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Summary
Ambient noise in the urban environments are usually
generated from fixed-location human activities. The noise
sources are not random and uniformly distributed. When
ambient noise are used to extract the subsurface soil
properties, the subsurface shear-wave velocities may be
overestimated since they are inverted from the apparent
dispersion curves. Thus, angle correction must be applied
on the dispersion curve before inverting for the subsurface
shear-wave velocity model. Beamforming is a commonly
used technique to estimate the direction and velocity of
propagation of the ambient noise recorded by the vertical
component of the geophones. However, no studies about
the application of beamforming on the ambient noise
recorded by DAS have been published. Due to the
measurement of DAS, amplitude projection and polarity
reversal may occur in the ambient noise recordings, which
may lead to unreliability of the beamforming results. To
compare the two acquisition methods, we model the
ambient noise recorded by geophone and DAS. MUSIC
beamforming is applied on several synthetic ambient noise
data recorded by geophone and DAS in different
circumstances to explore the reliability of the beamforming
results. Conclusions obtained from the synthetic data tests
support the observation on a field data test.

Thus, the dispersion curves extracted from both the positive
and the negative part of the correlogram may indicate
different apparent phase velocities of waves. They cannot
be used to invert for the subsurface shear-wave velocity
profile directly or the velocity will be overestimated.

Introduction

The true phase velocities can be obtained by applying the
angle correction to the dispersion curves. Therefore, the
direction of propagation of the main source of the ambient
noise needs to be detected. We can obtain a rough direction
of propagation of the main source from the nonsymmetrical
correlograms. Nonetheless, the information is not enough
for angle correction. Beamforming is a commonly used
technique to estimate the direction of propagation of the
ambient noise wavefield (e.g., Brooks et al., 2009; Zhang et
al., 2019). However, in the passive seismic studies, the
beamforming technique is mostly applied on the ambient
noise recorded by the vertical component of the geophones.
There are very few studies of the application of
beamforming on the data recorded by Distributed Acoustic
Sensing (DAS). One study is the beamforming application
on the teleseismic signal generated by an earthquake
recorded by DAS (Lindsey et al., 2017). The other one is
the detection of the direction of propagation of the surface
waves generated by the quarry blast (Fang et al., 2020).
The signals used in these two cases are relatively simple
since they were each generated from a unique source and
propagating in a single direction.

The assumption in the passive seismic interferometry of
ambient noise is that the noise sources are distributed
uniformly and uncorrelated (Wapenaar et al., 2010).
However, the anthropogenic noise sources in the urban
environment are not perfectly uniformly distributed since
the receiver array is not surrounded by uniformly
distributed roads. Besides, with the demand of real-time
processing of the passive seismic data, a short period of
ambient noise recordings is tending to be used to extract the
subsurface soil properties. Although longer noise
recordings may show more randomness of the ambient
noise wavefield, the noise sources caused by anthropogenic
activities are not uniformly distributed for a short period of
ambient noise recordings.

No study has shown the application of beamforming on the
ambient noise recorded by DAS, which is a much more
complex case. The complexity mainly results from the
different measurement of DAS compared with that of the
geophone. When the fiber-optic cables are deployed
horizontally, amplitude projection will be caused by both
the geometry effect and directionality of fiber-optic cables.
Besides, polarity reversal in the recorded ambient noise
may be generated due to the unlinearity of the DAS array.
However, it is hard to detect if polarity reversal exists in the
ambient noise recordings by directly observing the
recorded data. If amplitude projection and polarity reversal
are not taken into account at the same time, beamforming
results may not be reliable.

One important application of the seismic interferometry is
that it can be used to extract the dispersion curves which
are further used to invert for the subsurface soil properties
(Shapiro and Campillo, 2004; Shapiro et al., 2005).
However, the non-uniform distribution of anthropogenic
noise sources will lead to both the unsymmetrical
amplitude and travel times of the positive and negative
parts of the extracted correlograms (Stehly et al., 2006).

In this paper, we use multiple signal classification (MUSIC)
to estimate the direction of propagation of the main source
using the ambient noise recorded by DAS. Several
synthetic data examples are provided to discuss the
reliability of the beamforming spectrum. Besides, a real
data example is given which further illustrates how to apply
the beamforming technique on the DAS ambient noise
recordings and how to judge the beamforming results.
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matrix formed by the signal. The large singular vectors
denote the dominant direction and speed of the impinging
waves. The details of MUSIC beamforming can be found in
Zhang et al. (2019).

