “left-going” wave trains do not change as the virtual source moves. Note that when the virtual source is
located on the right side of the persistent noise source, spurious arrivals shift to the negative time lag (highlighted
with the green box in Figure 5a).

Although these spurious arrivals appear to have good signal-to-noise ratios (SNR) and high spatial coherency,
they are non-physical (not part of a true Green's function) and are only related to the persistent noise source.
Recent studies have attempted to utilize these spurious events for structural seismic imaging (Yang et al., 2022b).
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Figure 5. EGF retrieval as same as Figure 3 but with the existence of persistent noise sources around 15 km.

However, Cheng et al. (2023a) also indicates that the interpreter should check whether they are structure-related
or source-related. In this study, we focus on strategies to attenuate these persistent noise sources and improve
conventional ambient noise imaging. Assuming that we are using traditional two-station methods, for example,
the frequency—time analysis (FTAN) method (Bensen et al., 2007; F.-C. Lin et al., 2008; Nayak et al., 2021),
rather than the array-based dispersion imaging techniques mentioned above, these spurious arrivals would be
misinterpreted as reasonable and high SNR arrivals and lead to highly inaccurate velocity estimates. It indicates
that these array-based techniques, which are frequently used in near-surface seismology, could also be a promis-
ing alternative in tectonic seismology, particularly under the background of the rapid development of the dense
array and DAS array observation techniques.

After bin stacking, spurious arrivals have been partly attenuated (Figure 5b) but still seriously obscure the target
surface waves. This indicates that spatial averaging using bin stacking cannot completely eliminate persistent
noise sources effects, at least for high-frequency (>5 Hz) ambient noise. Because these persistent noise sources
are spatially persistent and temporally frequent, they break the assumptions of randomly distributed noise sources
that underlying most of the ambient noise interferometry theory. Traditional denoising techniques that aim to
improve temporal coherency, for example, PWS (Schimmel et al., 2011) and the SNR selective stacking technique
(Xie et al., 2020), cannot attenuate them; to improve surface wave retrieval, we must consider array-based tech-
niques to enhance the spatial coherency of the retrieved surface waves (Cheng et al., 2018; Y. Liu et al., 2021).
Several studies have been carried out to attenuate noise sources effects by using selective stacking strategy (Pang
et al., 2019). If we can selectively stack time segments in which coherent noise sources dominate or dispersion
spectra show high quality, we will be able to automatically enhance EGF retrieval or dispersion measurement.
The challenge is to construct a criterion to evaluate the SNR of dispersion spectra.

In this study, we adapt the selective stacking technique developed by Cheng et al. (2018) and define a “SNR”
concept by calculating the energy ratio between a target velocity zone (signal spectra window) and a background
velocity zone (noise spectra window) in the frequency-wavenumber (f — k) domain (Figure 6). The target velocity
zone (the black polygon in Figure 6b) is outlined by a rough range of the prior picked fundamental-mode disper-
sion curves from a neighboring site; then the left lower-velocity zone beyond the target zone is simply defined as
the background noise zone (the green polygon in Figure 6b). Note that we do not include higher overtones into the
signal spectra window to avoid confusing them with the higher velocity artifacts caused by off-line sources; we
define the noise spectra window with the lower-velocity zone, which mainly represents the background fk spectra
noise (or the geometry response in the f — v domain) and is usually affected by the noise source environment. We
note that the window domain should be considered either a velocity prior or an inferred constraint extrapolated
from nearby locations.

For simplicity, we calculate the f — k spectra for each time segment using the ambient noise wavefield (Figure 6a)
rather than the interferogram wavefield. Taking into account the bidirectional characterization of ambient noise
wavefield, we follow Cheng et al. (2018) to choose the wavefield with the dominant propagation direction to
enhance the coherent signal. After transforming the ambient noise wavefield into the f — k domain, we first
calculate the ratio of the target signal wavefield energy between the left-going wavefield (the black polygon in
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Figure 6. SNR estimation of the predominant coherent energy of DAS ambient noise segment for subarray around 15 km. (a)
and (b) display the DAS ambient noise segment in the time domain and in the frequency-wavenumber domain, respectively.
Two symmetric polygons represent the coherent energy zones of the interested left-going and right-going wavefield outlined
with black and gray solid lines, respectively. The green polygon indicates the background noise zone used for the fkSNR
estimation. The title of b shows the measured energy ratio (/r) between left- and right-going wavefield and the SNR of
coherent energy (ftkSNR).

