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S U M M A R Y 

The icy parts of the Earth, known as the cryosphere, are an integral part of the climate system. 
Comprehensively understanding the cryosphere requires dense observations, not only of its 
surface, but also of its internal structure and dynamics. Seismic methods play a central role 
in this endeavour. Fibre-optic sensing is emerging as a valuable complement and alternative 
to well-established inertial seismometers. Offering metre-scale channel spacing, interrogation 

distances of up to ∼100 km and a bandwidth from mHz to kHz, it has enabled new seismo- 
logical applications, for instance, under water, in cities and on volcanoes. Cryosphere research 

particularly benefits from fibre-optic sensing because long cables can be deployed with relative 
ease in icy environments where dense arrays of seismometers are difficult to install, including 

glaciers, ice sheets and deep boreholes. Intended to facilitate future fibre-optic seismology 

research in the cryosphere, this Expository Review combines a classical publication review 

with theoretical background, a practical field guide, a cryospheric signal gallery and open- 
access data examples for hands-on training. Following a summary of recent findings about firn 

and ice structure, glacial seismicity, hydrology and avalanche dynamics, we derive the ideal 
instrument response of a distributed fibre-optic deformation sensor. To approach this ideal 
in field experiments, we propose numerous practical dos and don’ts concerning the choice 
and handling of fibre-optic cables, required equipment, splicing in the field at low tempera- 
tures, cable layout and trenching, and the deployment and coupling of cables in boreholes. 
A cryospheric signal gallery provides examples of data from a wide range of sources, such 

as explosions, land and air traffic, electricity generators, basal stick-slip icequakes, surface 
crevassing, englacial icequake cascades, floating ice shelf resonance, surface water flow and 

snow avalanches. Many of these data are enclosed as an open-access training resource, together 
with code for reading, visualization and simple analyses. This review concludes with a dis- 
cussion of grand open challenges in our understanding of cryosphere structure and dynamics, 
and how further advances in fibre-optic sensing may help to overcome them. 

Key words: Glaciology; Distributed acoustic sensing; Seismic instruments; Wave propaga- 
tion. 
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 I N T RO D U C T I O N  

he cryosphere is the part of the Earth’s surface where water ex-
sts in solid form. It comprises the Antarctic and Greenlandic ice
heets, numerous ice caps and glaciers, sea and lake ice, snow and
ermafrost. Through complex interactions with the hydro-, atmo-
 litho- and biospheres, the cryosphere is an integral part of the
arth’s climate system. At the same time, it both enables life as we
now it and poses existential threats. 
C© The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
.1 Seismic waves as car riers of infor mation on 

ryosphere processes 

y 2050, around one billion people living in coastal communities
re likely to be affected by extreme sea level rise (IPCC 2023 ).
ncertainties in sea level rise predictions are on the order of several
etres over the next ∼200 yr (Seroussi et al. 2024 ). They are domi-

ated by poor constraints on two phenomena that control the ice loss
f glaciers and ice sheets: glacier slip and hydrofracture crevassing
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(e.g. Pollard et al. 2015b ; Joughin et al. 2019 ; Oppenheimer et al. 
2019 ). While these processes are difficult to observe directly, for 
example, with satellites, they generate seismic waves that carry in- 
valuable information about their prevalence and potential impact on 
the dynamics of ice bodies. 

A wide variety of additional cryospheric processes of consider- 
able societal importance manifest themselves through the emis- 
sion of seismic signals. While some of these are illustrated in 
Section 4 , more comprehensive accounts can be found in the re- 
view articles by Podolskiy & Walter ( 2016 ) and Aster & Win- 
berry ( 2017 ). Here, we restrict ourselves to a concise overview: 
Ice shelves and other floating ice masses give rise to a rich spec- 
trum of seismic wave propagation modes, which encode valuable 
information about the dynamic interactions between the ice, the 
underlying ocean and the overlying atmosphere. Such interactions 
can ultimately foster the detachment of icebergs, whose dimensions 
may in turn be inferred from the seismic radiation accompanying 
their calving. On glaciers, the flow of water through englacial and 
subglacial conduits often constitutes the dominant source of am- 
bient seismic noise during the warmer seasons. Analysis of this 
noise provides insight into the spatial configuration of subglacial 
drainage channels as well as estimates of meltwater discharge, a 
key driver of ice mass loss. Snow avalanches similarly generate 
seismic signals, which can be detected prior to the arrival of the 
avalanche itself, thereby offering a foundation for early-warning 
systems. Beyond naturally occurring sources, anthropogenic seis- 
mic signals remain among our most important tools for probing 
the internal mechanical structure and deformation behaviour of ice 
bodies. 

