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Abstract Distributed Acoustic Sensing (DAS) allows one to measure strain at metre-resolution along a
fibreoptic cable, increasing the density of spatial sampling of a seismic wavefield compared to conventional
instrumentation. However, the challenge ofmeasuring DAS-derived strain amplitude currently limits applica-
tions of this technology. Amplitude measurements are required in passive seismology for estimating earth-
quake magnitudes, moment tensor inversion and attenuation tomography, for example. For active seismic
studies, amplitude information is essential for methods such as Amplitude Versus Offset (AVO) analysis. Cen-
tral to this challenge is quantifying howwell the fibre is coupled to the subsurface. Here, we present amethod
using coherency to pragmatically estimate coupling of fibre to the medium. We first introduce a theoretical
justification relating coherency to relative coupling between channels and calibrating this to obtain absolute
coupling coefficients, before evidencing the performance of themethod using various examples fromglaciers
to downhole geothermal deployments. We apply themethod to estimate earthquakemagnitudes, comparing
values to independent geophone estimates. The results allow us to explore whether quantifying coupling is
possible or indeed necessary to account for in certain instances. We find that although coupling of fibre to the
medium is important, results suggest that practically in many cases, it may be appropriate to simply make
the binary first-order assumption that fibre is either approximately perfectly coupled or too poorly coupled
for any amplitude analysis. While our findings do not comprehensively solve the fibre-optic coupling prob-
lem, the theory and results provide a practical foundation with which to start using DAS-derived amplitude
information in earnest.

Non-technical summary Distributed Acoustic Sensing (DAS) is a nascent technology, converting
fibreoptic cables into strain sensors that provide far denser spatial sampling than traditional seismometers.
However, unlocking absolute amplitude measurements using DAS is currently challenging, limiting seismol-
ogy applications. Measuring the amplitude is essential for estimating the size of earthquakes and imaging
seismic energy loss in the subsurface, for example. Central to the DAS amplitude challenge is estimating how
well coupled the fibre is to the subsurface. Here, we describe a new method that uses the similarity of the
wavefield along a fibreoptic cable to estimate how well a fibreoptic cable is coupled to the subsurface. We
first justify the method using theory, before showing how the method performs in a variety of contexts. The
results notonly showhowcoupling canbeestimated, but allowus toexplorewhetheroneneeds toevenworry
about coupling at all in certain instances. Ourmethod provides a way of identifying and removing such chan-
nels from subsequent analysis. While our findings do not completely solve the fibreoptic coupling problem, it
provides a practical foundation to start unlocking amplitude measurements from fibreoptic strain data.

1 Introduction
Amplitude measurements are important for estimat-
ing earthquake magnitudes, moment tensor inversion
and attenuation tomography, for example. Distributed
Acoustic Sensing (DAS) is a nascent technology that al-
lows one to measure strain(-rate) at metre-resolution
along a fibreoptic cable, increasing both spatial and
temporal sampling of a seismic wavefield, compared to
traditional instrumentation (Lindsey andMartin, 2021).
However, althoughDAS showspromise for interrogat-

ing a variety of seismic signals (for example, Hudson
et al., 2021; Jousset et al., 2022; Klaasen et al., 2021; Lel-
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louch et al., 2021; Spica et al., 2022; Walter et al., 2014;
Williams et al., 2022; Zhan, 2019), unlocking absolute
amplitude information remains challenging. Central to
this challenge is quantifying coupling of fibreoptic ca-
bles to the surrounding medium. Although methods
of obtaining DAS amplitude-frequency response and
converting between strain(-rate) and displacement ex-
ist (Lindsey et al., 2020; Paitz et al., 2020; Trabattoni
et al., 2023), which enable earthquake magnitudes to
be estimated (Chen, 2023; Lellouch et al., 2020, 2021;
Lior et al., 2023; Yin et al., 2023), coupling effects are
not explicitly accounted for. Promising advances have
recently been made in theoretical descriptions of the
fibreoptic coupling problem (Reinsch et al., 2017), nu-
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merically simulating fibreoptic coupling response (Celli
et al., 2023), and ways to maximise coupling (Harmon
et al., 2022), yet a means of quantifying coupling in-the-
field does not yet exist. Furthermore, accurate quan-
tification of fibreoptic coupling is hypothesised to be a
critical limiting factor in amplitude-based DAS analy-
sis, yet studies using conventional instrumentation reg-
ularly assume perfect coupling to the medium. This
raises the legitimate question of whether the same as-
sumption is valid for DAS in certain instances.
Here, we address the questions: (1) canfibre-medium

coupling at least approximately be quantified? and (2) is
it ever valid to assume perfect coupling of fibreoptic ca-
bles to the medium? We first provide a theoretical basis
for quantifying relative coupling along fibreoptic cables
using a simple coherency-based measurement, along
with justifications of how topragmatically convert these
to absolute coupling coefficients. We then demonstrate
the effectiveness of the method on real data, and ex-
plorewhether coupling issues are always a fundamental
limitation for measuring DAS-derived strain amplitude
measurements. Specifically, we compare using the am-
bient noise wavefield to regional or teleseismic earth-
quake wavefields to quantify coupling. We then explore
the importance of compensating for fibre-medium cou-
pling issues using earthquake moment magnitudes for
two diverse experiments, a glacier and a geothermal
borehole. We emphasise from the outset that we en-
deavourhere to provide apragmatic solution to approxi-
mately quantify coupling, adequate formeasuring DAS-
derived absolute strain(-rate) amplitudes. This work
should therefore be viewed as a step towards fully rec-
onciling such measurements rather than fully resolv-
ing the challenging fibreoptic amplitude measurement
problem.

2 Methods

2.1 Theoretical basis for coherency-based
coupling coefficients

Although real-worldfibre-mediumcoupling is complex,
some simple assumptions allow one to formulate an
analytical approximation that includes the essential
physics. Our aim here is not to attempt to describe the
complete coupling behaviour, but instead prove that at
least to first order, one can approximately quantify rela-
tive couplingby comparing the coherencyof neighbour-
ing channels.
Figure 1 shows a schematic representation of our an-

alytical fibre coupling model. This model describes the
transfer of energy from the medium to the fibre (i.e.
coupling) from an elastic perspective. We also include
viscoelastic components to describe the concept of en-
ergy loss. This model is inspired by the work of Rein-
sch et al. (2017), Hubbard et al. (2022) and Celli et al.
(2023). We point readers to these works if they wish
to explore the theoretical basis for our model beyond
that described here. In reality, it is impossible to iso-
late coupling variation over scales less than the DAS
channel spacing. Over such spatial scales, our coupling
model therefore combines coupling with any local het-
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Figure 1 Theoretical basis for fibreoptic coupling. The
schematic is partially inspired by Celli et al. (2023). Atten-
uation is included via a Kelvin-Voigt visco-elastic model.

erogeneities.
For our model, let us assume that a section of fibre

can be described by a set of springs in series, separated
bynodes representingmeasurement points along the fi-
bre. These nodes are also connected by spring-damper
systems to both the medium and the atmosphere (see
Figure 1). The spring-damper systems represent the
coupling of each section of fibre to the medium and
atmosphere, respectively. The fibre coupling to the
medium and atmosphere at each node is controlled by
the spring stiffness, with stiffness tending to zero de-
scribing coupling tending to zero. Damping represents
attenuation, or energy loss, in the couplingmechanism.
This system represents a fibre deployed horizontally at
or near the surface, but one could simply translate this
system for fibre buried sufficiently deep or for subsur-
face applications (for example, a borehole) by removing
the atmospheric coupling components.
The coupling mechanism description in Figure 1 is

valid for static friction cases, where the force between
themedium and the fibre is less than the friction coeffi-
cient multiplied by the normal force. At one extreme,
the fibre could be perfectly bonded to the medium
(for example, tight fibre cemented into a borehole), for
which this description holds. At the other extreme, dy-
namic friction could start to play a role, which would
require a reformulation of the problem. The static fric-
tion regime should apply in themajority of current DAS
use cases.
Let us then consider one fibre node, adjacent to two

coincident sections of the fibre. We define these nodes
as points between fibre channels, with strain measured
at one channel representing the displacement between
two nodes. The displacement of every node is some-
what coupled to every other node in the fibre. However,
for simplicity let us assume here that this behaviour
simply acts as a static pre-stress, with dynamic coupling
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of an individual channel to neighbouring channels only.
One can step up the complexity and assume interac-
tion ofmore sections, andwe discuss this inmore detail
later, when addressing gauge length effects. Let us also
assume that the incident seismicwavefield is comprised
of wavelengths λ > 2xch, where xch is the channel-
spacing between nodes. This assumption is not nec-
essary, but makes the theoretical relationship between
coherency and coupling simpler to communicate. For
now, let us also neglect the damping terms. The in-axis
fibre energy balance can then be written as,