Figure 6b) and the right-going wavefield (the gray polygon in Figure 6b), called the “//r” ratio. Then, we estimate
the SNR of the coherent energy based on the f — k panel on the dominated propagation side. In this case, the
dominant side is the left side f — k panel on Figure 6b, with //r = 0.73 < 1 indicating a strong left-going wavefield
as shown by the left-going wave trains on Figure 6a. We call the defined “SNR” parameter fkSNR.

Figure 7 shows an example of a 2-day time distribution of the //r ratio and fkSNR at a subarray location around
15 km. The symmetric I/r distribution around 1 represents the bidirectional traffic flow with spikes indicating
traffic peaks, for example, the morning rush hour that occurs between 7 and 9 a.m. local time. The high correlation
between the traffic peaks and the fkSNR peaks probably indicates that dense traffic noise sources contribute to
coherent energy recovery, and hints that a promising approach might be able to shorten observation duration for

left/right-going segment distribution

|/r ratio

05 L A A . A .
coherent energy SNR distribution

05 1 L 1 L 1 L 1 1
6PM 12AM 6AM 12PM 6PM 12AM 6AM 12PM

Local Time

Figure 7. Time distribution of /r (a) and fkSNR for subarray around 15 km (b). The pink and blue dots in a indicate the time
segments dominated by the left- and right-going wavefield, respectively. The red dots in b indicate the selected time segments
with fkSNR above the defined threshold (1.25).
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Figure 8. EGF retrieval after persistent noise source attenuation using the proposed fkSNR selective stacking. (a) Shows
the C,’-\, cross-coherence pairs after selective stacking with segments above the defined fkSNR threshold; (b) shows the
corresponding enhanced EGF gather after binstack of all Cfv pairs in (a).

passive seismic imaging to coincide with the busy traffic period. To reject time segments with poor coherent
energy, we simply set a hard threshold for fkSNR; in this study, trials indicated fkSNR above 1.25 (highlighted
with red scatters) were sufficient for passive surface wave imaging under the urban ambient noise environment in
the Imperial Valley. Compared with the full stacking result (Figure 5a), the retrieved EGF after selective stacking
shows enhanced Rayleigh waves as well as attenuated spurious arrivals (Figure 8a). Note that it is also possible to
further eliminate these spurious arrivals with a higher threshold but with the cost of fewer stacked records, which
might degrade the retrieved EGFs. We focus on ensuring the quality of the retrieved EGFs, since leaky spurious
arrivals can also be further attenuated by spatial averaging and bin stacking, as shown in Figure 8b.

With enhanced EGFs (Figure 8b), the interferometric methods (MAPS and SPAC) can successfully extend the disper-
sion measurement band from 5 Hz (Figures 9al and 9b1) to over 10 Hz (Figures 9a2 and 9b2) and improve the lower
frequency band (<5 Hz) with more continuous dispersion energy trends; these attributes are vital for subsequent
dispersion curve picking. Higher overtones were also retrieved from enhanced dispersion measurements (Figures 9a2
and 9b2). As for the non-interferometric method (ReMi), we selectively stack dispersion measurements of time
segments with high fkSNR. A clear and continuous fundamental mode has been revealed on the enhanced ReMi
measurement (Figure 9c2). Unfortunately, as mentioned previously, it remains challenging to enhance the higher
overtones for non-interferometric measurements because they are easily polluted by artifacts from off-line sources.

4. Results

To extract 1D V_ profiles for each subarray, we jointly invert the multiple-mode dispersion curves by following Cheng
et al. (2023a). In this study, we initialize the earth model (Table 1) based on an averaged velocity model from USGS
borehole surveys (Porcella, 1984). Figure 10 shows two examples of DAS-based surface wave inversion with multiple
modes and the fundamental mode, respectively. Acceptable misfits can be obtained for both examples. In addition,
the more convergent inversion models in Figure 10b compared to that in Figure 10d indicate the advantage of higher
overtones to constrain a deeper structure, in contrast to using the fundamental mode alone (Xia et al., 2003). Finally,
the best-fit 1D V/ profiles for all subarrays are aligned along the DAS cable to construct a pseudo-2D V/ structure.