1.2 Filling observational gaps with fibre-optic sensing 

The remoteness and harsh environmental conditions of most of the 
cryosphere complicate seismic experiments and create a large data 
gap, similar to the one in the oceans. In both the cryosphere and 
the oceans, emerging fibre-optic sensing technologies offer the op- 
portunity to reduce this data gap. They are based on measurements 
of phase or polarization changes of laser light caused by the defor- 
mation of an optical fibre through which it propagates. The most 
widely used technology, distributed acoustic sensing (DAS), effec- 
tively transforms a fibre-optic cable into a chain of strain meters. 
Using fibres with a total length of up to several tens of kilometres, 
the individual sensors, typically referred to as DAS channels, can 
have a spacing in the metre range. Comprehensive technical intro- 
ductions to DAS and reviews of recent seismological applications 
can be found in Hartog ( 2017 ), Zhan ( 2020 ), Lindsey & Martin 
( 2021 ) and Kennett ( 2024 ). To provide historical context and illus- 
trate the versatility of DAS, we briefly summarize major application 
domains that have emerged in recent years. 

Some of the earliest applications of DAS were outside the 
cryosphere and included perimeter security and pipeline monitor- 
ing (e.g. Owen et al. 2012 ; Hill 2015 ), as well as seismic explo- 
ration and monitoring with fibre-optic cables installed in boreholes 
(e.g. Daley et al. 2013 , 2014 , 2016 ; Mateeva et al. 2013 , 2014 ; 
Dean et al. 2016 ; Hornmann 2017 ). The large bandwidth of DAS, 
from mHz to kHz (Lindsey et al. 2020 ; Bernauer et al. 2021 ; Paitz 
et al. 2021 ), and the possibility of piggy-backing on existing fibre- 
optic telecommunication infrastructure, opened new opportunities 
for seismological research in densely populated areas (e.g. Biondi 
et al. 2017 ; Lindsey et al. 2017 ; Martin et al. 2017 ; Ajo-Franklin 
et al. 2019 ; Spica et al. 2020b ; Smolinski et al. 2024 ) and in the 
oceans (e.g. Sladen et al. 2019 ; Williams et al. 2019 ; Spica et al. 
2020a ; Lior et al. 2021 ; Igel et al. 2024 ). Specially deployed cables 
in terrain where seismometer networks are difficult to install and 
maintain provided new insight into the deformation and seismicity 
of active volcanoes (e.g. Currenti et al. 2021 ; Jousset et al. 2022 , 
2025 ; Klaasen et al. 2022 , 2023 ), the movement of unstable slopes 
(e.g. Acharya & Kogure 2023 ; Ouellet et al. 2024 ) and many other 
phenomena. 

1.3 A summary of DAS in cryosphere research 

DAS is also starting to transform the field of cryoseismology 
and has been used successfully to infer diverse glacial processes 
from seismic wave recordings. Data from a triangle-shaped fibre- 
optic cable deployed at the surface of Rhˆ one Glacier in the Swiss 
Alps constrained the locations of basal stick-slip icequakes with 
an accuracy on the order of 10 m (Walter et al. 2020 ) and con- 
tain numerous other seismic signals, for example, from surface 
crevassing and rock falls, that could potentially be exploited. On 
Rutford Ice Stream in Antarctica, the dense spatial sampling of 
DAS data enabled moment tensor inversions for stick-slip ice- 
quakes (Butcher et al. 2021 ; Hudson et al. 2021 ) and the reliable 
measurement of shear-wave splitting caused by ice flow-induced 
anisotropic fabric. Manos et al. ( 2024 ) demonstrated that DAS 

recordings of ambient seismic noise, generated by the flow of melt 
water, can be used to train machine learning models that predict 
glacier runoff and outperform standard predictive models based 
on meteorological data. Unexpected englacial seismic event cas- 
cades that propagate vertically over hundreds of metres inside the 
Northeast Greenland Ice Stream were observed by Fichtner et al. 
( 2025 ), thereby revealing a new internal deformation mode of ice 
streams. 

