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ABSTRACT

Full-waveform inversion (FWI) is a powerful imaging technique that produces high-resolution sub-
surface models. In seismology, FWI workflows are traditionally based on seismometer recordings.
The development of fibre-optic sensing presents opportunities for harnessing information from new
types of measurements. With dense spatial and temporal sampling, fibre-optic sensing captures
the seismic wavefield at metre-scale resolution along the cable. Applying FWI to fibre-optic mea-
surements requires the reformulation of the forward and adjoint problems due to two fundamental
differences to seismometer data: i) fibre-optic measurements are sensitive to strain rather than trans-
lational motion, and ii) they do not represent the motion at a single spatial point, but instead capture
the average deformation over a pre-defined cable segment, known as the gauge length. This study
introduces the theoretical and computational framework to apply FWI to distributed acoustic sensing
(DAS) and integrated fibre-optic sensing (IFOS) in 3-D for complex cable geometries and subsurface
structures. Our proposed forward model for fibre-optic data incorporates gauge length effects, and
direction— and curvature-dependent sensitivity, as well as arbitrary cable layouts. For the numerical
simulations, we use a spectral-element solver that allows us to incorporate surface topography, and
coupled viscoacoustic and viscoelastic rheologies. We derive an adjoint source based on moment
tensors. In illustrative examples, we present how our theoretical developments can be used in in-
versions of synthetic fibre-optic data generated for a realistically curved cable placed on irregular
topography. As examples, we invert for source parameters, including moment tensor, location, and
origin time for noise-free DAS data, noise-contaminated DAS data, and IFOS data. Further, we
present FWI for the three data groups to obtain 3-D tomographic images of P- and S-wave speeds.
In all example inversion, we compare how close the found model is to the ground truth. The codes
to produce these results are accessible and ready to be applied to real data inversions.
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1 Introduction

Seismic data acquisition through fibre-optic sensing has revolutionised the field of seismology by increasing the total
volume and spatial density of data while often re-purposing pre-existing infrastructure. Distributed acoustic sensing
(DAS) samples the deformation along a fibre with high temporal and spatial resolution through the back-scattering of
laser pulses sent into the fibre. Beyond the ability of DAS to detect and measure earthquakes (Li & Zhan| 2018} [Yu
et al.,2019), its flexibility in deployments has turned DAS into a valuable monitoring tool in a variety of environments,
including volcanoes (Nishimura et al.} [2021; |[Klaasen et al.,|2021}; |Currenti et al.l 2021} |Jousset et al.l [2022)), glaciers
(Walter et al., 2020; [Hudson et al., 2021} [Fichtner et al., 2023), landslides (Ouellet et al.| [2024}; [Kang et al.| [2024)),
avalanches (Paitz et al., [2023) and urban areas (Fang et al. 2020} |Azzola et al.| 2023} |Ehsaninezhad et al., [2024;
Smolinski et al.| [2024).

An alternative interrogation method of fibre-optic cables, named integrated fibre-optic sensing (IFOS), has emerged
over the past years. It measures deformation-induced phase changes of the transmitted laser signal through the fibre
instead of the back-scattered light pulses. With this method, the entire fibre length produces a single measurement
channel. Compared to DAS, the feasible interrogation range significantly increases from ~100 km to thousands of km.
Such a system can be interpreted as summing over all DAS-channels along the fibre to produce a single data trace
(Bowden et al., 2022). Because of the spatial extent of the sensitivity of IFOS data along the cable, it is more chal-
lenging to interpret the waveforms (Fichtner et al.l 2022b)). Nevertheless, IFOS can be cost-efficient to install (Bogris
et al., |2022), or obtained through systems whose primary goal is not seismic data acquisition such as metrological
networks (Marra et al.l 2018} [Noe et al., 2023 |Donadello et al., 2024)), or through infrastructure owned by internet
providers (Zhan et al.} 2021; Marra et al., 2022).

