Reviewer #1:

[R1.] Line 53, please add the focal depth information. And why this earthquake?

The focal depth of 9.9km has been added. In the original manuscript, we mentioned in li6&és 59

§ Z @e’retrieve and interpret the same data set as \waalysed by Wang et al. (2018), and so we

build upon the conclusions drawn from this previous study AzZ] Z u}3]A & « 8z ZzZ}] (}@&E §Z
earthquake.

[R1.3 ~ §]}v IX1U vC (MESZ & A %o v 3]}v AZC Z}}e « Dhr/ X [8[« }v(
lot about classical beamforming approaches and then say you used MUSIC, with very less details to

follow. Could you elaborate the MUSIC method here and why this is the choice here over classical
beamforming.

In the original manuscript, we motivate the choice forh ~/  pPNWSIC] is an extension of classical
beamforming approaches that acknowledges sparsity in the number of signals arriving at the array,
resulting in higheresolution estimates of the ba@zimuth and slowness of the seismic waves

(lines 8284). To clarify the distinction from delaand-sum beamforming, we have now added to
lines93-95:

Yhe procedure of estimating 8 as described above, and so the sole difference between MUSIC and
traditional beamforming lies in the projection of the stiegrvectors onto the noise space (and
taking the reciprocal), rather than projecting onto the full space?of C

For a derivation of the MUSIC method, we refer to the original work of Schmidt (1986).

[R1.3 Fig 3 shows P wave but why there are two arrivat i Xfie v 11 XfieeM tZ S[e §Z %oZ -«
second arrival if it is not S wave? And please add a line to help show the arrival time difference
across the array.

Given the similarity with the first arriving phase (strong N and Z component), it is likehéhat t
second phase at around 21s is a secoradral. One could speculate that this is a scattered wave
originating from a scattering site close to the seismic soorce depth phase (a reflectidnrom the
Earthp surface) but we have no direct evidence for that.

A line to show the mowveut across the array hdseen added to each panel.

[R1.4 Followed by comment 3, From figure 3 the waveforms freaoponent are strong. Please
add explanation why the beamforming results from Z component in the frequency batidHizSs
not good. Is this because the wavelémgs close to the scale of array?

The wavelength at 1Hz is of the order of 5 km, while the span of the array is only 1.5 km, so it would
seem plausible that the limit of the array resolution is observed in Fig. 4. However, the source for a
1-2 Hz frequeng band is very well resolved, while the wavelength (> 2.5 km) still exceeds the span of
the array. We therefore speculate in lin&88-130that:



Only in the 0.8L.0 Hz frequency band does the beamforming of this component lead to a relatively
poorly resoled location, which may be due to the influence of the corner frequency (typically around
1-3 Hz for an ML 4.3 event; see e.g. Scholz (2019)).

[R1.5] Please clarify the time window length of data sections used for beamforming. Since you
mention manyscattered P waves, will different time windows improve the results, shorter window
with fewer phases? For example, just choose a few seconds (4s maybe?) of recordings around the P
arrivals that only include the first arrivals.

We now mention in line418-119that:

e take a time window from 2s before to 8s after the first arrival of each respective phase (i.e. 10s
in total). _

We have experimented extensively with various time windows, and found that the DAS
beamforming results did not improve when choosagindow tightly centred around the first
arrival. This is also seen in the newly added Figure 13.

[R1.6] figure 6 is hard to read (where is P and S?) and possibly misleading. According to the
geometry of fiber, DAS data is strain rate recordings ofyrrections. Figure 6 shows horizontal
seismic data from all azimuths. The polarity ef&se could be flipped at each fibre corner. Could
you try the image display instead of wiggles?

With Fig. 6 we aimed to offer a similar representation as for the haday (Fig. 3), i.e. wiggles

ordered by distance from the seismic source. These wiggles are separately plotted foatite

waves, so there is no question as to which phases are represented. We fully agree that DAS records a
mixture of horizontal components, and showing the overall incoherence of the signals is precisely

the point of this figure When the waveforms are plotted as an image display, this incoherence is not

so clearly observed.

[R1.7] >]v 18U "%}o E]SC (0]% e @& remndijthatthisis true for Aheas waves,
but may not true for other phases. This could be very important to correct for S wave before doing
beamforming. This may be the reason of the diffusion of the focus in Figure 7.

We have now specified in thiime that the polarity flips are anticipated only fom&ves. The diffuse
spread is equally large when beamforming theRd Sphases, so we do not attribute the spread at
the lower frequency bands to changes mw&ve polarity.

[R1.8] I am curious wh& Z & e Z}ES "> Z % = Pu vsS v ujveSE s X

Owing to the layout of the cable at Brady Hot Springs, there are few perpendicular segments, all of
which arerelativelysmall in exten{of the order of 100m)and thus exhibit poobeamforming

resolution. Moreover, these small segments or subarrays likely receive energy from a single
scattering location, dominating the beamforming resulf¢hen mentioning 4shaped arrays in

A 81V OXTU A Z Jvulv 8Z § 8Z « Ne% Ee  En®ofGhreorderof }( up Z o



tens of kilometres)and so the local scattering can be better distinguished from the direct arrivals
that are common to the entire array

[R191 Zz P & JvP 8§} pe]vP o}vP ~» EE& C S} 0o} § 8§Z e}usmillu ~"3§Z

PE SoC Vv (]S (E}uSZ o &GP oS & o AS vsS }(s8Zz N EE Ce

publication by Zhu and Stensrud, 2019 to backpropagate full waveform DAS data to locate the
source.

We thank the reviewer for bringing this interesting study to our attention for future waf&.now
also include this reference in Section 4.2, RS,

Reviewer #2:

[R2.1] To compare the strain rate obtained with the nodes to that measured wighDAS,
*Z}po Vv[E A p- ]38 v SA v 8Z v} ¢ <u]JA o vs &} $8Z P uP
me and it is important to clarify this point in the article.

Following Wang et al. (2018), tlawerageDASrecordedstrain ratebetween two nodes, separated

by a distancel, isexactly given byhe difference between the waveforms of the two nodes divided
by 2L This relation is exador arbitrary L.We now also mention in linek75-176that thisrelation
holds for separation distances larger than the gauge length:

‘A similar relation holds when the distance between the nodes is a multiple of the DAS gauge length

(seeWang et al.2018,their Eg5) _

Minor comments:

3.2 Beamforming results of the nodal and DAS arrays

[R2.2] Line 117: Indicate is beamforming was performed by using aliéheors. An arragesponse
function could be useful to see the influence of the geometry of the akaythe number of
seismometers is huge, | am wondering if you tried to analyze atded by sukarrays.

