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We present a simple and fast method to estimate preliminary earthquake location coordinates using Distributed
Acoustic Sensing (DAS). Strain rate data is recorded on a 25-km long fibre-optic cable located in the northern
suburbs of Athens (Greece). We apply frequency - wavenumber analysis on two segments of the cable forming an
L-shaped seismic array, which offers good azimuthal sensitivity, whereas, the spatial resolution (spacing) and
signal coherency control the ability to reliably resolve the apparent slowness of an incoming wavefield, and
hence, to estimate the hypocentral distance to the array. We attempt to locate a local earthquake (2021,/9/23,
M;=3.4, Thiva) NW to the DAS array (approximately 50 km NW of Athens), and a regional earthquake (2021/
10/12, My =6.3, off the East coast of Crete) using S-wave onsets filtered within two frequency bands (0.5 Hz -
2.5 Hz and 1.0 Hz - 5.0 Hz). The obtained backazimuths agree with the observed backazimuths based on the
locations reported by the Institute of Geodynamics, National Observatory of Athens (NOA) for both earthquakes,
with our location for the local earthquake being roughly 10 km South of the NOA location, whereas, the location
that we obtained for the regional earthquake suggested larger errors in distance, projected in our slowness
estimation, possibly due to the array spatial resolution and the complex structure of the Hellenic subduction
zone.

1. Introduction

Distributed Acoustic Sensing (DAS) systems offer an innovative way
to measure the strain rate along a fibre-optic cable, by monitoring phase
changes in Rayleigh backscattered light generated by a sequence of short
duration laser pulses (~ 10 ns, Hartog, 2017; Lindsey and Martin, 2021).
Even though the first applications with Earth science context were in
reservoir monitoring (geothermal, hydrocarbons, Mateeva et al., 2012;
Daley et al., 2013), it soon ignited the interest of the seismological
community, as a result of the ease of deploying cables in certain envi-
ronments (e.g., on glaciers and/or volcanoes, Booth et al., 2020; Klaasen
etal., 2021), the possibility to co-use telecom cables, the wide frequency
range of the recorded signals (Lindsey et al., 2020; Paitz et al., 2020), as
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well as its relatively low noise level even in submarine applications (Ide
et al., 2021).

The widespread coverage of fibre-optic cables across the Earth, has
paved new ways in earthquake monitoring, especially in densely
populated cities, where the deployment of seismic instruments can be
challenging, primarily due to permission restrictions at urban sites, as
well as security issues and high cost of maintenance. The use of DAS on
commercially deployed fibre-optic cables and dark fibres, has revealed
its ability to record a great variety of seismic signals such as earthquakes,
thunderquakes, icequakes, anthropogenic sources, traffic in urban areas,
live music (i.e. Spica et al., 2020; Nishimura et al., 2021; van den Ende
and Ampuero, 2021; Zhu et al., 2021), as well as hydracoustic signals on
water basin deployed cables (Matsumoto et al., 2021). As a result, a
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plethora of seismological studies has recently been published in earth-
quake monitoring and source characterisation (i.e. Ajo-Franklin et al.,
2019; Hudson et al., 2021; Lior et al., 2021; Agostinetti et al., 2022),
structural imaging (Jousset et al., 2018), and the study of shallow
structure and site characterisation in urban (i.e. Fang et al., 2020; Spica
et al., 2020; Song et al., 2021) and volcanic environments (i.e. Nishi-
mura et al., 2021; Fichtner et al., 2022).

Since DAS provides discrete locations of strain rate recordings with
constant spacing on the order of 1 m along 10s of kilometers, its use as a
seismic array seems to be appealing. Several studies have shown the
benefits and challenges of using DAS arrays in seismic monitoring and
earthquake location (i.e. Lindsey et al., 2017; Li et al., 2018; van den
Ende and Ampuero, 2021). On the other hand, seismic arrays have been
proven to be excellent tools in routine earthquake detection and moni-
toring for decades (i.e. Kvaerna and Ringdal, 1986; Mykkeltveit et al.,
1990; Schweitzer and Kriiger, 2011; Meng et al., 2014), as well as of-
fering valuable information in earthquake source propagation charac-
terisations (Ishii et al., 2005).