(1)km,iδx2
m,i + kf δx2

f,i + ka,iδx2
a,i

= km,i+1δx2
m,i+1 + kf δx2

f,i+1 + ka,i+1δx2
a,i+1,

where k?,i is the spring stiffness for the coupling to the
medium (m), the fibre (f ) and the atmosphere (a), re-
spectively, at the location i along the fibre. Similarly,
δx?,i is the change in displacement at location i along
the fibre for the medium, fibre and atmosphere (see
Figure 1). For simplicity, let us start by assuming that
the fibre is perfectly isolated from the atmosphere, with
ka,i, ka,i+1 ≈ 0. If λ > 2xch, the change in length of the
medium between both sections of fibre can be approx-
imated as equal after accounting for any moveout, so
δxm,i+1 = δxm,i. This assumes that anymediumhetero-
geneities and coupling can be combined by variations
in km. This can be rearranged to find the relative differ-
ences in length changes between the two fibre sections,

(2)
∆xf,i,i+1 = δxf,i − δxf,i+1

=
km,i+1δx2

m,i+1 − km,iδx2
m,i

kf (δxf,i + δxf,i+1) .

This is the basis of coherency between channels, with
two channels perfectly coherent in strain, ε, if δxf,i =
δxf,i+1 (∆xf,i,i+1 = 0). The effect of coupling is there-
fore controlled by km,i and km,i+1.
A simple thought experiment to demonstrate the rela-

tionship between coherency and coupling is to assume
two channels are both perfectly coupled to the medium
(km,i, km,i+1 = 1) and λ > 2xch so that δxm,i = δxm,i+1.
In this case, ∆xf,i,i+1 is zero and hence the strain along
sections i and i + 1 are perfectly equal and coherent.
Conversely, the same thought experiment can also be
applied for the case of two perfectly uncoupled chan-
nels, where again the two channels would be perfectly
equal and coherent. Coherency therefore provides a
measure of relative coupling rather than absolute cou-
pling between channels. However, in the perfectly un-
coupled scenario, no signals from the medium would
be transmitted to the fibre. We therefore expect it to
be straight-forward to discriminate perfectly uncoupled
from perfectly coupled channels in practice.
Howonemeasures coherency dictates howone quan-

tifies the fibre-medium coupling of each node, or chan-
nel, km,i. Here, we opt for measuring the coherency
between adjacent channels using the scalar product be-
tween two channels in the time-domain (equivalent to
zero-lag cross-correlation in the time-domain; Prieto
et al., 2009b), although we also investigate frequency-
domain measurements. Using the scalar product to de-
rive coherency is related to the fractional difference,Ai,

in strain between two sections, εi and εi+1. Explicitly,
strain at channel i is given by,

(3)εi(t) = δxf,i(t)
xch

.

Since xch is constant, Ai can then be defined by rear-
ranging Eq. 2,

(4)
Ai = δxf,i

δxf,i+1

= 1 +
km,i+1δx2

m,i+1 − km,iδx2
m,i

kf (δxf,i + δxf,i+1)δxf,i+1
.

The ratio of displacement (and hence strain) betweenfi-
bre channels, Ai, can be measured by taking the scalar
product of the strain time-series measured across ad-
jacent sections i and i + 1 (effectively a zero-lag cross-
correlation). The normalised scalar product providing
ameasure of coherency in the time-domain, C, is given
by,

(5)

Ci =
t=twin∑

t=0

εi(t).εi+1(t)
|εi(t)|.|εi+1(t)|

=
t=twin∑

t=0

Aiεi(t)2

|Ai||εi(t)|2

=
t=twin∑

t=0

Ai

|Ai|
,

where twin is the duration of the time-window over
which the cross-correlation is performed. The scalar
product coherency, C, is therefore proportional to the
normalised value of A.
However, if there is any moveout between waves ar-

riving at consecutive channels, then εi(t) 6= Aiεi+1(t).
In this instance, Eq. 5 can be modified such that εi(t) =
Aiεi+1(t + τ), where τ is a non-zero lag accounting for
the moveout. From hereon in, any lags are accounted
for by shifting any data in time tomaximise the value of
the scalar product coherency, Ci.
A similar alternative formulation to quantify coher-

ence in the frequency domain would be an adaptive co-
variance filter (Du et al., 2000; Nakata et al., 2015; Sam-
son and Olson, 1981). In the instance where the fibre
is perfectly isolated from the atmosphere (ka,i, ka,i+1 =
0), A and therefore C both vary between 0 and 1, vary-
ing only with the relative coupling between channels,
|km,i+1 −km,i|. Therefore,C represents the relative cou-
pling coefficient of the fibre in this regime.

2.2 A note on relative vs. absolute coupling
coefficients

Relative coupling is already useful. Values can be used
to discriminate poorly-coupled channels from well-
coupled channels andweighted accordingly. Or, formo-
ment tensor inversion (Hudson et al., 2021), only rela-
tive amplitudes and therefore relative coupling coeffi-
cients are necessary. However, absolute coupling coeffi-
cients are desired in other use caseswhere absolute am-
plitudes are required, such as attenuation tomography
(De Siena et al., 2014; Hudson et al., 2023b; Reiss et al.,
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2022). Here, we briefly introduce two possible ways of
estimating absolute coupling coefficients.
The first invokes the assumption that one channel

is perfectly coupled to the medium. This channel can
then be used as a reference channel and all other chan-
nel coupling coefficients scaled relative to this channel.
This avoids the need for coincident independent mea-
surements.
The second approach involves having an independent

strainmeasurement of the strainfield at onepoint along
the fibre. This could be obtained from two seismome-
ters placed next to the fibre, separated by one gauge-
length, for example. This independent strain measure-
ment could be used to calibrate the absolute strainmea-
surement at that point on the fibre, then the other chan-
nel coupling coefficients scaled to this measurement.
Although this second approach does not make the as-
sumption of perfect coupling of the fibre, it instead as-
sumes that a perfect independent measurement of the
strain field can be made, i.e. that the seismometers are
perfectly coupled to the medium, for example.

2.3 Fromfibrecoupling tomediumstrainam-
plitudes

The focus of this work is on quantifying coupling coeffi-
cients. However, a key motivation for this is to use DAS
for amplitude analysis. The fibre-medium stiffness ra-
tio controls the strain amplitude transfer (Reinsch et al.,
2017). Reinsch et al. (2017) apply this to thebonded coat-
ings of the fibre, summing the contributions based on
Hooke′s law and applying Mohr-Coulomb failure at the
fibre-medium interface. Here, we assume elastic cou-
pling as in Celli et al. (2023) and so treat the medium
as an additional stiffness to account for. In the simplest
case where fibre casing is neglected, the strain in the fi-
bre relative to the strain in the medium for a channel
with a coupling stiffness, km, is given by,

(6)εf = km

kf
εm.

Inmore complex cases, the product of various coupling
ratios at interfaces could be considered.