Method
Synthetic ambient noise recordings
We model the geophone and DAS measurements as
displacement and strain rate, respectively. Assuming there
are Ns plane waves, each of the plane wave has random
amplitude and recorded by the geophone or DAS array at
random times. Then the amplitude response of the ambient
noise recorded by the vertical component of the geophone
can be expressed as equation (1):
𝑁

𝑠
d(x, f) = ∑𝑖=1
𝐴𝑖 (𝑓) 𝑒 −𝑖𝑤(𝑡𝑖 +𝑥cos(𝜃)/𝑣(𝑓)) ,

(1)

where 𝐴𝑖 (𝑓) represents the amplitude of the ith plane wave,
𝑡𝑖 represents the time when the ith plane wave is recorded
by the array, 𝑥 denotes the offset relative to the receiver at
the corner, 𝜃 is the incident angle of the plane waves and
𝑣(𝑓) represents the phase velocities of the plane waves.
The DAS recordings can be obtained by first taking a
spatial derivative and then taking a time derivative of the
vertically recorded displacement by geophone. The
horizontally recorded point-wise Rayleigh wave strain rate
can be expressed as equation (2):
𝑁

𝑠
s(x, f) = ∑𝑖=1
−

𝑤 2 cos(θ)2
𝑣(𝑓)

𝐴𝑖 (𝑓) 𝑒 −𝑖𝑤(𝑡𝑖 +𝑥cos(𝜃)/𝑣(𝑓)) , (2)

To eliminate the ambiguities in the arrival azimuth, the
acquisition array should be multidirectional. Before
applying MUSIC on the ambient noise recorded by DAS,
we should check if there is polarity reversal in the data
since the array is not a single straight line. If there is
polarity reversal, polarity correction needs to be applied.
Although it can be readily identified on single source DAS
recordings, the polarity is very difficult to detect directly
from the recorded ambient noise. To overcome this, we
propose to detect the polarity on the correlograms, which
preserves the polarity of the recorded data.
Synthetic ambient noise examples
Assuming the DAS and the geophone array are both
deployed in “L” shape (Figure 1a). The distance between
two adjacent receivers is 4 m and the time interval is 2 ms.
The phase velocities for Rayleigh wave used to synthesize
the vertical displacement recorded by geophone and the
horizontal strain rate recorded by DAS is displayed in
Figure 1b. The phase velocities for Love wave are 150 m/s
higher than that for Rayleigh wave. Note all the synthetic
data are bandpassed between 2 Hz and 10 Hz before
beamforming.

and the horizontally recorded point-wise Love wave strain
rate can be expressed in equation (3):
𝑁

𝑠
s(x, f) = ∑𝑖=1
−

𝑤 2 sin(𝜃)cos(𝜃)
𝑣(𝑓)

𝐴𝑖 (𝑓)𝑒 −𝑖𝑤(𝑡𝑖 +𝑥cos(𝜃)/𝑣(𝑓)) .
(3)

Note that in the synthetic data examples in this paper, the
DAS data are synthesized using the point-wise strain rate
and we have ignored the gauge length effect since it won’t
change our conclusions except for reducing the resolution
of beamforming. When the DAS array is in “L” shape,
from equation (2) and (3) we can see that there is always no
polarity reversal between the two legs of the DAS array in
the recorded Rayleigh wave strain rate but strong amplitude
differences may exist in the data. In contrast, polarity
reversal will always exist in the recorded Love wave strain
rate without strong amplitude differences.
MUSIC beamforming
Multiple signal classification (MUSIC) is a high-resolution
beamforming technique to estimate the direction and
velocity of surface waves with multiple frequencies.
MUSIC decomposes the signal into its main components by
performing singular value decomposition on the Toeplitz

(a)

(b)

Figure 1 (a) Layout of the geophone and DAS array for the
synthetic examples; (b) Phase velocities of Rayleigh wave (blue
curve) and Love wave (red curve). Note that geophones (vertical)
only record the Rayleigh wave, whereas DAS records both
Rayleigh and Love wave.

Assuming 1000 plane waves coming from designated
directions and 100 seconds recording time, we define the
East as the 0° direction of propagation. From East to North,
the angle increases (with positive sign), while from East to
South the angle decreases (with negative sign). When all
the plane waves coming from one direction (−70° ), the
synthetic vertical displacement, horizontal Rayleigh wave
strain rate and horizontal Love wave strain rate are
displayed in Figure 2a, 2b and 2c, respectively. The
amplitude projection is very obvious on the Rayleigh wave
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noise recordings (Figure 2b) while there is no amplitude
projection on the Love wave noise recordings (Figure 2c).
However, it’s very hard to determine the polarity of the
noise recordings by directly observing the data.
We calculate the correlograms of each noise recordings by
cross-correlating each channel with a virtual source at
channel 55 (very close to the corner channel) followed by
the trace normalization. Figure 2e, 2f and 2g show the
corresponding correlogram of Figure 2a, 2b and 2c,
respectively. It is clear from the correlograms that there is
no polarity reversal in the Rayleigh wave noise recordings
and there is polarity reversal in the Love wave noise
recordings. As a result, a polarity flip is applied to the
upper part of the data before beamforming.

