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Abstract seismic imaging and monitoring of the near-surface structure are crucial for the sustainable
development of urban areas. However, standard seismic surveys based on cabled or autonomous geophone
arrays are expensive and hard to adapt to noisy metropolitan environments. Distributed acoustic sensing
(DAS) with pre-existing telecom fiber optic cables, together with seismic ambient noise interferometry, have
the potential to fulfill this gap. However, a detailed noise wavefield characterization is needed before retriev-
ing coherent waves from chaotic noise sources. We analyze local seismic ambient noise by tracking five-month
changes in signal-to-noise ratio (SNR) of Rayleigh surface wave estimated from traffic noise recorded by DAS
alongthe straight university campus busy road. We apply the seismic interferometry method to the 800 m long
part of the Penn State Fiber-Optic For Environment Sensing (FORESEE) array. We evaluate the 160 virtual shot
gathers (VSGs) by determining the SNR using the slant-stack technique. We observe strong SNR variations in
time and space. We notice higher SNR for virtual source points close to road obstacles. The spatial noise dis-
tribution confirms that noise energy focuses mainly on bumps and utility holes. We also see the destructive
impact of precipitation, pedestrian traffic, and traffic along main intersections on VSGs. A similar processing
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workflow can be applied to various straight roadside fiber optic arrays in metropolitan areas.

1 Introduction

To develop and reinforce urban infrastructure for smart
cities, the number of fiber optic cable installations
rapidly increases. Recent studies show that these net-
works can be used not only for communication and
transferring data but also for monitoring and imaging
the near-surface structure using DAS (Li et al., 2022).
For rapidly growing urban population densities, shal-
low subsurface characterization of physical and me-
chanical properties regarding groundwater resources
management, infrastructure safety, road inspection, or
geohazards monitoring is crucial for sustainable devel-
opment. DAS can turn the fiber optic cable into a sensor
array sensitive to ground vibrations (Lindsey and Mar-
tin, 2021). Consequently, the fiber optic line can work
like a geophone spread in seismic methods. This tech-
nology can operate in tough conditions like extreme
temperature or power supply limitations and record vi-
brations within 17 octaves (Paitz et al., 2021). Therefore,
it has been used simultaneously in global seismology
(Nayak and Ajo-Franklin, 2021) and at a laboratory scale
(Titov et al., 2022). Furthermore, it requires only a sin-
gle power point source to record vibration from tens of
km of fiber lines with meter-scale sampling resolution.
Hence, it is less expensive and easier to maintain than
a standalone geophone array, especially with the city’s

*Corresponding author: rkc5556@psu.edu

pre-existing dark fiber optic cables.

Ambient seismic noise, which is dominated by sur-
face waves (Nakata et al., 2019), gives the ability to ana-
lyze elastic properties of the subsurface cost-effectively.
Seismic interferometry is one of those methods which
allows extracting useful information from randomly
distributed sources (Wapenaar et al., 2010). This
method mimics a standard seismic survey by focusing
the chaotic seismic wavefield into the virtual source
(VS) and then exciting it toward receivers. The main
drawback of seismic interferometry application in a
metropolitan area is the complex nature of the noise
therein. In such conditions, the dominant noise source
can be localized out of the stationary-phase region (out
of line crossing virtual source-receiver pair) and pro-
duce apparent surface wave velocity. This azimuthal-
dependent source distribution can be analyzed using a
large-N geophone array (Nakata et al., 2015), or dense
DAS array (Zeng et al., 2017; van den Ende and Am-
puero, 2021). Unfortunately, many dark fibers are lim-
ited to straight-line profiles deployed close to the main
roads in the city and sense only the vibrations in the di-
rection of fiber optic cable. For such limitations, spatial
noise distribution analysis of the high-frequency range
noise, which can change the behavior every couple of
meters, is complicated. The most common practice
for such an environment is to increase the illumination
time to retrieve reliable surface waves (Spica et al., 2020;
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Yang et al., 2022), or use well-recognized strong local
seismic sources, e.g., trains (?), cars (Dou et al., 2017,
Song et al., 2021) or quarry blasts (Fang et al., 2020).
When the noise source is more complex, one can use
coda wave interferometry and scattering waves which
are less sensitive to noise inhomogeneity (?). In a recent
paper, Song et al. (2022) present the promising three-
station interferometry technique, which can increase
the coherence of noise correlation functions. However,
estimating a stable high-frequency surface wave from
ambient noise in the city remains challenging, and un-
derstanding what influences local Green’s function is
mandatory.