The high-resolution V, model (Figure 11a), derived from the DAS array, shows generally uniform sediment
properties below 30 m depth overlain with several zones of softer materials throughout the 28 km cable. Around
7 km where the DAS cable crosses the Alamo River and is deployed along the side of Ramer Lake, a low-veloc-
ity surface unit is visible on the inverted V structure and is interpreted as a soft fluvial and lacustrine clay and
sand deposit. The soft zone between 10 and 15 km might be associated with unconsolidated surface materials
along the southern section of the Brawley Seismic Zone, where surface rupture (the green line in Figure 1)
had been observed in the 2012 Brawley Swarm. An alternative hypothesis could link lower velocities to recent
fluvial sediments deposited by the New River (the blue line on the left side of Figure 1). The soft zone in the
south might be caused by tilled crop land with high soil moisture due to historical agriculture and irrigation. The
slightly slower sediments to the north end are likely linked to deepening lacustrine sediments as we approach
the Salton Sea. Historical soil samples collected in nearby boreholes below 30 m show sandy silt with lenses of

CHENG ET AL.

11 of 23

858017 SUOWILIOD 3AIIEa.D edt|dde 8y} Aq pausenob ae sso1ie VO ‘SN 0 Sa|nJ 10} Aeiq1T8UljUO AB|IM UO (SUONIPUOD-PUR-SLLIBYWI0D A8 | 1M AIq 1[eulUO//SdNY) SUOIIPUOD pue SWS | 8L} 38S *[202/20/60] Lo ARigiTauluo &M ‘e eUOIEN Asexied aouainveeIuIo}iRD 40 Alun Aq 2G692080EZ02/620T OT/10p/w0d" A8 |mAsiq1jeuluo'sgndnBe//sdny Wwoiy papeojumoq ‘6 ‘€202 ‘95866912



AND SPACE SCIENCES

10.1029/2023JB026957

raw-MAPS

raw-ReMi

o
()

w
ref from fkSNR-MAPS l

e =
ref from fkSNR-MAPS

Phase velocity (km/s) Phase velocity (km/s)

0.3
3
/
/ 0.8 22
0.11a1 =]
0.6 ;i
fkSNR-MAPS fkSNR-SPAC fkSNR-ReMi 2
. 04 &
0.5 ref from kaNR-MAP|S // ref from fkSNR-MAPS ref from fkSNR-MAPS %
02 &
o
0

Frequency (Hz)

10

20 1 10 20

Frequency (Hz) Frequency (Hz)

Figure 9. Performance of fkSNR selective stacking on improving surface wave dispersion measurements. The upper panels show the dispersion spectra before data
selection using different techniques, including MAPS (al), SPAC (bl), and ReMi (c1). The lower panels show the corresponding dispersion spectra after data selection
using different techniques, including MAPS (a2), SPAC (b2), and ReMi (c2). The gray dotted lines indicate the reference dispersion curves picked from the enhanced

MAPS result (a2).

Table 1

Prior Boundaries of Uniform Probability Distributions Used for Each

Parameter of the Depth Model

soft grayish-brown clay in Calipatria transitioning to fine to very fine, well-sorted brown, silty sand in Brawley
(Porcella, 1984).

To further study lateral variations across the DAS profile, we explored the ambient noise autocorrelation.
This technique has been successfully applied to image the subsurface structure on both Earth and Mars (R. W.
Clayton, 2020; Deng & Levander, 2020), and has recently been used with offshore DAS data to image the marine
sediment structure (Spica et al., 2020a). Before applying the autocorrelation algorithm (zero offset cross-cor-
relation) to the densely sampled DAS array, we adapted our previously utilized data preprocessing workflow
by replacing the spectral whitening algorithm with a spectral despiking algorithm using a histogram approach
(Solomon et al., 2001) to attenuate narrow-band artifacts in the DAS autocorrelation functions (see Figure S3
in Supporting Information S1 for details on the performance of the spectral despiking algorithm). The result-
ing autocorrelation profile (Figure 11b) indicates a distinct lateral variation across the 28 km-long cable with
high spatial resolution (4—10 m). Taking into account the dominant surface waves observed from the surface
DAS array, it might be inappropriate to interpret the autocorrelation horizons as specular reflections as indi-
cated in previous studies (Oren & Nowack, 2016; Spica et al., 2020a). An
alternative hypothesis might interpret that portion of the zero-offset EGF
as representing localized surface wave scattering rather than specular S/S
reflections. In both cases, we would predict lateral moveout variations of the
zero-offset EGF coincident with lateral discontinuities in subsurface velocity

