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Abstract Earthquake ground motion depends strongly on near-surface structure, which is challenging

to image in urban areas at high resolution. Distributed acoustic sensing (DAS) is an emerging technique that
provides a scalable solution by converting preexisting fiber-optic cables into dense seismic arrays. After the
July 2019 M7.1 Ridgecrest earthquake, we converted an underground dark fiber across the city of Ridgecrest,
CA, into a DAS array. The recorded aftershocks show substantial lateral variability in site amplification over
only 8-km in distance. To understand the cause of such variability, we used three months of continuous data,
dominated by traffic-generated seismic noise, to image near-surface structure along the fiber path. We find

that the lateral variations of earthquake shaking correlate well with the shallow shear velocity model at sub-
kilometer scales, in particular micro-basins filled with soft sediments. These results highlight the great potential
of DAS for high-resolution seismic hazard mapping in urban areas.

Plain Language Summary Earthquake shaking is often highly variable in space. Yet, the physics
behind this variability is not entirely clear, partially because high-resolution instrumental observations are
rare. Distributed acoustic sensing (DAS) is an emerging technique that can turn existing fiber-optic cables into
cost-effective seismic arrays with meter-scale spacing. After the Ridgecrest M7.1 earthquake in July 2019,

we repurposed a 10-km unused telecom fiber in the city of Ridgecrest, CA, as a 1250-sensor DAS array and
recorded thousands of aftershocks within three months. The aftershock data reveal significant variation of
ground shaking over short distances. We used seismic noise generated by traffic along the same cable to image
the near-surface structure, which correlates well with the earthquake shaking intensity. Our findings show that
DAS is a valuable tool for seismic hazard mapping in urban areas.

1. Introduction

Populated urban areas tend to be located in sedimentary basins with broad flat land and favorable positions near
water bodies (Wirth et al., 2019). However, shallow soft sediments with low shear velocity can trap seismic en-
ergy and amplify earthquake shaking (Aki, 1993; Singh et al., 1988). Characterizing near-surface structure and
quantifying ground motion is critical to mapping the seismic risk of urban regions. Estimating seismic hazard is
usually accomplished with empirically derived ground-motion models (GMMs) with site characteristics, usually
Vs30 (the time-averaged shear velocity in the upper 30 meters), which can be empirically inferred from local
tomography models, geologic units, and topography gradients, but is often sparse and uneven spatially (Allen
& Wald, 2009; Wills et al., 2000; Yong et al., 2012). In the last few decades, several important earthquakes,
such as the 1985 Mexico City (Campillo et al., 1990), 1989 Loma Prieta (Hanks & Brady, 1991), 2010 Haiti
(Hough et al., 2010), and 2015 Nepal (Rajaure et al., 2017) earthquakes, showed highly variable and localized
site amplification at kilometer or sub-kilometer scales. Mapping seismic hazard at such fine scales requires
high-resolution, high-frequency seismic experiments. Dense nodal seismic arrays have been popular in recent
years for this application and have demonstrated the ability to extract shallow crustal structure at high resolution
(Lin et al., 2013; Nakata et al., 2015; Schmandt & Clayton, 2013), though sometimes with space constraints and
short-term deployment limitations.

Distributed acoustic sensing (DAS) is an emerging technique that can turn preexisting telecommunication fib-
er-optic cables into cost-effective, long-term dense seismic arrays in urban or harsh environments with remote
operation (Lindsey & Martin, 2021; Zhan, 2019). DAS works by applying optical interferometry to the laser
light backscattered from intrinsic inhomogeneities within an optical fiber to measure strain or strain rate along
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Torr 23 ta T the fiber. With an effective channel spacing of a few meters, DAS can re-
> <2 cord unaliased high-frequency wavefields and allow near-surface imaging at
a resolution of several tens of meters. In practice, DAS has been used suc-
cessfully for near-surface ambient noise imaging with traffic as noise sources
(Ajo-Franklin et al., 2019; Dou et al., 2017; Spica et al., 2020).

