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Abstract When analyzing signals from Distributed Acoustic Sensing (DAS), the recorded ampli-
tude across the array can be difficult to interpret, as it is influenced by many parameters. In this
work, we explore the theoretical foundations of fiber sensing amplitude transfer functions. We
begin with linear fiber segments and progressively extend to more complex geometries to create
polarization filters. To build a filter from the gauge length we explore horizontal or vertical loops
to average the signal over all azimuths or dips respectively. These geometries could cancel the
component of the shear waves polarization contained within the loop plain. From these transfer
functions, we explore the wavefield as seen by the DAS through a forward model based on ray the-
ory. This model predicts the distribution of amplitude across a DAS array from a point source at
low computational cost. The difference between our model and the measured wavefield relates to
local site amplification, from which we derive an amplitude correction factor. The results, along
with the foundational components of our approach, can be adapted for a broad range of applica-
tions, enabling novel sensing strategies. These include optimization of fiber deployment geometry,
the creation of synthetic data, and the acceleration and refinement of existing location methods

through amplitude and phase correction that account for the distinct sensitivity of DAS.

1 Introduction

The rapid advancement of Distributed Acoustic Sensing (DAS) is transforming the field of seismology. This tech-
nology enables the conversion of optical fibers into arrays of thousands of seismic sensors, pushing the frontiers in
Earth sciences, e.g., in the monitoring of volcanic and glacial processes (Fichtner et al., 2026; Jousset et al., 2024;

Nakano et al., 2024; Nishimura et al., 2021; Hudson et al., 2020; Walter et al., 2020; Fichtner et al., 2023), and the early
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detection of earthquakes and tsunamis (Yin et al., 2023; Lior et al., 2021). However, the nature of the wavefield sensed
by DAS differs from the displacement sensed by seismometers (Kennett, 2024; Capdeville and Sladen, 2024).

To convert fiber into seismic sensors, the DAS interrogators inject coherent laser pulses at one end of the fiber. Along
its path, small defects in the crystalline lattice scatter the laser pulse and a portion of this scattered wavefield travels
back to the interrogator. The interrogator measures a phase shift in that backscattered light due to a relative change
of the position of the scatterers in the fiber (Hartog et al., 2014). These changes are located using the two-way travel
time of the laser pulse. Therefore, compared to displacement, DAS measures a spatial derivative, in the fiber direc-
tion (Daley et al., 2014), whereas seismometers record a time derivative of displacement. The relations between these
measurement units and their respective sensing methods are portrayed in figure 1. This discrepancy in derivation is
at the core of the unique sensitivity of axial strain sensing as observed already by Benioff (1935) and later in numer-
ous DAS publications e.g., (Kennett, 2024; Martin et al., 2021; Vera Rodriguez and Wuestefeld, 2020; Wang et al., 2018;
Bakku, 2015; Daley et al., 2014).

The strain recorded by DAS may vary as a function of several parameters. First, the interrogator averages the phase
over a segment of the fiber, called a gauge length. This imposes a filter in the wavenumber domain, with a sinus
cardinal (sinc) transfer function (Vantassel et al., 2022), effectively attenuating components of the wavefield whose
wavelengths correspond to even fractions of the gauge length (Walter et al., 2020; Lindsey et al., 2020; Martin et al.,
2018). Other parameters such as the fiber casing (Jiang et al., 2023), tension in the fiber (Xie et al., 2022), its coupling
with the surrounding medium (Hudson et al., 2025a; Walter et al., 2020; Ajo-Franklin et al., 2019; Daley et al., 2014),
as well as the physical properties of the medium itself (Celli et al., 2024; Ma et al., 2024), may also play non-negligible
roles. Furthermore, recent studies suggest that the fiber has a strong response to heterogeneities in the earth’s sub-
surface much smaller than the minimum considered wavelength (Capdeville and Sladen, 2024; Paitz et al., 2020).
The interplay of these parameters and the vast range of deployment possibilities highlight the importance of accu-
rately understanding the DAS transfer function. This is particularly relevant for methods that depend on amplitude
measurements, such as full-waveform inversion (Hudson et al., 2020; Luo et al., 2021; Noe et al., 2026), or amplitude-
based event location (Nishimura et al., 2021). Moreover, understanding this transfer function can be leveraged to
reduce the volume of data by focusing only on source-specific sensitive segments of the cable or guide future deploy-
ments through optimized fiber geometries (Fichtner and Hofstede, 2023).

Up to now, studies quantifying DAS amplitude and local amplification effects can be split into two categories. The
first uses the Array Derived Dynamic Strain (ADDS), while the second is based on the Discrete Particle Scheme (DPS).
Using a co-located seismometer array, ADDS reconstructs the strain-rate wavefield through finite-difference approxi-
mations of point velocity measurements (Muir and Zhan, 2022; Ichinose et al., 2022; Currenti et al., 2021; Wang et al.,
2018). This approach was adopted in the early stages of DAS to assess the quality of the recorded waveforms using
seismometers, as in Daley et al. (2016). In volcanic terrains, discrepancies between ADDS and DAS measurements
were attributed to the presence of faults (Currenti et al., 2021). In the second method, DPS, the medium and the fiber
are modeled by a network of interconnected particles. By changing the quality of the elastic bonds linking these
particles, the local fiber response to a wavefield can be obtained (Hudson et al., 2025a; Celli et al., 2024; Jiang et al.,

2023).
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However, these two methods may not be adequate to keep up with the rapidly increasing diversity of fiber deploy-
ments. For instance, limitations arise when no seismic array with adequate geometry is available, or when elastic
properties of the medium cannot be determined at a scale comparable to the high spatial resolution of DAS with an ap-
proachable computational cost. To build on the idea proposed in Kennett (2022), we address this gap in comparative
measurements by examining the wavefield as it is “seen” by DAS, and compare a theoretical amplitude distribution
along the fiber with actual recordings for a given source. The mismatch between the two provides an estimate of site

effects.

2 Data and method

2.1 DAS sensitivity

To understand how different waves coming from different directions are recorded by DAS, we examine the axial
strain-rate expression for different wave polarizations and fiber orientations. The full demonstration of those equa-
tions can be found in the supplementary materials.

To formulate our expression, we begin by defining a set of displacement polarization vectors for P, SV, and SH waves.
Here, we consider a plane wave (), as defined in equation 1, with amplitude A, propagating in the direction of the

wavevector (K) given by :

K = [ky, ky, k]

= [cos(@ray) €08(Oray), SIN(Pray) €0S(Oray), Sin(Orqy)]

@(!E, v, 2, t) — Aeik:(ct—w cos(@ray) €0S(0ray)—y sin(@ray) cos(Oray)—2zsin(Oray)) (l)

In equation 1, ¢,4, and 6,.,, describe the azimuth and the dip of the ray respectively, using polar coordinates, both
defined to increase in the trigonometric direction. For a fiber segment oriented in the x direction, these expressions
are derived in time then in space along the x axis to get the axial strain in the fiber axis. In this last step, we integrate
two rotations to the strain tensor to align the xz component with any azimuth (pp as) and dip (fp as) of the fiber seg-
ment, becoming the zz’ direction. The DAS azimuth and dip are also defined to progress in trigonometric direction.

This gives us equations 2, 3 and 4 for point strain rate.

€xa' P :k:QC( €08 0pag €OS bray cOS(PDAS — Pray) + sinOpagsin 9my)2z/}(a:, Y, 2,t) (2)
évarsv =k*c(— cosOpag sinb,qy cos(@pas — Pray) + SinOpas cos Orqy)
X (cos 0pas cosbOray cos(PDAS — Pray) + sinfpags sin 9my)w(:1c, Y, 2z, t) (3)
épwrs =k*ccosOp as sin(@ray — Ppas)

X (COS GDAS COs aray COS(S@DAS - Sp'r‘ay) + sin QDAS sin 9ray)¢($> Y, z, t) (4)

Then, to consider the gauge length effect, we average these equations, over a linear segment in the fiber orientation

3
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Figure 1 Relation between displacement (u) and strain (¢) with their relative time derivative and their means of measure-
ment. Oblique delimitations isolate units with a similar number of derivatives and thus similar number of multiplications by
the wavenumber (k) on their spectrum. For strain measurement, DSS stands for Distributed Strain Sensing.

rendering equations 5, 6 and 7.