We have adde@ mentionthat all the sensorg the array are used in the beamforming. Since the
seismic source radius of an M4.3 earthquake is small compared to the Rayleigh diffraction limit, it
can be well approximated by a point source. Moreover,gbarce radius is of the same order as the
Fresiel zone size, which again leads to the conclusion that the source can be approximated by a
point source Hence the beampatterns obtained in this study are good approximations of the nodal
array response.

We now analyse a subset of the DAS asagments in the newly added Section 3.5 (see also Fig.
13a in this section).

‘JHE
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[R2.3] Lines 125{T10W A~ }ve]+d v A]3Z §Z & 8]} }( A €3] ordHar3 E]i}vs o
A A (JEuUee X dZ]e e v3 v Je v}3 o E 3§} u Xorizo%tad &mponents ke ES] 0
not commented in the text.

As a quick check, we measured the ratio of the vertical to horizontal component ofvlaeréform
recorded by the nodal seismometers, which is indicative of the inclination of-thav@field. Since
we peaformed this check only as a baokthe-envelope verification of the inclination estimated
from the beamforming results, we chose not to discuss this aspect in more detail.

[R2.4] >]v iidW [/ }Vv[8 pv E3 v AZ § "%}o E]SCa(pd¥slarifyd v v §Z]« }
We clarified the polarity flips as:

Thirdly, depending on the orientation of the fibrey&ve polarity flips are anticipated (Fang et al.,
2020). These polarity flips are due to the projection of the particle motion onto the fibraygaadi
contraction in some segments and extension in otflgrglsey et al., 2017)

[R2.5] Line 138: It is not clear if all the fibogtic cable was used for the beamformiagalysis. The
gauge length should be indicated, as well as the distance beteaelnstrain rate measurement
and the total number of individual SR measurements useddrbeamforming analysis.

We now mention in line§2-54 § Z §Wé dauge length was taken to be 10m, which was
supersampledo give a channel spacing b (i.e. one strain rate measurement was made every
im) X

Inlines150 A Vv}A «3 8§ §Z § A % E(}Eu $§Zhe entird P&EGvay r¢eortlings
(8621 channels in total) X

3.3 Simulating DAS recordings from tiealal array
[R2.6]Line 152: one component of strain

Corrected

[R2.7] Line 166: The angldéeta is considered relatively to North?

We now mention in this line that the angle is measured relative to east.

[R2.8] Line 155171: The simulated strain rate ¢alculated with node pairs separatled a distance
less than 80m. Is this distance equal or bigger than the gauge lesgthduring the experiment (the
GL used during the experiment is not indicated inri@nuscript)? Why not showing in a figure
simulaed strain rate signal and measursttain rate on the same segment?

We now indicate in the manuscript that the gauge length is 10m. For (several examples of) a
comparison between measured strain rates and those derived from a pair of nodal seismometers,
we refer in the manuscript to Wang et al. (2018).



3.4 Selective beamforming of the DAS array

[R2.9] The beamforming analysis on thenRveforms recorded by the DAS array shoulalaified.
Are you using the same analysis parameters as fob#&anforming of thenodal array? In term of
frequency range, time window length? It would be usefuindicate how long are the segments of
fibre used for beamforming analysis and howany strain rate measurement points they include.

We now state in line$50-151:

Mhen we nonetheless continue to perform beamforming on the entire DAS array recordings (8621
channels in total), we obtain highly variable results (Fig. 7) for the same window length and
frequency range as was used for the nodal array.

The beambrming is performed on the entire DAS array at once, and not seglmes¢gment. The
length of individual segments is therefore not directly relevant.

[R2.10] Line 233234: Indicate in parentheses the segments corresponding to a direcfiarrival
between the east and the south and a directiofiarrival from the north. Théext will be easier to
read if you indicate the number of the segments.

We now explicitly indicate the segment numbers with a direction east/south and those with a
direction north.

[R2.11] Line 233234 and figure 12: What is discriminating more between the 2 groupegrhents,
the backazimuth or the apparent velocity?

In line2450f the original manuscriplie261]v §Z @& A]Je u vue E]%S+*Whkn u v3]}v §Z
we exclude the two segments with an apparent source north of the artdy] X X §Z ]« E]Ju]v S]vP
feature is the baclazimuth of the source inferred for each segment.

[R2.12] >]v T8iW ~Ju%o0] ]$0C _

Corrected.

[R2.13] Line 245: As mentioned before, indicate number of the segments.

t §Z dufsegmentsremain v §Z]e o]v X

[R2.14] Line 245: When excluding segments 4 and 6, the geometry of the DAS array used for
beamforming is relatively linear. This geometry probably explairetbegating shapef the PDF in
figure 12d. As | mentioned before for Line 117, it would be useful to shewarray response
function.

The reviewer is correct that when combining multiple linear segments with a similar orientation, the
intersection of thei beams is less well resolved, resulting in a broader spread of beampower.



Fortunately, segment 5 exhibits a slightly different orientation from segmer8swhich alleviates
this somewhat.

Considering the extent of the DAS array with respect to the éxiEthe seismic source and its
distance from the array, the distribution of beampower in Fig. 12 is representative for the array
response (see also our reply to comment R2.2).

[R2.15] Have you tried to estimate the slowness vector with -sukays? Forxeample, segments 1, 2
and 3 constitute an array with a less linear geometry.

In this particular section, we aimed to provide an automated segment selection criterion based on
the internal coherence of the segments (rather than manually and arbitrarilgtiedesegments).

We have not explored automated selection criteria for combining multiple segments inte (non
linear) subarraysivhen we manually pick and combine segments 1, 2, and 3 into a subarray and
perform the beamforming, we get a similar result dsatvwas obtained in Fig. 12d of the

manuscript, though with a much higher slowness (just over 1 s/km; see the figure included below,
which shows the slowness space for the-0.Hz frequency band). This result does not contribute
much to the overall conchions of this section, and more systematic methods of creating subarrays
need to be explored.

Figures:

[R2.16] Figure 8: The indication of the direction of propagation of the wavefield would help to
better understand the selection of theegments in red.

The propagation direction has been added.



[R2.17] Figures of beamforming results: Apparent velocity values are difficult to read, either
because they are represented in red, or because character size is too small.