Fibre-optic cables deployed at the surface provide a low-cost 
and low-maintenance alternative to core sampling for the high- 
resolution characterization of fir n str ucture. Data quality of an in- 
dividual DAS channel may be lower than that of a well-installed 
geophone, but the dense spatial sampling and long range of DAS 

enable accurate measurements of surface wave dispersion. Zhou 
et al. ( 2022 ) used DAS recordings of ambient seismic noise to infer 
shear wave velocity structure in the firn layer of Rutford Ice Stream. 
Fichtner et al. ( 2023b ) observed multimode surface waves excited 
by an airplane landing near the EastGRIP camp on the Northeast 
Greenland Ice Stream to produce firn velocity profiles with metre- 
scale vertical resolution. Using similar observations produced by 
explosive sources, Yang et al. ( 2024 ) derived a new velocity-density 
scaling for firn at the South Pole, concluding that previous scaling 
relations may have underestimated firn air content by over 15 per 
cent. Going one step further, Lanteri et al. ( 2025 ) directly con- 
strained firn density on the basis of high-quality multimode surface 
wave recordings, thereby eliminating the need to apply velocity- 
density scalings that cannot account for the effect on density of 
different environmental conditions (e.g. Kohnen 1972 ; Diez et al. 
2014 ). 

Below the firn layer, borehole fibre-optic sensing provides con- 
straints on the physical properties of the ice in a volume much larger 
than that of an ice core. Lowering a fibre-optic cable 1043 m deep 
into Store Glacier, Greenland, Booth et al. ( 2020 ) were the first 
to overcome the challenges of a glacial borehole DAS experiment. 
Using measurements of P and S waves, they inferred changes in 
crystal fabric orientation at the Holocene-Wisconsin transition and 
the presence of temperate ice in the lowermost 100 m of the glacier. 



Fibre-optic exploration of the cryosphere 3

C  

s  

b  

B  

c  

o  

c  

h  

e  

u  

I  

d  

a
 

t  

c  

e  

s  

c  

a  

t  

a  

w  

W  

t  

w  

i  

(  

o  

i  

d  

w  

d  

l  

n  

2
 

a  

(  

i  

S  

g  

s  

a  

t  

t  

a  

n  

e

1

F  

d  

i  

T  

t  

p  

i  

n  

s  

o  

(

2
F

F  

t  

m  

a  

s  

c  

a  

t  

m  

f  

fi  

o  

o  

s  

t  

m

2

M  

fi  

d  

t  

t  

s  

t  

S  

a  

t  

a  

s  

i  

c  

b  

t  

m  

t  

e  

t  

o  

t  

d  

e

2
d

A  

i  

e  

a  

o  

O  

a  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/244/2/ggaf489/8371766 by guest on 20 January 2026
learly visible reflected waves evidenced a layer of consolidated
ediments at the base up to radial distances of 200 m around the
orehole. In a similar experiment at Skytrain Ice Rise, Antarctica,
risbourne et al. ( 2021 ) found anomalously high P -wave speed
aused by strong vertical fabric, but also pointed out that coupling
f the fibre to the ice must be improved to constrain variations in
rystal preferred orientation. DAS data from the EastGRIP bore-
ole on the Northeast Greenland Ice Stream, analysed by Fichtner
t al. ( 2023a ), image P - and S -wave speeds to 1500 m depth with
ncertainties of ∼10 m s−1 and vertical resolution around 50 m.
nternally reflected waves reveal the presence of numerous seismic
iscontinuities at depths that correspond to rapid climatic changes
nd associated grain size variations. 

Mechanical interactions of floating ice with the underlying wa-
er body can be measured with fibre-optic sensing and used to
onstrain a wide range of phenomena and ice properties. Fichtner
t al. ( 2022b ) observed resonance of the ice sheet floating atop the
ubglacial lake of Grı́msvötn volcano, Iceland and linked it to vol-
anic microseisms that are too small to be observed without such
 natural amplifier. Using a 36 km long seafloor telecommunica-
ion cable under the Beaufort Ice Shelf, Smith et al. ( 2023 ) were
ble to infer ocean wave attenuation related to sea ice formation,
hich is an important control on the evolution of Arctic coastlines.
ith the help of similar data, Pe˜ na Castro et al. ( 2023 ) tracked