Given that fibre-optic cables capture the full seismic wavefield, though only in one dimension, full-waveform inversion
(FWI) appears well suited to analysing DAS and IFOS measurements to characterise both the propagation medium
and the wavefield sources. With an iterative optimisation scheme based on the adjoint method (Tarantolal |[1984;
Fichtner et al. 2006} |Liu & Tromp, [2006), FWT accounts for the non-linear relationship of model parameters and the
recorded wavefield. Moreover, the numerical model can be tuned to mirror the physical complexity of seismic data by
incorporating topography, bodies of water, and nearly arbitrary 3-D subsurface heterogeneities; all effects influencing
wavefield propagation, and, by extension, fibre-optic measurements (Igel et al., |2024). Through the exploitation
of complete seismic recordings, FWI can achieve a higher resolution than, for example, methods based on the ray
approximation of few selected seismic phases (e.g. ITrompl 2020; Schouten et al, [2024). Tomography with FWI has
been applied across various scales, from small-scale exploration settings on the order of hundreds of metres (Virieux
& Operto, 2009} Borisov et al.| 2020; Berti et al., 2024)), to regional scales of hundreds of kilometres (e.g. |[Rodgers
et al., 2024} [Liu et al) |2024), to global scales (e.g. |[Leki¢ & Romanowicz, 2011} [Lei et al.| [2020; Thrastarson et al.|
2024)). In turn, improved 3-D wave speed models benefit the accuracy of earthquake source characterisation (Simuté
et al.,[2023; |Doody et al., 2025).

While detection and monitoring with DAS have evolved into well-established techniques, the potential for seismic
imaging has not yet been fully realised. Even though the computation of dispersion curves with DAS data (Luo
et al.l 2021b; [Lior et al.l 2022} [Spica et al.l 2022} [Smolinski et al.| 2024)) and traveltime analysis (Lellouch et al.|
2019; [Piana Agostinetti et al., 2022; |Abukrat et al., [2023; |[Biondi et al., 2023} e.g.) have shown promising results for
imaging, the full formulation of how to derive a 3-D subsurface model based on FWI is yet to be achieved. A challenge
with inversions using DAS is the potentially variable orientation of the cable over its entire length that changes the
sensitivity to body and surface wave arrivals. Therefore, successful FWI imaging applications with DAS have been
limited to near-straight borehole fibre-optic cables only (Eaid et al., 2023} | Yust et al.,[2023;|Qu et al.,2024)). For event-
based imaging techniques, sufficient knowledge of the source characteristics is important; however, source inversions
with DAS data suffer from many of the same challenges. Studies have shown that polarity patterns in the near-field
strain recorded with DAS can be used to constrain focal planes (Vera Rodriguez & Wuestefeld, 2020; |[Luo et al.,
2021a)). Other approaches to deriving the radiation pattern include f—k analysis (e.g. Lentas et al.,|2023)) and correlated
wavefields (e.g. Nishimura et al., 2021} |Li et al., [2023)). Moreover, the location of sources can be inferred from picked
travel times of seismic phases (Piana Agostinetti et al., 2022} Klaasen et al.l |2023; [Yin et al., 2023}, Tuinstra et al.|
2024; Katakamu et al., [2025)).

However, several challenges are posed when extending established FWI workflows (e.g. Modrak et al., |2018;[Rodgers
et al.| 2024} Thrastarson et al.,|2024)) to fibre-optic data: i) The orientation of the cable introduces differential angular
sensitivity to all wave phases. ii) Fibre-optic sensing records the strain of the medium instead of translational motion,
such as velocity or acceleration. iii) Fibre-optic measurements are not point measurements but instead an average of
the strain over a cable segment, an effect especially apparent in the presence of cable curvature or when the seismic
wavelengths are comparable to the gauge length. All of these challenges must be addressed to leverage fibre-optic data
for quantitative seismology.
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The goal of this study is to provide the theoretical background for FWI with fibre-optic data. We show how to
formulate the adjoint sources for the inverse problem, where we demonstrate that the theoretical findings of |[Fichtner,
et al.|(2022b) implicitly hold in the first-order approximation. We apply the adjoint sources to inverse problems with
synthetic data, where we solve for earthquake source parameters and the wave speed model using both DAS and IFOS.

2 Theory

FWI aims to match the numerically computed response at seismic receivers to observations by adjusting the underlying
model parameters. The medium can be expressed in terms of anisotropic P- and S-wave speeds, material density and
attenuation, while the seismic source may be designed with arbitrary complexity, for example, as a point source or
a finite fault. Typically, however, only a subset of these model parameters is included in the data fitting process.
Attenuation and density are often fixed, and source models are reduced to a moment tensor point source in space and
time. Furthermore, for simplicity or thanks to sufficient prior knowledge, inversion workflows often address either
structural parameters or source parameters in their approach.