We agree with the reewer that the radial axis labels are hard to read on paper and on small
screens. We have experimented with different colours and sizes, and we concluded that the current
representation is the clearest. A larger font size or bold face will lead to cramwediApping

numbers, and other colours have insufficient contrast to the chosen colourmap (or to the white
background of the image). Fortunately, the vectorised PDF images can be enlargeeem

without loss of fidelity.

Shortcomment by Eileen Maurti

[SC1.1]This point of spatial directional derivatives leading to higher influence of lateral
heterogeneities makes sense. You went in one direction to show this GxddAS equivalent). If you
convert to single component velocity equivalent (describetMang et al 2018) before applying
MUSIC beamforming, is this enough to noticeably reduce the influence of those heterogeneities?

This is a very relevant comment, and we were in fact exploring this idea when this manuscript was
submitted.We havenow completed the analysis, and we haledicated a new section (3.5) to
describe the procedure and results of integrating the DAS strain rates. In sumredoyngng this
analysis leads to DAS beamforming results that are nearly identical to those of the nodatharsay
better (less affected by heterogeities) than beamforming theaw DAS strain ratdata.
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Evaluating Seismic Beamforming Capabilities of Distributed
Acoustic Sensing Arrays

Martijn P. A. van den Endeand Jean-Paul Ampuéro
tUniversité Cote d'Azur, IRD, CNRS, Observatoire de la Cote d'Azur, Géoazur, France
Correspondence:M. van den Ende (martijn.vandenende@geoazur.unice.fr)

Abstract. The versatility and cost-ef ciency of bre-optic Distributed Acoustic Sensing (DAS) technologies facilitate geo-
physical monitoring in environments that were previously inaccessible for instrumentation. Moreover, the spatio-temporal data
density permitted by DAS naturally appeals to seismic array processing techniques, such as beamforming for source loca-
tion. However, the measurement principle of DAS is inherently different from that of conventional seismometers, providing
measurements of ground strain rather than ground motion, and so the suitability of traditional seismological methods requires
in-depth evaluation. In this study, we evaluate the performance of a DAS array in the task of seismic beamforming, in compar-
ison with a co-located nodal seismometer array. We nd that, even though the nodal array achieves excellent performance in
localising a regionaM | 4.3 earthquake, the DAS array exhibits poor waveform coherence and consequently produces inade-
quate beamforming results that are dominated by the signatures of shallow scattered waves. We demonstrate that this behaviot
is likely inherent to the DAS measurement principle, and so new strategies need to be adopted to tailor array processing tech-
niques to this emerging measurement technolQuestrategydemonstratetiereis to convertthe DAS

strainratesto particle

1 Introduction

Dense seismometer arrays play a central role in understanding various geological phenomena, including earthquake rupturi
behaviour Kiser and Ishij 2017;Meng et al, 2011], micro-seismicitylpbal et al, 2016], fault zone structur&[gone et al.
2019], and deep crustal and mantle geolodparig et al, 2018;Lin et al, 2013]. Moreover, seismic arrays also serve civil
protection purposes through monitoring nuclear test ban treaty violatRingdal and Husebyel 982], monitoring volcano
deformation and activitylfiza et al, 2011;Nakamichi et al.2013], and potentially issuing earthquake early warnihgsrg
et al, 2014]. While the bene ts of seismic arrays are evident, the deployment and maintenance of these arrays is (logistically)
costly, and consequently they are often deployed as part of temporary campaigns.

The recent emergence of bre-optic Distributed Acoustic Sensing [DAeé8tog, 2017;Zhan 2020] has opened up a plethora
of possibilities and applications in seismic- and transient deformation monitoring. Fibre-optic cables are relatively inexpensive,

require little to no maintenance, and can be deployed in environments that were previously impractical for or inaccessible to
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traditional seismometers, such as urban environmdus fet al, 2017;Fang et al, 2020], glaciers and permafrost regions
[Ajo-Franklin et al, 2017; Walter et al, 2020], deep borehole£ple et al, 2018;Lellouch et al, 2019], and in lakes and
submarine environmentsiphdsey et al.2019;Sladen et a].2019] — see alsghan[2020] for a concise review of applications

in geosciences. DAS thus has an enormous potential to complement or replace nodal seismometer arrays. However, the mes
surement principles of DAS are inherently different from those of conventional seismonighers 2020], which presents

new challenges in interpreting DAS data. Traditional array processing techniques, such as seismic beamforming, need to be
re-evaluated for the application to DAS data.

Even though several studies already reported rst results on applying seismic beamforming to linear and L-shaped DAS
exploration. In this study, we directly compare beamforming results of data from a nodal seismometer array and from a co-
located optical bre cable at the Brady Hot Springs geothermal site, Nevada, B&gl and the PoroTomo Tegr2018].

Speci cally, we analyse the recordings of the March 20M§ 4.3 Hawthorne earthquake, which occurEsD km south
of the Brady Hot Springs site and was well captured by both the nodal and DAS arrays. The comparison suggests that the
beamforming of the DAS-recorded waveforms is severely hampered by shallow seismic scattering and by spatial variations

in phase velocities, to which DAS measurements are highly sensitive. This is consistent with previous theoretical ndings

themselvesTo remedythis, we proposea methodin which we convertthe DAS strainratesto_particle velocities,yielding

context of beamforming capabilities of DAS arrays of larger aperture, and their application in seismic source monitoring and
earthquake early warning.

2 Methods
2.1 The PoroTomo experiment

The Poroelastic Tomography (PoroTomo) project is a hydrogeological experiment conducted in March 2016 (phase Il) at a
geothermal site near Brady Hot Springs, Nevada, US#dl and the PoroTomo Tear2018] — see Fig. 1. For the purpose of
high-resolution monitoring of changes in rock-mechanical properties during operation of the enhanced geothermal system, an
array of 238 Fair eld Nodal ZLand 3C seismometers was deployed over an area spanning EllDrhyas well as several
bre-optic cables for Distributed Acoustic Sensing and Distributed Temperature Sensing. These bre-optic cables were laid-

out horizontally in a trench 08700 min total length and):5 m in depth, and vertically in a borehole down460 m The

of metres in thicknesslplie et al, 2015]. The near-surface velocity structure of the site has been inferred from the analysis of
high-frequency vibroseis sweeps and from Noise Correlation Functi@ig and the PoroTomo Teara018], showing strong
variations over distances of tens of metres.
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Figure 1. a) Location of the Brady Hot Springs natural laboratory and the March ®016l.3 Hawthorne earthquake epicentre; b) Layout
of the PoroTomo nodal seismometer array (black dots) and the bre-optic cable (red line); c-e) Ground motions recorded on the N/E/Z-
components of nodal seismometer #97, which is marked in panel b by a green dot; f) Strain rates recorded by a channel co-located with noda

seismometer #97. All waveforms are ltered irD&-10 Hz pass band.