On 4% July 2019, an M6.4 earthquake occurred in Ridgecrest, California,
followed by an M7.1 mainshock 34 hours later. As a rapid response, five days
after the mainshock, we gained access to 10-km of underground dark fiber
in the city of Ridgecrest and converted it into a DAS array of 1250 channels
with 8-meter spacing (Figure 1). The Ridgecrest DAS array recorded numer-
ous local magnitude (Ml) >2 events with high fidelity and has detected six

85.7° 1 I i times more aftershocks than the standard earthquake catalog within the first
7 N three months (Li et al., 2021). The continuous DAS data also allow ambient
Chfna La noise tomography for near-surface structures. With DAS data for both the
aftershocks and ambient seismic noise, we have a unique opportunity to eval-
Local magnitude (ML) uate the spatial variability of the earthquake ground motions and its relation
c2 o3 O4 to small-scale shallow subsurface structure. In this paper, we will focus on
m the 8-km segment along W Inyokern Road which has approximately straight
line geometry in the east-west direction.
-117.9° -117.6°
Figure 1 The location map 9f the Rngecrest DAS array. The grpund trace 2. Methods
of the Ridgecrest DAS array is shown in blue. ~1600 local magnitude (Ml)
>2 aftershocks during July 10" - October 4" are shown in circles (catalog 2.1. Conversion From DAS Strain to Ground Acceleration
source: https://service.scedc.caltech.edu/ftp/catalogs/SCSN/), with the yellow
circles showing M>3 events in a narrow back azimuth range that are used in Seismic hazard and site amplification studies usually focus on ground mo-

the site amplification inversion. The M7.1 mainshock and the M6.4 foreshock tions (i.e., displacement, velocity, and acceleration), while DAS measures

are marked with the red stars. The two nearby seismic stations CI.SRT and
NP.5419 are shown in red triangles. The main roads are plotted in golden lines.
The fault zones are marked with black lines (data source: U.S. Geological

the along-fiber strain field averaged over a finite gauge length. For a mono-
chromatic plane wave, the relationship between acceleration i and strain rate

Survey and New Mexico Bureau of Mines and Mineral Resources, Quaternary € 1S glven by:

fault and fold database for the United States, accessed August 1, 2019, at:

https://www.usgs.gov/natural-hazards/earthquake-hazards/faults). i =cé=—¢, 1)

k

where c is apparent phase velocity,  is angular frequency, and k is wavenum-

ber (e.g., Yu et al., 2019). To apply conventional methods for site amplifica-
tion estimation and compare with previous results, we need to convert our measured strain to acceleration, by dif-
ferentiation to strain rate and correcting for the waves' apparent phase velocity, which varies for different seismic
phases ranging from fast body waves to slow surface and scattered waves. The conversion from strain rate to ac-
celeration can be accomplished through spatial integration with one colocated seismometer (Wang et al., 2018),
f-k rescaling (Lindsey et al., 2020), or slowness determination based on slant stacking (Lior et al., 2021). Due to
the lack of a colocated seismometer and the strong locally scattered waves in the Ridgecrest, none of these meth-
ods work well. In this work, we use the Cartesian coronae framework of the Fast Discrete Curvelet Transform
(FDCT) to convert the strain rate to particle motions. Recently, the FDCT was successfully applied to denoise
DAS records and shows some promise in other DAS preprocessing steps (Atterholt et al., 2021). As part of the
FDCT, the f-k domain is compartmentalized into tiles corresponding to different velocity ranges and scales. This
compartmentalization is special because it uses a parabolic scaling relationship that yields more tiles at finer
scales. The FDCT framework thus provides a convenient basis with which to remove or modify DAS data ac-
cording to velocity and scale. Under this framework, we can easily mute high-velocity phases without interfering
with other phases. We can also improve the stability of the strain rate to ground motion conversion by applying
Equation 1 using the median velocity of each tile instead of using different velocities for all pixels in the f-k do-
main. Here, this framework is particularly advantageous, because the parabolic scaling ensures that the median
velocity approximation becomes more precise as resolution improves at finer scales. In this work, we perform the
strain rate to ground motion conversion using a Cartesian coronae framework constructed using 8 scales with 16
tiles at the coarsest scale; the parabolic scaling relationship prescribes the rest of the tiling using just these two
parameters. For these conversions, we mute all tiles with k~0.
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2.2. Separation of Source, Path, and Site Effects