he local sea ice extent in the Beaufort Sea, providing information
ith locally higher spatial and temporal resolution than satellite

magery. Using submarine DAS near a calving glacier, Gräff et al.
 2025 ) provided new insights into the iceberg calving process. Their
bservations indicate that calving initiates by sustained ice fractur-
ng, which progressively coalesces into iceberg detachment. This
etachment subsequently generates local tsunamis, internal gravity
aves and transient currents, before the released icebergs ultimately
isintegrate into smaller fragments. DAS deployments on frozen
akes have been used to monitor cracking and estimate ice thick-
ess and elastic moduli (e.g. Nziengui-Bˆ a et al. 2023 ; Xie et al.
024 ). 

Fibre-optic sensing data are starting to complement optical, radar
nd infrasound measurements of snow avalanches. Paitz et al.
 2023 ) were able to co-use a telecommunication cable deployed
n the runout zone of avalanches on a slope of the Vallée de la
ionne avalanche test site in the Swiss Alps. For avalanches propa-
ating approximately along the cable, they obtained high-resolution
napshots of their complex internal structure, including roll waves
nd multiple secondary surges. Also taking advantage of existing
elecommunication infrastructure, Edme et al. ( 2023 ) demonstrated
hat snow avalanches close to an Alpine pass road can be detected
nd characterized, thereby paving the way towards cost-effective,
ear-real-time avalanche monitoring over long distances (Turquet
t al. 2024 ; Kleine et al. 2025 ). 

.4 Purpose and structure of this paper 

ibre-optic sensing for cryospheric research is undergoing rapid
evelopment, and its proven potential to contribute new discover-
es will likely lead to a multiplication of applications in the future.
he primary objective of this paper is to facilitate such applica-

ions by offering the necessary theoretical background (Section 2 ),
ractical advice for fibre-optic sensing experiments on glaciers and
ce sheets (Section 3 ), a gallery of natural and human-made sig-
als that one may expect (Section 4 ), a discussion of future re-
earch directions and open challenges (Section 5 ) and a collection of
penly accessible data sets and analysis codes for hands-on training
Appendix A ). 

 F O U N DAT I O N S  O F  D I S T R I B U T E D  

I B R E - O P T I C  D E F O R M AT I O N  S E N S I N G  

ibre-optic deformation sensing rests on the measurement of elec-
romagnetic waves that change their properties in response to defor-

ation of the fibre. These properties include intensity, polarization
nd phase (e.g. Hartog 2017 ; Agrawal 2021 ). Devices that perform
uch measurements are referred to as interrogators, or in the spe-
ific case of DAS as DAS units. The vast majority of seismological
pplications exploit phase changes of laser light, transmitted ei-
her continuously as monochromatic waves, in pulses or chirps; and

easured with a wide range of opto-electronic technologies. In the
ollowing sections, we take a closer look at different types of optical
bres and cables, derive the ideal response of a distributed fibre-
ptic sensor to deformation of the fibre and provide a collection
f simple numerical examples of such instrument responses. Sub-
equently, we discuss real-world deviations from the ideal, related
o the measurement technology and the coupling of the fibre to the
edium of interest. 

.1 Optical fibres and cables 

ost DAS interrogators are designed to be used with single-mode
bre (SMF). SMF features a narrow light-carrying core of ∼9 μm
iameter that allows only one mode of light to propagate. By con-
rast, multimode fibre (MMF) features a wider light-carrying core,
ypically between 50 and 100 μm. While MMF supports transmis-
ion of multiple light modes that may carr y infor mation from emitter
o receiver, the transmission distance is limited to a few kilometres.
MF supports propagation along greater distances, currently up to
round 100 km, as the transmitted light pulse undergoes less at-
enuation given reduced internal reflection. Dispersion effects are
lso minimized, hence the phase of the transmitted pulse is more
table through the cable length. Optical fibres can be embedded
n different types of cable constructions that roughly fall into two
ategories. Loose-tube cables consist of an optical fibre surrounded
y a thin film of water-blocking gel and placed inside a hard tube
hat offers mechanical stability. Loose-tube cables are considered

ore suitable for distributed temperature sensing (DTS) because
hey allow the fibre to move more freely in response to thermal
xpansion and contraction. In contrast, tight-buffered cables con-
ain fibres that are mechanically coupled to the tube by some kind
f plastic buffer. This construction results in a more direct strain
ransfer into the fibre and is therefore often favoured in fibre-optic
eformation measurements (e.g. Castongia et al. 2017 ; Forbriger
t al. 2025 ). 