. 2ck . .
€xa’ Pg = g (COS Opas cos e'ra'q COS(QODAS Qo'ray) +sinfpag sin eray)
. | kg . .
X sin [2 ( cos0pas €oSbray cos(PpAS — Pray) +sinfpagsin GMy)] U(x,y, z,t) (5)
. 2ck . .
€ra'SVg :7 ( — €08 0pag Sin Orqy cOS(PDAS — Pray) +SiNbpag cos Gmy)
. | kg . .
X sin [2 ( cosO0pas €os brqy cos(Ppas — Pray) +sinfpas sin HTay)] v(x,y, 2, t) (6)
. 2ck
parSHg = — €08 0pas sin(Pray — YDAS)
g
. | kg . .
X sin [2 ( €08 0pas €08 brqy cos(PpAS — Pray) +sinfpagsin QMy)] U(x,y, z,t) (7)

As suggested in Hudson et al. (2025b), a generalized S wave sensitivity can be obtained by combining the two polar-

izations using \/ & psig T €iusy, - Following Martin et al. (2018), for a wavelength much larger than the gauge

length, its effect can be neglected and DAS strain rate is close to pointwise strain rate.

The axial strain-rate amplitude is controlled by quantities such as the wavenumber, gauge length, and velocity. In
addition, and central to this paper, it is affected by a geometric effect arising from the relative orientation between
the fiber and the wavefield. In the following part, we call this angular dependency the 'fiber sensitivity’. To illustrate
these terms we suggest three kinds of visualization visible in figure 2 for a fiber along the y-axis (azimuth = 0°) with
a dip of 45°. In the left column, we consider this sensitivity from a source perspective. In a homogeneous 1 km®
cube , with the fiber in its center, we distribute sources evenly throughout the surrounding space. Each pixel in this
space contains a source and is colored following the amplitude it can generate in the fiber for a specific polarization,
using a straight ray. When plotting our cubes, only the outer surfaces are colored to enhance visibility. In the central
column, the same geometrical factor is visualized as a volume surrounding the fiber. Lastly, in the right column we
suggest a polar projection, with the center containing rays coming from the bottom. The outer rim contains the rays
coming from the top. We also normalized the amplitude to 1 to the maximum value on each display.
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For both P and S waves, the sensitivity preserves its 2D relation of cos?(¢ray) and sin(2¢ray), but forming a solid of
revolution around the fiber axis. This relation is clearly visible in the volumetric view, in the central column of figure
2. However, the relative contributions of the SV and SH components vary significantly with the dip. As the sensitivity
to SH waves decays proportionally to cos(fpas), it will reach zero for a vertical fiber. Consequently, SV waves exhibit
a strong azimuthal constraint for a horizontal fiber. This azimuthal constraint gradually disappears as the fiber dip
increases, resulting in sensitivity to all azimuths for a vertical fiber. The equations 3, 4, 6 and 7 also predict the spatial
distribution of polarity inversion for the different shear-wave polarizations. This complex sensitivity to shear waves
can yield strong information on the source orientation as in Luo et al. (2021) but require acute knowledge of the fiber

geometry.
2.2 Integration of DAS sensitivity in a ray based framework

In this section, we expand beyond a plane wave sensitivity model from last chapter, to consider arbitrary source
mechanism. For this, we integrate our sensitivity analysis to a wavefield framework based on ray theory, accounting
for various source descriptions.

To model the propagation of waves, we use Pykonal (https://malcolmw.github.io/pykonal-docs/). This open-source
Python package is designed to calculate travel-time grids by numerically solving the Eikonal equation using the Fast
Marching Method (FMM) (White et al., 2020). This method enables efficient computation of first-arrival travel times
in both 2D and 3D domains, supporting spherical and Cartesian coordinate systems. To propagate rays through the
travel time grid, Pykonal uses the path of steepest descent, from the source to the receiver using Euler’s steps (White
et al., 2020). Compared to traditional ray-based approaches, like the shooting or bending methods, a grid-based ap-
proach offers greater numerical stability and is well suited to handle complex 3D velocity models (Rawlinson et al.,
2008). However, by design, it can only account for the first arrival.

To implement this framework to our test case, Brady Hot Springs (BHS), we used the 3D velocity model from Zeng
et al. (2017), with an original resolution of 25 m. We applied a low-pass filter to the velocity model, with 99% at-
tenuation at 10 wavelengths (Liu and Schmitt, 2006). The filter parameters are based on a 5 Hz signal (see Section
2.3) traveling at 0.6 km/s. This ensures that the high-frequency assumption required for ray theory is satisfied. Be-
cause the travel time grid resolution and ray tracing step-size, e.g. Euler’s steps, are related to the velocity model
resolution, we tested the grid sampling parameters to reduce the computational cost. The details of these tests can
be found in the supplementary materials. We observed that, the ray is stable up to a step size of half of the small-
est object preserved by the low-pass filter. In the same experiment, measuring the angles between the rays at the
source and receiver across varying velocity grid spatial sampling, yields a variation of angular errors of 0.59° at the
source and 3.30° at the receiver. We quantify the uncertainty on the forward model based on these values. We do so
by creating a population of 100 realizations, introducing in each a random perturbation at the source and receiver
terms distributing the error evenly between the azimuth and dip. We estimate the forward-model uncertainty as the
standard deviation of these 100 realizations. In our case, the error is primarily influenced by distance spreading and
accounts for 17.9% of the amplitude value on average.

Finally, to describe the source, we utilized the direction- and polarization-dependent amplitudes for a given moment
tensor from Aki and Richards (2002). For our model, to keep the polarization simpler, we used a far field approxima-

5
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Figure2 Representation of the broadside sensitivity of a fiber to body waves. The fiber, shown as a black line in the left and
central columns, has a dip of 45° and an azimuth of 0°. The representations are based on equations 2, 3, and 4 and consider
awavelength much larger than the gauge length. The S-wave amplitude is computed as \/€2_, ¢ ;; + €2, 5y-- The left column
illustrates the sensitivity for sources homogeneously distributed around the fiber in a homogeneous medium; each pixel is
colored according to the amplitude recorded by the fiber in the center of the cube for a source located at the pixel for a given
polarization. The central column presents a volumetric representation of the fiber broadside sensitivity to body waves, while
the right column shows the corresponding polar projections. In these polar plots, rays arriving from below are mapped to
the center, horizontal rays are indicated by the black circle, and vertically incident rays from above are located at the outer
rim. All plots are normalized by their respective maximum values.
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tion. Therefore to reduce the influence of the near field in the data, important for the region with source-receiver
distance equal or smaller than a wavelength (Lokmer and Bean, 2010), we kept the data in its original unit, strain
rate. Owing to the spatial derivative to move from velocity to strain rate, visible in figure 1, the resulting spectrum is

closer to acceleration, decreasing low frequency, therefore long wavelength, amplitudes.
2.3 DAS Data measurement and processing

Having developed a model that allows to understand the amplitude variation recorded across a fiber array for a given
source, we wish to validate it. To this end we, we chose the data from the Poroclastic Tomography experiment (Poro-
Tomo) (Feigl, 2019) as it is open-source and features a fiber with complex geometry and controlled sources.

This multidisciplinary experiment took place in 2016 at BHS geothermal field (Nevada, USA). During the experiment,
a DAS fiber was deployed horizontally (DASH) in a zigzagging trench approximately 1 m deep, visible in figure 3. Of-
fering many angles, its geometry is ideal to test broadside sensitivity, while it also crosses various geological features,
possibly generating varying site effects. The geology of BHS is composed of a Mesozoic crystalline basement rock
(around 1400 m depth) capped by a succession of sedimentary and volcanic formations from the Miocene, together
forming the bedrock (Siler and Pepin, 2021). It is covered by 50 m of sedimentary deposits (Miocene to Pleistocene)
observed during the PoroTomo experiment by a sharp velocity contrast with the bedrock formation (Zeng et al., 2017).
These formations are crossed by a network of normal faults, with a general SSW-NNE orientation. Faults have already
been shown to impact strain amplitude measured by DAS in many occasions (Ma et al., 2024; Currenti et al., 2021,

Jousset et al., 2018).

During the PoroTomo experiment, a variety of signals were recorded, from both active vibroseis sources and
natural events (Wang et al., 2018). In this work, we decided to focus on the active seismic experiment, as it gathered
6633 catalogued events characterized in source location and mechanism. The vibroseis signals generated by the
vibrotruck consist of 20 s sweeps ranging from 5 to 80 Hz. For our sources, we selected 9 sites across the array, visible
in figure 3, each counting 9 sweeps. The sweeps can be of 3 types; compressional (P), shear transverse (ST) and shear
longitudinal (SL), every site counting 3 of each sort.