The observed ground motion variability is a combination of source, path, and site effects. With multiple events
recorded at all channels along the cable, we are able to use a generalized inversion to separate the site response
from all the event-receiver pairs’ observations (Andrews, 1986). We use 71 M>3 events in a back azimuth range
of 60-120° during 3 months after the Ridgecrest mainshock. We pick P and S waves based on the arrival times
predicted by the SCSN catalog and the CVM-S4.26 model (Lee et al., 2014). S waves are more critical for ground
motions and have higher SNR than P waves in our data (Li et al., 2021), so we focus on S wave amplification
here. We cut the waveform to 2 sec before and 10 sec after the picked S wave arrival times and calculate power
spectral density at equal intervals of 0.03 in log frequency, and then smooth it with a running average for every 8
samples. Following Andrews (1986), the spectral amplitudes O;;(f) observed at frequency f, recording channel
i for event j can be written as:

0,;(f) = E;(NHP;(NHSi(f), @

Where E, P, S are earthquake source effects, path effects, and site effects, respectively. The assumption here is
that the S-wave heterogeneity is not super important except in the very shallow layers where we have site am-
plification. By taking the logarithm and simplifying the path effects as geometric attenuation for S waves, the
source and site terms can be solved with a linear inversion. The detailed inversion method is described in Text S1
in Supporting Information S1. For the site effects, we also take moving averages over 30 channels to get rid of
unrealistic spikes due to ground coupling issues. Due to the lack of frequency constraint and little variation with
frequency, we only focus on the site amplification averaged in [0.5, 5] Hz, in which the S wave energy dominates
and is critical for most low and mid-rise buildings.

2.3. Ambient Noise Tomography

In ambient noise tomography, we follow the conventional workflow that was developed over the last decade for
crustal imaging for larger scale and longer period data (Bensen et al., 2007). Preprocessing includes removing
mean and linear trends, down-sampling to 50 Hz, and band pass filtering to [0.1, 10] Hz. Then, running-ab-
solute-average temporal normalization and spectral whitening are applied to each 1-hour data segment. After
cross-correlation and normalization in frequency domain, the cross-correlation functions were transformed back
to time domain and stacked over three months. We use beamforming to search for the phase velocity that max-
imizes the stacked energy of the shifted waveforms for each narrow frequency band in 1-10 Hz. Given a virtual
source, for each channel, we take a subarray of channels around it to measure the local phase velocity dispersion
(Figure 2a). The subarray size is determined by the wavelength at each period. Since every channel can be treat-
ed as a virtual source, there are hundreds of virtual sources that can provide an average measurement with the
standard deviation taken as uncertainty. Rayleigh-wave phase velocity is most sensitive to shear-wave velocity
structure at a depth around one-third to one half of the wavelength (Forsyth et al., 1998; Haney & Tsai, 2015).
Therefore, the phase velocity in this study is sensitive to the shear velocity in the top 200 meters assuming 600
m/s velocity at 1 Hz. We use a level set tomography approach based on a geologically motivated model parame-
terization (Muir & Tsai, 2020; Muir et al., 2021). The model is parameterized by a small number of interfaces de-
fined by the level set method and Gaussian random fields inside each layer. This model parameterization has few-
er effective parameters and allows spatial continuity, thus providing a simplified and more interpretable model.
After testing different model parameters, we aim at a 3-layer model with 2 interfaces. The velocity in each layer is
parameterized as 2D Gaussian random field. The Gaussian random field parameters of the three layers are given
in Table S1 in Supporting Information S1. After 10 times of realization with randomly generated prior models,
we take the average inversion results as the final model and the standard deviation as the model uncertainty.