The adjoint method is a common choice to efficiently derive the gradient of an objective function with respect to the
underlying model parameters in FWI problems (e.g.|Laillyl {1983 |Tarantola, |1984; |Liu & Tromp} 2006} [Fichtner et al.|
2000). It requires the numerical solution of the seismic wave equation subject to a seismic source, and the solution
to a complementary wave equation, the adjoint problem. In the adjoint problem, the receivers emit seismic energy
with a source-time function based on the misfit between the forward model and the observations. The scalar product
of the forward and adjoint fields yields the the model gradient for structural parameters, meaning that for a gradient
computation, the total number of simulations equals twice the number of considered forward sources. In contrast, the
earthquake source gradient can be derived directly from the adjoint wavefield (e.g.|Liu et al., | 2004; [Tromp et al.,2005;
Kim et al.l|2011). Due to the non-linear relationship of the wavefield to the subsurface properties, as well as the source
location and time, the model must be refined over several iterations, with a new gradient computed at each step.

In the following, we develop the complete theoretical framework for forward and adjoint problems in FWI for fibre-
optic sensing, accounting for the directionality of sensitivity, gauge lengths, and the measurement unit of strain.

2.1 The forward problem

Our forward model builds on Fichtner et al.|(2022b), where the general relationship between the deformation tensor F
and the phase delay of a laser pulse ¢ along one channel is given by

o(t) o / "X+ F(s,1))e(s)|ds, 0

L
2

where [ is the gauge length, I is the identity matrix, ¢ is time, and e is the local unit tangent vector at arc length s
along the fibre in 3-D space. The proportionality absorbs terms related to the laser wavelength and the photoelastic
effect. Equation () is generally valid and describes the non-linear relationship between the measurements and the
deformation. In seismology, deformations of interest are generally small (F' < I), leading to the linearised form of
eq. (1),
L
2
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where € = %(F + FT) denotes the strain tensor (Fichtner et al., [2022b). DAS interrogators scale the phase delay
measurements to convert them to strain, allowing us to drop the proportionality in eq. [2] Thus, we arrive at the general
equation for DAS measurements (e.g.Martin et al.,|2021; |Kennett, 2024):

1 5c+§ T

€pas(se, t) = Z/ e (s)e(s,t)e(s)ds. (3)
Se—

Equation (3)) is evaluated at the channel location at the centre of the gauge length, s, along the interrogated cable. The

bar on € indicates averaging of strain over a cable segment in contrast to the local strain tensor €.

The gauge length [ in DAS systems is generally set before data collection begins and often varies between 1 and 10
m. As shown by Bowden et al.| (2022), the measurements from DAS systems can be linked to phase-transmission
techniques by integrating along all channels. This effectively results in gauge lengths corresponding to the entire
length of the cable, [ = g}, and evaluating the strain field only at s, = lf%



A PREPRINT

leibre
/ el (s)e(s, t)e(s)ds. 4)
0

_ 1
érros(t) = I
re

Numerically, the integral in eq. (3) can only be evaluated at a finite number of points per gauge length (V)

N,
1 g
€(s¢,t) = 7 e’ (5c,9)€(5c,g,1)€(5c,9) A (5)
g=0
1
=N e’ (se,g)€(5c,9:1)€(50,9), (6)
9 0=
g=0

where the index ¢ defines evaluation points with a spacing of As = —]\ﬁ along the gauge length for a channel centred
g
at location s.. Hence, the discretisation points s 4 are located at

5oy :sc+z(Nig -3). @)

The solution to the forward problem in eq. (6) can be implemented in all numerical wave propagation solvers. If the
strain field is not provided as an output of the solver, it can be derived explicitly as the spatial derivative from the
displacement vector field u using, for example, a finite-difference stencil. Furthermore, the evaluation points s. 4
along the fibre do not need to coincide with the 3-D simulation grid, requiring an interpolation of the strain field to
obtain the values at the evaluation points €(s. ¢,t). Depending on the simulated wavelength and the gauge length, N,
can be appropriately chosen to ensure sufficient sampling of the strain field e.