These signals were recorded using a Silixa iDAS with a gauge length of 10 m and a spatial sampling of 1 m at 1 kHz.
Preprocessing includes removing common-mode noise (Lindsey et al., 2020) and applying a bandpass filter between
3 Hz and 20 Hz. To enhance the signal-to-noise ratio (SNR) and reduce the volume of data, channels are grouped and
linearly stacked in sets of 11. Then we downsample after band passing, using a mean, to 100 Hz. After preprocessing,
we used a trigger on each sweep to capture the onset of the signal. For this, we employed the Modify Energy Ratio
(MER) from Han et al. (2009). Because of the large energy difference between the channels, up to 22.69 dB across
tens of channels, as can be seen in figure 4, identifying a fixed threshold for a trigger proved challenging and those
had to be re-optimized for each event. Instead, we chose the percentiles 65 of the MER values for each DAS channel,
to achieve a data-driven trigger level. To ensure the quality of the picking, each trigger must be within 0.5 s of its
neighbors, 3 s of the mean timestamp of all triggers. The triggers not meeting these criteria are redefined as a linear
interpolation of the two closest valid trigger. After obtaining the initial arrivals, the signal amplitude is measured
using a 0.3 s RMS window. An example of these triggers and quality criteria are displayed in figure 4. To ensure that

7
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Figure 3 Map of the PoroTomo DAS fiber deployment (red line) and the Vibroseis sources used in this study (red crosses).
The top-leftinset shows the location of Brady Hot Springs in Nevada, as well as the location of the magnitude 4.3 earthquake
used to compare our site-effect analysis. On the write, the synthetic spatial sensitivity for the PoroTomo horizontal DAS array,
illustrating the directional response to seismic waves as a function of azimuth and incidence angle (dip). The top polar plot
shows the corresponding average S-wave sensitivity across all individual channels in the array, while the bottom polar plot
presents the average P-wave sensitivity. Both polar plots are normalized by their respective maximum values.

the amplitude measured is the one of the passing wavefield and not a local noise source, only channels with a SNR

greater than 2 are included in the analysis.

3 Results

3.1 From a DAS channel to the space around it
3.1.1 DAS array summary

To assess the overall broadside sensitivity of a DAS array, we construct a synthetic sensitivity polar projection by
averaging the individual responses of all channels. An example for the DASH from PoroTomo is presented in figure
22 for both P and S waves.

Based on the BHS fiber layout, P waves should be, on average, better recorded if traveling horizontally in the NW-SE
axis, with an overall poor recording for steep rays. In comparison, S waves can be recorded at a much steeper angle,
with a maximum at around 45° in the NW-SE direction. For both polarizations, a perfectly vertical ray should not be
recorded if we only consider the direct axial strain. We also note that these projections do not inform us about the

influence of any local velocity structure .
3.1.2 Impact of a layered medium on fiber sensitivity

Using our ray-based DAS sensitivity framework, we examine the effects of a layered velocity model on the recorded
amplitude by the fiber. The test configuration consists of a 1 km® cube divided into two layers of equal thickness. The
upper layer is 50% slower than the underlying layer. A fiber is embedded within the upper layer, it is oriented along
the y axis. To look at the impact of its dip on the spacial amplitude response we consider 3 cases: horizontal, 45°, and

8
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Figure4 Example of a DAS record (Sweep 6226, Site 2) expressed in nanostrain-rate (ne/s) with triggers obtained using the
Modified Energy Ratio (MER). The original triggers are shown as black dots. Blue dots indicate valid triggers, while red dots
represent interpolated triggers. The amplitude difference of 26.69 dB is measured between 4634 m and 4997 m.

vertical. Sources are evenly distributed throughout the model space. For each source, we perform ray tracing and
colored the pixel containing the source according to the recorded amplitude in the fiber for a given wave polariza-
tion. In these models, we only focus on the geometrical relation between the wavefield and the fiber and each result
is normalized to 1. These results are displayed in figure 5.

For a P-wave, the dip of the fiber strongly influences the layer to which it is the most sensitive. If horizontal, the sensi-
tivity is predominantly within the upper layer, in an area aligned with the fiber orientation. However, if vertical, the
fiber can sense the entire bottom layer. The 45° dipping configuration, provides a transitional response, exhibiting
sensitivity to both the upper and lower layer, but on the opposite side.

The spatial sensitivity of S waves results from the combined contributions of both SH and SV components and can
be understood through those two. For SH waves, the azimuthal 45° sensitivity and polarity inversion are clearly vis-
ible. In the case of a horizontal fiber, this sensitivity is primarily confined to the upper layer. As the dip increases,
sensitivity and the shadow zone inline and orthogonal to the fiber axis spreads through the lower space. This results
in blindness in half of the lower space and inline with the fiber. Finally, as expected by equations 4 and 7, there is
no vertical axial strain from an SH wave. In contrast, SV waves are primarily sensed along the fiber direction for a
horizontal deployment , with the velocity contrast broadening the footprint of the lower lobes in the bottom layer. As
the dip increases to 45°, the sensitivity expands laterally and the polarity inversion tends to happen at the boundary
between the model layers. When the fiber is vertical, it exhibits sensitivity in all azimuths throughout most of the
lower layer, except directly beneath the fiber along its axis. The upper layer, compared to the lower layer, is almost
not sensed.

For vertical fiber for both P and S wave, sensitivity in the upper most parts of the top layer seems unexpectedly high
and better inline with the Cartesian system. We could attribute this effect to an error in the ray tracer as those high

9
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sensitivity zones stay in the same position even when rotating the fiber. Hence no source or receiver should be placed

on the edges of the velocity model to ensure the quality of the ray tracing.
3.1.3 Looped Gauge Length

Seeing the spatial distribution of the polarity inversion for shear waves, and since DAS averages the wavefield over a
gauge length, we wondered if this uniqueness could not be turned in an analog polarity filter. For this we explored
the idea of a looped gauge length in the horizontal or vertical plane, to average the wavefield over all azimuths or
dips, respectively. To build these new expressions we started from the equations 2, 3 and 4, for a linear fiber. For
simplicity, we assume a large wavelength-to-gauge length ratio such that the DAS response approaches a point strain-
rate measurement. For a vertical loop, we average over all dips by solving % § €dfp s for P, SV and SH waves yielding

equations 8, 9 and 10 respectively.

k%c

€pul = ?(COSQ (aray) cos? ((PDAS - @7‘@';/) + SingmyW(x, Y, =, t) (8)
. k?cA .
Esvol = sin(fray) sin®(©pas — Oray )V (2, Y, 2, 1) (9)
. k*c .
€ESHvl = TT Cos(oray) 5111(2((;0DAS - (Pray))w(xa Y, z, t) (10)

For a horizontal loop we average over all azimuth using % § édppas, for P, SV and SH waves giving equations 11, 12

and 13
. k2c
€EPhl = 277“ COSQ(gray)w(xv Y, z, t) (11)
—k2c
€SVhI = 5111(297’&?;)1/}(%3 Y, z, t) (12)
€san =0 (13)

The resulting expressions are visualized in figure 6, with detailed derivations provided in the supplementary ma-
terials.
Based on these new equations, in the case of a horizontal loop, the sensitivity to both P and SV waves loses its az-
imuthal constraint, while the dip dependency remains unchanged. In contrast, SH waves are effectively canceled
due to the average with the polarity inversion. For a vertically oriented loop, P-waves retain their typical azimuthal
sensitivity, but it becomes distributed across all dip angles. SH waves exhibit a similar response as in a horizontal
linear fiber. SV waves, however, appear to be canceled in the loop direction, yet new sensitivity lobes emerge at a +/-

45° dip to the normal of the plane containing the loop.

3.2 From a pointin space to the fiber array

3.2.1 Masurement of site effect

By using our forward model to predict the recorded amplitude of a given source through a DAS array and compar-
ing it with the amplitude of the recorded wavefield, we approach a measurement of amplitude anomalies and local
site effects. An example of recording and forward model and their difference is given in figure 7. To compare our
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Figure 5 Impact of a layered medium on the amplitude sensitivity of a fiber to body waves. The model consists of a 1 km?
volume divided into two layers of equal thickness, with the seismic velocity in the top layer set to 50% lower than in the
lower layer. Each pixel is colored according to the ability of a source at that location, for a given body-wave polarization, to
generate amplitude in the fiber. For each polarization, 3 DAS channel orientations are considered: horizontal (left), 45° dip
(center), and vertical (right). Therefore, the central column is the equivalent of the left one in figure 2 with the introduction of
a velocity contrast. In these plots, only the outer surfaces of the volume are displayed for clarity, and each plot is normalized
by its maximum value.
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Figure6 Orientation specificamplitude response of looped and linear gauge length to body waves. These figures are based
on the equationsin table 22, and consider a wavelength much larger than the gauge length. In these polar plots, rays arriving
from below are mapped to the center, horizontal rays are indicated by the black circle, and vertically incident rays from above
are located at the outer rim. All plots are normalized by their respective maximum values.

model to the measurement, we use a weighted linear regression in a log-log space, as displayed in figure 8, where the
weights correspond to the forward model estimated errors. Using double-logarithmic axes, homogenizes the distri-
bution of points for our linear regression. We further homogenized this distribution by median-binning along the
measured amplitude axis, yielding 200 evenly spaced points in logarithmic space. For each bin, the corresponding
error is defined as the median of the individual point errors within the bin. Secondly, residuals in log-log space are
relative by nature. This implies that they can be interpreted as a scaling factor by raising them to the power of the
base of the logarithm. In other words, a log residual of 1 in log1o —log10 Space is a scaling factor of 10* due to site effect
amplification. For each linear regression, we also extract the standard deviation of all the residuals as a measure of
error on the amplitude scaling factors.