.2 The exact and ideal instrument response of a 
istributed fibre-optic sensor 

s a prelude, we consider the reference state where the fibre is
nitially at rest. At one end of the fibre, an electromagnetic wave is
mitted. It propagates across some distance L where it encounters
 scatterer. On the one hand, these scatterers may be randomly
ccurring defects that cannot be avoided in the fabrication process.
n the other hand, intense ultraviolet lasers may be used to inscribe
 Bragg grating, that is, scatterers at well-defined periodic locations,
o produce an engineered fibre. The scattered pulse travels the same



4 A. Fichtner et al.

Figure 1. Schematic illustration of a deforming fibre, parametrized in terms of the arc length s. The undeformed reference state is represented by the black 
fibre, the deformed state by the green fibre. Under deformation, neighbouring material points of the fibre move from ˆ x to ˆ x + u (ˆ x , t) and from ˆ x + dˆ x to 
ˆ x + dˆ x + u (ˆ x + dˆ x , t) , respectively. As a consequence, the length of an infinitesimal fibre segment changes from ds to | [ I + F ]ˆ e | ds, where F is the deformation 
tensor with components Fi j = ∂ ui /∂ x j . This affects the two-way traveltime of electromagnetic waves that travel from an emitter at the start of the fibre to 
some scattering point at s = L and back. The differential traveltime with respect to a second scatterer at s = L + �L enables the association of an optical 
phase change with deformation in the interval [ L , L + �L ] , where �L is referred to as the gauge length. 
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distance L back to the start of the fibre. The geometric setup is 
shown schematically in Fig. 1 We denote the position vector along 
the fibre by ˆ x ( s) , where s is the arc length. More generally, we will 
employ the hat, ˆ . , to denote the parametrization of any quantity 
along the fibre in terms of arc length. The time it takes the signal to 
propagate across the infinitesimal distance between two points ˆ x ( s) 
and ˆ x ( s) + dˆ x ( s) is 

dT = | dˆ x ( s) | 
c[ˆ x ( s)] 

, (1) 

with the potentially position-dependent speed of light c[ˆ x ( s)] . In 
terms of the unit tangent vector ̂  e ( s) , the vectorical increment dˆ x ( s) 
can be related to the scalar arc length increment ds via ˆ e ( s) ds = 

dˆ x ( s) . This allows us to express the traveltime from the emitter to 
the scatterer and back in the form of the integral 

T ( L ) = 2

L ∫ 

s= 0 

c−1 ds, (2) 

where we omitted the dependence of c on position for notational 
convenience. Assuming that the speed of light is constant, eq. ( 2 ) 
yields T = 2 L/c, which establishes a relation between the time 
when a back-scattered pulse is recorded and the distance L of the 
scatterer along the fibre. To produce spatially distributed measure- 
ments that only depend on fibre properties within a certain fibre 
segment, we consider another scatterer at distance L + �L . The 
distance �L is the gauge length of the fibre-optic measurement 
system. It plays the role of an averaging length, and it affects the in- 
strument response, as we will discuss later. The two-way traveltime 
for this scatterer is T ( L + �L ) = 2

∫ L + �L 
s= 0 c−1 ds, which yields the 

differential traveltime τ ( L ) of reflected pulses from the two scatter- 
ers, 

τ ( L ) = T ( L + �L ) − T ( L ) = 2

L + �L ∫ 

s= L 

c−1 ds . (3) 

In the process of deformation, the material point at position ˆ x 
moves to ˆ x + u (ˆ x , t) , where u (ˆ x , t) denotes the space- and time- 
dependent displacement field. The neighbouring point moves from 

ˆ x + dˆ x to ˆ x + dˆ x + u (ˆ x + dˆ x , t) , as illustrated in Fig. 1 It follows 
that the original length of the infinitesimal segment changes from 
| dˆ x | to | dˆ x + u (ˆ x + dˆ x , t) − u (ˆ x , t) | . In terms of the deformation
tensor F , with components Fi j = ∂ ui /∂ x j , the new length can al- 
ternatively be expressed as | dˆ x + F (ˆ x , t) dˆ x | or | [ I + F (ˆ x , t)]ˆ e | ds.
In addition to the change in length of a fibre segment, also its speed 
of light changes due to the photoelastic effect (e.g. Bertholds & 