2.2 The adjoint problem

Given that we solved the forward problem of how to compute synthetic fibre-optic data with eq. (€), we will now
focus on the adjoint formulation. First, we inspect the physical system at hand. The seismic wave equation operator L
connects the seismic displacement field u = u(x, t) through medium parameters m,, to a source term f that depends
on source parameters Mm,

L(u;m,,x,t) = f(mg; x,t). 8)

The objective function is evaluated for N, channels at locations s. along the fibre. A general objective function reads
as follows

t1
=t / / h(e(u(, £)5(z — z.)dQudt, ©)
Nc to Q

where the misfit kernel h quantifies the match between observed and computed traces at the central channel location
@ situated at arc length s.. in the 3-D spatial domain Q2. A common choice for h is the squared difference h(€) =
1(€— Eons)?
The adjoint equation for computing a model gradient of the objective function x is (e.g. Fichtner et al.,|2006; |Liu &
Tromp), 2006]))

Li(u';m,, x,t) = —2—26(35 — @) (10

with the adjoint operator Lt acting on the adjoint wavefield u' and a source term given by the misfit kernel h.
Equation (I0) holds for both the medium properties (m,,) and the source parameters () and is independent of the
measurement unit of the observations (see derivation in appendix [A]). Therefore, we must derive the source term in
eq. (I0) to solve the adjoint problem.

As the full adjoint source term is the sum of individual channel contributions, we limit the following derivations to the
source contribution of a single channel, based on its kernel evaluation .. Moreover, we introduce index notation with
k = [1,2, 3]. Expanding the source term of eq. (10)) using the forward relationship of eq. @) leads to
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where &, identifies the k'™ unit base vector and A : B = A;i;jB;j is the matrix scalar product with Einstein sum-
mation convention. In eq. (I3), we find the partial derivative of the strain field with respect to the displacement
wavefield %. This derivative can be evaluated using a scalar product — defined in the spatial domain €2 — with an
infinitesimally small perturbation in the wavefield du, leading to
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To arrive at eq. (18), we use the linearity of the strain operator e(u) and introduce delta-functions at the discretisation
points ., of the gauge length to move the integral inside the sum. In eq. (I8), we find a sum of moment tensor sources
in the weak formulation of the wave equation (e.g.|Faccioli et al.| {1997 |Komatitsch & Vilottel [1998), formulated as

/ fr(xs,t) - wdQ = / Zrpo(x — x5)S(t) M:e(w)dQ, (19)
Q Q

where sources are initialized at locations x. In the spectral-element method, the test function w(x) is approximated
by a product of Lagrange polynomials (e.g. Faccioli et al., |1997; Komatitsch & Vilotte} |1998)). Comparing egs.
and (19), we identify the symmetric moment tensor given by the local orientation of the cable

M = ee”, (20)
and the source-time function depending on the misfit kernel h

Ohe

S(t) = - 5=

21

Often in fibre-optic sensing, traces are analysed as strain rates rather than absolute strains. In the case where the misfit

kernel evaluates strain rates (i.e. h = h(€)), the source-time function of the adjoint source term changes to
0 Oh,
Sit)= =——=.
®) ot O€

The sign change in eq. (22)) arises from the adjoint of a first derivative (appendix [B). This is the form of the source
term that will be used throughout the results of this study.

(22)
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Figure 1: Schematic illustration of the adjoint source for strain measurements on a fibre-optic cable, with focus on two
channels with a gauge length discretisation /N, = 4. In the numerical implementation of the adjoint source, there are
N, moment tensors sharing the same source-time function. The southwestern channel follows an increasingly steep
slope indicated by the contour lines. This results in progressively upwards-rotated moment tensor sources. For an
effective implementation of the adjoint source as a line source, the discretisation N, should be chosen depending on
the simulated wavelength and gauge length.