Overall, the median R? of the linear regressions on the binned data over the 81 sweeps is 0.67 and is evenly dis-
tributed between source types; P (compressional), ST (shear transverse) and SL (shear longitudinal). However, the
R? is unevenly distributed between locations. For instance, the sites 8 and 9 are poorly constrained by the models.
For the other sources, R? tends to improve as they are further from site 7. The values for the different source types
and locations are summarized in table 1.

To reduce the error on the amplitude scaling factors, we combine 68 of the 81 sweeps with R? > 0.4, by taking their
median. We estimate the error of the median by bootstrapping our scaling factor population and added to each a
random perturbation defined by their respective error, before taking their median. The error is estimated as the
standard deviation of these realizations. The residual pattern reveals distinct outlying regions but also zones without
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Figure 7 Comparison between modeled and measured amplitude distributions across the DAS array for sweep 5636, and
the amplitude correction associated with local site amplification. In the top panel, the modeled (forward) amplitudes are
shown in blue and the measured amplitudes in black. Measurements are separated into regions with SNR > 2 in green and
<2inred. The bottom panel shows the residuals from a linear regression, as in figure 8. Only data with SNR > 2 are used to
compute these residuals. These logarithmic residuals correspond to scaling factors associated with site-effect amplification.
The gray shaded area around the log residual represents the uncertainty arising from ray-tracing errors of that scaling factor.
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Figure8 Extraction of amplitude scaling factors from modeled and measured amplitudes using linear regression for sweep
5636. The top panel shows a weighted linear regression in logarithmic space between measured and modeled amplitudes.
The residuals relative to this regression define the amplitude scaling factors. The regression weights are given by the uncer-
tainties from the forward model. To homogenize the measured amplitude distribution, the original data (blue) are median-
binned, yielding the black points used in the regression. The bottom panel shows the density of amplitude measurements,
with the original distribution in gray and the binned distribution in red.
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residuals, both visible in figure 9. Logarithmic residuals range from -0.33 to 0.88, with a median error of 0.15. The ma-
jority of fiber residuals are on the order of their relative error and only the strong outliers rise above the noise level.
If we compare the location of these outliers to the amplitude response of the M 4.3 earthquake, whose amplitudes
distribution is dominated by site effect following Wang et al. (2018), we find a strong resemblance. This similarity is
displayed in figure 9. Concerning the zone without any residuals, it extends on the north side of a fault crossing all
the array from Northwest to Southeast, visible as a black dash line in figure 9. This arises from a lack of clear arrival

with a SNR above 2 indicating strong modification of the wavefield around this geological boundary.

Table1l Sourcesand sites model statistics. Sources can be compressional (P), shear transverse (ST) and shear longitudinal
(SL). The sites are visible in figure 3

Statistic SourceP SourceSL SourceST Sitel Site2 Site3 Site4 Site5 Site6 Site7 Site8 Site9
Median 0.673 0.676 0.643 0.761 0.801 0.698 0.617 0.713 0.731 0491 0439 0.312
Std 0.207 0.244 0.147 0.050 0.069 0.128 0.109 0.200 0.121  0.239 0.175 0.140
Min 0.168 0.011 0.212 0.676 0.677 0.489 0421 0.212 0438 0.011  0.261 0.168
Max 0.891 0.849 0.833 0.833 0.891 0.891 0.746 0.780 0.822 0.643 0.756  0.598

4 Discussion

4.1 The impact of fiber orientation on its sensing capacities

By creating a framework to investigate a wavefield as "seen" by DAS, we could understand the amplitude variation
observed across the array. Where the prediction failed, the method highlighted site effects. The spatial distribution
of these site effects coincides with the amplitude anomalies observed for an M 4.3 earthquake. Yet, we still observe
discrepancies between the forward-modeled and measured amplitude patterns not attached to site effects. These
differences may arise from the limitations of the ray tracing, which does not account for later arrivals. At BHS these
later arrivals could include reflections in between fault planes, which might be better sensed in the fiber than the
direct wavefield. We also note a significant loss of amplitude after crossing some faults, not included in the model.
Surface effects and surface waves are similarly not considered. On the source side, the signal from the vibroseis
was not always detectable across the full array, reducing the amount of usable regression points and lowering the
R? for some of the linear regressions. Stronger sources, such as regional earthquakes, could improve the model if
available in the dataset. Alternatively, ambient noise could be used, although this would be based on surface waves.
Overall, the complexity of the wavefield in the geology of BHS leads to large variations between the predicted and
observed signals, contributing to the generally large uncertainties on the the scaling factor. The evolution of the R?
values illustrates this behavior, increasing from 0.49 to 0.80 as the distance from the site 7, the most affected region
by site effects, increases. Developing a full-waveform model could help quantify the importance of all the elements
not considered in our model in the case of a boundary-rich environment such as BHS.

When measuring the amplitude difference with our model, we introduced a bias in our data. The amplitude pick-
ing method relies on detecting an amplitude increase between forward and backward windows, and we only retain
channels with SNR above 2. However, if we had channels decoupled from the wavefield, for instance located in a
conduit, they would not have been picked and considered here. By quantifying the energy of the source, we could
characterize the sensitivity losses and not only the gains. Also, when a correction factor is produced, we note that
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Figure 9 Comparison between the estimated site amplification factors and the measured amplitudes of the M 4.3 earth-
quake. In the top panel, the left plot shows the earthquake amplitude expressed as log(ne/s), while the right plot shows the
median of the log-residuals (i.e. the scaling factors for site amplification) computed across the 9 sites. Areas with no displayed

data correspond to locations where fewer than 30 sweeps had SNR > 2. The bottom panel shows the same log-residuals as a

function of optical distance, along with their relative uncertainties.
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the residuals are tied to the average sensitivity of the array. This makes them unsuitable for inter-array comparisons

or as an absolute amplitude correction factor.
4.2 Future perspective

For this experiment, we used a DAS sensitivity model to detect amplitude outliers and generate an amplitude correc-
tion factor. However, the travel-time grid and amplitude patterns we produce could support additional applications.
For instance, when training deep neural networks for earthquake detection and phase picking, synthetic datasets
could be built by convolving event waveforms with relative time and amplitude information from the model. This
would allow for unbiased training regardless of the availability of earthquakes, while remaining at fairly low compu-
tational cost. At BHS, we tested the sensitivity of an existing array, but we could also evaluate hypothetical arrays and
integrate these results for future deployment planning (Fichtner and Hofstede, 2023). Furthermore, for any array,
the DAS shadow zones could be mapped to guide the placement of seismometers and fill the blind spots. A deeper
understanding of DAS transfer function also highlights that blind spots themselves can carry valuable information.
These could be incorporated in an amplitude look-up table for pre-grid search optimization, reducing computational
effort. One last application of our model is in f-k analysis to solve a problem encountered in Lindsey et al. (2017).
By assigning the model’s amplitude sign to the corresponding elements of the steering vector, the polarity inversion
of shear waves would be accounted for, making the stacking operation constructive again. Finally, our work on the
polarization filter of looped gauge lengths remains theoretical. Field deployments will be needed to validate the con-
cept. If these proved to be efficient, these features could be integrated in new arrays for shear wave polarization
analysis. Another application could be in filtering surface waves using horizontal loops. Seeing the broadside sensi-
tivity to P and SV waves but the absence of SH waves, the gauge length effect could be used as an analog filter for Love
waves and omnidirectional sensors for Rayleigh waves. If proven efficient, these looped gauge length could build a

bridge between rotational seismology and DAS.

5 Conclusions

In this work, we consider the impact of the fiber orientation on its capacity to record the amplitude of body waves
coming from different directions. Compared to previous studies, we derived a single equation describing the transfer
function of a linear gauge length with any dip and azimuth. Through it, we gained an understanding of the amplitude
recorded by a DAS at the scale of an array but also to looped gauge length that could be used as shear waves polar-
ization filters. When combining this knowledge with ray tracing tools, we could investigate the capacities across the
array to recover the amplitude of a source. From the amplitude difference between the forward modeled and the
recording, we could separate the effect of fiber orientation and site effects at low computational cost. This quan-
tification of the site effect gave us an array specific amplitude correction factor. However, due to the complexity of
the wavefield in BHS, not captured by our model, our amplitude rescaling retain large error. This forward-modeling
perspective also allows us to examine from a fiber segment, its ability to capture sources in its surrounding space. In
particular, it emphasizes the interplay between the velocity structure and gauge length orientation. In summary, by
exploiting the known directional sensitivity of DAS, we draw new insights from amplitude variations along the fiber
array, treating energy loss as equally informative as energy gain in interpreting the wavefield.
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Finally, from our model’s time and amplitude information, we could support many new applications encompassing

grid search optimizations, creation of waveform synthetic at low computational cost and beamforming.
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Supplementary Materials:
Understanding fiber-optic sensitivity to a wavefield A framework to
separate site amplification from orientation effects

1 Linear fiber sensitivity equations demonstration

In these demonstrations, we derive the expression for the strain rate, along the fiber direction, generated by
a plane wave propagating in the direction :

[c0s (#ray) €08 (Bray) » sin (Pray) 08 (Oray) , s (Oray)]-

Here, ¢ denotes the azimuth and 6 the dip, both defined with respect to the trigonometric convention.