Layer number ~ Thickness (m) V,(m/s) V(m/s)  Density (g/cm?) structure, which is the response that we observe. We note that the lateral
1 0 g 215-650  60-250 20 variations of the autocorrelation profile match well with variations in the
5 P 3351000 85-335 2 depth of the V, = 200 m/s 1socon.tour (hlghhghteid with the red hne). where the
bottom of the soft and unconsolidated overlay likely generates an impedance
) IE SOTIAND BH=etil) HY contrast, and the consistency in some degree indicates the accuracy of both
4 12-35 500-1,500  125- 500 2.0 observations.
J e G 22y To further evaluate the accuracy of our DAS V, profile, we compare the
Half-space 10-30 760-2,300  175-700 2.0 inverted V, model with velocity models determined by USGS downhole
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Figure 10. Surface wave inversion using multiple-mode (the upper panels) and single mode (the lower panels) dispersion curves. (a) Shows the measured (the black
dotted curves) and the best 400 forwarded (the colored curves) multiple-mode dispersion curves; the gray curves show the dispersion curve forwarded from the best-fit
model. (b) Presents the corresponding best 400 Vs models at 8 km location; the gray curve indicates the best-fit model; the dashed lines indicate the upper and bottom
velocity boundaries. (c) and (d) show the same example at 14.5 km location with single-mode dispersion curve inversion. Colors in each row are coded by misfits as

shown on the right-side color map.

velocity surveys (Porcella, 1984; Warrick, 1974). We selected the four closest boreholes distributed from the
north to the south of the cable as reference and compared the reference 1D velocity models (the colored lines in
Figures 12a—12c) with our inverted models from DAS (the black lines in Figures 12a—12c). Overall, our inverted
models match well with the reference models from borehole surveys in terms of both absolute values and recov-
ered V, gradients. Due to the layered parameterization, not all local interfaces are identical, but the average
values are quite comparable, particularly given the spatial offsets with the ground-truth boreholes; this similarity
bolsters our confidence in the inversion results.

Based on the inverted V, model, a high-resolution V30 profile (the magenta curve in Figure 12d) along the 28 km
DAS cable is estimated in accordance with the following expression

V30 = —0 @)

2(hi/vi)
where h; and v, denote the thickness and shear-wave velocity of the ith formation or layer existing in the top 30 m.
To avoid the potential uncertainties related to our inversion strategy, we compare this estimate to an alternative
technique to calculate V 30 without inversion. Past studies have shown that Rayleigh-wave phase velocity at a
wavelength of 36 m, v,36, is highly correlated with V 30 (Brown et al., 2000; S. Lin et al., 2021; H.-Y. Wang &
Wang, 2015). The most practical equation is
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Figure 11. Ambient noise imaging of near-surface structure of the Imperial valley. (a) The inverted Vs model from

DAS ambient noise data. The black lines depict the velocity contour lines of 200, 250, and 300 m/s. (b) The extracted
autocorrelation profile along the entire profile. For a better display of the autocorrelation profile, the interval-distance has
been resampled to 20 m; bandpass filter (1-10 Hz) is applied. The red line shows the contour line of 200 m/s in a, which
likely indicates the depth of the surface soft clay layer of the Imperial Valley.

V,30 = 1.0760,36 )

with a 95% confidence interval of approximately +10% (Brown et al., 2000). Therefore, a secondary V 30 profile
(the green curve in Figure 12d) is calculated for each site based on the picked fundamental-mode Rayleigh-wave
dispersion curves. As expected, it is quite similar to the V 30 profile estimated from surface wave inversion. The
RMS error between the two V30 profiles is ~3%.