2.3 Implications of the adjoint source term

The adjoint sources for fibre-optic data, defined in eq. (20), are symmetric moment tensor point sources. This contrasts
with vector sources used in the adjoint equations for seismometer data, as well as with asymmetric moment tensor
sources for rotational measurements (Fichtner & Igel, 2009). The moment tensor adjoint sources are visualised in
Fig.|l|{for two channels of a fibre-optic cable. Within a single channel, the source-time function % % is shared among
all discretised point sources along the cable segment for the respective channel, which we set to N, = 4 here for
illustrative purposes. The orientations of the moment tensors ee” along a single gauge length vary with the fibre
orientation. In the upper channel of Fig. [T} the orientation of the moment tensors changes with the curvature of the
fibre within the gauge length, accounting for the variable sensitivity along the channel. The formulation of the adjoint
source holds in a 3-D medium and is therefore valid for fibres in boreholes or where the fibre layout follows surface
topography. The 3-D effect is visualised in the lower channel in Fig. [T} where the gauge length is along increasingly
steep topography, resulting in upwards rotated moment tensor sources. The findings for the source-time function hold
for any misfit kernel h used in adjoint problems.

This raises the question about an adequate discretisation for a single gauge length within the forward model (eq.[6) and
the adjoint. A proper value for N, varies with the simulated seismic wavelengths and the gauge length. For N, = 1,
the sensitivity is reduced to a point measurement at the centre of the gauge length, potentially introducing wrong
arrival times, as seismic phases may arrive at up to half a gauge length displaced in the simulations. The discretisation
N, = 2 correctly models the arrival times at the start and end of the gauge length; however, it may still underrepresent
the integrated strain along the segment, ignoring potential curvatures. In Fig.[2(a), such an underrepresentation for a
single gauge length is visualised for N, = 3. For this combination of gauge length and simulated wavelength, there is
an adjoint source emitted in the centre of the gauge length, where there should not be any sensitivity (Fichtner et al.,
2022b)). However, when significantly increasing N, the lined-up moment tensors correctly represent the gauge length
(Fig. 2b), where only the start and end points of the gauge length contribute to the sensitivity. If the gauge length
includes curvature (Fig. [2t), the points of curvature act as additional sensitivity points and therefore contribute to the
adjoint wavefield, which conforms with the theoretical sensitivity of a single channel (Fichtner et al.,2022b). Notably,
curvature is not explicitly stated as a scaling factor for f in eq. , but the lined-up moment tensors forming the
adjoint source correctly account for curvature regardless. Based on a different, but equivalent, linearisation of eq. (I)),
one may also account for curvature explicitly, which has been addressed by [Fichtner et al.|(2022a).

Given the adjoint source term in eq. (I8), model gradients of the objective function can be computed in the same man-
ner as in inverse problems based on seismometer data, specifically through the scalar-product of forward and adjoint
displacement fields for tomographic parameters (e.g. [Fichtner et al.l 2006} Liu & Tromp, |2000), and by evaluating the
adjoint strain field at the source location for source parameters (Tromp et al., [2005; |[Kim et al.| 2011).
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Figure 2: Snapshots of the adjoint wavefield radiating from a single channel: a) Underrepresented adjoint source along
a straight channel, as seen by the central adjoint source that mistakenly acts as a point of sensitivity. b) Accurately
modelled adjoint source for a straight channel, where only the start and end points of the gauge length contribute to
the adjoint wavefield; c) Accurately modelled adjoint source for a channel with a kink, where, in addition to the start
and end points, the segment with curvature radiates a non-compensated adjoint source.

3 Synthetic FWI

3.1 Setup and goals

In the following, we provide illustrative example inversions based on the adjoint source term for fibre-optic data in
eq. (I8). These inversions use synthetic data that was generated with a known model, facilitating the direct comparison
between the ground truth and the inverted best-fitting model. We present standard inversion scenarios for source and
structural parameters using DAS data with and without noise, as well as IFOS data. We provide successful and
unsuccessful inversions with some discussion.

The design of our synthetic experiment reflects a realistic setting for environmental monitoring, such as assessing
landslide stability, glacier dynamics, or volcanic activity. Therefore, a requirement of the cable is to be placed such
that it follows topography. Additionally, repurposing existing fibre-optic cables for interrogation is often preferred in
terms of cost and time efficiency, which imposes the constraint that the cable geometry reflects a realistic location
along a hypothetical train line or a road. Furthermore, the fibre should have a mix of heavily curved and straight
segments to assess the influence of changing directionality of the sensitivity. We design a test setup that meets these
requirements (see Fig.[3p). The cable covers an elevation difference of roughly 360 m over its 8 km length and follows
the topography from the valley to the ridge. In fact, the fibre-optic cable geometry is inspired by the shape of the train
tracks of the Uetlibergbahn in Zurich (Switzerland) to the top of of the Albis mountain range. The subsurface structure
is a layered medium (see Fig. [§).