In this study, we use strain rate waveforms recorded on a Silixa iDAS
interrogator, which was installed in Greece, at the premises of the OTE
Academy (Hellenic Telecommunications Organisation), in Marousi
(North of Athens), from late September to mid October 2021, connected
to a roughly 25-km long fibre-optic cable with a gauge length of 10 m
and a two-metres spatial resolution, totalling 12,416 channels (Fig. 1a).
The main objective of this deployment was local earthquake detection
and shallow structure imaging, and secondly, the comparison of a newly
developed system, the so-called, Microwave Frequency Fibre Interfer-
ometer (MFFI) against the Silixa iDAS interrogator as a benchmark
(Bogris et al., 2022; Bowden et al., 2022). During this period of time,
several local and regional earthquakes were recorded, and their hypo-
central parameters were listed in the Bulletin of the Institute of Geo-
dynamics (NOA)
products/database-search/). Here, we use part of the DAS re-
cordings as an L-shaped seismic array, and we determine the epicentral
coordinates of a local earthquake (2021/09/23, M;=3.4, Thiva) and a
regional earthquake (2021/10/12, My =6.3, off the East coast of Crete),
without the use of additional seismic waveforms or parametric data.

(https://www.gein.noa.gr/en/services-

2. Commercial fibre-optic cable as a DAS seismic array

We carried out several hammer tap tests in order to map the exact
path of the cable, and as a result, we determined the coordinates of the
discrete DAS channels. The first hammer tap points at the adjacent street
outside the OTE Academy building were observed approximately at 800
m distance along the fibre, hence, part of the cable prior to this is ex-
pected to lie inside the walls of the building, where distributing racks
and strong bends would not allow any observations. In fact, this is in
agreement with raw DAS recordings where even strong earthquakes
were not observed in the first ~400 m of the cable (see for example
Fig. S1 in the supplementary material).

For the purpose of this study, we focus on the southern part of the
cable within the Marousi area, from 810 m to 5000 m (Fig. 1b and c)
which is easily accessible and for which we have mapped the exact lo-
cations of telecommunication manholes and distributing boxes. We test
the coherency of the strain rate signals, by cross-correlating waveforms
of each channel to each other every 10 m. We first removed the mean
and linear trend, a Hanning taper was applied and the waveform data
was filtered from 0.5 Hz to 2.5 Hz. The timeseries were cut 5 s prior to
the first arrival and 5 s after the signal was roughly at the same level as
the noise. The waveforms were then normalised in amplitude, and the
correlation coefficient was calculated, by measuring the shift over a
predefined number of samples.

Two segments of the highest signal coherency are observed, the first
ranges from 1000 m to 2350 m, and the second from 2350 m to 3300 m
approximately, with an instant break in coherency at 2350 m. At
roughly 1750 m, there is a sudden drop of coherency as a result of a U-
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turn, where the cable crosses the street to the other side, as witnessed by
the marks on the street. Moreover, at approximately 2350 m the cable
turns 90° to the south-east and follows a small roundabout. Telecom-
munication manholes and distributing boxes are spread regularly along
the cable's path which may also be associated with low signal coherency
and/or dead channels (Wuestefeld and Wilks, 2019).

Based on the coherency performance of the fibre-optic cable we
choose to use the first two linear segments of the cable from 810 m to
2300 m (SW-NE orientation), and from 2300 m to 3500 m (NW-SE
orientation), as an L-shaped array, setting the spacing of the array to 10
m. First we calculated the transfer function for each of the two linear
segments, based on a concept valid for conventional three-component
seismic arrays which indicates the resolution and sensitivity of a plane
wave in frequency-slowness domain (Schweitzer et al., 2012). As seen in
Fig. 2 (a and b), both linear segments show sensitivity perpendicular to
their orientations. By combining the two linear segments into an L-
shaped array, the transfer function becomes approximately an ellipse
(Fig. 2c), providing good azimuthal resolution. Nevertheless, in DAS
applications the fibre-optic cable is most sensitive along the cable axis
for P-waves and for S-waves arriving broadside to the cable. This
directivity effect and its implications to the overall response of a DAS
array are well documented in Nasholm et al. (2022). Specifically, they
argue that L-shaped DAS arrays exhibit an angular dependence in their
response, but can still be useful in many applications. This can be of
great importance when designing and optimising array geometries for
seismic experiments. In our work, we make use of a pre-deployed cable
in urban environment serving the local telecommunication network,
rather than deploying a cable based on an optimal geometry. For this
reason, we decided to use two linear segments which are perpendicular
to each other, in order to reduce any directivity effects from the cable
being too straight.

3. Methodology

We used raw strain rate DAS waveform data (processed in the same
way as described in the previous section, see also the Results section for
more details on the filtering) in order to compute the epicentral latitude
() and longitude (1) of a seismic event with respect to the centre (¢, Ac)
of the L-shaped DAS array presented in the previous section. The central
point of the array simply corresponds to the mean latitude and longitude
with respect to each component of the array.

