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ABSTRACT

Distributed acoustic sensing (DAS) enables passive collection of seismic data with
a dense spatial sampling and large survey area. This allows for the use of ambient
noise interferometry, a technique which characterizes the near subsurface using sur-
face waves generated by ambient noise sources. This case study uses energy primarily
generated by anthropogenic noise collected using DAS to passively image the near
surface. Virtual shot gathers were constructed at various locations along two segments
of fiber optic cables. These shot gathers were also generated using various temporal
lengths to assess the convergence of the interferometry processing technique. Interfer-
ometric data processing proved successful in generating virtual shot gathers. Surface
wave dispersion images were generated to be used in 1d shear wave velocity inversion.
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1 INTRODUCTION

DAS collects seismic data in strain or strain rate at a high spatial and temporal frequency. Additionally, utilizing dark fiber provides a
relatively inexpensive method for long-term, passive data collection. Seismic interferometry as described in Wapenaar et al. (2010),
can then be employed to reconstruct the Greens function at various locations along the fiber optic cable. Thus, allowing for the
characterization of the subsurface using passive surface wave data generated from ambient sources. In this paper, we describe the
workflow and preliminary results of utilizing passively recorded DAS data for near surface ground characterization. We start by
describing the theory behind seismic interferometry and how it’s used to generate virtual shot gathers along a survey line. Then,
we calculate dispersion images. Mode picking is then done to extract the fundamental surface wave mode from the dispersion
images which can then be inverted to make 1D shear wave velocity profiles that are used to characterize the near subsurface using
the multichannel analysis of surface waves (MASW) method (Park et al., 1999). We then describe the workflow employed in this
scenario to process the passively collected DAS data to generate the virtual shot gathers. These are analyzed to assess artifacts as
well as usability for the MASW workflow.

1.1 Theory

Seismic interferometry reconstructs signals similar to an active source survey by cross-correlating the noise signals recorded by
a pair of receivers. This technique generates a virtual source at the location of the first cross-correlated receiver (Wapenaar et al.,
2010). This method does not require detailed information about the noise source position and activation time but does make certain
assumptions about the distribution of sources such as uniformity and independence. DAS allows for a spatially broad and dense
method for collecting broadband seismic data, including low frequency surface waves (Lindsey and Martin, 2021). The fundamental
mode is then picked, which is then inverted to get a 1D shear wave velocity profile of the near surface. The maximum depth of this
profile is dependent on the maximum wavelength of the shot gather. This methodology has been employed to monitor infrastructure
from earthquake hazards and near surface saturation changes (Fang et al., 2020); (Rodriguez Tribaldos and Ajo-Franklin, 2021).
The ambient noise interferometry processing technique has been combined with MASW to characterize the near subsurface for
environmental and infrastructure applications (Dou et al., 2017); (Zhu et al., 2022). Additionally, the same DAS dispersion images
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Figure 1. Schematics of (A) Fiber A and (B) Fiber B. The yellow dot indicates the start of the fiber, while the red dot indicates the end of the fiber.
Arrows are shown on Fiber B to indicate the fiber path.

can be integrated with sparse seismometer networks and the horizontal-to-vertical spectral ratio method to improve subsurface con-
straints Spica et al., 2020. Once virtual source gathers are calculated, a dispersion image is calculated using a wavefield transform
method that results in a plot of phase velocity vs. frequency (Park et al., 1998).

Companies that manage subsurface infrastructure often want to know about the near-surface response to potential seismicity, or to
find out about any potential geohazards in the near surface (e.g. sinkholes or landslides). However, the resources available to these
investigations are often too limited to enable full active-source seismic surveys, particularly time-lapse studies. Because DAS can
be left in place, and ambient noise acquisition requires no more effort than plugging in an interrogator to record, this technique
is a potentially useful tool for near-surface monitoring of subsurface infrastructure. In this report, we investigate the suitability
of ambient noise collected for subsurface characterization using ambient noise interferometry. We evaluate the convergence of the
virtual source gathers and evaluate the resulting dispersion images’ suitability for future 1D Vs inversion with the MASW technique.