3. Results and Discussion
3.1. Localized Site Amplification Revealed by Ridgecrest Aftershocks

Although the entire DAS array is in the sedimentary basin of Indian Wells Valley and with little topographic
slope, the recorded earthquake shaking shows strong and consistent lateral variation (Figure 3a and Figure S1 in
Supporting Information S1). Conversion from strain rate to ground motion reduces the overall gradient in spec-
tral amplitude along the cable by mitigating slow scattered surface waves, but the converted ground acceleration
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Figure 2. Near-surface imaging procedures. (a) A common shot gather with virtual source in the middle of the cable. (b)
Phase velocity dispersion curves measured by beamforming with a section of channels in the red and blue rectangles in (a).
The error bars are given by the standard deviation of the dispersion measured from all other channels as virtual sources (c)
Phase velocity map along the cable. Each column is averaged from all the channels as virtual sources.
wavefield still shows an apparent amplification factor of 2 between the west and the east ends (Figure 3b). The
systematic trend in the apparent amplification is not likely caused by the cable-ground coupling given the uniform
installation along the entire cable. Furthermore, similar apparent amplifications are also observed at the two seis-
mic stations close to the two ends of the Ridgecrest DAS array: CI.SRT (4 km away) and NP.5419 (500 m away)
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Figure 3. Comparison between strain rate and converted acceleration of an M3 earthquake that occurred on UTC 17:09:22, July 21%, 2019. (a) DAS measured strain
rates; (b) Average spectral strain rate in [0.5, 5] Hz of the waveform in (a); (c) Converted ground acceleration; (d) Average spectral acceleration in [0.5, 5] Hz of the
waveform in (c). The average spectral acceleration of the two stations CI.SRT and NP.5419 are shown in the red triangle and the red square, respectively. The distances
of the two stations are projected to their nearest DAS channels. The amplitudes of the two stations are shown in the y axis on the right due to different instrument
scaling. Geometric spreading is compensated in (b) and (d). This amplification factor is commonly observed among many events.
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Figure 4. Site amplification profile and near-surface shear velocity model. (a) The red line shows site amplification averaged in [0.5, 5] Hz and normalized to the
channel at 3-km distance with the lowest amplification, with the red shaded area showing uncertainty from bootstrapping. The blue line shows Vs30 computed from
the velocity model in (b), with the blue shaded area showing the 2 times standard deviation from 10 realizations of inversion. The black arrows show some small-scale
anticorrelation while the gray shaded area shows a region with poor anticorrelation between site amplification and Vs30. The light blue straight line shows a regional
Vs30 model along the DAS cable; (b) The three-layer shear velocity model from ambient noise imaging, with the two interfaces outlined in the white lines. The black
box outlines a high-velocity anomaly corresponding to the gray shaded area in (a). (c) Log-log relationship between the Vs30 and site amplification (blue crosses)
with the best fitted k shown in the black line. The range of the GMM predicted site amplification variation in [0.5, 5] Hz is plotted in the gray shaded area (Bayless &

Abrahamson, 2019).

(Figure 1). The spectral acceleration of the two stations shows a similar amplitude difference (a factor of two), as
in the DAS-converted acceleration after correcting the geometrical spreading effect (Figure 3d and Figure S2 in
Supporting Information S1). We recognize that the absolute amplitudes of the DAS-converted acceleration are
still systematically different from those from the seismometers (Figure 3d), which has also been reported on pre-
vious DAS experiments and attributed to the fiber-ground coupling and the cable properties (Jousset et al., 2018;
Lindsey et al., 2020; Paitz et al., 2020). Here, we focus on the relative amplitudes along the cable to estimate site
effects, but calibration should be required for future work where absolute amplitude information is desired. The
red line in Figure 4a shows the inverted site amplification profile, normalized to the channel with the lowest am-
plification factor. The site amplification generally increases from west to east and has a factor of three difference
over only an 8-km distance. The strongest amplification peak appears in the east end while the lowest amplifica-
tion is at 2-3 km, with a secondary broad amplification peak between 0 and 2 km.

3.2. Subsurface Imaging With Traffic Noise

Our continuous DAS array also allows us to image the near-surface structure that may be the cause of the S wave
amplification pattern observed above. While numerous aftershocks were recorded (Li et al., 2021), the contin-
uous data are still dominated by urban noise from vehicles with weekly periodicity (Figure S3 in Supporting
Information S1), due to the proximity of the cable to Highway 395. With cross-correlations stacked over three
months, the Rayleigh wave fundamental mode can be clearly tracked, with the asymmetric bending of arrival
times suggesting strong velocity variability (Figure 2a). With all channels as virtual sources, we are able to con-
struct a phase velocity map at 1-10 Hz with uncertainties mostly below 40 m/s (Figure 2b and 4c). The inverted
shear velocity model shows strong lateral variation along the 8-km DAS profile (Figure 4b). A 60-meter thick
top layer with shear velocity as low as 270 m/s occupies the east end of the cable (6-8 km) and diminishes to less
than 20 meters thick at the distance of 2-3 km, where a high-velocity anomaly also appears at 50-100 m depth. A
secondary micro-basin is visible in the westernmost 1.5 km of the profile (Figure 4b). Regional velocity models
from travel time tomography here have low resolution in the shallow crust (White et al., 2021). Without available
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borehole data, the Vs30 model based on local geology and terrain is largely smoothed and unable to disclose
any variation along the 8-kilometer profile (McPhillips et al., 2020; Thompson et al., 2014, the light blue line in
Figure 4a). Our near-surface velocity model has two orders of magnitude higher resolution (~200 m horizontal
resolution in the top layer) and therefore is suitable for fine-scale ground motion estimation.