In this paper, we investigate high-frequency ambi-
ent noise behavior in time and space by analyzing the
signal-to-noise ratio (SNR) of Rayleigh surface waves es-
timated from traffic noise recorded by the Penn State
Fiber-Optic For Environment Sensing (FORESEE) array
in State College, Pennsylvania. We utilize an 800 m
straight profile of telecom fiber along Pollock Rd, one
of the busiest university campus roads where thousands
of students pass by every day during the semester. First,
we characterize the ambient seismic noise through the
city. Then we analyze 160 virtual shots gathers (VSGs)
from the beginning of May to the end of September
2019. We recognize the main factors determining the
SNR of Rayleigh surface waves along the road. We also
characterize noise source distribution in space using
back projection technique. Our method can be used for
other sites with straight-line geometry.

2 Data characterization

2.1 The DAS Array

The Penn State FORESEE DAS array consists of 4.2 km
of dark fiber that crosses the Pennsylvania State Uni-
versity campus (Fig. 1a). The recording started in April
2019 and finished in October 2021 with three differ-
ent frequency samplings: 250 Hz, 500 Hz, and 1000 Hz
(Fig. 1b). The depth of the telecom fiber optic cable
varies with an average of 1 m (personal communica-
tion). The interrogator Silixa iDAS2 as sensing the 2137
channels every 2 m with a 10 m gauge length. More de-
tails about the array and observations can be found in
Zhu et al. (2021). We analyze the 800 m straight segment
along Pollock Rd (Fig. 1c).

2.2 Seismic ambient noise

Figure 2 presents the power spectrum density (PSD)
changes over two weeks of May 2019 for 2137 channels.
The PSD is averaged within four different frequency
ranges: 0.5-4 Hz, 4-10 Hz, 10-20 Hz, and 20-50 Hz. For
each range, the higher amplitudes start around 8 AM
and end around 8 PM. The strongest noise comes from
the main streets of University Dr, Curtin Rd, and Pol-
lock Rd (Fig. 1a). However, Curtin Rd shows the high-
est values, especially between channels 808 and 1120,
where the cable is set up close to the road shoulder.
The higher PSD values in all frequency ranges for chan-
nels near the road suggest that the anthropogenic noise
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sources originate in traffic. During the weekends, we
observe a slight PSD decrease, mainly in the lower fre-
quency range (0.5-4 Hz), probably due to reduced heavy
vehicle traffic these days. A similar pattern of anthro-
pogenic noise emerging during the day and decaying at
night (Shen and Zhu, 2021) was observed in other cities
(e.g., Diaz et al., 2017).

We also observe the weather condition imprint on
PSD. The wind and rain during the storm on May 4
changed the PSD in all frequency ranges. The wind am-
plifies PSD but only for the first 500 channels and when
the wind gusts exceed 15 m/s (Fig. 2b). The first 500
channels are in the open space area near campus foot-
ball pitches, where the wind can much more easily in-
duce ground vibration than in built-up areas. During
heavy rain, the PSD values increase for a few channels
close to the storm sewers (Fig. 2c). The increase starts
a few minutes after the beginning of the rain and van-
ishes a couple of minutes after the rain. It is likely the
acoustic effect of fluid flowing through the drainage sys-
tem (Shen and Zhu, 2023, submitted).

3 Rayleigh surface wave evaluation

3.1 Rayleigh surface wave estimation

Figure 2 shows that most of the seismic noise concen-
trates along the roads and is caused by traffic. Around
75 % of FORESEE DAS channels are installed beneath
the sidewalks and near the road shoulders (Fig. 1). For
such geometry, where the noise source propagates in-
line, the Rayleigh surface wave is amplified (e.g., Spica
et al., 2020). However, in some heavy traffic intersec-
tions, Love surface waves can also be sensed by the DAS
fiber array (Martin et al., 2018). To monitor and image
the first few meters of the subsurface with the ambient
noise interferometry along the straight road, we need
to understand better what influences the SNR of the es-
timated Rayleigh surface wave in time and space. To do
so, we focus on the 400 channels along Pollock Rd (from
channel 1460 to 1860) (Fig. 1c). It is the longest straight
part of the array within the built-up campus area. Our
processing workflow is similar to what was introduced
in seismology (Bensen et al., 2007) (Fig. 3).