During the experiment, on 21 March 2016 at 07:37:10 UTCMan 4.3 strike-slip earthquake occurré80 km SSE of

DAS data to100 Hz which is largely suf cient for the frequency bands selected in our analysis (6gH»). The nodaldata

is.correctedfor_the geophongnstrumentresponsg¢dampingfactor of 0.7 ata 5 Hz cornerfrequency).An in-depth analysis

of the ground motions in terms of frequency content, spatial variability of signal-to-noise ratios, and the comparison between
DAS and nodal seismometers was performei\ang et al[2018]. These authors also performed a preliminary beamforming
analysis using the data from the nodal seismometer array, but did not attempt to make a comparison with DAS data. In the
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present study, we retrieve and interpret the same data set as was analy¥addwgt al[2018], and so we build upon the

conclusions drawn from this previous study.
2.2 MUSIC beamforming

Seismic beamforming is a commonly employed array processing technique for estimating the direction-of-arrival (azimuth)
and slowness of the seismic waves arriving at a seismic a@agdn et al. 1967;Hutchison and Ghos2017;Kruger et al,

1993]. Itis assumed in most beamforming applications that the signal recordedhthtation in the array can be represented

by a superposition ol plane waves, each carrying a siggand impinging on the array at an angleWe consider arrays
deployed at the surface, thugs the azimuth of propagation of the incident wave. Throughout the study we assume a single
source N = 1), so that the frequency-domain representation of the recorded signal can be written as:

Xi() = a(5;S; )s(t )+ ec(!) @

whereg is the noise recorded at theth station, andy = €' * is the steering vector that dictates the phase shift (time delay)
of the signals at each station, relative to the centre of the array. The theoretical timedelayS( Xxsin + Yy cos)

is computed over a grid of candidate apparent slowness v8lwesl azimuths, with a given station locatiof Xg; Yk)
relative to the centre of the array. In traditional delay-and-sum beamforming, the likelihood of each candidate in th8 grid of

and is estimated as the projection of the steering veatonto the covariance matri@?, de ned as:

Ct=p—l_ (2)
IXiJ9)Xj ]

wherex denotes the complex conjugatexofHere, the spectra and cross-spectra involved in the equation above are estimated
by the multi-taper methodThomson1982], followingMeng et al.[2011]. Note that the covariance matrix is complex, and
that it is scaled by the norms of the waveformsuch thaD j C?j 1. Consequently, the magnitude G is not affected
by amplitude differences betwees andx;, e.g. due to spatial variations in coupling or bre orientation, which could be
represented as a station-speci c fact@(! ) multiplying the rst term of the right-hand-side of Eq. (1). However, local effects

MUItiple Slgnal Classi cation (MUSIC) is an extension of classical beamforming approaches that acknowledges sparsity
in the number of signals arriving at the array, resulting in higher-resolution estimates of the back-azimuth and slowness of
the seismic wavesdoldstein and Archuletal987; Meng et al, 2011; Schmidt 1986]. Instead of projecting the steering
vectors onto the full covariance matrix, a pseudo-power of the signal is estimated as the reciprocal of the projection of the
steering vectors onto the noise-space of the covariance matrix, which is found through an eigenvalue decomp@éition of

Theproceduref estimatingC? is asdescribecabove andsothe soledifferencebetweerMUSIC andtraditionalbeamforming

spaceof C2. For a detailed exposition of MUSIC, the reader is referre8¢bmid{1986].
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Figure 2. a-b) Median power spectral densities of the nodal and DAS arrays for the P-wave and S-wave. The nodal seismometer recordings
are converted into acceleration spectra, which are proportional to the DAS strain rate spectra. The proportionality constant (the apparent
phase velocity) is taken &2 km's 1. The noise oor is shown as a grey band; c-d) Mean power in selected frequency bins as a function of
the bre-optic cable orientation with respect to the back-azimuth of the seismic source. The theoretical sendilizitiesef al., 2018] are

included for reference.

3 Results
3.1 Signal characteristics and coherence

Before attempting to perform beamforming on the array data, we rst consider the spectral characteristics of the recorded
signals — see Fig. 2a and b. The velocity spectra of the three components of the wave eld recorded by the nodal array are
rst converted into acceleration spectra, which are proportional to the DAS strain rate spectra under the assumption of a single

plane wave, with the phase velocity as the proportionality constant. An apparent phase velddtyrafs ! for both the P-
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and S-phases gives a good comparison between the nodal spectra and the DAS spectra, which suggests that a common type
wave (e.g. scattered surface waves) dominates the spectra of these time windows. For reference, the median power of the nois
recorded by the nodal array prior to the P-wave arrivals is indicated by abgresline in Fig. 2. The durations of the noise,
P-, and S-wave windows over which the spectral power was computed are all takeh $pvidich is long enough to include
low frequency information.

Owing to the nature of the measurement principle of DAS (i.e. measuring strains rather than particle motions), the directional
sensitivity of the bre to P- and S-waves is different from nodal seismomekargshinoy 2016;Zhan 2020]. For a gauge
length that is much smaller than the seismic wavelength, the DAS strain rate is proporticogl téor a P-wave or SV-wave,
andsin2 for an SH-wave, assuming a plane wave with incidence angidative to the bre Martin et al,, 2018]. These
theoretical sensitivities are plotted for reference in Fig. 2¢ and d, alongside the mean power measured within selected bre
orientation bins. As was also concluded\bfang et al[2018] from analysing the directional dependence of the signal-to-noise
ratio, no directionality of the mean power is observed. Moreover, the variability within a given frequency band exceeds one
order of magnitudeWang et al.[2018] interpreted this as an effect of the heterogeneous site response, which likely exerts
a rst-order control on the amplitudes and directionality of the ground motions. This will be demonstrated in more detail in
Section 3.4.