We followed the frequency - wavenumber (f-k) method (Capon et al.,
1967; Aki and Richards, 1981) to compute beams within a certain range
of different apparent slowness vectors (sqp.) and small steps of back-

azimuth (B). The method is based on the assumption that each discrete
sensor of an array will record a seismic signal which samples the me-
dium from the source to each sensor, showing high coherency with each
other. Since the wavefront will reach each sensor at slightly different
distance and azimuth, delay times for each sensor are calculated for
different backazimuth and apparent velocity combinations, which are
then used in a delay and sum process to calculate the beam of the array.

In simple words, we search for the b - Sqp. pair that provides the
maximum energy of the beam, whilst, in f-k analysis the process is done
in the frequency-wavenumber domain where a phase shift is equivalent
to a time shift in the time domain. A thorough discussion of the f-k
method is presented for example in Schweitzer et al. (2012).

After we have defined the backazimuth that provided the maximum
beam energy, we measured the travel time differences of first P/S phase
arrivals in the central point of the array, and we attempted to fit theo-
retical travel time differences for P/S, p/s and P,/S, phases for fixed
depth values (i.e., for shallow events from 0 km to 50 km), in order to
estimate the epicentral distance on a 1D Earth (Kennett et al., 1995). In
order to avoid any acausal effects on the signal as a result of the filtering
(the more impulsive the signal, the larger the effect) the onset time ar-
rivals where picked on raw strain rate data. Once the backazimuth and
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Fig. 1. (a) A Google map showing the trace (in red) of the fibre-optic cable used in this study. The red rectangle on the inlet map shows the location of the fibre-optic
cable with respect to the broad area of Athens, Greece; (b) A Google map focusing on the southern part of the fibre-optic cable used in this study and its associated
strain rate coherence matrix (c). The trace of the fibre-optic cable in “b” is shown in black on the map and the distances across the cable are shown in red as
determined by several tapping tests. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



K. Lentas et al.

the epicentral distance were defined, the epicentral coordinates with
respect to the centre of the array were obtained for any fixed depth (i.e.,
Pirli et al., 2006) based on great circles (Karney, 2012).

4. Results

In order to assess the location accuracy for the simple method
described in the previous section, with respect to the noise level in the
waveforms, we first applied synthetic tests based on a local and a
regional earthquake. Table S1 in the supplementary material summa-
rises the earthquake parameters used in these tests. Displacement
waveforms for two horizontal channels (N-S, E-W), and for each channel
of our array were computed based on CRUST2.0 (Bassin et al., 2000),
and ak135 (Kennett et al., 1995) velocity models, for the local and
regional earthquakes respectively. The first time derivative was calcu-
lated in order to simulate velocity time series, which is proportional to
strain rate, and all waveforms were rotaded 20° from North to the East,
in order to match the orientation of the array. Fig. S2 in the supple-
mentary material shows examples of P-wave onsets with different levels
of white noise added, and the obtained backazimuth and apparent
slowness for each test based on the local synthetic earthquake.

Fig. 3 summarises mislocation errors for both synthetic earthquakes,
showing that the backazimuth is always well resolved, but the apparent
slowness shows greater uncertainty in all cases, especially in the case of
the regional synthetic earthquake which may also be affected by the
limited resolution of the array for such epicentral distances. Error el-
lipses are defined for each synthetic earthquake based on the misloca-
tion errors with a semi-major axis of 30 km and 150 km for the local and
regional synthetic earthquakes respectively, whereas, the semi-minor
axis is 5 km and 20 km respectively, and the ellipsoid azimuth follows
the event-station azimuth.

We then applied the method presented in Section 3 to two earth-
quakes, namely, the local 23 November 2021, M;=3.4, Thiva earth-
quake
21lsgven_info.html), and a strong regional earthquake that
occured on 12 October 2021, My=6.3, off the East coast of Crete
(http://bbnet.gein.noa.
gr/Events/2021/10/noa2021tzsju_info.html). Both earth-
quakes are shallow depth seismic events (< 15 km) but they show
different azimuths with respect to the orientation of our DAS array.

We filtered the strain rate data, (i) from 0.5 Hz to 2.5 Hz, and (ii)
from 1.0 Hz to 5.0 Hz using a zero phase shift Butterworth bandpass
filter. Attempting to resolve backazimuth and slowness pairs using
P-wave onsets for the two earthquakes did not show a clear source of
maximum beam energy in either case, whereas, multiple sources of
scattering were present, especially in the 1.0 Hz to 5.0 Hz f-k analysis.
Since DAS is more sensitive in recording axial strain rate in the direction
of the cable, P-waves showed low signal-to-noise ratio onsets, which
yielded poor results in f-k analysis.