2.3.1 Atmospheric coupling

In the presence of fibre-atmosphere coupling, the sys-
tem becomes more complex, with atmospheric noise
perturbing A and hence C. Formally, this can be de-
scribed by including elastic potential energy terms for
atmospheric coupling (ka,iδx2

a,i, ka,i+1δx2
a,i+1) into Eq. 2

and hence also Eq. 4. This perturbs Eq. 4 by adding the
additional term,

(7)∆Aatmo,i =
(ka,i+1δx2

a,i+1 − ka,iδx2
a,i)

kf (δxf,i + δxf,i+1)δxf,i+1
.

This results in a corresponding additional term in Eq. 5
that corresponds to the atmospheric effect, given by,

(8)∆Ci,atmo = ∆Aatmo,i

|Ai|
.

Therefore, C can be artificially underestimated (C <
0) or overestimated (with coupling closer to 1 than
|km,i+1 − km,i| would otherwise give). For example, let
us hypothetically imagine that atmospheric coupling is
similar to medium coupling (km,i, km,i+1 ' ka,i, ka,i+1),
but atmospheric displacement is larger than medium
displacement (δxa,i > δxm,i). In this case, Ai is domi-
nated by atmospheric effects and becomes negative, re-
sulting in C < 0.
Atmospheric coupling that causesC < 0 is acceptable

as one can simply define channelswithC < 0 as approx-
imately uncoupled to the medium. However, artificial
overestimates of coupling are more problematic. One
way to reduce this effect is to estimate the coupling over
many time-windows within a time-duration where one
does not expect fibre coupling to themedium to change.
This is because δxa,i, δxa,i+1 likely vary on timescales
far shorter than δxm,i, δxm,i+1 and so (ka,i+1δx2

a,i+1 −
ka,iδx2

a,i) will likely vary with a mean near zero, result-
ing in a mean value of ∆Aatmo,i and hence ∆Ci,atmo

near zero too.
In the situation where fibre is to some extent cou-

pled to the atmosphere (for example, air-fibre drag or
pressure/temperature effects), atmospheric effects be-
come significant when kaδx2

a,i > kf δx2
f,i. In practice,

ka << kf but δxa,i >> δxf,i, so any coupling to the
atmosphere is theoretically problematic. Furthermore,
there is typically a trade-off with poor fibre-medium
coupling and strong fibre-atmosphere coupling. How-
ever, atmospheric noise acoustic wavefield likely often
breaks the assumption λ >> 2xch, and causes C be-
tween channels to be << 1, so it is not expected to sig-
nificantly effect the reliability ofmeasurement ofC. An
obvious inference though is that one should alwaysmin-
imise coupling to the atmosphere by burying the fibre
where possible.

2.3.2 Attenuation

In a real-world system, a portion of energy transferred
from the medium to the fibre will be attenuated. One
way to theoretically describe this attenuation is to de-
fine the fibre-medium coupling as visco-elastic. We opt
for a Kelvin-Voigt visco-elastic model, assuming that
both the elastic and viscous strain-transfer between the
medium and the fibre are equal. Such a system can be
expressed by,

(9)F = kδx + ηδẋ,

or in energy as,

(10)E = 1
2kδx2 + ηδẋδx,

where η is the viscous damping term. Note that η in
this formulation is not strictly viscosity, but rather rep-
resents a viscous damping factor in convenient units.
This is valid for discrete strain measurements of DAS,
since the reference length, xch, is constant.
If attenuation is included in the model of Figure 1,

then the terms ηm,iδẋm,iδxm,i and ηm,i+1δẋm,i+1 are
then included in Eq. 4, where ηm,i and ηm,i+1 are the
coupling attenuation terms for the ith and (i + 1)th
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channels, respectively. Ignoring geometrical spread-
ing, which is typically negligible over length scales xch,
this results in a difference in the value of A due to atten-
uation of,

(11)∆Aattn,i = (ηm,i − ηm,i+1)δẋm,iδxm,i

kf (δxi + δxi+1)δxi+1
.

Note that here, as before, we assume that λ >> xch, so
δẋm,i+1 ≈ δẋm,i. We also assume that atmospheric cou-
pling attenuation is negligible (ηatmo ≈ 0). Attenuation
results in a perturbation in the coherency coupling co-
efficient, C,

(12)∆Cattn,i = ∆Aattn,i

|Ai|
.

It is evident from Equations 11 and 12 that the coupling
coefficient perturbation is only dependent on the rela-
tive attenuation between the two channels. An intuitive
observation is that if two channels have the same cou-
pling attenuation (ηm,i = ηm,i+1), then there will be no
change in coupling coefficient between the two chan-
nels.
However, the coupling attenuation will also comprise

of an absolute term, which should also be calculated if
one wants to accurately resolve absolute strain ampli-
tudes. One way to estimate absolute attenuation is to
use spectral ratios of the two channels, akin to treating
one channel as a virtual source and the other as a virtual
receiver. This isolates source and path effects (Hudson
et al., 2023b). A brief summary of this is as follows. One
first calculates the spectrum of the strain time-series
for each channel, for example the Fourier transform,
Fi(f), Fi+1(f), or a multi-taper method (Prieto et al.,
2009a). The spectral ratio is then taken to remove the
virtual source-time function,

(13)

Fi(f)
Fi+1(f) = Fi(f)

Fi(f)eα(f)xch

= 1
eα(f)xch

,

where α(f) is the attenuation coefficient describing the
absolute attenuation between the two channels. From
Aki and Richards (2002),

(14)α(f) = πf

cQi(f)

where c is the phase velocity and Qi(f) is the absolute
quality factor (the inverse of attenuation). Although the
exact phase velocity is unknown, one can assume that
it is approximately constant on distances less than the
gauge-length, Lgauge. For typical ambient noise wave-
fields, it is reasonable to set c to theRayleigh-wave veloc-
ity. If using body-wave signals, then c could instead be
set to that velocity. From this, absolute Q can be found.
One can then quantify the absolute effect of attenuation
on C by considering the energy loss due to the viscous
terms in Eq. 10. The quality factor describing attenua-
tion, Q is defined by Aki and Richards (2002),

(15)Q = 2π
U

δU

where U/δU is the fractional energy loss between two
channels. Since all this loss is accounted for in the vis-
cosity terms, and given that the energy is the work done
(i.e. U =

∫
Fdx), Q(f) is found to be,

Qi(f)

= 2π
c

xchf

∣∣∣∣∣ 1
2 kcδx2

m,i + ηm,iδẋm,iδxm,i

ηm,iδẋm,iδxm,i − ηm,i+1δẋm,i+1δxm,i+1

∣∣∣∣∣ .

(16)

The amplitude of ∆Cattn,i can then be estimated.
We provide details of how to attenuation is included

in the theoretical model for completeness. However,
the approach is involved and so from hereon in, we ne-
glect coupling attenuation.

2.3.3 Gauge-length

In practice, DAS interrogators measure phase-shifts of
back-scattered light from many defects over a length,
referred to as the gauge-length, Lgauge. Therefore, for
channel-spacings xch < Lgauge, the strain measured
on a single channel is actually a moving-average over-
lapping with previous channels. If xch < Lgauge, then
the gauge-length effect affects the relationship between
the measured coherency, C, and A (see Eq. 5), which is
proportional to the coupling along the fibre (see Eq. 4).
When including gauge-length , Eq. 5 becomes,

C(x) =
t=twin∑

t=0

1
Lgauge

∫ x+Lgauge/2

x−Lgauge/2

A(x)ε(x, t)2

|A(x)||ε(x, t)|2 dx,

(17)

which can be approximated discretely as,

(18)Ci ≈
t=twin∑

t=0

1
Lgauge

j=i+Lgauge/2xch∑
j=i−Lgauge/2xch

Ajε2
jxch

|Aj ||εj |2
,

Note that the discrete approximation is exactly equal
to the continuous function only for Lgauge|xch. These
equations explicitly show how the coherency measure-
ment is affected bymultiple neighbouring channels and
their corresponding coupling factors. Therefore, it is
generally wise to consider quantifying coupling coeffi-
cients averaged over the gauge-length.
The gauge-length, Lgauge, also has another poten-

tially important effect on the coupling measurement.
It acts as a spatial Nyquist filter, only allowing seismic
wavelengths λ > Lgauge/2 to be resolved. The associ-
ated bandwidth limit is B < 2cp/Lgauge, where cp is the
velocity of a seismic phase p. Therefore, any coupling
coefficients are only valid for frequencies ≤ B.