We begin with a set of polarization vectors that describe the displacement for each wave type. Taking
the time derivative yields particle velocity. Then applying a spatial derivative gives the strain rate. The
gauge length effect is accounted for by averaging the strain rate over a linear segment aligned with the fiber
direction.

In the second part, when considering looped gauge lengths, the averaging is performed over all azimuths
or dips, depending on the orientation of the loop.

1.0.1 Abbreviation Summary
e A: Amplitude
e Y(z,y,z,t): Oscillatory factor for P- and S-waves, expressed as

6ik(ct7:v cos(Pray) €o8(Oray)—ysin(@ray) cos(Oray)—2zsin(Oray))

€zq: Strain rate in the zz’ direction, rotated into the fiber’s direction

¢Yray: Ray azimuth

Oray: Ray dip

ppas: DAS azimuth

GDAS5 DAS dip

e R: Gauge length loop radius

g: Gauge length



1.1 rotational matrix and strain tensor in xx’ direction

Creation of a rotational matrix for the xx component of the strain tensor for all azimuth (z-axis rotation),
and all dip (Y-axis rotation)

cos(@pas) 0 sin(f@pas) cos (ppas) sin(ppas) O
0 1 0 x | —sin(ppas) cos(¢pas) O
—sin(0pas) 0 cos(fpas) 0 0 1
cos (ppas)cos (pas) sin(vpas)cos(@pas) sin(fpas)

= —sin (¢pas) cos (ppas) 0
—sin (Opas) cos (ppas) cos (0pas) cos (0pas)

Rotation of the €., component of the strain tensor:

M.e.MT
€z €xy Exz cos (¢pas) cos (pas)
€pp! = [cos (ppas)cos(0pas) sin(¢pas)cos(pas) sin (HDAS)] | €yr €yy €y | . |sin(ppas)cos(@pas)
€zx  €zy €zz sin (GDAS)

using the conservation of angular momentum (e;; = €;;) :

exz’ =cos (ngAS)2 cos (9DA5)2 €xz +8in (20 pasg) cos (1913145)2 €y +5in (20pag) cos (Ppas) €xz )

+ sin (apDAS)2 cos (9,3,45)2 €yy +5in (20pas) sin (pag) €2y + sin (HDAS)2 €zz

1.2 P waves

Starting from the polarization specific displacement vector (u):

A cos (¢ray) €08 (Oray) V(2,y, 2,t)
u= | Asin (@ruy) COSs (e'ray) 1/J(~T>y72»t)
A sin (eray) w(l‘a Y,z t)

cos (ppas)cos (0pas) sin(ppas)cos(@pas) sin(0pas)| [Acos(@ray)cos (Oray) V(z,y, 2, 1)
Uy = —sin (¢pas) cos (¢pAs) 0 Asin (@ray) €os (Oray) ¥(z,y, 2,1)
—sin (Opas) cos (ppas) cos (Opas) cos (0pas) Asin (Oray) Y(2,y, 2,t)

= ’ A(cos (0pas) cos (Bray) €0S (Pray — ©pAS) + sin (Bray) sin (0pas))¥(z, y, 2, t) ‘

We apply a time derivative to get velocity (4):

Akic cos (Soray) COS (eray) w(‘r7 Y, z, t)
u = | Akicsin (QDray) Ccos (eray) 'I/J(LC, Y, 2, t)
Akicsin (0ray) ¥(x, vy, 2,t)

(5’LLI/
ot

Then a spatial partial derivative to get the component of the strain tensor in the ij direction (¢;;):

Uyt = = ’ Aik(cos (pas) cos (Bray) o8 (¢ray — ¢pAS) + 80 (Oray) sin (Opas))¥(x, v, 2, ) ‘

— k2CAcos (Pray)’ oS (Bray)” (2, v, 2, 1)

k cA
. c €yz = Sin (@ray) sin (20rqy) ¥(2,y, 2,1)
Gwy = k - Sln (2907“111/) (JZ‘, y7 Zat) . k ('A
. k2 cA €z = co8S (‘Pmy) sin (29my) 1/’(557 Y, z, t)
€rr = 08 (@ray) sin (20,qy) V(z,y, 2, 1) . oA
: k2 cA 2 €zy = C sin (@Tay) sin (29Tay) 1/)(%1/73,75)
bye = sin (2¢rqay) €08 (Oray)” ¥(2, Y, 2, 1) 5

€ =k cA sin (Gmy) W(z,y, z,t)

yy = k2 cA sin (gpmy) cos (Gmy)2 v(x,y, 2z, 1)



Then from equation 1 we get the strain rate in direction xx’:

2 cos (<,omy)2 cos (Hmy)2 + cos(ppas)sin(ppag) cos (HDA5)2

éuar =k?cA(cos (ppas)? cos (Opas)
s (2ray) 08 (0ray)” + €08 (9pas) cos (Opas) sin (O as) cos (Pray) sin (20ray) + sin (Pp.as)”
cos (HDAS)2 sin (c,omy)2 cos (Hmy)2 +sin (¢pas)sin(@pas) cos (0pas) sin (@ray) sin (20,.4,)
+sin (0pas)” sin (Oray)*)(x,y, 2, 1)

2, sin (2g0DAs; sin (2¢ray)

+sin (ppas)? sin (@ray)?) + 208 (Oray) sin (Bray) cos (Opas) sin (Opas) (cos (9 as) €os (Pray)

=k2cA(cos (Opasg)® cos (Hmy)2 (cos (gomy)2 cos (¢pas)

+sin (9pas) sin (Pray)) + sin (0p.45)” sin (Oray) ) (2, 2, 1)
=k?cA(cos (Opas)? cos (Gmy)2 cos (ppas — w,-ay)Q + 28in (6,qy) oS (0rqy) cos (Opas)

sin (0pas) cos (Ppas — Pray) + 50 (0pas)’ sin (Bray) )0 (2, y, 2, 1)

=[k2cA(cos (0pas) cos (Oray) cos (PpAS — Pray) + sin (Opas) sin (0ray)) 0 (z,y, 2, 1)

To consider the gauge length effect, we average the strain over a linear segment of direction.



[cos (¢pas)cos(Opas),sin(ppas)cos (Opas),sin (pas)]:

-9

. 1 [=2 . .
€an'g :6 /+ €xa' (T +vcos (ppas)cos (Opas),y +vsin (ppas)cos (0pas),z+vsin(0pas),t)dv
g
2
k2cA . . 2
:T(cos (0pas) cos (Oray) cos (¢pas — Yray) + sin (0pas) sin (Oray))

-9
/ 2 eik(Ct_(x+U cos(¢pas)cos(bpas)) COS(‘PTay) COS(GTay)_(.U"'U sin(¢pas)cos(0pas)) Sin(‘ﬂray) COS(GTQy)_(Z+U sin(0pas)) Sin(eray)dv
+g

2

k2cA . .
_re (cos (0pas) cos (Oray) cos (ppas — Pray) +sin (Opas) sin (c9my))2

-9

/T eik(ctfz cos(gz,.ay) cos(Q,«ay)fy sin(gz,.ay) Cos(BTay)fz sin(@,.ay))
tg

e—ik(v cos(ppag)cos(Opag) COS(LpTay) cos(GTQy)—v sin(ppag)cos(0pas) sin(gpray) cos(HTay)—v sin(6pag) sin(Gray))dU

_ k%cA

(cos (Opas) cos (Bray) cos (Ppas — @ray) + sin (pas) sin (Hmy))Qw(x, Y, 2, t)

e*ikv(cos(chAS) cos(0pag) cos(«p,,»ay) Cos(@,nay)+sin(<pDAs) cos(0pag) sirx(ga,,ny) cos(@,«ay)+sin(0DAs) sin(@ray))

+ ol !
“‘!a Nl

[ik(cos (ppas)cos(0pas) cos (@ray) cos (Oray) + sin (ppas) cos (Opas) sin (Yray) €os (Oray) + sin (pas) sin (Oray))
:k2cA (cos (Opas) cos (Bray) cos (Ppas — Yray) + sin (pas) sin (9"“”))2w(az vt
kg  (cos(9pas) cos (Oray) cos (ppas — Pray) + sin (pas)sin (Oray) T

e tkv((cos(0pas) cos(0ray) cos(¢pas—Pray)+sin(0pas)sin(bray))