3.2 Beamforming results of the nodal and DAS arrays

To set a baseline, we rst beamform the P- and S-waves recorded by the nodal array for each component s@feertedy.

of the wave eld in each direction, we select a 10-second time window stagtiegrsecenddbeforenearthe P-arrival. The
waveforms are then ordered by distance from the earthquake epicentre, band-pass Iterébithe range, and each trace

is scaled by its standard deviation — see Fig. 3. In particular the vertical waveforms exhibit very strong coherence across the
entire array. Among the horizontal components, the N-component is more coherent, consistent with a source that is oriented
almost directly south of the array (with a back-azimutii 67 from the centre of the array). Similarly, the S-waves (not shown

here) exhibit strong coherence particularly in the E-direction, followed by the N- and Z-directions.

southeast, with an azimuth close to the true back-azimuttb@t (Fig. 4). As expected from the waveform coherence, this
source is most stable and well-resolved for the vertical component, with an apparent propagation velocity between 4 and

resolved apparent velocity. The beams formed from the E-component suggest weak, poorly resolved sources in the south
west, and east, which are likely scattered P-waves. The sources indicated by beamforming of the S-wave (Fig. 5) are ever
better resolved than the P-wave sources, particularly in the E-component, with an apparent propagation velocity between 2 anc

4 kms 1. For an assumed true P- and S-wave speeds of 2.1:8rdn s !, respectively [crudely estimated froReigl and
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Figure 3. P-waveforms recorded by the nodal array, ordered by distance from the earthquake epicentre, band-pass Itededt inHhe
range, and scaled by the standard deviation of each trace. Time is relative to the start of the recordings, and is synchronised with the waveform:

shown in Fig. 1Forreferencethe

In strong contrast to the nodal array, the P- and S-waveforms recorded by the DAS array show a low degree of coherence
(Fig. 6). While individual cable segments may exhibit some internal coherence (analysed further in Section 3.4), this coherence
does not persist across the array. There are several factors that contribute to the incoherence of the recorded signals. Firstl
for a horizontal cable, the DAS strain is a combination of gradients of the two horizontal components of the wave eld, which
may lead to unfavourable interference. Secondly, the amplitudes of the DAS recordings depend strongly on the coupling of
the bre-optic cable to the groundNang et al. 2018] and on the angle of incidence of the incoming plane wkeatjn
et al, 2018], so that various segments at different locations and with different bre orientations experience variable signal-

to local heterogeneitiesSingh et al, 2020], and their amplitudes are inversely proportional to the apparent phase velocity so

that slow waves (often scattered waves) are ampli ed.
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Figure 4. Beamforming results of the P-waves recorded by the nodal array. Each panel shows the MUSIC pseudo-power for the candidate
combination of azimuth and apparent velocity (reciprocal of slowness) normalised to lie between 0 and 1. For visual clarity we clip the
colours at a normalised pseudo-power of 0.8 (i.80a% of the maximum pseudo-power). The apparent velocity is plotted ap tan s *,

with radial grid increments o2 kms ? (indicated by the red numbers). The frequency bands and components are indicated above each

column and beside each row, respectively. The true back-azimuth of the source is indicated by a red star in each panel.

the lower frequencies (belo® Hz), we nd a diffuse spread of pseudo-power over a range of potential source azimuths and

apparent velocities. By contrast, at the higher frequencies, we nd several well-resolved sources pointing in the southeast and
east directions, but with very low apparent velocities (less them s ). These apparent velocities between 1 aran s !

are consistent with the inferred S-wave speeds at depths of a few hundred metres, suggesting a shallow “source" (most likely &
seismic scatterer). As mentioned above, slow phase velocities amplify the recorded DAS strain rates, and so it is not unexpectec
that, in the absence of strong coherent direct arrivals, slow, scattered waves dominate the beamforming solutions. Also recall
that through the de nition of the covariance matrix, the absolute amplitude of the recorded signals is irrelevant, which partially
addresses the issues of (potential) directionality and ground coupling. However, the wave eld is composed of multiple waves
(e.g. direct and scattered arrivals) and their relative phase amplitudes may vary with bre orientation, which still affects the
pseudo-power.



0.5-1.0 Hz 1.0-2.0 Hz 2.0-3.0 Hz 3.0-5.0 Hz
1Q 1Q
/ /

Figure 5. Beamforming results of the S-waves recorded by the nodal array. The panel representation is the same as in Fig. 4.

3.3 Simulating DAS recordings from the nodal array

In the previous section, we pointed out several potential reasons for the lack of waveform coherence and the inconsistent

165 beamforming results. In the following section, we will explore one of these factors that is inherent to the DAS measurement
principle: the one-dimensional strain rate measurement that aggregates multiple components of the particle velocity eld. A
DAS measurement provides oniyr-one component of strain, the longitudinal strain along the direction of the bre. This
limitation can be mitigated by making the measurements along helically-wound cibleshjnoy 2016], but since such cable
designs were not deployed during the PoroTomo experiment, one has to resort to alternative approaches.

170 As has been clearly demonstrated\Wang et al[2018], the particle velocity measurements recorded on two nodal seis-
mometers separated by a small distaBlcecan be accurately converted into the average longitudinal straiti ketveen the

two nodes (expressed here at their midpaint
1
(x)= o lulx+ L) ulx L) (3)

whereu is the particle velocity in the direction parallel to the positional difference vector between the two nodes. This average

175 strain rate is equal (or proportional) to the DAS strain measured along a gauge2engtiose end points are co-located with
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Figure 6. P- and S-waveforms recorded by the DAS array, ordered by distance from the earthquake epicentre, lt€r&litda pass

band, and scaled by the standard deviation of each trace. Time is relative to the start of the recordings, and is synchronised with the waveform:

only every #0channel waveform is plotted.

shown in Fig. 1. For clarity,

the nodes, if the cable is straight and has a spatially uniform coupling between the two Agiesar relationholdswhen

2018

?':::hei r :E q:': 5] "

in which most nodes are positioned lest@fanfrom its-their nearest neighbour,

thedistancebetweerthe nodess amultiple of the DAS gaugelength[seeWang efal

Given the density of the nodal array,

we can use this relationship to simulate the response of a DAS array to the strain eld induced by the Hawthorne earthquake,

180 and test the effect of superimposing multiple independent components on the beamforming performance. To this end, we

yielding pairs of stations that de ne each edge in the mesh. For node pairs separate

8a)
we rotate the horizontal (N and E) components of velocity onto the “virtual' DAS bre orientation

triangulate the node coordinates (Fig

y

by a distance less tha® m

g. (3) yields thenean strain rate along the simulated DAS

Substitution ol into E

Cos .