2.3.4 Frequency dependence

Conventional seismic receivers (seismometers, geo-
phones, etc) typically have frequency-dependent near-
surface site effects (Butcher et al., 2020; Shearer and
Orcutt, 1987). Recent work has also evidenced near-
surface frequency-dependent behaviour in DAS data
(Viens and Delbridge, 2024). In our theoretical basis
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for coherency-based coupling coefficients, including at-
tenuation via Kelvin-Voigt visco-elastic coupling, intro-
duces a frequency dependence. This is introduced via a
rate dependence on the viscosity term (η) in the stress-
strain relationship (σ = kε + ηε̇). In addition to this
viscous term that quantifies coupling attenuation, lo-
cal subsurface frequency-dependent attenuation het-
erogeneities on the scale of xch to Lgauge could per-
turb coupling-attenuation measurements. Such pertur-
bations are exacerbated by the enhanced sensitivity of
strain to shallow subsurface heterogeneities (Capdev-
ille and Sladen, 2024). Wecannot isolate shallow subsur-
face heterogeneity effects from fibre-medium attenua-
tion measurements. However, we suggest that isolation
of shallow subsurface heterogeneity effects that are of
the same length scale as xch to Lgauge is not necessary,
since one has to account for both effects in combination
in any case. Therefore, for the purposes of pragmatic
frequency-dependent coupling quantification, we sim-
ply quantify the cumulative frequency-dependent effect
of both coupling and any local heterogeneities on scales
of xch.

2.3.5 Abrupt changes inmaterial properties

Our theoretical basis for coupling is deliberately as sim-
plistic as possible, in an endeavour to make it as univer-
sally applicable as possible. For example, the method
is ambivalent as to whether the medium is a fluid or
a solid, albeit with different wave types contributing
to the coupling measurement (for example, only co-
herent P-waves in the fluid case). However, a limita-
tion of this approach is a miscalculation of coupling
across abrupt changes in material properties between
consecutive channels. Imagine the extreme case where
one channel is perfectly coupled to a solid and the
next channel is perfectly coupled to a fluid. The co-
herency of the wavefield between the two channels will
be low, since the fluid-coupled channel is only sensitive
to P-waves whereas the solid-coupled channel is sen-
sitive to all seismic phases. This will result in an ar-
tificial underestimate of coupling since we derive cou-
pling based on inter-channel coherency. This issue only
occurs across an abrupt change in material properties
on length-scales of the order of the channel spacing or
gauge-length (whichever is longer). If material prop-
erties change gradually over longer length-scales, then
the effects are less significant. There is not a simple so-
lution to this limitation. However, in practice abrupt
material contrasts are obvious in DAS data. Where such
contrasts are anticipated, one could manually identify
their locations independently and then approximate
coupling of the affected channels to their neighbouring
channels within the same medium.

2.4 Finding coherency-based coupling coeffi-
cients in practice

The practical implementation of themethod used to de-
termine coherency-based coupling coefficients in this
work is as follows:

1. Select the time-window(s) within which to use

coherent energy to calculate the coupling coef-
ficients. This could be coherent ambient-noise
surface-wave arrivals or direct body-wave arrivals
from regional or teleseismic earthquakes. More
windows theoretically increases SNR and therefore
the accuracy of the coupling measurement.

2. Pre-process, demean, and bandpass filter data
within the band of interest.

3. Calculate relative coupling coefficients using the
time-windows. Here, we generally calculate coef-
ficients in the time-domain but they can also be
calculated in the frequency-domain. In the time-
domain, we measure coherency using normalised
scalar product between adjacent channels. Alter-
natively, in the frequency-domain we calculate the
convolution, equivalent to the scalar product in the
time-domain. In either case, the coherency ismax-
imised based on the optimal lag-time to account for
any moveout of the wavefield. Additionally:

• If the number of adjacent channels is greater
than two, then the overall coherency is the av-
erage of all window pairs.

• If one uses multiple windows then the cou-
pling coefficient is the average of the co-
herency measured for all windows.

4. If absolute coupling coefficients are desired, then
a calibrated reference channel is required. This
point is addressed in Section 2.2.

3 Results and discussion
3.1 Overview of datasets
Fourdatasets areused to explore theperformanceof the
coherency-based coupling quantification method de-
scribed in this work. A summary of the datasets is given
in Table 1. The Gornergletscher and PoroTomo datasets
are used to investigate performance of the method, in-
cluding using different types of coherent wavefields.
The coupling coefficient method is then applied to es-
timate earthquake moment magnitudes for the Rutford
Ice Stream and Utah FORGE experiments.

3.2 Coherency-based coupling quantifica-
tion performance

First, we use two of the real-world datasets to investi-
gate the validity of coherency-based coupling measure-
ments in practice.
Secondly, we use a regional earthquake arrival at the

PoroTomo experiment (Feigl et al., 2016; Wang et al.,
2018) to comparehowwell the ambient noise field quan-
tifies coherency between channels relative to direct
body-wave arrivals.

3.2.1 Evidence that coherency can discriminate
between well-coupled and poorly-coupled
channels

Data from Gornergletscher, Switzerland (Hudson et al.,
2025), provide an ideal example for how well a
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Experiment Interrogator xch Lgauge fs Lfibre Further details
Gornergletscher, Switzerland Sintella ONYX 1.6 m 6.4 m 1000 Hz 1.2 km Hudson et al. (2025)
PoroTomo experiment, USA Silixa iDAS 1.0 m 10 m 1000 Hz 8.4 km Wang et al. (2018)
Rutford Ice Stream, Antarctica Silixa iDAS 1.0 m 10 m 1000 Hz 1.0 km Hudson et al. (2021)
Utah FORGE experiment, USA Silixa Carina 1.0 m 10 m 2000 Hz 1.0 km Lellouch et al. (2021)

Table 1 Overview of datasets used in this study. For further details, see the suggested literature. fs is sampling rate and
Lfibre is the fibre length.

coherency-basedmetric quantifies coupling, since 1 km
of fibre was initially laid on the ice surface before melt-
ing and freezing in a few cm below surface 12 hours
later. The fibre therefore transitioned from poorly-
coupled to well-coupled to the subsurface. Further-
more, a section of the fibre was deployed in a crevasse
field (see Figure 2c,d), resulting in some sections of fi-
bre being approximately permanently uncoupled from
the medium. To quantify coupling along the fibre, two
oneminutewindows of data are randomly selected, one
during each time period. These contain only ambient
noise, with no identifiable seismicity.
Results are shown in Figure 2. When the fibre

is frozen-in, the mean coupling coefficient increases
while the variance in coupling coefficient visibly de-
creases relative to the initial, hypothetically poorly cou-
pled fibre. The majority of channels for the frozen-in
time period have coupling coefficients > 0.8 (1 equates
to perfect relative coupling between channels). Tech-
nically since it is a relative measurement, relative cou-
pling coefficients of 1 could also equate to perfectly un-
coupled neighbouring channels, but we rule out this be-
haviour here since post freeze-in inspection suggests
that channels are well-coupled, with the exception of
single channels (< 1.6 m) overlying open crevasses.
The fibre between the interrogator and the start of the
crevasse field exhibits high levels of consistent cou-
pling, as expected since the fibre here is almost always
in contact with the ice. This is in contrast to the fibre
within the crevasse field, which exhibits significantly
higher variance, with specific, short sections (1 to 2
channels) of the fibre having coupling coefficients de-
creasing to ∼ 0.5.
The two observations from these results that provide