2 DATA ACQUISITION AND PROCESSING

Passive data was acquired on two separate fiber locations: fiber A (fig 1A) and fiber B (fig 1B). Fiber A has a measured length
of 8,352 m while fiber B has a measured length of 21,715 m. Both survey lines had sections of fiber that were buried, as well as
portions of aerial fiber secured on poles. Both had the same acquisition parameters of a 2-meter channel spacing, a 10-meter gauge
length, and a sampling rate of 500 Hz. Fiber A recorded data for two weeks while fiber B recorded data for one week. The recorded
data was separated into 30 second files that were then used as time windows for data processing.

2.1 Data Acquisition

The raw data was first concatenated together to get a complete time series of the data to be processed for each receiver along the
fiber. We used spectral whitening to normalize the data and reduce the amplitude of large events. A primary receiver was then
manually selected to become the location of the virtual source. This location was chosen from the stretches of buried fiber as
the signals from the fiber on poles was dominated by wind noise. Five seconds of the primary receiver’s recordings were cross-
correlated with the neighboring 200 receiver’s recordings on either side of the primary receiver to create a virtual shot gather. A
sliding five second window was then implemented to generate virtual shot gathers over the total length of data. These virtual shot
gathers were then vertically stacked to improve the signal to noise ratio. Lastly, automatic gain control was used to normalize the
noise correlation functions. Due to memory constraints, individual shot gathers were first generated using 10 minutes of data which
were then vertically stacked to reach the desired length of total stacked time. Dispersion analysis was done on the post stack virtual
shot gather utilizing the open-source python package DASCore. For fiber A, four hours of data was processed using the above
workflow resulting in virtual shot gathers at various locations for one hour of stacking, two hours of stacking, and four hours of
stacking. For fiber B, 1.5 hours of data was processed with virtual shot gathers created at 45 minutes of stacking and at 1.5 hours of
stacking.
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Figure 2. Virtual shot gathers on fiber A at channel 2600 from (A) 1 hour of stacking, (B) 2 hours of stacking, (C) 4 hours of stacking.

2.2 Data Processing

The raw data was first concatenated together to get a complete time series of the data to be processed for each receiver along the
fiber. We used spectral whitening to normalize the data and reduce the amplitude of large events. A primary receiver was then
manually selected to become the location of the virtual source. This location was chosen from the stretches of buried fiber as
the signals from the fiber on poles was dominated by wind noise. Five seconds of the primary receiver’s recordings were cross-
correlated with the neighboring 200 receiver’s recordings on either side of the primary receiver to create a virtual shot gather. A
sliding five second window was then implemented to generate virtual shot gathers over the total length of data. These virtual shot
gathers were then vertically stacked to improve the signal to noise ratio. Lastly, automatic gain control was used to normalize the
noise correlation functions. Due to memory constraints, individual shot gathers were first generated using 10 minutes of data which
were then vertically stacked to reach the desired length of total stacked time. Dispersion analysis was done on the post stack virtual
shot gather utilizing the open-source python package DASCore. For fiber A, four hours of data was processed using the above
workflow resulting in virtual shot gathers at various locations for one hour of stacking, two hours of stacking, and four hours of
stacking. For fiber B, 1.5 hours of data was processed with virtual shot gathers created at 45 minutes of stacking and at 1.5 hours of
stacking.

3 RESULTS
3.1 Fiber A

Virtual shot gathers for fiber A were created at channel 2600 and 3600 for one, two, and four hours of stacking (Figure 2, Figure
3). The 1 hour stacked shot gather for channel 2600 (Figure 2A) shows some coherent moveouts especially in the positive offset
and causal (i.e. positive time lag) section. There is a processing artifact along the entirety of the shot gather starting at - —180
m offset to - —400 m. This artifact persists through all the shots regardless of hours stacked. There is also a horizontal feature in
the shot gather at 4 seconds time lag that becomes weaker with more stacking. The signal- to- noise ratio significantly improves
with increased stacking as Figure 2C has moveouts that reach further offsets from the center and has higher relative amplitudes.
However, Figure 2C does show some common mode noise near zero time lag at negative offsets (i.e. a horizontal line indicating
simultaneous response on all channels). The dispersive wave velocity for all these virtual shot gathers appears to be between 200
and 400 m/s with a greater range of velocities in the 4 hours stacked shot gather. Although one would typically expect dispersion
images to become more focused at all frequencies as more noise correlations are averaged, the spread of energy at low frequencies
from 2 hours of stacking to 4 hours of stacking suggests that more data, beyond 4 hours must be stacked for reliable surface wave
inversion at low frequencies.