E

uNsin +u

u_:

elativeto east)as

10



185

190

0.5-1.0 Hz 1.0-2.0 Hz 2.0-3.0 Hz 3.0-5.0 Hz

zoom tov< 2 km/s

d
4
£
X
~
\
>
o
2
£
5]
o
N

Figure 7. Beamforming results of the P- and S-waves recorded by the DAS array. The panel representation is the same as in Fig. 4. To be

able to visually resolve the slow sources at frequencies greatePtHanwe add additional panels magnifying the region up to an apparent
velocity of2 km's 1.

bre atthernidpeintin between each pair of stations (414 in total):
. XatXs yatys _ U uj sin + ug uf cos @
— 2 ’ 2 - 1

(xa Xx8)*+(Ya ¥e)’

where the subscriptd andB indicate the two seismometers between which the strain rate is calculated, each located at a
coordinate poinfx;y).
The resulting simulated strain rate P-waveforms are shown in Fig. 8b, for selected segments with an orientation within
10° from the event back-azimuth (red segments in Fig. 8a). Even though individually the N- and E-components recorded
by the nodal stations exhibit some coherence across the array (see Fig. 3), the horizontal strain rates, involving differences of
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Figure 8.a) Layout of the virtual DAS array, de ned by the edges connecting two nodal seismometers separated by3@ssitinetistance

an orientation 10° with respect to the back-azimuth of the seismic source (indicated in red in a)), ordered by distance from the seismic
source, ltered in &:5-1 Hz pass band, and scaled by the standard deviation of each trace. In b), the waveforms are a superposition of the

N- and E-components of the nodal seismometers, while in ¢) and d) only the N- and Z-components are used, respectively.

velocities on two horizontal components, are not coherent. Moreover, if the strain rate (the gradient of the particle velocity
eld) is calculated only on the basis of the strongly coherent N- or Z-components (Fig. 8c and d, respectively), then the

coherence that is seen in the particle velocity measurements (Fig. 3) is almost completely lost. This indicates that it is not

12
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Figure 9. Beamforming results of the P-waveforms recorded by the virtual DAS array, derived from the E- and N-components of the nodal
seismometers (i.e. Eq. (4)). The panel representation is the same as in Fig. 4. Each second row of panels is a magni cation of the upper
row, highlighting the sources with low apparent phase velogit2 km s ). The upper two rows are the results of beamforming all the
segments, while the lower rows are the results of beamforming only sub-parallel segments (indicated in red in Fig. 8a).

just the superposition of two components that causes destructive interference, but that this is caused by the gradient operato
itself (regardless whether this operation be done mathematically, like was done here, or physically, like in a DAS bre). Also,
since only segments were selected that are near-parallel to each other, the lack of waveform coherence cannot be attributed t
directionality effects.

When we perform the beamforming on the P-waveforms recorded by the virtual DAS array (all segments; Fig. 9), the only
sources that stand out are those with very slow apparent phase velodtgni s 1) and azimuths that vary from west to
east. Since the overall waveform coherence across the array is low, these sources likely result from subregions in the array tha
locally exhibit moderate coherence, but which does not persist throughout the array. Owing to the directional sensitivity of the
(simulated) DAS measurement, combining segments of different orientations may affect the beamforming results. We repeated
the beamforming on selected segments with an orientatit®f from the event back-azimuth (see Fig. 8a). When only these

13
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Figure 10. Location of the selected DAS cable segments, indicated in red in panel a. The corresponding P-waveforms that are shown in

panels b, ¢, and d are Itered in@5-2 Hz pass band and scaled by the standard deviation of each trace.

sub-parallel segments are selected, an ambiguous source arises in the west with high apparent velocity, which is inconsisten
with the back-azimuth and apparent phase velocities of the seismic source. This exercise demonstrates that the measureme
principle of DAS challenges beamforming methods that are traditionally applied to particle velocities rather than to strain rates.
Since we derived the strain rates directly from the nodal seismometers, the lack of coherence and beam resolution seen in th
DAS data (Figs. 6 and 7) cannot be attributed to DAS-speci ¢ technicalities like coupling of the DAS cable with the ground or
phase unwrapping artefacts, since the nodal seismometers and their derived data do not suffer from this.

3.4 Selective beamforming of the DAS array

Even though the DAS array as a whole does not exhibit strong waveform coherence, there are short individual segments tha
do exhibit excellent coherence locally. Examples of this can be foukidaimy et al[2018] (their Fig. 14), who selected three
segments to estimate the apparent P-wave speed from the rst P-wave arrivals recorded by the DAS bre. The apparent phase
velocities obtained from this analysis ranged from 1.12%:4&2 km s 1, which are much lower than the apparent velocities
obtained from the nodal array beamforming (between 4 @kch s 1), and are suggestive of a shallow, scattered source.
Since these segments exhibit strong waveform coherence (Fig. 10), we can attempt to form a stable beam by selecting only the
channels associated with these segments.



220

Figure 11.Beamforming results of the P-waveforms recorded on selected segments of the DAS array. In this gure, the panels show pseudo-
powerP normalised by the maximum power, such that P 1, plotted as a function of the back-azimuth and apparent slowness of the
candidate source. The slowness values(m *) of the radial grid lines are as indicated by the red numbers. The letters indicated on the

left of each row correspond to the panels in Fig. 10.

Beamforming on multiple small, linear segments comes with additional challenges. First of all, even though the waveforms
may be coherent within one segment, they are not necessarily coherent between segments, which affects the beamformin
performance when the waveforms of all the segments are combined. On the other hand, if beamforming is performed on each
segment individually, ambiguity arises from the linear geometry of the segments. A plane wave travelling parallel to the length

of the cable at a high speed will induce the same phase shift as a plane wave impinging on the cable with a larger angle but af
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a lower speed. In other words, there exists a perfect trade-off between back-azimuth and apparent velocity for linear segments
This trade-off is most clearly seen when plotting the beam pseudo-power in a space spanned by the azimuth and apparen
slowness (reciprocal apparent velocity), in which the beam pseudo-power will appear as a straight line perpendicular to the
orientation of the cable (see Fig. 11; see also Fig. Zéndsey et al[2019]). This ambiguity can be resolved by combining
the beamforming results of multiple segments: the source azimuth and slowness that produces the phase shifts consistent wit
all segments is the one where the linear bands of beam power intersect. As laid Rigklbyn and Fuhrmanf2004], the
intersection of the invididual signal spaces of all subarrays can be found by the method of projection onto convex sets. From
this analysis, it follows that the signal spacewfsubarrays combined furnish a block matrix, which upon substitution into the
de nition of the MUSIC spectrum yieldsRieken and Fuhrmanr2004]:
|§ — X H H | ' — 1! '

= anGmGnam = |ﬂm )

m=1 m=1

with G, representing the projection onto the noise-subspace of the covariance @t(as de ned in Eqg. (2)) and,, the
steering vector of then-th subarray, and the superscripptdenoting the conjugate transpose. In other words, the analysis of
the intersections of signal subspaces of the subarrays naturally leads to a harmonic mean of the MUSIC pseudo-spectra of eac
subarray. When applying this rationale to the subarray beams presented in Fig. 11, we obtain a combined beam which shows :
well-resolved source with a back-azimuth towards the east and an apparent slowh@ssloh * (0:83 km s 1). Consistent
with our previous interpretations, the azimuth and phase velocity of this source are incompatible with direct P-wave arrivals
from the Hawthorne earthquake; it is therefore interpreted as a shallow scattered wave.