us with the most confidence that a coherency-based
metric can quantify fibre coupling are: (1) the mean in-
crease and variance decrease after the fibre freezes into
the medium; and (2) the observation of poor coupling
on single, isolated channels only within the crevassed
region. As the fibre freezes in, if it becomes well cou-
pled to the subsurface then any coupling metric should
typically increase, as observed in the mean coupling of
Figure 2b compared to Figure 2a. However, for some
channels the coupling coefficient decreases. We inter-
pret this to be a consequence of the fibre being well
coupled to the atmosphere during the time period of
Figure 2a, with channels of high coherency due to co-
herent atmospheric noise. This interpretation is fur-
ther evidenced by the reduced variance observed in Fig-
ure 2b compared to Figure 2a. Coherent atmospheric
signals (for example, wind) would typically act onwave-
lengths of only a few channels, leading to the higher

levels of variance observed in Figure 2a. We know
that certain channels are poorly coupled within the
crevasse region (see Figure 2d). Low coupling coef-
ficients on isolated channels within the crevasse field
in Figure 2b provide us with confidence in the fidelity
of the coherency-based coupling method to represent
both well and poorly coupled channels, at their ex-
pected locations. Theoretically, consecutive perfectly
isolated, uncoupled channels would have coupling co-
efficients of 1, but since only one to two channels overly
individual crevasses and these channels are somewhat
coupled to the atmosphere, we expect these channels
to have near-zero coupling coefficients. However, their
significantly non-zero values (> 0.5) are likely primar-
ily due to gauge length effects. The gauge length of this
experiment is 6.4 m, whereas the fibre over crevasses
is typically decoupled for ∼ 0.5 m, only a fraction of
the total averaged couplingmeasurement. A further en-
couraging result is thatwe generally donot observehigh
variance in the crevassing region after excluding partic-
ularly poorly coupled channels that traverse crevasses,
even though the different linear sections of fibre are
sensitive to noise from different azimuths and intrinsic
attenuation and scattering from subsurface fractures
are prevalent. This suggests promise for using coher-
ent noise to quantify coupling in other highly fractured
environments.

While the results of Figure 2 evidence that coherency-
based couplingmeasurements can provide quantitative
estimates of coupling, the results are not perfect. One
might expect frozen-in fibre to have coupling coeffi-
cients of approximately one. We attribute lower-than-
expected coupling coefficients to be caused by several
factors. Firstly, both instrument and short-wavelength
(λ < xch, Lgauge) atmospheric noise can reduce co-
herency between channels. Reducing the effect of in-
strument noise is possible (Chen et al., 2022; Lapins
et al., 2023; van den Ende et al., 2023; Yang et al., 2023)
but not applied here. Isolating surface fibre from atmo-
spheric noise is challenging, although direct burial of
fibre would reduce such noise considerably, with neg-
ligible gains found for conventional receivers buried
> 0.4 m (Naderyan et al., 2016). Another unknown is
quantifying the effect of any remaining subsurface het-
erogeneity or topographic curvature on length scales
< Lgauge. These are effects that are challenging to com-
pensate for. However, in another dataset presented in
this work, we do remove channels exhibiting high cur-
vature from the analysis (see Figure 3). A further lim-
itation is not having sufficient incident coherent ambi-
ent noise across a wide bandwidth (in this case 1 to 100
Hz). As the frequency increases, its sensitivity tohetero-
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Coupling calculation settings:
Channel spacing: 1.6 m
Gauge length: 6.4 m
Coupling window length: 4.8 m
Coupling freq. range: 1-100 Hz

Time windows:
uncoupled: decimator_2023-10-18_17.00.11_UTC.sgy
coupled: decimator_2023-10-19_10.00.11_UTC.sgy

crevassing causing 
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Figure 2 Example of coherency-based coupling quantification performance. Data are from a fibreoptic deployment on
Gornergletscher, Swiss Alps, in October 2023. a. Coupling coefficient vs. distance along fibre before fibre was frozen to the
glacier surface (17:00, 18th October 2023). b. Coupling coefficient vs. distance along fibre after melt-in and subsequent
freeze-in (10:00, 19th October 2023). c. Approximate geometry of the fibre. Red dot corresponds to red dashed lines in (a,b).
d. Example of fibre decoupled from the ice at a crevasse. Coupling coefficients in (a,b) are calculated from 1 to 100 Hz and
using a channel window length of three. The aerial imagery in (c) is from the Federal Office of Topography (Swisstopo).

geneities of shorter spatial scales increases, yet so does
attenuation. Therefore, our coupling measurements
are likely dominated by lower frequency coupling be-
haviour. A final limitation noted here is channel win-
dow length, that is the number of channels over which
the cross-correlation coherency measurement is made.
Here, we set this to approximately the gauge length.
Wider windows result in more consistency along the fi-
bre, but inevitably dampen the effect of any small-scale
heterogeneities, for example the crevasses, yet also de-
creasing the influence of any single, approximately per-
fectly coupled channels.

3.2.2 Coherent reference wavefield from ambi-
ent noise vs. body-waves

In the glacier example, we use the ambient noise wave-
field to quantify the coupling coefficients along the fi-
bre. However, in doing so we assume that sufficient
coherent energy exists within the noise wavefield to al-
low coupling to be calculated. To test this assumption,
we show results from a regional earthquake recorded
at the PoroTomo experiment (Feigl et al., 2016; Wang
et al., 2018) (see Figure 3a). The regional earthquake
is ∼ 150 km SSE of the deployment and so body-waves
should exhibitminimal amplitude coherency variations
due to radiation pattern effects. One can therefore use

body-waves from such an earthquake to quantify cou-
pling instead of ambient noise. Body-waves from the
earthquake arriving at the fibre are shown in Figure 3b.
Coupling coefficients calculated using both body-waves
aswell as single and stacked ambient-noisewindows in-
dependently are shown in Figure 3c.
The results show that body-wave derived coupling

coefficients have a lower variance than the ambient-
noise derived coupling coefficients (see Figure 3d,e).
Body-wave coupling coefficients are also close to one
for the majority of channels, suggesting uniform cou-
pling along themajority of the fibre. Noise-derived cou-
pling coefficients are lower, interpreted as likely due to
a lower ambient-noise to instrument-noise ratio. Given
that these single noise-window values have significantly
higher variance and lower amplitude than the Gorner-
gletscher coupling coefficients, we at least partially at-
tribute the poorer ambient-noise coupling coefficients
in Figure 3 to lower ambient-noise amplitudes at the
study site. Differing instrument noise amplitudes could
also make a contribution. However, noise-derived cou-
pling coefficients using 5 random stacked windows sig-
nificantly reduces variance in coupling coefficient (red
line, Figure 3c,d), allowing one to consistently identify
poorly coupled channels (coupling coefficient< 0.5) us-
ing either body-waves or ambient-noise. For example,
the two adjacent channels shown in Figure 3e are cor-
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rectly identified as having poor and good coupling by
both body-wave and ambient-noise data. A further ob-
servation is that, regardless of data used, the coupling
coefficients are approximately insensitive to fibre cur-
vature. This is partly because we remove sections of the
fibre with high curvature, but also presumably because
the different fibre orientations are generally sensitive
to the body-wave arrivals and any dominant ambient-
noise sources.
In summary, the results of Figure 3 show that

ambient-noise derived coupling coefficients can iden-
tify well and poorly coupled sections of fibre, although
body-waves provide higher contrasts between high cou-
pling coefficient and low coupling coefficient channels,
aiding identification of poorly coupled channels. How-
ever, suitable body-waves are not always present, due
to experiment duration and/or if coupling varies tem-
porally faster than observable regional or teleseismic
earthquake rate. Ambient-noise is always present and
our results show that it can be used to measure cou-
pling coefficients that closely agree with body-wave
derived values. Stacking multiple windows is criti-
cal for achieving such performance, with more noise
windows increasing the ambient-noise to instrument-
noise ratio, similar to stacking techniques used to
boost SNR ambient-noise interferometry or tomogra-
phy (Yang et al., 2022).