3.3. Fine-Scale Correlation Between Site Amplification and Velocity Structure

Most modern GMMs take Vs30 as the principal site parameter either directly or as the basis for site classifica-
tion into categories (Douglas, 2014). The site amplification model with respect to Vs30 generally consists of a
linear term as a function of Vs30 alone and nonlinear terms that account for soil effects. Because the shaking is
generally weak for the aftershocks studied here, we focus on the linear term which is typically given as a power
law with exponent k:

V530> , 3)

Sref

log,, S = —klog,, (

where Vs, is the Vs30 at a reference site on rocks, k is a coefficient estimated by regression, and .S is the site
amplification factor commonly assessed for peak ground acceleration (PGA) or response spectrum at different
periods. Recent studies also start to use horizontal-component Fourier amplitude spectrum instead of response
spectra values to build the GMMs (Bayless & Abrahamson, 2019), which is easier to constrain with seismological
methods. As shown in Figure 3a, our Vs30 measurements show a remarkable anticorrelation with the earthquake
site amplification, both at long wavelength over the 8-km profile and at sub-km scales (annotated by black arrows
in Figure 4a). Fitting our site amplification and Vs30 results using Equation 3 gives a good linear relation with
a correlation coefficient of 0.81 (Figure 4c). Previous research indicates that the relationship between horizontal
amplification factor and Vs30 may have a large scatter even in log space (e.g., Castellaro et al., 2008). Our site
amplification and Vs30 results show that, while Vs30 is not a perfect single-variable predictor of site amplifica-
tion, it performs notably well on a small scale. However, the fitted k = 2.4 is much larger than the typical values
(0.2-0.8) in the [0.5, 5] Hz band from the BA18 GMM (Bayless & Abrahamson, 2019, Figure 4c), which means
stronger shaking variability than expected from the Vs30 profile. One important reason is that prior empirical
equations are regressed from broader regions based on the ergodic assumption without any locally specific cor-
rections (Bradley, 2015). The systematic deviation from the regressed ergodic GMM suggests that non-ergodic
correction terms are necessary to characterize local site amplification here in the Ridgecrest city. Our findings
suggest that DAS provides an easy way to perform a local non-ergodic GMM calibration.

DAS imaging can provide further information beyond the Vs30. Recently, other empirical site parameters repre-
senting the shear velocity structure deeper than Vs30 have been integrated into GMMs, such as the depth to the
1 km/s velocity horizon (Z, ;) (Chiou & Youngs, 2014) or the depth to the 2.5 km/s horizon (Z, ) (Campbell &
Bozorgnia, 2014). Indeed, our results also indicate the site amplification correlated with structure deeper than
30 m. At 2-3 km distance, the lowest site amplification is not correlated with the highest Vs30 (Figure 4a), but
appears to be related to the high-velocity anomaly at 50-100 m depth (Figure 4b). We propose that with DAS's
ability to recover more structure information than Vs30 without the need to wait for earthquakes, we can identify
other quantities that can better characterize site effects and predict ground motion with physics-based approaches
such as forward modeling.

4. Conclusions

With the Ridgecrest DAS data, we extract site amplification from earthquake aftershocks and perform near-sur-
face imaging with traffic-generated seismic noise. Our results demonstrate that DAS-based noise tomography is
capable of capturing subsurface structural heterogeneities that cause ground shaking variability at sub-kilometer
scales. Such fine-scale seismic hazard microzonation can significantly improve urban seismic risk management.
Although the physics linking the shallow structure and site amplification quantitatively requires further investi-
gation, the observation we report here highlights the potential of DAS for high-resolution urban seismic hazard
mapping as an efficient and inexpensive tool.
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