We only modify the preprocessing step by run-
ning the same workflow for each 1-minute continu-
ous recording input file twice for negative and positive
wavenumbers. Czarny and Zhu (2022) used a similar ap-
proach for 1D S-wave velocity model estimation along
Pollock Rd. This procedure gives us more information
about the spatial distribution of the noise source de-
scribed later. We also constrain the wavefield between
phase velocity 100 m/s and 5500 m/s in the f-k domain
to reduce the influence of the noise sources out of the
stationary-phase region. Then, we process both wave-
fields separately. We detrend the data, decimate to 100
Hz sampling frequency, band-pass between 1 and 45
Hz, and flatten the spectrum using spectral whitening.
Eventually, we generate VSGs with a step of 5 channels
for a new VS point. It gives us 160 virtual source points
(80 for each wavenumber). Following these steps, we
process data from May to September 2019. To reduce
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Figure1 (a) Dark fiber DAS array layout. (b) The scope of FORESEE project recordings. (c) A part of the array (from channel
1460 to channel 1860) and the main road infrastructure we use in the study.

computation time, we take only daytime (from 8 AM to
8 PM) when the heaviest traffic occurs.

3.2 Signal-to-noise ratio

VSGs stacked over one month (Fig. 3) show that the
main energy of the Rayleigh surface wave travels as a
fundamental mode with an average velocity for higher
frequencies (10-35 Hz) around 1120 m/s. To evaluate the
SNR of the estimated Rayleigh surface wave in time and
space, we use the slant-stack method (Vidal et al., 2014)
and transform VSGs obtained for every 1-minute data to
the slowness representation using the formula:

N

D ePIEPA(f x)) (1)

=1

C(f,p) =

max

where C(f,p) is the maximum value searching from
the summation over different phase shifts in the fre-
quency domain; A (f,z;) is a Fourier transform of the
VSG where each j receiver has z; offset from the VS
point; p and f denote slowness and frequency, respec-
tively. We use 100 channels around each VS. In figure
4, we present the slant-stacking summation for 3 differ-
ent VSGs for the same VS point with different SNR of the
estimated Rayleigh surface wave. To make analysis eas-
ier, we change slowness to phase velocity. We use the
wave between 1 and 45 Hz. To assess SNR, we determine
the ratio between maximum energy focused on the fun-
damental mode (900-1500 m/s) and the other velocities.
We similarly process all VS points for positive and neg-
ative wavenumbers.

3

4 Results and Discussion

4.1 Temporal SNR changes

Figure 5 presents the distribution of SNRs along Pollock
Rd in a daily time frame from the beginning of May to
the end of September 2019, except June. Figures 5d and
5e represent VSGs for negative wavenumber (we call it
negative wavefield - propagates from higher to lower
channels) and VSGs for positive wavenumber (we call
it positive wavefield - propagates from lower to higher
channels), respectively. To better understand temporal
SNR variations, we add temperature (Fig. 5b) and the
precipitation (Fig. 5c) from the local meteorological sta-
tion (Fig. 1a) and depth to water level (Fig. 5¢) from the
USGS observatory well located 4 km from our array.

Both wavefields generally show a similar pattern, but
the negative one reveals higher SNR values overall. This
difference is visible in Figure 5f, which represents the
SNR averaged for all VS points. For all days except May
12 and 13, we notice intense illumination by the ambi-
ent noise coming from the west. It is probably seismic
noise due to heavy car traffic along the 4-lane N Ather-
ton St. that crosses the FORESEE array around channel
1880 (Fig. 1c). In Figure 5g, as a result of subtracting the
SNR for negative from the SNR for positive wavefields,
we can also observe how this western noise source am-
plifies the wavefield in almost all VS points.

SNR distribution over five months shows some long-
and short-term changes. For long-term changes, we can
distinguish three periods: from May 1 to May 16, May
16 to August 23, and August 23 to the end of Septem-
ber. During the first and last periods, the SNR decreases.
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for fiber optic cable installed near the main campus roads. (b) Amplitude increase due to wind gusts for the first 500 channels
located in an open-space area. (c) Amplitude increase due to water flowing through the drainage system close to the fiber

optic cable conduit.

We link this drop with students' activity on the Univer-
sity campus during the spring and fall semesters. Pol-
lock Rd is the main campus path for walking and riding
bikes. The local high-frequency noise from pedestri-
ans and cyclists can contaminate coherent surface wave
phases from distant sources. Moreover, telecom fiber
in many places is installed directly below the pavement
and close to the surface, which amplifies this effect.