Since the internal waveform coherence of each segment varies across the array (and also with the selected frequency band
manually selecting a few segments for the beamforming may introduce a bias. However, if internal waveform coherence is the
main selection criterion, whether or not to include individual segments in the beamforming analysis can be determined on the

basis of the_,-norm of the covariance matrix, i.e.:

“NZ Ci Cj (6)

whereN is the number of channels in a given segment for which the covariance n@jtris computed. We compute?
for the P-waveforms of each quasi-linear segment of the cable ové3HeHz frequency band, and select those segments
with ¢ > 0:9 (six in total; Fig. 12a). Since these segments are all linear, we obtain ambiguous results in terms of the azimuth

and apparent velocity (which trade-off with one another), but within this ambiguity the sources are well resolved (Fig. 12b).

a direction-of-arrival from the north with a maximum apparent velocity at ardukch s , which most likely signify the
predominance of locally scattered waves. When we combine the beam pseudo-power of each segment through Eq. (5), we
obtain an apparent source with a back-azimuth pointing northeast, and an apparent vela@itynos * (Fig. 12c). At rst,

this seems counter-intuitive, as none of the segments seem to suggest a source northeast of the array, while the combine

16



Figure 12.a) Locations and internal coherence of six selected segments along the cable, each indicated by a number; b) Beamforming results
in the0:5-1 Hz frequency band for each of the segments. The slowness valugkrfin®) of the radial grid lines are as indicated by the red
numbers; c) Beam pseudo-power of all the segments combined through Eq. (5); d) Beam pseudo-power of segments 1, 2, 3, and 5 combine

through Eqg. (5). In ¢) and d), the coordinate of the maximum beam power is indicated by a cyan dot.
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result does. Moreover, the combined apparent velocity is substantially less than the maximum apparent velocities of all the
segments individually. However, these results are a direct consequence of the harmonic averaging procedure adopted here
which imptietty-implicitly. assumes that the wave elds at all selected subarrays are dominated by the same sets of waves:
maximising the MUSIC pseudo-spectra at the intersection of the signal spaces of all the segments becomes problematic for
sources that are diametrically opposite of each other (e.g. north-south), as the intersection of the signal spaces occurs only &
in nity when representing the pseudo-power in slowness space (or at the origin in velocity space). This then leads to the diffuse

spread of pseudo-power seen in Fig. 12¢ with the maximum pseudo-power at high slowness values.

a maximum beam power at an azimuthl@> and apparent velocity ¢f:.0 km's . While this result is in better agreement

with the true direction of arrival of the seismic sour@& with an apparent P-wave speedded km s 1, as inferred from the

nodal array), the discrepancy is substantial. Particularly the low apparent velocity inferred from the DAS segments is suggestive
of the arrival of scattered waves rather than direct waves. Regardless, this result is only obtained after manual quality control
and selection of desired segments. For automated segment selection and beamforming one must be cautious for con icting

directions-of-arrival that lead to arti cial results like in Fig. 12c.
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320 of DAS strainratesoverevenlongerdistancegpotentiallyup to severakilometres).

nodalseismometerat the startandendof eachselectedsegmentThis similarity and

325 convertecDAS_an

of theissuesassociategvith the measuremerrinciple pointedout in the previous

330 4 Discussion
4.1 Importance of site heterogeneities and seismic wave scattering

The purpose of beamforming is to locate the origin of the incoming signals, which requires that the signals be direct arrivals.
As the seismic equivalent of acoustic echoes, scattered waves will follow a trajectory different from the direct arrivals, exhibit
a different direction-of-arrival, and so appear to originate from a different source location. Throughout this work, we have
335 shown that the DAS array recordings at the Brady Hot Springs natural laboratory are strongly affected by scattered waves and
local heterogeneities. However, the nodal seismometer array seems much less affected, and displays strong signatures of tf

Hawthorne earthquake's direct arrivals. To summarise, the likely reasons for this are as follows:

1. For P- and S-waves, DAS strain rate measurements are most sensitive to strains parallel to the direction of the bre
[Martin et al, 2018]. Direct arrivals originating from a distant source arrive at the array at a steep inclination, and so
340 their projection onto the direction of a horizontal bre is comparatively small (for P-waves, the DAS sensitivity exhibits
acog decay with inclination). By contrast, free-surface topography and shallow subsurface heterogeneities may cause
scattered seismic waves to arrive at the array at a shallow inclination, so that these are greatly ampli ed in the DAS

measurements.

2. As pointed out bypaley et al.[2016], the relation between the strdimduced by a plane wave and the particle velocity
345 u in the along- bre direction is' = %Li, with ¢ being the apparent phase velocity of the medium. This implies that
apparent fast waves (i.e. arriving at steep inclinations) are damped with respect to sub-horizontally-travelling waves such

as those generated by shallow scattering.

3. From the numerical simulations and theoretical analysSingh et al[2020], it is immediately clear that gradients in
the particle velocity eld are highly sensitive to heterogeneities. Since the subsurface beneath the Brady Hot Springs site
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is strongly heterogeneoubdigl and the PoroTomo Tear2018], spatial variations in the phase velocity are expected

to exert a strong in uence on the DAS measurements. The lack of observable directional sensitivity of the DAS array
(our Fig. 2 and Fig. 22 ofVang et al[2018]) further attest to thisSingh et al[2020] proposed that a correction term

(the “coupling tensor") may be inverted for, so that the amplitudes of the recordings may be adjusted to represent the
“true” velocity gradients. Since the true particle velocity eld is known (being recorded by the nodal array), this offers
an interesting perspective for future analysis of the Brady Hot Springs data set.