The artificial observed data in the inversions originate from numerical simulations of 10 fictitious earthquakes within
the domain. The locations of earthquake epicentres are at a maximum depth of 500 m below sea level. The earthquakes
are modelled as moment tensor point sources with a filtered Heaviside function serving as the source-time function in
the frequency range of 0.5—1 Hz. The DAS measurements are conducted with a gauge length of 8 m, resulting in 1000
channels over the 8 km length. The minimum wave length of 500 m is much greater than the gauge length, hence we
select Ny = 2 to accurately simulate arrival times at the start and end of each gauge length segment. For the IFOS
measurements, we increase the discretisation to /N, = 2000 to match the number of evaluation points in the DAS
examples. Numerical simulations are performed with the spectral-element wave propagation solver Salvus (Afanasiev
et al.| [2019), which enables implementation of absorbing boundaries, the free surface, topography, and moment tensor
point sources for both forward and adjoint wavefield computations. We show the artificial data for events used for the
source inversions in Fig. [3[b). In the examples including noise, the recordings have a maximal signal-to-noise ratio
(SNR) of 10, where the noise field is correlated for neighbouring channels over a distance of 500 m along the fibre (see
Fig. Bb). The software package Pyber, developed for this study, interacts with the wave propagation solver, reads out
the strain data from synthetic wavefields, computes the adjoint source term, and overall automates the FWI workflow.
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Figure 3: Setup for the synthetic tests. a) The geometry of the 8 km cable placed on top of topography. The fibre-optic
cable traces a natural route up the mountain, similar to a path that a hypothetical train line or road would follow. The
ten event locations and source mechanisms used for the tomography are indicated with their beach ball. Event depths
are at a maximum depth of 500 m below sea level. Source inversions are presented for events A and B. b) Artificial
observations for event A and event B with and without noise. In the data including noise, the signal has a maximum
SNR of 10, and the noise field is coherent over 500 m along the fibre.

The update directions from gradients are computed with a trust-region based L-BFGS 1980) algorithm,

which is widely used in seismic FWI problems (e.g. Modrak & Tromp}, [2016}, [Cui et al.} 2024; Rodgers et al., 2024}
Thrastarson et al., [2024).

In the following paragraphs, we apply the FWI routine to source inversions and tomography, describing results from
DAS and IFOS datasets.

3.2 Source inversion

Throughout the source inversion, we treat Vp and Vg structures as known. To obtain a starting source model, we
randomly offset the source location and time that produced the artificial data with a standard deviation of 300 m and
0.15 s, respectively. This step imitates prior information about the source. We assume to have no prior information
about the moment tensor except a magnitude estimate for which we randomise the starting radiation pattern.

In our synthetic tests, we apply a misfit kernel based on the time- and frequency-dependent phase difference
2009). We found it more effective than the Lo-misfit in quantifying the phase differences caused by a shift in the
source location. Moreover, amplitude information of real DAS systems are often affected by local effects such as the
coupling of the fibre with the ground and, therefore, absolute amplitudes are challenging to model (e.g.
[2025). To preferably match high amplitude channels, we introduce an amplitude-dependent channel weighting in our
objective function as a form of regularisation. Additionally, we window each trace such that only 2 s before and 4 s
after its maximum amplitude contribute to the misfit. We inject prior knowledge into the inversion by introducing a
covariance matrix that effectively introduces inter-parameter scaling, where higher uncertainties lead to larger model
updates for the corresponding parameters. The covariance matrix is consistent with the randomisation of the ground
truth model that produced the starting model.