Dändliker 1988 ) from the reference c(ˆ x ) to c[ˆ x , F (ˆ x , t)] . Following 
the same steps as for the reference state, we find an expression for 
the differential traveltime of the optical signal in the deformed fibre, 

τ ( L ) = 2

L + �L ∫ 

s= L 

c−1 ( F ) | [ I + F ]ˆ e | ds . (4) 

Eq. ( 4 ) relates the measurable differential traveltime to deformation 
of the fibre within the distance interval [ L , L + �L ] . The above 
development is approximation-free, and it accounts for variations 
in the speed of light along the fibre and the photoelastic effect. 
However, it excludes the dependence of the refractive index on po- 
larization and temperature (e.g. Nye 1957 ), as well as imperfections 
caused by limitations of the opto-electronics used to actually make 
the measurements in practice and the hardware needed to process, 
transmit and store the data. Hence, eq. ( 4 ) represents the exact and 
ideal instrument response of a distributed deformation sensor based 
on phase changes of backscattered light. 

2.3 First-order approximations and the linearized relation 

to strain 

While being exact, eq. ( 4 ) is impractical because the relation be- 
tween the measured optical quantity and the deformation that we are 
interested in is nonlinear. Fortunately, when deformation is small, 
eq. ( 4 ) can be simplified. To obtain a useful first-order relation, we 
note that 

| [ I + F ] ˆ e |2 = ˆ eT ( FT + IT )( F + I )ˆ e = ˆ eT FT Fˆ e + ˆ eT FT ˆ e 

+ˆ eT Fˆ e + ˆ eT ˆ e . (5) 

Omitting quadratic terms in deformation and using eT e = 1 , we 
obtain 

| [ I + F ] ˆ e |2 . = 1 + 2ˆ eT Eˆ e , (6) 

art/ggaf489_f1.eps
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ith the strain tensor E = ( FT + F ) / 2 and 
. = meaning correct to

rst order. Denoting the axial strain along the fibre by ε = ˆ eT Eˆ e and
sing the first-order Taylor expansion 

√ 

1 + 2 ε 
. = 1 + ε , we ar rive

t 

( L )
. = 

2 

c0 

L + �L ∫ 

s= L 

n ( F ) ( 1 + ε) ds, (7) 

here we expressed the speed of light in the fibre, c, in terms of
ts refractive index n = c0 /c and the speed of light in vacuum c0 .
he dependence of n on fibre deformation is experimentally known

o take the form n ( ε) = n0 + n1 ε, with the opto-elastic coefficient

1 ≈ 0 . 3 (Bertholds & Dändliker 1988 ). Expanding the integrand,
mitting quadratic terms and assuming that the refractive index is
early constant within the gauge length, finally yields the differential
raveltime for a backscattered signal recorded at time t , 

( L , t )
. = 

2 n0 

c0 
�L + 2 ne 

c0 

L + �L ∫ 

s= L 

ε( t ) ds, (8) 

ith the effective refractive index ne = n0 + n1 . The first term on
he right-hand side of ( 8 ) is the time-independent differential trav-
ltime over the gauge length �L in the reference state. The second
erm is the differential traveltime change induced by deformation,
hich can be measured by means of optical interferometry in a
AS unit. To obtain measurements that are independent of some
rbitrary reference state, DAS units measure differences of τ ( L , t)
ver time. Subtracting measurements at times t and t0 , gives 

τ ( L , t) = τ ( L , t) − τ ( L , t0 )
. = 

2 ne 

c0 

L + �L ∫ 

s= L 

[ ε( t) − ε( t0 )] ds . (9) 

wo special cases of eq. ( 9 ) are of practical interest. In the first one,

0 serves as reference time when the fibre is defined to be in the
eference state with ε( t0 ) = 0 . We then obtain 

τ ( L , t ) = 2 ne 

c0 

L + �L ∫ 

s= L 

ε( t ) ds . (10) 

ence, the system measures strain. In the second special case, differ-
ntial traveltimes of subsequent laser pulses are compared. When
he timescale of deformation is large relative to the pulse rate—
ypically in the kHz range—the finite difference in ( 9 ) becomes a
lose approximation of a time derivative, and we can write 

˙ ( L )
. = 

2 ne 

c0 

L + �L ∫ 

s= L 

ε̇ ds . (11) 

qs ( 10 ) and ( 11 ) are first-order idealized instrument responses
or strain and strain rate that assume small deformation. Although
hey are typically taken for granted, their validity deserves some
iscussion when deformation is large, for example, near seismic
ources. 