Short-term SNR changes are connected with weather
conditions and urban activity. The SNR increases on
almost all weekends, particularly during the summer
break. Generally, at the weekend, the university is vis-
ited by fewer people. This pattern disturbs May 5 (Fig 5f,
labeled as A), when the commencement ceremonies oc-
curred. The beginning of the fall semester is also a time
with more pedestrians at the university, even during the
weekends. That is why we do not see an increase in SNR

4

at weekends from August 23 to the mid of September.

The PSD shows that wind does not generate strong
ground vibration in the build-up area (Fig. 2). However,
precipitation and temperature impact the SNR. For ex-
ample, between May 12 and 14, along-hour lasting mod-
erate precipitation occurred and changed the depth to
the water level of about 50 cm in next following days
(Fig. 5a). It was the highest precipitation during all five
months of our analysis. As a result, the SNR signifi-
cantly decreases. Interestingly, in next following two
days, we observe higher average SNR for the positive
wavefield (Fig. 5e, labeled as B) than the negative one.
We posit that the ambient noise from N Atherton St. is
attenuated more due to higher water content in the shal-
low surface.

In addition, in Figure 6, we present the maximum am-
plitudes of the Rayleigh surface wave in the range of 1-
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Figure3 The processing flowchart of Rayleigh surface wave estimation from seismic ambient noise regarding the wavefield
direction. The examples of VSGs obtained by linear stacking of the one-month data show consistency in Rayleigh surface wave
velocity of the main energy. The fundamental model propagates between 1000-1500 m/s in the higher frequency range.

45 Hz between May 12 and May 16. These surface waves
are generated by cars passing through the same bump
around channel 1540. For each day, we select 8 wave-
forms (from 8 cars) with similar strain rate values in a
source (channel below the bump). Due to the high con-
tamination of other seismic noise to the selected wave-
field, we examine only the near field around the bump.
Indeed, the surface wave attenuates the most on May 12
(Fig. 6f). The attenuation can be visible on pure wave-
forms in Figures 6g and 6h. The amplitudes decay much
faster on May 12 (wet day) than on May 16 (dry day) for
comparable source energy.

We do not see such strong attenuation on May 13
and May 14 for nearfield, but only SNR drop from far-
field (west noise from N Atherton St.). We hypothesize
that the water did not evaporate but slowly percolated
to the topsoil layer and then infiltrated into the deeper
layers. It happened because of the lower temperature
those days. The shallow subsurface, up to tens of me-
ters around the campus, contains fractured dolomite
above the limestone layer with karst features in this re-
gion (Drake and Harmon, 1973). The top 2 to 4 m is built

5

with clay. Water can easily migrate through the well-
developed subsurface drainage within such prone sink-
hole hazards carbonate strata. However, testing this hy-
pothesis is beyond this study's scope. It is worth not-
ing that when a few short storms occurred at the end of
May, rapidly changing the water table, the SNR (Fig. Se,
labeled as (C)) remained high when the temperature is
around 20 °C in this period.

4.2 Spatial SNR changes

One-component data recorded along the straight dark
fiber DAS array is challenging to characterize the noise
origin in space. However, we identify the primary seis-
mic noise sources in the investigation area using the
back projection technique (e.g., Li et al., 2020; Rabade
et al., 2022; Song et al., 2022). This method illuminates
the most likely distribution of noise source energy in
space by migrating the amplitude from the time domain
VSG to the grid in space using the averaged velocity of
the investigated seismic wave. First, the difference be-
tween the distance of the VS point to the grid point and
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Figure 4 The slant-stack analysis examples for the same VS point but three different minutes with three different SNR of

Rayleigh surface wave: 1.8, 3.0, and 6.1.

the distance of VS point to the receiver is computed.
Then, for this difference, the wave is focused on the
grid point using the averaged velocity. The wave energy
is the root-mean-square of amplitudes in the time win-
dow with the length of the wave duration. We use the
40 ms window as an optimum parameter for our array.
This window corresponds to the duration of the funda-
mental mode Rayleigh wave on VSGs. As an averaged
velocity, we set 1100 m/s based on the dispersion spec-
trum generated along Pollock Rd (Fig. 3) and the veloc-
ity model in Czarny and Zhu (2022). We operate on the
VSGs stacked over one month July 2019, when the SNR
is the highest. We do not apply f-k filtering to analyze
all effects around the fiber. We set the 600x1000 m grid
and the limit frequency band to 10-45 Hz. We constrain
our analysis to 200 m around VS. We evaluate VSG every
10 meters (VS point locations as in the case of temporal
studies).