We repeated the above analysis, now focusing on the S-wave onsets
(see Fig. S3 in the supplementary material), where we were able to
resolve the backazimuth successfully in all cases (Fig. 4). Specifically,
the backazimuth for the Thiva earthquake ranges from 290° to 300° at an
apparent slowness of 0.32 s/km - 0.35 s/km, and for the Crete earth-
quake the highest beam energy is observed at a backazimuth range of
147° - 160° and an apparent slowness range of 0.33 s/km - 0.37 s/km.
The higher the frequency band of the signal, the more sensitive to
complex Earth structure is the wavefield, showing strong scattering ef-
fects. This is more evident in the case of the Crete earthquake (Fig. 4d)
where the seismic waves travel through the Hellenic subduction zone.

By measuring the difference in arrival times of P and S onsets in the
centre of the array as 6.1 s for the Thiva earthquake, and 50.1 s for the
Crete earthquake, we were able to determine the earthquakes epicentral
coordinates for a predetermined range of depth values since our method
is based on prior rough estimates of the depth (see Table S2 in the
supplementary material). Both of the studied earthquakes are shallow

(http://bbnet.gein.noa.gr/Events/2021/09/noa20
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depth (~ 10 km) seismic events, thus, Fig. 4 summarises the results for
shallow depth values, namely, at 0 km and 15 km depth. The obtained
locations were compared to locations reported in the NOA Bulletin,
calculated using a conventional approach based on picked phase arrival
times (Lomax et al., 2000). In the case of the local Thiva earthquake the
epicentres obtained in this study are only approximately 10 km away
from the NOA epicentre, whereas, in the case of the Crete earthquake
our epicentres land almost with the NOA error ellipse which represents
one standard deviation (68% confidence level) around the mean of a
normal statistic approximation of the PDF. Such differences in epicentral
solutions are either due to the complexity of the Earth's structure, or
most likely due to the longer distance with respect to the spacing of our
array as shown by the synthetic tests, as the latter does not have the
resolution to resolve the apparent slowness reliably, in conjunction with
the level of signal coherency across the array.

5. Discussion and conclusions

In this study we used strain rate data from a Silixa iDAS interrogator
which was connected to a fibre-optic cable in Athens, Greece, for one
month. We tested the signal coherency across the cable and we carried
out f-k analysis over two straight segments of the cable, forming an L-
shaped array, in order to relocate two earthquakes in Greece, specif-
ically, a small magnitude (M;=3.4) local seismic event and a regional,
strong earthquake (My=6.3) located off the east coast of Crete.

The local earthquake was relocated just 10 km away from the re-
ported epicentre in the NOA Bulletin. Since error ellipse estimates are
not included in the NOA Bulletin, we calculated error ellipses based on
the model covariance matrix and phase arrivals in the NOA Bulletin
(Bondar and Storchak, 2011, black dashed lines in Fig. 4). Since error
ellipses are approximations of a complex misfit space depending on a
priori data errors which are not always realistic, they mostly represent
errors in the methodology, rather than true mislocations due to data
uncertainties (Bondar, 2004). It is encouraging though that error ellipses
based on true mislocation results from our synthetic test show some
overlap with the error ellipse based on the NOA location for the Thiva
local earthquake.

In the case of the regional earthquake, we were able to resolve the
backazimuth of the earthquake, but the distance based on the apparent
slowness obtained from the strain rate data yielded a location too far
from the reported epicentre in the NOA Bulletin. Variations in the
orientation of the fibre-optic cable are expected to add unknown phase
changes into a certain degree. Moreover, the wrapping angle of the cable
will influence the strain detection capability of the cable itself (Wues-
tefeld and Wilks, 2019), as well as large topographic changes and the
Earth's structure heterogenities will add substantial complexity in the
observed strain measurements (Singh et al., 2019). This would affect the
overall coherency of the recorded strain across the cable. In this context,
it becomes obvious that every different segment of a fibre-optic cable
behaves differently, furthermore, different cables deployed in different
sites would have unique strain detection capabilities.

Several studies (i.e. Lindsey et al., 2017; Li et al., 2018; van den Ende
and Ampuero, 2021), pointed out that the partial lack of coherency in
DAS strain rate signals can potentially limit the ability of traditional
frequency - wavenumber based techniques to successfully resolve the
backazimuth and apparent slowness, unless strain rate is converted into
particle velocity which requires additional processing, notably, inte-
gration and the estimation of seismic phase velocity. In our case where
the spacing is too short the latter would increase waveform semblance,
nevertheless, additional runtime would be necessary which would
further decrease the possibility of using such a technique for fast and
reliable preliminary locations.

Since the limitation of our array seems to be the slowness resolution,
the use of an array with larger spacing could potentially improve the
ability to accurately determine the apparent velocity of an incoming
wavefield, nevertheless, the DAS signal coherency is expected to
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deteriorate among channels with increased spacing. This trade-off be-
tween spatial extent of an array and signal coherency is key and may
have different properties when considering different fibre-optic cables
and array orientations.
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