This is one of the first estimates of fine-scale V 30 profiles at basin scales above 20 km with 100 m spatial resolu-
tion. Note that this spatial resolution () can be further refined to tens of meters with the appropriate subarray length
(L) and the moving step (D, the spatial interval between two neighboring subarrays; in this case D = L since there is
no overlap between the subarrays). Generally, the finest spatial resolution could be the moving step (i.e., § > D), and
the coarsest spatial resolution should be the subarray length due to the 1D assumption (i.e., d < L). In practice, repro-
ducing this work with conventional point geotechnical investigation methods would be prohibitively expensive.

Likewise, the remote sensing derived V 30 model based on local geology and terrain slope cannot capture the
expected variations along our 28 km profile (McPhillips et al., 2020; Wills et al., 2015) either. Figure 12d shows
the dramatic difference between our high-resolution V 30 profile (colored lines) and the low-resolution model
(gray line) interpolated from Thompson et al. (2014) based on geological priors and topography. Following the
USGS borehole survey (Porcella, 1984), we believe that the model of Thompson et al. (2014) generally over-
estimates the V 30 across the basin area with some local areas showing 100 m/s higher than the average V 30
(~200 m/s). However, this biased V 30 model from Thompson et al. (2014) has been widely used by the seismol-
ogy community; for example, the Unified Community Velocity Model (UCVM) software framework has utilized
this model as the geotechnical layer (GTL) (Ely et al., 2010; Maechling et al., 2019). We know that the near-sur-
face soil layers of sedimentary basins play a critical role in modifying the amplitude, frequency, and duration of
earthquake ground shaking. Our near-surface velocity model has been verified at available ground truth locations
and proves to be accurate at high resolution (tens to hundreds meters) at the basin scale. These results suggest that
the model is a promising alternative for fine-scale ground motion estimation.

5. Discussion

The dense spatial sampling and spectral bandwidth of DAS allow for observations of local earthquakes and
teleseismic events (Ajo-Franklin et al., 2022; Lindsey et al., 2017; H. F. Wang et al., 2018; Yu et al., 2019).
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Figure 12. Accuracy of the estimated velocity model. (a and ¢c) Comparisons between the inverted 1D Vs model and the nearby downhole Vs survey measurements
(Porcella, 1984). (d) Comparison between the geology-based Vs30 profile (the gray line) interpolated from Thompson (2018) and the seismic-based Vs30 profiles (the
colored lines) measured from DAS along the cable. The magenta line shows the Vs30 estimated using the inverted Vs models (Equation 4); the green line shows the
Vs30 converted from the picked dispersion curves (Equation 5); the square dots show the Vs30 converted from the nearby downhole Vs logs. Note that the bias of Vs30
between the DAS and the downhole survey at the south end could be caused by the lateral heterogeneities of the surface structure considering that the two wells (red
and yellow squares) are more than 12 km away from the south end of the DAS array (see the borehole locations in Figure 1).

Thousands of events have been recorded on the Imperial Valley DAS cable since November 2020. They provide
a secondary data set, beyond surface waves, for potential site response and ground motion analysis. In this study,
we conduct preliminary tests using 40 high-quality selected events from the Southern California Earthquake Data
Center (SCEDC) catalog (see Table S1 in Supporting Information S1 for details of the catalog).

Like surface wave analysis discussed previously, the observed earthquake events, particularly the small local
earthquake events, are usually contaminated by persistent noise sources. To denoise events, we first follow the
protocol of Yang et al. (2022a) to convert the DAS strain rate wavefield to particle motions using the Cartesian
coronae framework of the fast discrete curvelet transform (Atterholt et al., 2022). A recent study (Chen, 2023)
also indicates that DAS raw strain rate data can be used directly to estimate spectral source parameters without
conversion to particle velocities. We next applied a linear-moveout (LMO) corrected FK filter to further remove
persistent noises distributed across our 28 km cable. To avoid potential interference with event recovery, we used
LMO correction to flatten the S wave direct arrivals before FK filtering, and unflatten the records after removing
the low-velocity (<1 km/s) noise components. Here, we focus on S waves because of their higher SNR on the
horizontal DAS array compared to near-vertically incident P waves. To reduce computational burden and increase
data quality, we resampled the DAS array in a 20-m spatial interval with spatial median stacking (5 channel
window) for this analysis. Figure 13 shows two typical examples of DAS earthquakes denoising. The denoising
workflow results in cleaner enhanced S arrivals (Figures 13b and 13d) without the footprint of noise sources
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Figure 13. Examples of the observed earthquake events before (a and c) and after (b and d) denoising. The red curves show the estimated Vs30 profile using the
inverted Vs models. The magenta double arrow indicates the locations of the persistent noise sources. Both events have been highlighted in Figure 1 as red stars with the

black edge.