[

kcA . .
=%<cos (00a5) €0 (Oray) €08 (PDAS — Pray) + Sin (0pas) S0 (Bray))¥(x, Y, 2, 1)

+ ol !
""va S

i

ke

e~ kv((cos(8p as) cos(Oray) cos(ep as—¢ray) +sin(@pas) sin(fray))

[

kcA . .
:%@os (0045) €08 (Bray) €08 (ppaS — Pray) + sin (0pas) sin (0ray))¥(z, y, 2, 1)

+
M‘,Q |

1

e~ k5% (cos(0p as) cos(Oray) cos(¢pas—ray)+sin(0pas) sin(Oray))
21
e—ik% (cos(6pas) cos(ﬂ,«ay) cos(«pDAS—cpTay)-ksin(GDAs) Sin(@ray))

27

2[

2kcA . .
c (cos (Opas) cos (Oray) cos (PpAS — Pray) +sin (Opas) sin (Oray))

X sin (?g(cos (0pas)cos (Bray) cos (Ppas — Pray) + sin (Opas) sin (Hmy))) U(x,y,2,t)

1.3 SH waves

Starting from the polarization specific displacement vector (u):

Asin (Sﬁray) 1/)(% Y, 2, t)
u = A COS ((Pray) w(xv Y, z, t)

0
cos (¢pas)cos (0pas) sin(ppas)cos(Opas) sin(Opas)| |Asin(@ray) ¥(z,y,2,1)
Uy = —sin (¢pas) cos (ppas) 0 Acos (ray) V(2. Y, 2,1)
—sin (9[),45) COS (‘PDAS) (o)) (QDAS) COS (GDAS) 0

= ’ A cos (GDAS) sin (Sﬁray - SDDAS) w(x7y7 Z,t) ‘




We apply a time derivative to get velocity (u):

Akicsin (¢ray) (2, y, 2, 1)
u = | Akiccos (tpmy) V(z,y,2,t)
0

ot : :
57 = | Akiccos (0pas) sin (pray — ppas) V(. 2,1)|

’[:La;/ =

Then a spatial partial derivative to get the component of the strain tensor in the ij direction (¢;;):

k2cA

sin (2(,07-11?!) CcOos (Gray) 1/1(13, Y, z, t)

€xx =

. ) .
ézy — k2CA Sin (Soray)z coS (Hray) 1/}(1_7 y7 Z, t) eyz - k CA Ccos (Saray) sm (eray) ¢($, y7 Z? t)

€0 =0
ép» = k2cAsin (Pray) sin (Oray) Y(z, y, 2, 1) :Zo
éyr = —k?cAcos (%uy)2 €08 (Oray) (@, y, 2, 1) ézy .
. —k2cA . N
€y = —5—sin (2¢ray) €08 (Oray) V(z,y, 2,t)

Then from equation 1 we get the strain rate in direction xx’:

. l:Csz(COS (<pDAS)2 cos ((9,3,45)2 sin (2¢0ray) €08 (Oray)

9 +
sin (2¢pag) cos (9DA3)2 €08 (0rqy) (sin (mey)2 — cos (cpmy)2) N sin (20pas) cos (pas) sin (Pray) sin (Orqy)
2 2
_ sin(ppas)” cos (0pas)” sin (2pray) €os (Bray)  sin (20pas) sin (9pas) €08 (Pray) sin (ray) V(@ 2. 6)
2 9y b b
_ck?A

(Sin (2¢ray) €08 (Bray) cos (Opas)” (cos (¢pas)? —sin (¢pas)”)

—sin (2¢ppas) cos (9DA3)2 €08 (Bray) €0S (2¢ray) +sin (20p ag) sin (Bray) (€0s (@pas) sint (@ray)

- Sin (@DAS) Cos (()07"@2/)))77[}(1;’ ya Za t)
2

c ) .
= (sin (2¢ray) €0 (Oray) cos (9DA5)2 cos (2¢ppas) — sin (2¢pag) cos (QDAS)2 €08 (Oray) oS (2¢ray)

+ sin (29DAS) sin (e'ray) sin (@ray - @DAS))Q/}(LE Y, z, t)
ck?A . .
=5 (cos (0ray) cos (9DA5)2 (sin (2¢ray) €os (2¢pas) — sin (2¢pas) €os (2¢ray))

+ sin (QQDAS) sin (Gray) sin (Soray - QODAS))MJ(xa Y, z, t)
ck?A . . . .
= 9 (cos (Oray) cos (QDAS)2 sin (2(¢ray — ¥pas)) +sin (20pas) sin (Oray) sin (Pray — ¥pas))¥Y(2,Y, 2, 1)

=| ck?Asin (¢ray — ppas) cos (0pasg) (cos (Bray) cos (0pas) cos (pray — ¢pasg) +sin(0pag)sin (0rqy)) (2, y, 2, )

To consider the gauge length effect, we average the strain over a linear segment of direction



[cos (¢pas)cos(@pas),sin(ppas)cos (pas),sin (0pas)] using some steps from 2:

—9
. 1 =z . .
€an'g :gﬁg €xa' (T +vcos (ppas)cos (Opas),y +vsin (ppas)cos (0pas),z+vsin(0pas),t)dv

2

_ k2cA

Sin (¢ray — pDAs) cos (Opas) (cos (Bray) cos (Opas) cos (Yray — ¢pAas) +sin (Opas) sin (Oray))

-9
/ 2 eik(Ct_(x+U cos(¢pas)cos(bpas)) COS(‘PTay) COS(GTay)_(.U"'U sin(¢pas)cos(0pas)) Sin(‘#’ray) COS(GTQy)_(z+U sin(0pas)) Sin(eray)dv

+g
2
2 (cos (Oray) cos (Opas) cos (pray — ¢pas) +sin (0pas) sin (Oray))

_okA sin ( — )cos (Opas)
N Pray — $DAS pas (cos (Oray) cos (0pas) cos (pray — @pas) + sin (Opag) sin (Oray))

sm(g(cos (0pas) cos (Bray) cos (Ppas — Yray) + sin (0pas) sin (Oray))) (2, y, 2, t)

2ckA . .k . .
- Cg sin (¢ray — pDAs) cos (@pas) sm(?g(cos (0pas) cos (Oray) cos (¢pAS — @ray) +sin (Opas) sin (0ray))) ¥ (z,y, 2, 1)

1.4 SV waves

Starting from the polarization specific displacement vector (u):

Acos (Pray) sin (Oray) (w,y, 2, 1)
U = ASiIl (QOT'GZI) Sin (07"04/) 1/}(x7 ZJ: Za t)
Acos (Oray) (2,9, 2,t)

cos (¢pas)cos(0pas) sin(ppas)cos(@pas) sin(@pas)| |Acos(@ray)sin (Oray) (2,9, 2,t)
—sin (ppas) cos (ppas) 0 Asin (¢ray) sin (Oray) ¥(z,y, 2, )
—sin (0pas)cos (¢pas) cos (0pas) cos (0pas) Acos (Oray) (2, y, 2,1)

S
&\
I

’ A(cos (0pas)sin (Oray) cos (Ppas — Pray) + sin (Opas) cos (Orey)) Y (z, y, 2, t) ‘

We apply a time derivative to get velocity (u):

Akiccos (Cpray) sin (eray) ’l[}(l’, Y, z, t)
0= | Akicsin (@ray) sin (Oray) ¥ (2, y, 2, 1)
Akiccos (Oray) ¥(x,y, 2,t)

s
t

Then a spatial partial derivative to get the component of the strain tensor in the ij direction (¢;;):

Uy = = ’ Akic(cos (0pas) sin (0ray) cos (Ppas — Pray) + sin (0pas) cos (0ray)) (2, v, 2, 1) ‘

—k2%cA

baq = —5— €08 (Pray)” Sin (20ray) (2,9, 2, 1)
. . . 2
—kQCA €yz = _kQCA S ((pray) s (eray) ¢(9€’ Y, z, t)
.a: = sin (2 ra S 297'@ s Y 7t .
€ y 4 bln( Y2} y) 51n( y) 1/)(3;‘ Y,z ) oy = k2CACOS ((pray) cos (eray)2 1#(33,:(], Z,t)
. _ 2 . 2
€ns = —hk"cAcos (Soray) s (eray) Q/J(I, Y, % t) €zy = kQCA sin ((Pray) cos (eray)2 ’L/J(;L', Y, z, t)
—k2CA 2
G = g S (2era) s Gra) U@,y 20 e = T in (20,0,) 6(3, 3,5, 1)
) —k2%cA |
oy = A i (2r0) 08 () V(.. 2. )