3.3 Application tomomentmagnitudes

One example in seismology where absolute amplitude
information is important is the calculation of seismic
moment release of an earthquake. We use seismic mo-
ment calculations to explore the importance of quanti-
fying coupling and evidence the benefits that unlocking
amplitude information can provide. We show moment
magnitude (Mw) results for two datasets in order to as-
sess the importance of quantifying coupling for abso-
lute amplitude analysis. One dataset is a surface deploy-
ment at Rutford Ice Stream, Antarctica (Hudson et al.,
2021). The other is a downhole geothermal dataset from
theUtah FORGE geothermal experiment, USA (Lellouch
et al., 2021).

3.3.1 Calculating seismic moment

To calculate moment magnitudes, we first quantify any
variations in coupling and apply corrections to all chan-
nels. We use the highest relative coupling coefficient
channel as a reference channel and convert all relative
coupling coefficients to absolute values relative to this
channel. Second, we convert from strain-rate to dis-
placement via direct integration, removing any high-
curvature sections of fibre beforehand. Specifically,
this involves one integration in each of the space and
time domains and is only valid along approximately lin-
ear sections of fibre (see Hudson et al. (2025) for more
details). We favour this method partly since infinite ap-
parent velocity integration noise can be removed with
an fk-filter, but more importantly because unlike other
methods, it does not require a reference seismometer
(Lindsey et al., 2020). We then fit a Brune model to

the displacement spectra (Brune, 1970) using a spectral-
ratio method to isolate source and path effects (Hudson
et al., 2023b). We then use the long-period spectral level
derived from the optimal Brunemodel to calculate seis-
mic moment (Stork et al., 2014) before converting from
seismic moment to Mw using the scale of Hanks and
Kanamori (1979).

3.3.2 Momentmagnitude results

Seismic moments for one icequake are explored in de-
tail in Figure 4. This icequake contains no discernible
P-wave energy due to the presence of a steeply-varying
shallow firn layer velocity gradient, but strong S-wave
energy generated by shear of the ice sliding over the
underlying bed (Hudson et al., 2021). We calculate seis-
mic moment for every channel independently, as well
as the meanmoment, both with and without a coupling
correction applied. We correct for radiation pattern ef-
fects using the best-fitting double-couple moment ten-
sor found in Hudson et al. (2021). The coupling correc-
tion is applied by first calculating the coupling coeffi-
cients of each channel along the fibre using the noise
window shown in Figure 4a. The channel with the high-
est coupling coefficient is assumed to be approximately
perfectly coupled and set as a reference channel, with
all other seismic moments scaled by their coupling co-
efficient relative to that of the reference channel. The
results are shown in Figure 4b. Although there is some
variation between channels, both the uncorrected and
coupling-corrected mean seismic moments are close to
the moment calculated using a coincident geophone.
Applying the coupling coefficient correctionmarginally
increases the meanmoment, taking it closer to the geo-
phone reference value. However, this increase is within
theuncertainty in seismicmoment (seeFigure 5). There
is significantly more variation in seismic moment be-
tween channels than in the difference between uncor-
rected and coupling-corrected values. The coupling co-
efficients along the fibre do not correlate with this vari-
ation in seismicmoment (Figure 4c), which implies that
the variations are not coupling related. Instead, we in-
terpret variations in seismicmoment between channels
to be some combination of regions of firn with a het-
erogeneous attenuation structure (Agnew et al., 2023)
and/or anisotropy (Hudson et al., 2021, 2023a; Kufner
et al., 2023). Although we correct for radiation pattern
amplitude variations, uncertainty in the moment ten-
sor solution means some channels near nodal planes
may have S-wave amplitudes dropping close to or below
the noise level, possibly further contributing to varia-
tions (see Hudson et al. (2021) for moment tensor inver-
sion of the event). In summary, we suggest that other
factors perturb observed strain-rate amplitudes signifi-
cantly more than coupling, at least in this instance.
The icequake in Figure 4 is also used to briefly in-

vestigate how coupling varies with frequency. Fig-
ure 4c shows coupling coefficients calculated for four
frequency bands in the time-domain, as well as calcu-
lating coupling coefficients in the frequency-domain.
Firstly, the coupling coefficients calculated in the time
and frequency domains are in close agreement, con-
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Figure 3 Comparison of body-wave vs. ambient-noise field for calculating coupling coefficients from the PoroTomo exper-
iment (Muir and Zhan, 2021). a. Fibre geometry. b. Waveforms observed along the fibre from a regional event occurring
on 21st March 2016, approximately 150 km SSE of the deployment. c. Coupling coefficients calculated along the whole fi-
bre using body-waves (dark blue) and ambient noise (light blue). d. Same as (c), but for a small portion of the fibre and with
noise stackedusing 5 randomtimewindows. e. Example seismogramsof twochannels identified aswell-coupledandpoorly-
coupled to themedium. Note that channels near corners of the fibre are removed. Coupling coefficients are calculated in the
frequency-domain.

firming the equivalence of quantifying coupling in ei-
ther domain. The results for coupling > 10 Hz in this
case are also all in close agreement, with significant
variations only observed for the 1 to 10 Hz frequency
band. In some instances, this variation is likely real
(for example, at ∼ 825 m), where the majority of ob-
servations show a decrease in coupling. However, in
other cases, we attribute strong variations to not using a
sufficiently long window to adequately resolve low fre-
quency coupling. This is important since long-period
spectral levels are used for estimating seismicmoment.
We come to this conclusion partially based on our win-
dow length, but also because we would expect poor
coupling at lower frequencies (longer wavelengths) to
also be exhibited at higher frequencies (shorter wave-
lengths), but not vice versa. Overall, the results suggest
that at least if one wishes to estimate coupling over a
broad frequency range, then the results are stable.
Figure 5 shows estimated DAS-derived moment

magnitudes compared to geophone-derived moment

magnitudes for icequakes from Rutford Ice Stream and
earthquakes from the Utah FORGE experiment. The
icequake geophone-derived magnitudes are calculated
using a geophone coincident to the fibre and the FORGE
earthquake magnitudes are calculated using a string of
borehole geophones in the same monitoring well. The
majority of events from both datasets fall upon the 1 : 1
line, within uncertainty. Exceptions to this are some of
the smallest events and the very largest event. In these
cases, it is likely that the uncertainty in Mw from the
DAS and/or the geophones is underestimated (note that
we do not have uncertainty estimates for geophone-
derived Mw due to single-instrument measurement
or no third-party data availability). In any case, the
results show that it is unlikely that coupling corrections
could cause such a discrepancy. Indeed, all coupling
corrected Mw estimates lie within the uncertainty
of their uncorrected counterparts. We gain further
confidence in the coupling coefficient method from
the observation that coupling correction has negligible
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Figure 4 Example of Antarctic icequake, including seis-
micmoments and coupling coefficients within different fre-
quency bands along a fibre. a. Example of icequake signal,
including the event window and the noise window used to
calculate thecoupling coefficients. b. Seismicmomentwith
distance along the fibre, with and without the coupling cor-
rection. Red dashed line shows the reference seismic mo-
ment calculated using a coincident geophone. c. Coupling
coefficients calculated in the time-domain for four differ-
ent frequency bands, along with coupling coefficients cal-
culated in the frequency-domain for the 1 − 100 Hz band.
More information on the icequake can be found in Hudson
et al. (2021).

difference on the FORGE earthquake magnitudes. For
this dataset, the fibre is cemented into the well and so
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Figure 5 Seismic moment magnitude (Mw) estimated
from DAS compared to geophones for two datasets: ice-
quakes from Antarctica (see Hudson et al. (2021) for further
details); and earthquakes from the Utah FORGE geother-
mal experiment (see Lellouch et al. (2021) for further de-
tails). Coupling corrections applied here are derived from
single coupling coefficients per channelwithin a bandwidth
of 1–100 Hz

coupling should be as perfect as is practically feasible.
Together, the results of Figures 4 and 5 emphasise that

at least in some cases, it is likely that coupling does not
pose a significant source of uncertainty for using DAS
for amplitude-based measurements. Together with the
other two datasets in this study, our findings suggest
that simple, pragmatic coherency-based coupling coef-
ficients can be used to at least identify well-coupled and
poorly-coupled channels. This raises the open question
of whether it might be valid to assume and apply an ap-
proximately binary distribution of coupling coefficients
in fibreoptic experiments going forward.