Figure 7 shows 12 selected VS points for noise source
spatial distribution analysis. The results for all 80 VS
points are presented in supplementary materials. Gen-
erally, each VS point gives unique spatial noise distribu-
tion. However, for most examples, the noise source is
connected with car traffic through Pollock Rd. Starting
from VSG in point (1), the dominant noise source comes
from the east side of Pollock Rd. The noise source may
originate in the utility hole (A). At point (2), the ma-
jor energy shifts to the west toward higher channels.
The energy still accumulates inline and is probably con-
nected with the right edge of the wide 20 meters long
bump (B). This noise source also dominates the VSG at
point (3). However, the SNR rapidly decreases when
the car passes between two edges of this bump (Fig 7b).
One can also see these shadow zones with lower SNR in
Figures 5c and 5d. For point (4), located at the top of
the bump, the other noise sources on the west start ap-
pearing (C, D). At point (5), we notice the energy which
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can have an origin in two intersections that lead to local
parking (C). However, the most energy probably trav-
els from few utility holes (D) and two bumps (E). The
high contribution of obstacle (D) in noise generation in
the area is visible on VSG around 200 m (points (5) and
(6)). It is worth noting that between bump (B) and the
first STOP sign (around 400 m), cars drive smoothly at
the highest speed along Pollock Rd. That is probably
why the SNRs in this region are high. At point (8), we
still observe some energy from bumps (E) and some in-
line noise from the west where manhole (F) is localized.
This maintenance hole is in the center of the road, and
almost every car hits it when driving. The SNRs for the
next following VSGs decrease and reach a minimum of
around 600 m.

We have several STOP signs from 400 m to the inter-
section with Burrowes Rd, so cars drive slower in this
segment. Therefore, some off-axis sources, like traf-
fic along Fraser Rd (G), the road to local parking (G),
or more distant Burrowes Rd (H), can disturb the re-
trieving surface wave. We cannot exclude the impact of
local lateral structural changes in dolomite bedrock or
another noise source from nearby facilities. Finally, at
points (11) and (12), the noise energy focuses on Bur-
rowes Rd and N Atherton St, respectively.

5 Conclusions

We characterized high-frequency seismic ambient
noise in the urban area in the city of State College
using a straight roadside dark fiber DAS array and
the seismic interferometry method. By analyzing the
SNR estimated for VS points for every 10 m along
the fiber optic cable, we identified the origin of the
seismic ambient noise sources in the area and showed
its spatial distribution. We also explained the factors
that impact the Rayleigh surface wave estimation
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from ambient noise interferometry. We observed a
significant SNR drop due to rain and pedestrian traffic.
The high-quality data we get for virtual source points
close to bumps and maintenance holes, particularly
in region where cars are driving at higher speeds.
The presented processing scheme can be applied to
different sites, especially for the city's linear fiber optic

array geometry. Our results can be helpful in ambient
noise interferometry applications for higher frequency
surface wave estimation in the city using DAS.

SEISMICA | volume 2.2 | 2023



SEISMICA | RESEARCH ARTICLE | Spatiotemporal evaluation of Rayleigh surface waves from DAS

— o 1e6

(a) May 12 (b) May 13

Strain rate
(nanostrain/s

(c) May 14

4 N L S P )

1460 1510 1560 1460 1510

1560 1460 1510 1560 O 1

— o 1e6 Channel Channel (f) Channel [ —
22 “T(d) May 15 (e) May 16 12 May (rainy
s 13 May day)
E-'g 1 N 14 May
=0 16 May
1460 1510 1560 1460 1510 1560 1460 1510 1560
Channel Channel Channel 166
0_ (g9) wet day | (h)dry day 1.0 o
‘@ - . - 05 €
£ 501 1 ©
° A - - -~ 00 3
£ " - ’ o
|_100' ! ' i L -0.5 g
- I | ‘ : d I I - ' I : . . ‘ I i S
1460 1500 1540 1580 1460 1500 1540 1580 10
Channel Channel

Figure 6 (a-e) Rayleigh surface wave amplitude distributions around the selected bump at channel 1560 for different days
of May. (f) Comparison of the results from (a) to (f). Raw waveforms for similar source energy (comparable car hits) on wet
(g) and dry (h) days. The higher attenuation is visible on a wet day.
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