Then from equation 1 we get the strain rate in direction xx’:

A( — COS (QDDAS)2 COos (HDA5)2 COos (goray)z sin (297-(11;) _ sin (QDDAS) COS (QDDAS) COS (GDAs)Q sin (2<p7.ay) sin (29,«@/)
2 2
+ cos (ppas)cos (0pas)sin(@pag) (— cos (Yray) sin (Gmy)2 + c08 (Pray) €OS (Gmy)Q)

sin ((pDAs)Q cos (GDAS)2 sin (<pmy)2 sin (260,44 ) . . . . 9
— 9 + cos (GDAS) Sin (GDAS) Sin (SODAS) (— sin (<P7'uy) Sin (ﬁmy)

mpr =k2c

)2) n sin (0pags)” sin (29my))

+ 810 (Pray) €os (Oray 5

1/}(1’7 y’ Z7 t)
B k2cA sin (2¢pag) cos (9[),43)2 Sin (2¢ray) sin (20,4y)
N 2

+ cos (ppas)sin (20pas) cos (Pray) €os (20,4,) — sin (4,0/3,45)2 coS (HDAS)2 sin (gpmy)2 sin (260,.q,)

+sin (20p as) sin (pasg) sin (Pray) cos (20r4y) + sin (HDAS)2 sin (20,qy))0 (2, y, 2, 1)

k2cA . sin (2601) sin (2@, . .
— (—cos (t‘)DAS)2 Sln(20my)(cos(<pDA5)2 cos (gamy)QJr ( )2 (2¢ray) +sm(g0DAS)2 S1n(g0my)2)

(—cos (QDDAs)2 cos (9DA5)2 cos (gomy)2 sin (20;qy) —

+5sin (20pas) cos (20pas) (cos (¢pas) cos (Yray) + sin (ppas) sin (¢ray)) + sin (HDAS)2 sin (20pas))¥(z, y, 2, t)
k%cA 2 . 2 .
| (= cos (0pas)”sin (20,4y) cos (PpAS — Pray)” +sin (20pas) cos (20rqy) cos (Ppas — Pray)

+ sin (GDAS)2 sin (29my))¢($» Y, z, t)

k*cA(cos (0pas) cos (Oray) cos (¢pas — Pray)) +sin (0pas) sin (6ray) )
X (= cos (0pas) sin (Bray) cos ((¢pas — ray)) + sin (0pas) cos (Bray) ) V(,y, 2, 1)

To consider the gauge length effect, we average the strain over a linear segment of direction.
[cos (¢pas)cos(@pas),sin(ppas)cos (pas),sin (0pag)] using some steps from 2:

-9

. 1 (= . .

€aalg :§/+ €xar (x +vcos (ppas)cos(0pas),y +vsin(ppas)cos (0pas),z+vsin(0pas),t)dv
T9
2

k2cA . .
= gc (cos (0pas) cos (Oray) cos (ppas — Pray) +sin (Opas) sin (Oray))

(—cos (0pas)sin (0ray) cos (ppas — Pray) + sin (Opas) cos (Oray))

-9
\/'2 eik(ct—(x+vcos(«pDAs)Cos(QDAS))cos(«pray)cos(@ray)—(y+vsin(chAs)cos(GDAS))sin(garay)cos(GTay)—(z-s-vsin(é)DAs))sin(GTQy)dv
+g

2
_ 2k%cA (cos (0pas) cos (Oray) cos (ppAS — Pray) +8in (0pas) sin (Oray))(—cos (0pas) sin (Oray) cos (Ppas — Pray)
T kg (cos (Bray) cos (0pas) cos (Pray — @pas) +sin (0pas)sin (Bray))
sin (0pas) cos (Oray))
(cos (Oray) cos (0pas) cos (pray — ¢pas) +sin (0pas) sin (Oray))

sm(?g(cos (0pas) cos (Bray) cos (Ppas — Pray) + sin (0pas) sin (Oray))) Y (z, Y, 2, t)

2ck A

(—cos (0pas) sin (0ray) cos (¢pas — Yray) + sin (Opas) cos (Oray))

k
X sin(;g(cos (0pas) cos (Oray) cos (PpAS — Pray) + sin (0pas) sin (Oray)))¥(z, Y, 2, 1)

2 Looped Gauge length sensitivity equations demonstration

2.1 Horizontal loop

For a looped gauge length in the horizontal, the dip ange 6p ag is zero. To compute the averaged strain rate
for each wave polarization over the loop, we evaluate:



1 [,
f €Exx’ dSODAS
g

Since the gauge length is a circular loop, its length can be rewritten as ¢ = 2w R, where R is the loop
radius. We assume here that the wavelength is much larger than the loop size

2.1.1 P Waves

From the point strain-rate sensitivity of a linear DAS segment, the strain rate due to P-waves is given by:

€ppa = kch(cos (Opas) cos (Bray) cos (PDAs — Pray) +sin (Opag) sin (0ray)) “Y(x, ¥y, 2, 1)
Since oDAS =0:

éPmm’ = kQCA(COS (Gray) COS (SDDAS - Soray))2w(x7 Y, z, t)
Averaging over the loop:

. k2cA 9 2
€EH—P = onR CoSs (97'ay) ¢($, Y, z, t) COS (SODAS - ‘Pray) d‘pDAS
k2cA 9 1 1
- 24z 9 _
onR C% (Oray) w(x,y,z,t)f(Q t3 cos (2(ppas — Pray)))d¥pas

Evaluating the integral over one full loop (0 to 2m):

%cos (2(¢pas — ¢ray)) dppas =0 and %1d<pp,45 =27
Therefore:

k'QCA 2 1

5 <0 (Oray) §2mp(x,y,z,t)
kQCA 2

5RO (Oray)” Y(x,y, z,t)

€EH-—p =

2.1.2 SH Waves

From the point strain-rate sensitivity of a linear DAS segment, the strain rate due to SH-waves is given by:

stz =k?cA(cos (Opas)sin (¢ray — ¢Das))(cos (pas) cos (Bray) cos (PDAS — Pray))
+ (Sin (GDAS) sin (emy))dj(zv Y,z t)

Since Opas = 0, this simplifies to:

€ESHza' = k*cAsin (@ray - <PDAS) COs (Gray) COs (@DAS - Qoray) ¢($, Y, z, t)
k2cA

= 7} 08 (Oray) sin (2(pray — ¥DAs)) Y(2,y, 2, 1)

The loop-averaged strain rate is given by:

. . k2cA
€H_SH = EfGSHmc’ depas(x,y,z,t) =

1.
5 O (Oray) 7{ —sin

9 (2(907’0,3; - QODAS')) dQODAS' 1/)(557 Y, z, t)




Since the integral of the sine function over a full circular loop vanishes:

%sin (2(@ray — ¢pAS)) dppas =0

Therefore, the loop-averaged SH-wave strain rate is:

€g—sg =0

2.1.3 SV Waves

From the point strain-rate sensitivity of a linear DAS segment, the strain rate due to SV-waves is given by:

€SV wa! :k2cA(— cos (0pas) sin (Orqay) cos (YD AS — Pray) + 80 (0pag) cos (Bray))(cos (Opas) cos (Bray) cos (PpAas — Pray)
+sin (0pas) sin (Oray) )Y (2, y, 2, 1)

Since pas = 0, we have cosfpas = 1 and sinfp 45 = 0. Substituting:

é5vae = k?CA(—sin (0ray) 08 (PDAS — Pray)) (€O (Oray) €08 (9DAS — Pray)) (T, Y, 2,t)
= —k?cAsin (0r4y) cos (0ray) cos (pas — gomy)2 W(z,y, z,1t)
k2cA
4R
Using the identity:

. 1 1
Sin (20ray) (5 + 5 cos (2(¢pas — SDray)))

1 1 1
cos?(z) = 3t5 cos(2zx), sin(z)cos(z) = 3 sin (2z)

we write the loop-averaged strain rate as:

. 1 [,
€H_5V = p €sVaz dPDAS

k2cA . 1 1
TR S (29my) j{(§ + ) cos (2(ppas — @Tay)))dQODAS

Evaluating the integral:

1 1 1 1
]{(5 + 3 cos (2(ppAas — Pray)))dppas = 3 -2+ 3 0=

Therefore:

. k2cA1 |
€EH-SV = "9 R2 sm (29my) mY(x,y, 2,t)

k%cAsin (20;4y)
= *Tﬂ)(ﬂ%y,zaﬂ

2.2 Vertical Loop

For a vertical loop contained in a plane with orientation ¢p4g, we evaluate the loop-averaged strain rate

over all dip Opas:
1
- %emx’ daDAS
g

Since the gauge length forms a circular loop, it can be written as ¢ = 27 R, with R being the loop’s
radius. We assume a wavelengthjs much larger than the loop size