4. Lastly, even when considering the directional sensitivity of DAS, the locally recorded strain rates appear to be highly
incoherent, while the particle velocity measurements themselves exhibit very strong coherence (compare Fig. 3 with
Fig. 8). The superposition of multiple orthogonal components of the particle velocity eld may lead to additional de-
structive interference, even though this was not clearly seen in our analysis in Section 3.3 (see Fig. 8b).

As summarised bghearer{2015], the effects of phase velocity heterogeneities are most pronounced when the size of the
heterogeneity is similar to the seismic wavelength. Owing to a scarcity of large-scale heterogeneities, low frequency signals
may be less affected by seismic scattering. Coincidentally, the DAS beamforming results in the lowest frequen@ypband (

1 Hz, Fig. 7) do suggest a source with an azimuth that corresponds with the true back-azimuth, although the spread in the
beam pseudo-power is diffuse. This may be a consequence of the signal-to-noise ratio in the lowest frequency range, since the
source exhibits low spectral power in this range (Fig. 2). Notwithstanding, DAS has a at frequency response even at very low

warranted.
4.2 Implications for beamforming on sparse and dense DAS arrays

The analysis of the PoroTomo experiment has revealed some limitations of conventional beamforming methods applied to DAS
array data, particularly in relation to scattered waves and heterogeneities. However, the Brady Hot Springs geothermal eld may
be considered a particularly unfavourable setting for DAS seismic beamforming owing to the complexity of the subsurface.
Fibre-optical cables deployed on more homogeneous bedrock terranes may not suffer as much from high-amplitude shallow
scattering. On the other hand, one of the main promises of DAS is its versatility in deployment conditions, with interesting
deployment targets including “heterogeneous" environments such as urbanwoeast [al, 2017;Fang et al, 2020] and
submarine basind_[ndsey et al.2019;Sladen et al.2019]. For many civil monitoring applications, such as traf ¢ density
monitoring [Liu et al, 2018] and vehicle trackingWiesmeyr et al.2020], some of the issues pointed out in the previous
section do not apply, as the signals of interest arrive at the DAS bre at a shallow (or zero) inclination. However, for the
purpose of localising deep or distant sources, the inclination sensitivity of DAS starts to become directly relevant.

A second unfavourable aspect of the PoroTomo dataset is that the DAS array is deployed within a relatively small region
(1500 by500 m), which limits the resolution of beamforming methods (being proportional to the span of the array). Sparse
L-shaped and quasi-linear array con gurations provide a much larger array span, at the expense of increased source azimutt

ambiguity inherent to linear arrays. As was done in Section 3.4, multiple segments of variable orientations can be combined
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to resolve this ambiguity. Moreover, the same procedure can be adopted to extract the signals carried by direct arrivals: in
the case of the Brady Hot Springs geothermal site, the entire array receives seismic energy from (potentially) multiple nearby
scattering sites, obscuring the direct arrivals. By contrast, sparse arrays that extend over long distances may receive seismi
energy from different scattering sites along the trace of the cable. By selecting and combining the beam power of several
segments following the harmonic averaging method proposegiélyen and Fuhrmanf2004], sources that are common to

all segments are ampli ed with respect to segment-speci ¢ sources (i.e. scatterers), provided that the direct arrivals exhibit a
suf ciently large footprint in all segments. Large sparse arrays may therefore be more suitable for seismic beamforming than
compact dense arrays.

One key assumption that underlies beamforming is that the signal is carried by a plane wave. This assumption implicitly
requires that the source be distant compared to the extent of the array. Moreover, the phase velocity is assumed to be uniforn
across the array. Both these assumptions are embedded in the de nition of the steering vectors through the tin{setelay
Eqg. (1)). Since DAS on bre-optic cables of several tens of kilometres in length has been demonstrated to be féaadsele [
et al, 2019;Sladen et al.2019], these assumptions may break down for local and regional seismic sources. Moreover, for
e.g. earthquake early warning purposes, fault zones may be instrumented with bre-optic cables running along-strike for many
tens of kilometres, so that the nite extent of the rupture and rupture complexity will prevent the application of beamforming
methods. Fortunately, the plane wave and uniform velocity assumptions can be relaxed by directly computing the travel time
between a candidate source location and a location along the cable, turning the beamforming problem into a back-projection

individual segments can be combined to produce a triangulated source locatiadytkison and Ghos2017; Stipcevic

et al, 2017]. In both cases, the source localisation results will greatly bene t from the large lateral extent of the DAS arrays.

coherencecrosshe array,andclosesthe gapbetweenDAS andseismometearraysin termsof beamformingperformance.

arraysthatcompriseboth DAS andseismometersiVe hereproposethreesuchhybrid arrays(Fig. 14) that optimally

23



seismometeinto a seismicarrayby integratingthe DAS strainratesalongthe

S segmentskor referencethedirection

at :thej,n,t_ersectiorp |

rpendiculaDA

415

420

425

430




435

440

445

450

455

460

Hnit.

5 Conclusions

This study considered the potential of bre-optic Distributed Acoustic Sensing (DAS) arrays for the purpose of seismic beam-
forming. This was done by performing beamforming on the ground motions generated by the Mard#,2@18% Hawthorne
earthquake, as recorded by a DAS array co-located with a dense nodal seismometer array at the Brady Hot Springs geotherme
eld. Comparing the waveforms recorded by DAS with those recorded by the nodal seismometers, we nd that the strong wave-
form coherence of the nodal array is absent in the DAS array. Since the quality of the beamforming results depends strongly
on waveform coherence, the DAS array is unable to produce a robust source azimuth and apparent velocity, whereas the node
array produces an extremely well-resolved source location that is consistent with the true back-azimuth of the earthquake epi-
centre. Instead, beamforming on the DAS array reveals source locations that likely correspond with shallow seismic scattering
sites. We attribute the lack of DAS waveform coherence to the DAS measurement principle, which inherently leads to dimin-
ished sensitivity of DAS recordings to the direct arrivals, supposedly arriving at the array at a steep inclination, and ampli es
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scattered waves arriving at shallow inclinations. Moreover, we demonstrate that the spatial gradients of the particle velocity
eld (i.e. strain rate) exhibit far lower coherence than do the particle velocity waveforms, which additionally impedes beam-
forming. Compared to other DAS arrays, this may be aggravated by the strong phase velocity heterogeneities present at the
Brady Hot Springs geothermal eldNonethelessnanyoftheseissuesnayberesolvedby-expandingheextentof-thearray,

Code and data availabilityPython scripts that reproduces the results and gures in this manuscript are available at
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