3.4 Applicability, limitations and alternative
approaches

3.4.1 Applicability

The strengths of the coherency-based coupling coeffi-
cientmethod presented here lie in it being a data-driven
method that is underpinned by a theoretical basis. Be-
ing data-driven, the method can be applied to any DAS
dataset without the need for any coincident comple-
mentary instrumentation and does not require precise
knowledge of fibre geometries (with the exception of
high curvature sections, see Section 3.4.2). Relating the
data-derived coherency measurements to an underly-
ing physics-based analyticalmodel allows one to under-
stand the key factors that affect coupling and the origins
of uncertainty in any coherency-based coupling mea-
surement. This physical model is deliberately as sim-
plistic as possible, in order to capture the key concepts
in a first-order fashion. We therefore wish to empha-
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sise that this method does not capture the full physics
describing the system, but is sufficient to start harness-
ing amplitude information from DAS measurements.

The most simple and general application of DAS cou-
pling coefficients is identifying poorly coupled chan-
nels. One of the greatest benefits of DAS is that the spa-
tial sampling density provides some data redundancy in
many situations. Therefore, one can typically afford to
remove or down-weight noisy, poorly coupled channels.

Our results show that coupling coefficients can be
used to correct for coupling variations for calculating
earthquake magnitudes. Calculating earthquake mag-
nitudes is critical for any seismic monitoring, in partic-
ular induced seismicity from industrial activities such
as geothermal energy production or carbon capture
and storage (Edwards et al., 2015; Grandi et al., 2017;
Grigoli et al., 2017; Lellouch et al., 2021; Lellouch and
Biondi, 2021). While our results suggest that coupling
is not a significant source of uncertainty when calcu-
lating earthquake magnitude, it may become impor-
tant for dark-fibre deployments or subsea deployments
where one has little control over coupling (Fernandez-
Ruiz et al., 2022; Igel et al., 2024; Sladen et al., 2019).

There are numerous other passive seismology appli-
cations that require or benefit from absolute amplitude
measurements. Attenuation tomography is one appli-
cation, whether using body-waves (De Siena et al., 2014;
Hudson et al., 2023b; Reiss et al., 2022) or surface-waves
(Lawrence and Prieto, 2011; Liu et al., 2021). Fibreop-
tic sensing with coupling effects quantified could pro-
vide orders-of-magnitude greater receiver spatial sam-
pling, improving tomography resolution, especially in
the shallow subsurface. Another application is mo-
ment tensor inversion. For example, Hudson et al.
(2021) performed full-waveform moment tensor inver-
sion of icequakes, making the assumption of perfect
coupling along the entire fibre. While this assump-
tion is approximately valid in that case, quantifying
coupling would provide greater constraint of such in-
versions, especially in more geologically complex sce-
narios (Lecoulant et al., 2023). Gains could also be
made for first-motion polarity moment tensor inver-
sions (Li et al., 2023), where poor-coupling could arti-
ficially damp low-amplitude first-motions leading to in-
correct first-motion identification.

There are also active seismology applications. One
example is AVO studies (Castagna, 1993; Ostrander,
1984). AVO is where amplitude variations of a seismic
wave reflecting off an interface are measured with off-
set. Varying the offset varies the angle of the wave with
the interface, varying the transmission and reflection
coefficients. These coefficients varywithmaterial prop-
erty changes at the interface, such as porosity and the
properties of any pore fluids (Ostrander, 1984). Our
method of obtaining DAS amplitude information may
therefore allow DAS measurements to be used for AVO
analysis if the sensitivity of strain measurements to lo-
cal heterogeneities is not prohibitive (Capdeville and
Sladen, 2024).

3.4.2 Limitations and further refinement

The coupling quantification method presented here re-
lies on the assumption that a coherent wavefield exists
on length scales of multiple DAS channels. The mini-
mum requirement of our method is that the change in
displacement (∝ strain) is constant at a given point in
time for two neighbouring channels in the medium ad-
jacent to the fibre. This assumption is a fundamental
limitation that one cannot avoid. While this coherency
assumption likely holds in the majority of cases, there
are instances where it does not hold. One such instance
is the case where the fibre has significant curvature on
length scales less than the inter-channel distance or
gauge-length. Here, even if the wavefield is coherent
overmultiple channels, the sensitivity of the fibre to the
wavefield will vary, causing an underestimation in the
coupling coefficient over these channels (Martin, 2018).
For most applications, we do not deem this an issue
in practice, since it is straight-forward to remove such
channels from analysis. Such channels are likely not
useful for other analyses in any case. A further instance
where the coherency assumption may be limiting is us-
ing more than two channels to calculate coupling. In
some instances, it may be beneficial to compare the
coherency of more than two consecutive channels, es-
pecially if xch << Lgauge. Using too many consecu-
tive channels will break the coherency assumption, es-
pecially for shorter wavelengths. Similarly, using only
two consecutive channels over windows with low co-
herent noise amplitudes compared to instrument noise
may lead to poor estimates of inter-channel coherency.
Both situations would result in underestimating cou-
pling coefficients. A further limitation arising from the
coherency assumption is the dependence on frequency.
Higher frequency components of the seismic wavefield
will have shorter wavelengths. At some point, the wave-
length will become sufficiently short that it will break
the coherency assumption. This limit is easily calcu-
lated and coupling coefficients should not be applied to
analysis of such signals.
Small-scale, local near-surface heterogeneities may

also break the coherentwavefield assumption in certain
circumstances. It has been shown that even for changes
in elastic properties of the medium on scales smaller
than the wavelength, the strain wavefield measured by
DAS can be significantly perturbed compared to the
velocity wavefield measured by conventional receivers
(Capdeville and Sladen, 2024). This is because these het-
erogeneities can cause local interference of the wave-
field, perturbing the wavefield gradient (or strain). The
numerical modelling results of Capdeville and Sladen
(2024) suggest that strong isolated heterogeneities, such
as stones in unconsolidated soil, could significantly al-
ter the coherency of the wavefield between channels.
While this effect could be important at certain sites
if one uses direct body-wave signals as the reference
wavefield, the effect is likely less important if using an
ambient noise referencewavefield to estimate coupling.
This is because the ambient noise wavefield is highly
scattered, and therefore energy arrives at many inci-
dence angles relative to the fibre, reducing directional
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effects of any local, small-scale heterogeneities. Fur-
thermore, such local heterogeneities are likely not iso-
lated, but are randomly distributed with a distribution
of sizes. This distribution may diffuse interference ef-
fects, having less impact on wavefield coherency and
therefore coupling estimates. Overall, we find that at
least for the real-world datasets analysed here, local
small-scale heterogeneities donot play a significant role
in perturbing coupling measurements. However, this
is an effect to be cautious of, especially in settings with
non-randomly distributed heterogeneities and/or when
using direct-wave reference wavefields.
Common mode noise may also cause issues. This

is noise due to the interrogator itself moving, causing
a coherent apparent arrival simultaneously across all
receivers. Common mode noise would cause artificial
overestimates of coupling coefficients. However, iden-
tification of windows containing significant common
mode noise is straight-forward, and could be removed
using an fk-filter if required, similar to that applied to
remove integration noise in Hudson et al. (2025).
A further challenge is that fibre-medium coupling