.4 Examples of azimuthal and frequency response 

he axial strain ε = ˆ eT Eˆ e , measured by DAS, is a projection of the
ull strain tensor E onto the direction of the fibre ˆ e . This projec-
ion induces a directional dependence of measurement sensitivity,
eaning that the strength of a recorded signal depends on the an-

le ϕ between the fibre and the incoming wave vector. When the
train E is caused by a plane P wave, this angular dependence is
roportional to cos 2 ϕ, and for a plane SH wave it is proportional to
in ϕ cos ϕ (e.g. Benioff 1935 ; Lindsey & Martin 2021 ). Both are
isualized in Fig. 2 . 

A more complete picture of the ideal DAS response for incident
lane waves is shown in Fig. 3 , which visualizes the amplitude
pectrum of the optical traveltime change τ̇ ( L ) from eq. ( 4 ) as a
unction of the incoming wave azimuth of 100 Hz monochromatic
 and horizontally polarized S waves measured by a straight fibre
egment oriented in x-direction. In the reference case, where defor-
ation is small and the wavelength is larger than the gauge length,

he theoretical DAS spectrum is nearly identical to the spectrum of
he incoming waves, as indicated by eq. ( 11 ). For P waves, nodal
ines appear when the incidence angle is perpendicular to the fibre,
hat is, at 90 ◦ and 270 ◦. S waves produce four nodal lines, at 0 ◦, 90 ◦,
80 ◦ and 270 ◦. 

Departures from the reference case occur for large deformation
nd high frequencies (or large gauge lengths). When deformation is
arge, for example in the vicinity of an explosive source, the linear
pproximation of eq. ( 11 ) becomes less accurate. As a consequences
he DAS spectrum differs slightly from the spectrum of the incoming
aves by a frequency multiple at 200 Hz, as shown in Fig. 3 (b). For
auge lengths that are larger than the wavelength, either because
he frequency is high or the gauge length is large, additional nodal
ines appear for azimuths where a wavelength fits exactly into the
auge length. This effect is illustrated in Fig. 3 (c). In such case the
AS measurement cannot be interpreted directly as strain (rate),
nd the gauge length effect must be accounted for explicitly in the
ata analysis and the forward modelling. 

.5 Ideal versus real DAS recordings 

he instrument responses shown in Figs 2 and 3 are idealizations
or plane waves that do not exist in such pure form in nature (e.g.
gnew & Wyatt 2014 ). Fur ther more, the ideal responses are difficult

o approach in practice because they omit numerous complications
nd details of the measurement technology. 

Since the absolute phase of an individual laser pulse is random
nd cannot be measured directly, DAS interrogators employ inter-
erometric techniques to recover relative phase changes. A portion
f the laser output is split off to serve as a local oscillator, which
s interfered with the Rayleigh backscattered signal. The result-
ng photocurrent contains an interference term that depends on the
hase difference between the two fields, allowing strain-induced
hase shifts to be measured. This principle also imposes a limit
n the maximum measurable strain rate: if the phase change be-
ween successive measurements exceeds π , phase unwrapping can
ail, leading to cycle skipping and an incorrect reconstruction of
he strain signal. It follows that DAS measurements may become

eaningless even before nonlinear effects in the instrument re-
ponse become relevant. 

Our derivations in Sections 2.2 and 2.3 were based on a gauge
ength defined exactly between some distances L and L + �L along
he fibre. This corresponds to a boxcar window over which strain
s averaged. DAS interrogators may implement the strain averaging
lightly differently, with other window functions that the user may be
ble to choose. Consequently, the interpretation of the DAS output
n terms of average strain may deviate from eqs ( 4 ) and ( 11 ). 

An unavoidable complication is the presence of instrumental
oise that may mask the signals of interest. Under laboratory con-
itions, noise floors as low as 1 picostrain /

√ 

Hz have been reported



6 A. Fichtner et al.

Figure 2. Angular dependence of DAS sensitivity. For an incoming P wave, measurement sensitivity is proportional to cos 2 ϕ, meaning that maxima appear 
when the wave travels parallel to the fibre. In contrast, measurement sensitivity for SH waves is proportional to sin ϕ cos ϕ, which produces two maximum 

sensitivity lobes at angles of 45◦ and 135◦. 