Distributed acoustic sensing

The results for the noise-free event A are summarised in Fig. ] Event A is located relatively close to the cable in the
southeastern quadrant. Through the inversion, the waveforms are almost perfectly replicated by the model (Fig. @b).
Correspondingly, the source mechanism, location, and source time closely match the ground truth values. Most of
the 220 m offset between the starting model and ground truth locations are recovered within the first few iterations
(Fig.[), while corrections in depth take longer (Fig.[dd). The source time is adjusted towards the correct value within
a few iterations and the moment tensor is recovered after the first iteration.
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Figure 4: Source inversion with DAS for event A without noise. a) Trace-by-trace comparison of the starting wave-
forms to the artificial observations for 20 equally spaced DAS channels. b) The comparison of the final model against
the artificial observations. c¢) The model for moment tensor and horizontal location throughout the inversion, starting
from the blue moment tensor. The red moment tensor is the final model, which is almost entirely covered by the black
beach ball that indicates the true location and radiation pattern. Smaller moment tensors are connected with lines and
identify models throughout the inversion. The grey box in the overview map with the DAS cable (red) displays the
limits of the zoomed-in region relative to the cable. d) The time-frequency phase misfit and the source parameters
depth (blue) and time (red) per iteration, where dashed horizontal lines indicate the ground truth values.

Next, we repeat the inversion with the same starting model for the data set with noise. The associated information loss
prevents a similarly good recovery of source information when compared to the ground truth (see Fig.[5). As in the
noise-free case, the epicentre can be approximated to within 25 m within few iterations, and the source time can be
accurately adjusted. The moment tensor, while being visually distinct from the ground truth, refers to a similar source
mechanism.

Integrated strain sensing

We repeat the source inversion for event A using IFOS data with the same starting model. The inversion results are
summarised in Figs. [fp-c. The inversion successfully matches the observed waveform, despite the initial waveforms
being offset by nearly half a period. Overall, the behaviour of model updates is very similar to the DAS example in
Fig. [} with the horizontal location and moment tensors moving within close range to the ground truth within the first
few iterations. The source depth and time parameters require more iterations but are recovered successfully as well.
In contrast to the DAS inversion, there is a difference between the final model and the ground truth, with a slightly
rotated moment tensor and a location that is off by a few tens of metres.

To present a more challenging example of IFOS data, we investigate event B, which is located outside the fibre-aperture
(see Fig. [3). The inversion yields a model that significantly differs from the ground truth (see Figs. [6d-f), although it
largely replicates the phase information of the artificial data. The final location is off by about 70 m and the radiation
pattern of the source is visibly distinct in the beach ball representation. The apparent trade-off between location and
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Figure 5: Source inversion with DAS for event A with noise. a) Trace-by-trace comparison of the starting model
against the perturbed artificial data. b) Comparison of best-fitting model and the artificial observations. ¢) Horizontal
location and moment tensor models throughout the inversions, from the start (blue) to the final model (red). The ground
truth is indicated in black. d) The misfit improvement, source depth and time per iteration, where the horizontal dashed
line indicates the ground truth.

origin time cannot be resolved with this single trace. The source inversions for event B using DAS data with and
without noise present successful recoveries of the moment tensor while the location of the event is challenging to
obtain (appendix [C).

3.3 Tomography

In the following, we investigate to what extent the subsurface wave speeds can be resolved with DAS and IFOS given
the cable geometry and events shown in Fig. [B(a). The ground truth includes checkerboard-pattern anomalies in both
Vp and Vg with different length scales. The artificial data for 10 earthquakes are produced using the 1-D background
model presented in Fig. [§|with 3-D checkerboard anomalies in place (Fig.[7} first column). The starting model in all
inversions is the background model without anomalies. The 10 source models are assumed to be known to analyse the
tomographic image without the imprint from erroneous earthquake sources.

As before in the source inversion, we base the objective function on differences in the time- and frequency-dependent
phases and introduce an amplitude-dependent channel weighting. We remove source and receiver imprints by setting
the kernels to zero within a radius of 100 m around their respective locations. Moreover, we smooth the sum of event
kernels with averaging lengths of a quarter of the wavelength to create the final gradient. Fig.|/|summarises all final
wave speed models, and the waveforms are presented in Fig.[T1]

Distributed acoustic sensing

The second column in Fig. [7] presents the results of the tomography with noise-free DAS data. Over 44 iterations,
the misfit improved by a factor of 50. The resulting computed waveforms match the artificial observations almost
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Figure 6: Source inversion with IFOS data. Panels a—c present event A with the same starting model. The final
location is accurate within 25 m, and the radiation pattern largely agrees with the ground truth. The correct model
parameters cannot be precisely recovered for event B (panels d—f). Despite an apparent phase match of waveforms,
the inversion is unable to further improve the model parameters towards the true solution.
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