is frequency dependent. This frequency dependence
originates from various factors including coupling at-
tenuation as well as channel-spacing and gauge-length
effects. The theoretical basis we present, which holds
for frequency-dependent effects arising from attenua-
tion and relevant theory for the sensitivity of gauge-
length to frequency, is eloquently described in Martin
(2018). Several ways of quantifying frequency depen-
dent coupling coefficients are to apply narrow Gaussian
bandpass filters in the time-domain or to measure co-
herency in the frequency-domain. However, we have
not explored non-linear elastic affects (Delsanto, 2006;
Ostrovsky, 1991) on coherency theoretically. Therefore,
wedonot knowwhether frequency-dependent coupling
coefficients measured at different frequencies are valid
in the presence of a non-linear elastic medium.
Isolating fibre-medium coupling attenuation from

near-surface attenuation represents a further chal-
lenge. Often, the near-surface may comprise unconsol-
idated material that may have a particularly low qual-
ity factor (high attenuation) relative to the majority
of the medium. At length-scales less than the gauge-
length, sufficiently resolving near-surface attenuation
to isolate it from coupling attenuation is likely impos-
sible. Assuming this is the case, then we suggest a prag-
matic approach of simplymeasuring coupling andnear-
surface (sub-gauge-length) attenuation together, rather
than attempting to isolate them. Although this may
limit near-surface imaging studies, it still allows one
the possibility to quantify attenuation in themajority of
the medium. Similarly, this approach also means one
would not strictly measure coupling attenuation alone.
However, in reality all seismic waves incident at the fi-
bre have to pass through an attenuative near-surface
layer, so practically one might as well quantify that too.
A final limitation of note is that the method requires

coherent wave sources incident at the fibre that are in-
dependent of the seismic signals that one wishes to
analyse post-coupling quantification. Here, we show
how both ambient-noise wavefields and regional (or

teleseismic) wavefields can be used to quantify cou-
pling. Ambient-noise wavefields are present at all times
and locations on Earth, although the amplitude varies,
and so stacking of multiple noise windows is likely
required to obtain sufficiently accurate coupling esti-
mates. Largemagnitude regional or teleseismic arrivals
are not always present, but if they are, our results sug-
gest that these may provide better coupling coefficient
estimates. Anunexploredquestion iswhat type ofwave-
field would be optimal in subsea environments. In sub-
sea environments, oceanic microseisms may be more
complex, especially in coastal settings. Also, coupling
in subsea deployments may also vary significantly tem-
porally due to ocean currents moving sediment and
tides varying hydrostatic pressures, limiting the use of
regional or teleseismic arrivals. However, if coherent
wavefields are present, then the coupling quantification
method presented here will be applicable.
Here, we approach the DAS coupling problem in a

pragmatic way, seeking to estimate fibre-medium cou-
pling on any real dataset in a practically applicable
way, with as simple a theoretical foundation as possible.
However, although we evidence that the method works
for the examples shown, useful future work would be
to further explore the problem using numerical mod-
elling (Celli et al., 2023) applied to controlled laboratory
experiments (Wuestefeld et al., 2021).

3.4.3 Comparison to alternative approaches

Alternative methods that can extract coupling infor-
mation exist. These fall into two categories: physics-
informed numerical modelling of DAS response and us-
ing coincident conventional receivers to calibrate DAS
response. Both methods effectively capture some form
of coupling information in that they quantify the trans-
fer of true strain in the medium to strain observed in
the fibre. Here, we discuss themerits and limitations of
such approaches compared to the method described in
this work.
Physics-informed numerical modelling is a promis-

ing technique where one attempts to simulate the full
response of each fibre channel to deformation of the
medium. One example of this is the work of Celli et al.
(2023), who use elastic lattice particle modelling to de-
scribe both coupling of the fibre to the medium and
frequency response. Such a model can describe many
of the theoretical considerations described in Reinsch
et al. (2017) and Hubbard et al. (2022). It also inspired
the theoretical basis of this work. One could attempt
to estimate coupling along a fibre by setting up a nu-
merical simulation of a real-world experiment as ac-
curately as possible. Then, the results of the simula-
tion could be compared to the real-world response, per-
haps via a formal inversion. If the majority of first-
order effects were captured in the model, then the re-
sultwouldbe similar to our approach,with systemnoise
playing the same limiting role. The benefit of this ap-
proachwould be obtaining absolute estimates for all the
coupling stiffnesses directly, whereas our method only
quantifies coherency, which is a net effect of a number
of coupling behaviours combined. The frequency re-
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sponse due to coupling could then be estimated using
physics-constraint rather than empirically. One would
also obtain the full instrument response rather than just
the effect of coupling. The challenges of such an ap-
proach would be the complexity of an inversion (num-
ber of free parameters) and the risk of not capturing
some real-world effect adequately in the model.
The other alternativemethod is using coincident con-

ventional receivers to calibrate DAS response. Like our
approach, this is data-driven. There are various ways
to obtain the full response of the fibre, but two promis-
ing ways are described by Lindsey et al. (2020) andMuir
and Zhan (2021). Lindsey et al. (2020) use DAS strain
observations combined with velocity observations and
instrument response of coincident seismometers to de-
convolve the DAS instrument response. This method
quantifies the full transfer function as a function of
frequency, including coupling effects. However, it is
limited by the availability of coincident receivers and
the assumption that those instruments are perfectly-
coupled to the medium. The second approach is to use
a network of conventional receivers to observe the seis-
mic wavefield and reconstruct the wavefield that should
be observed by the DAS fibre (Muir and Zhan, 2021). A
strength of this method compared to that of Lindsey
et al. (2020) is that it does not require coincident re-
ceivers, but a limitation is that it requires a number of
receivers in the same local region as the fibre, spaced
suitably for capturing and reconstructing the wavefield
across the entire DAS fibre. A further limitation of the
method of Muir and Zhan (2021) is that only certain fre-
quency components of the wavefield can be precisely
reconstructed, leading to amplitude differences at other
frequencies. The strength of both these data-driven
methods compared to themethodpresentedhere is that
they can quantify the full instrument response, at least
for some sections of the fibre. However, the critical lim-
itation of these methods is that they require coincident
receivers that adequately observe the wavefield.
Given the performance of the alternativemethods de-

scribed above, we suggest that for best possible results,
one might decide to combine approaches to optimally
describe coupling along entire fibreoptic deployments.
However, if one only records DAS data, then themethod
presented in this work provides the simplest means to
estimate fibreoptic coupling coefficients.

4 Conclusions
Quantifying coupling of fibre to the medium is essen-
tial for unlocking amplitude analysis of DAS data. Here,
we present a pragmatic way to estimate coupling co-
efficients using a coherent reference wavefield (either
ambient-noise or body-waves). We provide a theo-
retical basis justifying the link of coherency to fibre-
medium coupling. The method requires no comple-
mentary data, at least for relative coupling quantifica-
tion, so is applicable for any DAS dataset. However, it
should be noted that there are also limitations of the
method. These include coherency coupling estimates
not being possible for sections of fibre with high cur-
vature and the possibility of local, small-scale hetero-

geneities perturbing the inter-channel coherency of the
strain wavefield in certain instances.
Results confirm that the method can identify well-

coupled channels from poorly-coupled channels and
that either ambient-noise or direct body-wave wave-
fields can be used to quantify coupling. Results us-
ing the method to correct for coupling effects when
calculating seismic moment suggest that coupling may
not be as important as commonly assumed. To first-
order, results suggest that fibre couplingmaybe approx-
imated in a binary way: either poorly-coupled and so
assume zero coupling or well-coupled and assume ap-
proximately perfect coupling.
The method and associated theory described here,

along with other recent work (Celli et al., 2023; Lindsey
et al., 2020; Muir and Zhan, 2021; Reinsch et al., 2017),
unlock the use of amplitude information fromDASmea-
surements and provide a foundation for more compre-
hensive description of coupling going forward.
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