along the array. Note that the denoised arrivals around 15 km (Figure 13b) show relatively lower SNR compared
with arrivals in other locations, although signatures associated with persistent noise sources (highlighted with the
double arrow on Figure 13a) have been significantly attenuated.

We followed Yang et al. (2022a) to estimate site effect magnitudes by using a spectral decomposition method
(Andrews, 1986; Shearer et al., 2006). We picked S wave arrivals for all 40 events, and cut the denoised wavefield
to record windows of 2 s before and 10 s after the picked arrivals. Next, we calculated the power spectral density
between 0.5 and 5 Hz in log frequency. Finally, we simultaneously separated the site response (S,) and the earth-
quake source effect (£)) from the observed spectrum (O,) at channel i for event j with a generalized inversion in
matrix form as Gm = d for each frequency (Yang et al., 2022a). The solved site amplification profile is further
smoothed with a running spatial window of 400 m and normalized to the channel with the lowest amplification
factor.

Figure 14a shows the calculated earthquake spectral amplitude averaged between 0.5 and 5 Hz for every 20-m
channel. Most of the local events are located near the DAS array with nearest distances less than 5 km and magni-
tudes (Mw) around 2 (see Figure S4 in Supporting Information S1 for details of the seismic event distribution).
Considering the V 30 profile is closely tied to soil rigidity, there is no doubt that V30 can be a useful proxy for
site effect (Castellaro et al., 2008). Borcherdt et al. (1978) indicated the anti-correlation relationship between
site effect and V 30 based on a database from the San Francisco Bay Area. To some extent, we can detect some
local anti-correlation for lateral variations between the site amplification profile and the estimated V 30 profile
(Figure 14b). However, it is worth noting that the spectrum of the near-line events depicts a clear pattern with a
stronger amplitude distributed in the north and a weaker amplitude in the south (Figure 14a). A similar pattern
can be observed on the frequency-averaged site effects (see Figure S5 in Supporting Information S1 for the orig-
inal inverted site amplification for each frequency). This likely suggests that the overdetermined inverse problem
of spectral decomposition is not well solved, and that the path effects and/or the source effects might not be effec-
tively separated from the obtained site effect estimates. Note that the sudden drop in site amplification around
15 km (highlighted with the double arrows) is likely caused by the imperfect denoising algorithm, considering
the stronger persistent noise sources around this area, particularly for the near-line events.

To avoid uncertainties in site effect inversion and to attenuate effects from the ray path and the earthquake
source, we modified the conventional spatial ratio method (Borcherdt, 1970) by calculating the ratio between the
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Figure 14. Seismic site amplification estimation and its correlation with the obtained Vs30 profile. (a) The normalized
spectrum of 40 denoised events. The black-white scatters on the side panel show the nearest distances between each event and
the DAS line; the colors are coded by the magnitudes. (b) The frequency-averaged (0.5-5 Hz) site amplification profile (black
curve, normalized to the channel with the lowest site effect) and the obtained Vs30 profile along the cable. The gray patch
along the V30 profile indicates the standard deviation of the obtained Vs30 profiles from DAS as shown in Figure 12. The
magenta double arrow indicates the locations of the persistent noise sources, as well as the polluted spectrum and site effects.

observed event spectrum and the pre-event noise spectrum, since no bedrock reference site is located along our
DAS array. This modified spatial ratio is also known as the spectral SNR of earthquake events in the seismology
community (Chen & Shearer, 2011; Shearer et al., 2006). The assumption for using this parameter to approxi-
mate site effect is that the amplified ground motions usually show higher SNR considering a relatively uniform
ambient noise environment after denosing, and the spectral ratio between the event and the pre-event noise is able
to get rid of path effects and source effects. We separated the denoised wavefield into 4 s before and 2 s after the
picked S arrivals as the pre-event noise window and the event window, respectively; next we calculated the ratio
R;; between the event spectrum S;(f) and the pre-event noise spectrum N,(f) at channel i for event j with