2.2.1 P Waves
From the point strain-rate sensitivity of a linear DAS segment, the strain rate due to P-waves is given by:

ész’ = kQCA(COS (aDAS) COS (eray> COs (QPDAS - (pray) + sin (QDAS) sin (97”04/)) 7/’(957 Y, z, t)

Averaging over the vertical loop yields:

. _k2CA
CH-P = 27T R
_k‘2cA
" 27R
+5in (0pas)’ sin (0ray)*)dOp as (. y, 2, t)

(cos (0pas) cos (Oray) €08 (9D AS — Pray) + sin (0pas) sin (0,4y))2dOpas U (x,y, 2, 1)

(cos (HDAS)2 cos (9my)2 cos (ppas — gomy)2 +2cos (0pas) cos (Bray) cos (Ppas — Pray)sin (Opas) sin (0rqy)

We evaluate the three parts of the integral separately:
- First term:
?{cos (HDAS)2 dfpas=m = mcos (Gmy)2 cos (PpAS — Pray)

- Second term:
j{cos (0pas)sin(0pas) ddpas =0 = this term vanishes

- Third term:
fsin (HDAs)Q dipas =7 = wsin (Qray)2
Substituting:

. k2cA .
€EH-—P = omR (7T Cos (eray)2 COoS (QODAS - @ray)z -+ 7sin (eray)2) 1/}($, Y, 2, t)

k2cA 2 2 2
Y (cos (emy) cos (ppas — @ray) + Semy) Y(w,y,2,1)

2.2.2 SH waves
From the point strain-rate sensitivity of a linear DAS segment, the strain rate due to SH-waves is given by:

éSHl‘I/ = kQCA(COS (GDAS) sin (807-ay - QODAS))(COS (GDAS) COoS (amy) COs (QODAS - (pray) + sin (GDAS) sin (eray))w(xv Y, z, t)

Averaging over the vertical loop yields:
f(COS (HDAS) sin ((p,-ay — (pDAs))(COS (9DAS) COS (97-(13!) COS (QDDAS — <p7-ay) =+ sin (HDAS) sin (Hmy)) deDAS ¢(J

k2cA
(Hray) deDAS 7#(33, Y,z t)

éSHxa:/ =

204 in (2 . in (2
- k:gc fcos (Opas)? cos (0ray) sin ( (@DA; #ray)) + sin ( zDAS) sin

We evaluate the three parts of the integral separately:

- First term:

i 2 - ¥ra i 2 - ¥ra
j{cos (9DA5)2 c0s (Bray) sin ( (('ODA; #ray)) dfpas =7 cos (Oray) sin ( (QPDA; #ray))

10



- Second term:

]{ sin (20pas) .

9 S11 (Hmy) doDAS =0
Substituting into the averaged expression:

. ]{iZCA sin (2(<PDAS — Qpray))
€ESHzx! = 271’R7T COs (eray) 2 zp(x,y,z,t)
k?cA .
AR Ccos (eray) S (2(<PDAS - @ray)) 1/’(13 Y, z, t)
2.2.3 SV waves

From the point strain-rate sensitivity of a linear DAS segment, the strain rate due to SV-waves is given by:

€SV wa! :kch(— cos (Opas) sin (Oray) cos (Ppas — Pray) +sin (Opas) cos (Orqy))(cos (0pas) cos (Oray) cos (PDAS — Pray)
+ sin (GDAS) sin (gray)) ¢(xv Y,z, t)

Averaging over the vertical loop:

k2cA .

P 74(— cos (0pas) sin (Oray) o8 (YDAS — Pray)

€SVaa =

+sin (0pas) cos (Bray))(cos (@pas) cos (Oray) cos (Ppas — @ray) +sin (0pas) sin (Oray)) ddpas (z,y, 2,t)
Expanding the product within the integral gives:

. k%cA sin (20,
€SVar = 7 7{—005 (Opas) sin (2r0y)

sin (20
5 cos (ppas — Spray)z - w sin (¢9my)2 cos (Ppas — Pray)
sin (260 . sin (20,4
+ w 0S8 (gray)Z Ccos (QDDAS - (pray) 4+ sin (9DA5)2 % doDAS 1/}(:6, Y, z, t)
We evaluate the three parts of the integral separately:
- First term:
sin (26,4 sin (20,
]{— cos (@pas) % cos (ppas — gm“uy)2 dfpas = —W%y) cos (ppas — <pmy)2
- Second term: in (26 )
sin
f\_% sin (07'ay)2 COs (‘PDAS - 907'113/) deDAS =0
- Third term:

%Sin (20DAS) cos

2 (07'ay)2 COS (SODAS - <P7'ay) dHDAS =0
- Fourth term:

i 2 ra i ra
fsin (Bpas)? w dOpas = ﬂw
Substituting:

k2cA —7 sin (Bray) €08 (PpAS — Pray)” 7 Sin (Oray)
5 R\ 5 + )Y@y 2
k2cA

AR sin (eray) sin (SODAS - Soray)Q ¢(l‘a Y, =z, t)

éSwa’ =
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3 Ray tracing

To evaluate the accuracy and determine the optimal parameters for the ray tracing step using Pykonal, we
adopt a synthetic-based approach. This allows us to systematically test how grid parameters influence ray
stability as well as the intrinsic error of the method.

3.1 Experimental Setup

For this sensitivity analysis, we consider 10,000 randomly distributed source-receiver pairs within a 1 km?
velocity model. The model follows a checkerboard design, where the velocity varies in cubic blocks. It is
constructed by adding cubes whose dimensions and velocity values are listed in table 1 and indicated by the
vertical lines in figure 1 subplots A and C.

To ensure the high-frequency assumption required for the derivation of the Eikonal equations, we apply a
low-pass filter characterized by an attenuation of 0.99 at 30 m. This is implemented as a convolution with a
Gaussian window whose standard deviation is given by equation 3. The corresponding attenuation response
is shown in figure 1 subplot C.

D /=3 m(0.99). 3)

€= —
™

Cube size (m) 5 15 1 20 | 25 | 30 | 35 | 40 | 45 | 100
Velocity (m/s) 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 1000
Velocity delta (Av) | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100

Table 1: Parameters of the checkerboard velocity model.

For each source-receiver pair, we monitor ray divergence while varying only the spatial sampling of the
velocity grid. Since Pykonal uses a quarter of the grid spacing as the step size to compute the travel-time
gradient and ray path, modifying the grid resolution directly affects the ray sampling.

Ray divergence is defined both at the source and at the receiver as the angle between the reference
ray, computed at the finest sampling, and the current ray. In addition, we evaluate global divergence by
computing the Fuclidean distance between corresponding nodes along the ray paths.

3.2 Results

From the median divergence across all source-receiver pairs for each grid sampling reveals that rays remain
stable for step sizes up to half the filter length (figure 1 subplot A), corresponding to a node spacing of
about 60 m. To estimate the error inherent to the method, we restricted the analysis to rays that converged
(step size < 15 m). For each source-receiver pair, we estimate the error through the standard deviation of
the angles between the rays at the source and receiver across all different grid sampling and compiled the
distribution of these values over the 10,000 realizations. At the source, the mode of the standard deviation
is 0.59° (figurel subplot D), while at the receiver it is 3.30° figure 1 subplot E. The receiver-side distribution
also exhibits a long tail with larger standard deviations, which we attribute to cases where multiple ray paths
are possible and travel-time discretizations affects path selection. Moreover, both the source incidence angle
and the Euclidean travel distance increase monotonically with step size, likely due to the straightening of
ray paths steps are getting larger.

Because computational cost scales as a cube in regard to step size (figurel subplot B), selecting an
optimal grid resolution is crucial. Particularly since the ray path must be computed for each DAS channel
independently.

These results represent a first-order approximation: the model heterogeneity all share the same amplitude,
and errors are not expressed as a function of ray length, both of which may influence the conclusions.
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Figure 1: A: Average angular deviation at the source (black) and receiver (orange) in degrees, along with the
average Euclidean distance between nodes along the rays in meters. Theses deviation are measured between
the any ray and the most resolved one. The model space is based of a source-receiver ensemble consisting of
10,000 randomly distributed pairs, placed within a 1 km® velocity model exhibiting a checkerboard pattern
summarized in table 1. B: Average run time per ray tracing operation for a given step size with the best
fitting polynomial function. C : Low-pass filter spatial response. The filter is characterized by an attenuation
factor of 0.99 at 30 m. Vertical lines in the panel A and B indicate the scale of heterogeneities (as in table
1) in the model. D - E : Histograms of the angular errors due to the grid spatial sampling over the 10.000
realzsation. This error is estimated from each realization using standard deviation of the between the rays
at the source and receiver over all the step sizes smaller than 15 m. The distribution mode is 0.59° at the
source and 3.3° at the receiver. The non-zero baseline in the receiver histogram reflects the influence of multi

path effects.
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