(a)

(b)

(c)

(d)

(e)

(f)

reliable when there is only one direction of propagation of
the surface waves. However, we need to make sure if the
conclusion is applied for all the wavefield directions.
Figure 3 shows the data and the corresponding
beamforming results when the direction of propagation of
the ambient noise field is 0° , which means the incident
angle for one leg of the array is 15° . We can see the
beamforming spectrum calculated from the Love wave
strain rate still shows an accurate and high-resolution result
while the beamforming spectrum calculated from the
Rayleigh wave strain rate is very blurry due to the severe
amplitude damping from the projection.
When there are two directions of propagation of the
ambient noise wavefiled which are 10° and 45° , the
beamforming results are displayed in Figure 4. We can see
the wavefield directions calculated from both the vertical
displacement and the Love wave strain rate are accurate.
However, the resolution of the beamforming spectrum
obtained from the Rayleigh wave strain rate is very low and
the directions are wrong.

(a)

(b)

(c)

Figure 3 Same as Figure 2g, 2h and 2i when the direction of
propagation of the ambient noise wavefield is 0° .

(g)

(h)

(i)

Figure 2 (a) Synthetic ambient noise recorded by the vertical
component of the geophone, (b) synthetic Rayleigh wave strain
rate and (c) synthetic Love wave strain rate recorded by the
horizontally deployed DAS. (d), (e) and (f) are the corresponding
correlograms calculated from (a), (b) and (c), respectively. (g), (h)
and (i) are the corresponding beamforming spectra obtained from
(a), (b) and (c).

Figure 2h, 2i and 2j shows the corresponding beamforming
spectrum calculated from Figure 2a, 2b and 2c, respectively.
We can see all three beamforming spectra provide the
accurate direction of propagation of the plane waves,
although a lower resolution result is obtained from the
Rayleigh wave due to the unequal amplitude projection
onto the two segments of the DAS array. It seems that the
beamforming results obtained from the DAS recordings are

(a)

(b)

(c)

Figure 4 Same as Figure 2g, 2h and 2i when the directions of
propagation of the ambient noise wavefield are 10° and 45° .

Further synthetic tests show that when the difference
between the two directions is less than 30° , the MUSIC
beamforming is not able to differentiate the two directions
for all the data.
Field data example
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Figure 5 shows the layout of the Stanford optical-fiber
seismic Observatory. The details of the array can be find in
several papers (e.g., Biondi et al., 2017, Martin et al., 2017,
and Yuan et al., 2017). The optical-fiber cable labeled by
the yellow dashed line is in “L” shape. We use 100-second
DAS data recorded by this part of the array to calculate the
beamforming spectrum. Figure 6a and 6b show two 100second DAS data recorded in different days. We perform a
2~10 Hz bandpass filter on the data and the noise in the
data are removed (Zhao et al., 2019). From Figure 5a and
5b, we can see the amplitudes of the data recorded by the
two parts of the array are very close. Polarity reversal are
clearly appeared on their corresponding correlograms
(Figure 6c and 6d). Thus, we conclude that the data mostly
contain Love wave. We apply polarity flip on the upper
part of the data before beamforming. The beamforming
results are displayed in Figure 6e and 6f. We can see there
is only one wavefield direction and the resolution of the
spectrum is high. The correlograms also show one direction
of propagation, and thus the results are reliable. Besides,
from the correlograms we can see that from the north most
channel to the channel at the corner, the time lag increases.
And from the channel at the corner to the east most channel,
the time lag also increases. Thus, the surface waves must
come from the North-West direction. This conclusion again
proves the reliability of the beamforming spectrum. Besides,
as the 100-second DAS data were recorded at the same
time of the day, the two beamforming spectra are very
consistent with each other.

When the DAS recordings mainly contains Rayleigh wave,
if the amplitude damping due to projection in the data is not
too severe (i.e., the incident angle larger than 10° ) and there
is only one direction of propagation, the beamforming
results are reliable. However, when there are two or more
directions of propagation, the beamforming results will not
be reliable for most of the cases.

(a)

(b)
Figure 5 100-second DAS data recorded on (a) 2016/12/28 and (b)
2017/01/03.

(a)
(b)
Figure 6 Correlograms calculated from the data displayed in (a)
Figure 5a and (b) Figure 5b. Clear polarity reversal are observed.

Figure 4 Layout of the Stanford DAS array.

Conclusions
We explore the reliability of beamforming results
calculated from the ambient noise recorded by DAS when
the recording array is in “L” shape. The surface wave type
should be first determined according to the polarity of the
correlograms calculated from the ambient noise. When the
DAS recordings mainly contains Love wave originated
from one single direction, beamforming always provides a
reliable direction of propagation. However, when there are
two or more directions of propagation of the ambient noise
wavefield and the difference between the two adjacent
directions is within 30° , beamforming will give an average
of these two directions.

(a)

(b)

Figure 7 Beamforming spectrum calculated from the data
displayed in (a) Figure 5a and (b) Figure 5b.
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