Figure 3 shows the shot gathers generated at channel 3600. These shots show significant common mode noise near zero-time lag
at all times stacked over. Additionally, there is a significant artifact at -270 meters offset. Dispersive waves are most apparent at
positive offsets and positive time lags and at negative offsets and negative time lags. The dispersive moveouts appear to have a
velocity between 150 and 300 m/s.

Dispersion images were created using the wavefield transformation method described in Park et al. (1998) using the positive offset
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Figure 3. Virtual shot gathers on fiber A at channel 3600 from (A) 1 hour of stacking, (B) 2 hours of stacking, (C) 4 hours of stacking.
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Figure 4. Dispersion images on fiber A at channel 2600 from shot gathers at (A) 1 hour of stacking, (B) 2 hours of stacking, (C) 4 hours of stacking.

and positive time lag section of the virtual shot gather. The dispersion images for the channel 2600 shot gathers (Figures 2A, 2B,
2C) are shown in figure 4.

The dispersion images from the virtual shot gather generated at channel 2600 change considerably depending on the total stacked
time. With increased stacking, the higher modes become more coherent. For example, the 2nd higher order mode shows up more
coherently than in 4A and 4B. Additionally, the lower frequencies have higher amplitudes, but the range of velocities increase which
clouds the ideal dispersion curve. The fundamental mode in Figure 4B does reach higher frequencies compared to the others.

The dispersion images from the channel 3600 virtual shot gathers do not change much depending on the stacking time. The funda-
mental mode is coherent between 1 Hz and 4 Hz while the higher order modes are not as clear. Overall, the range of frequencies
for the fundamental mode in the Fiber A shot gathers were limited to 1 Hz on the low end and to 4-5 Hz on the high end from
the particular processing workflow tested in this report. This small frequency band limits the resolution of the inversion in the near
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Figure 5. Dispersion images on fiber A at channel 3600 from shot gathers at (A) 1 hour of stacking, (B) 2 hours of stacking, (C) 4 hours of stacking.
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Figure 6. Virtual shot gathers on fiber B at channel 3000 from (A) .67 hour of stacking, (B) 1.5 hours of stacking.
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Figure 7. Dispersion images on fiber B at channel 3000 from shot gathers at (A) 0.67 hour of stacking, (B) 1.5 hours of stacking.

surface with MASW, as well as producing a less impulsive time domain signal for use in future tomographic inversion. However,
the longer wavelengths should be suitable for delineating the basement layer of the subsurface.

3.2 Fiber B

Two shot gathers were generated from channel 3000 on Fiber B (Figure 6). These shot gathers were created by stacking over 40
minutes of data (Figure 6A) and over 1.5 hours of data (Figure 6B). Both Figure 6A and 6B show coherent dispersive moveouts at
positive offsets and negative time lags as well as at negative offsets and positive time lags. The moveouts get stronger with more
stacking. One interesting feature is a faster velocity apparent moveout that appears in both shot gathers and gets stronger with
increased stacking. This faster moveout has a velocity of around 800 m/s compared to the dispersive wave velocity of 200-300 m/s.
Further modelling is needed to interpret this apparent faster event.

The dispersion images calculated from the virtual shot gathers in Figure 6 show a somewhat coherent fundamental mode and weaker
signals for higher order modes. Figure 6B shows a more low- frequency energy which may be further improved by using a virtual
shot gather generated over a larger stacking time.
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4 CONCLUSIONS

Virtual shot gathers were successfully constructed on Fiber A and Fiber B at multiple locations and stacking times. This shows
that the preprocessing workflow may be applied and adapted at more locations along these fiber lines. Future work will be done
to extend the frequency bandwidth of the virtual source gathers, to automatically extract the fundamental modes of the dispersion
images and to invert for 1D shear wave velocity profiles throughout many locations along both fiber lines. These velocity profiles
will be compared with local geology to ensure validity and repeatability. Furthermore, a process for assessing the optimal time to
stack over for each shot gather location will be explored to create shot gathers with cleaner dispersive moveouts to generate robust
dispersion images.
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