_ max{Sy(/))

ij = W(OSHZ < f < SHZ) (6)

where we calculated the ratio using the peak spectrum of the event and the RMS spectrum of the pre-event noise
between 0.5 and 5 Hz to increase the stability of the spectral ratio computation. To focus on lateral variations, we
normalized the spectral ratio along the cable. The obtained spectral ratio (Figure 15a) appears generally consistent
across different events, which probably benefits from the attenuation of path effects and source effects. To further
enhance the pattern of lateral variations, the spectral ratio profiles of all events were averaged together and smoothed
with a running spatial window of 400 m. Compared to the inverted site amplification profile, the modified spectral
ratio profile (the black curve in Figure 15b) reveals a more pronounced anti-correlation relationship with the V.30
profile (the red curve in Figure 15b). This implies higher site amplification in the south and the middle of our DAS
profile, where extra attention should be paid to further strong ground motion monitoring. Note that the sudden drop
around 15 km (highlighted with the double arrows in Figure 15b) can also be observed which might be caused by
the imperfect denoising as aforementioned. Furthermore, it is challenging to provide a simple quantitative metric
to describe the relationship between the estimated site effect and the inverted V 30 profile, because the physical
phenomena of site effects are too complex to be captured by a single parameter (Castellaro et al., 2008).

Our preliminary tests indicate that utilizing the modified spectral ratio (Equation 6) is a promising alternative to
qualitatively evaluate near-surface site effects in the case where no reference site is available. Attention should be
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Figure 15. Normalized spectral ratio and its correlation with the obtained Vs30 profile. (a) The normalized spectral ratio of
40 denoised events. (b) The event-averaged spectral ratio profile and the obtained Vs30 profile along the cable.

paid to the inverted site amplifications using the spectrum decomposition technique due to the potential ambigu-
ity in the inverse problem, particularly for the cases where events are broadly distributed at two sides of the survey
profile like our case. These preliminary results are limited by the availability of a limited number of low-magni-
tude local events; more events should be required for our future work, where events with higher magnitudes and
less interference are desired.

6. Conclusions

We use DAS deployed on existing telecommunication cable to extract high-quality surface waves from ambient
noise data and retrieve a 28-km high-resolution S wave velocity model for near-surface site effects estimation in
the Imperial Valley. For the first time, we evaluate the performance of three different surface wave dispersion anal-
ysis methods (MAPS, SPAC, and ReMi) on DAS ambient noise dispersion imaging. Results indicate that inter-
ferometric methods (MAPS and SPAC) show improved resolution for higher overtone evaluation, particularly for
the MAPS method, while non-interferometric methods (ReMi) can highlight the trend of the fundamental mode
dispersion energy and allow picking of dispersion curves to higher frequencies. This suggests that a combination
of various techniques should be considered during DAS surface wave analysis to provide mutual evidence of the
accuracy for dispersion measurements. We also develop a quality control workflow to attenuate the non-uniform
source effects on the DAS ambient noise data using a selective stacking technique of the fk domain.

We then jointly invert multiple surface wave modes and obtain a high-resolution V| structure, which reveals
generally flat basin sediment below 30 m depth overlaid with several soft surface zones; this interpretation has
been corroborated by ambient noise autocorrelation profile analysis and USGS downhole velocity surveys. Using
two independent techniques, we estimate a V30 profile at the basin scale (28 km) with a spatial resolution of
100 m, which can be further refined to tens of meters with appropriate subarray length as well as coverage
overlap. The V 30 profile shows higher spatial resolution and reliability compared to the model of Thompson
et al. (2014), and indicates that DAS is promising for high-resolution near-surface site effect estimation as well
as seismic hazard mapping.

With the assistance of a secondary data set, local earthquakes observed on our DAS array, we conduct some
preliminary analysis of site effect factors using 40 events. Our preliminary results reveal a clear anti-correlation
between the approximated site response and the V 30 profile, as would be expected, and highlight the potential of
combining DAS ambient noise and DAS earthquake events for high spatial resolution site response estimation.
Our study is a significant step forward since such models were not previously possible from either earthquake
ground motion or local geology and terrain.
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