Figure 3. Theoretical amplitude spectrum of a DAS recording as a function of the incoming wave azimuth for a 100 Hz monochromatic P wave (top) and S 
wave (bottom). The fibre is straight and oriented in x-direction, as illustrated in Fig. 2 P and S wave speeds are set to 5000 and 3000 m s−1 , respectively. (a) 
In the reference case, the gauge length is set to �L = 10 m and the maximum strain amplitude to 10−6 . (b) For larger strain amplitudes of 10−4 , nonlinear 
effects appear in the form of a frequency multiple at 200 Hz. (c) For a large gauge length of �L = 50 m, additional azimuthal nodes appear because (apparent) 
wavelengths that fit within a gauge length are averaged out. 
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(e.g. Waagaard et al. 2021 ). In field experiments, however, such 
values can currently not be reached because the DAS unit is ex- 
posed to both mechanical and electromagnetic noise produced by 
the surrounding environment and human activity. In the collection 
of experiments described in Section 4 , the smallest tr ustwor thy sig- 
nals had amplitudes on the order of 10 nanostrain s−1 . 

In addition to mechanical deformation of the surrounding 
medium, temperature variations can also induce optical phase 
changes via thermal expansion and changes in refractive in- 
dex, known as the thermo-optic effect. For optical fibres, the 
thermo-optic effect is about ten times stronger than the contri- 
bution of thermal expansion, and it leads to a temperature sen- 
sitivity on the order of 10 microstrain ◦C−1 (e.g. Sidenko et al. 
2022 ). In seismological applications, the thermal effect can be 
significant when temperature changes quickly over timescales 
that overlap with the period band of the mechanical deformation 
signal. 

At the level of the transmitting fibre, deformation-induced bire- 
fringence and intensity losses may affect the optical measurements. 
Their accuracy suffers due to the presence of electronic noise, lim- 
ited stability of the laser and other opto-electronic component im- 
perfections (Lapins et al. 2024 ). The bandwidth of the signals is 
limited by the hardware used to process, transmit and store the data. 
Cycle skipping issues when measuring phase changes may become 
important before nonlinearity does. Finally, the deformation of the 
medium of interest may only partly be transmitted into the fibre due 
to imperfect mechanical coupling. 

Despite these complexities, DAS with well-coupled fibre-optic 
cables can achieve a nearly flat instrument response over a large 
frequency range from mHz to kHz (Paitz et al. 2021 ), thereby cov- 
ering most environmental signals. When reliable strain amplitudes 
are important, the DAS data should be calibrated using conven- 
tional seismometers or other independent measurements. These 
conversions involve transformations between strain or strain rate 
and displacement or acceleration, for which numerous strategies 
have been developed. Details may be found, for instance, in Paitz 
et al. ( 2021 ) or Chien et al. ( 2025 ). 

3  F I E L DW O R K  D O S  A N D  D O N ’ T S  

Although the ideal instrument response cannot be achieved in prac- 
tice, DAS data acquired in icy environments can have exceptional 
quality, which is one of the reasons why cryosphere research is 
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mong the most obvious niches for fibre-optic seismology. Com-
ared to DAS experiments in cities or under water, cable geom-
try is often less constrained and can be optimized more eas-
ly. Covering the cable with snow is often sufficient to provide
ood coupling, and the amplitude of anthropogenic noise is typ-
cally low. Nevertheless, fibre-optic sensing experiments in the
ryosphere are challenging due to remoteness and harsh climatic
onditions. In the following sections, we provide practical field-
ork recommendations, concerning the choice and handling of
bre-optic cables, required equipment, data volumes and storage,
plicing at low temperatures, timing of active experiments, cable lay-
ut and trenching, tap testing, and cable deployment and coupling in
oreholes. 

.1 General 

.1.1 Choosing and handling suitable fibre-optic cables 

n theory, most DAS units function with both single-mode and mul-
imode fibres. However, it is still important to conduct test experi-

ents to check that the modality of the fibre is indeed appropriate for
he specific application and interrogator used. The effect of choos-
ng loose-tube versus tight-buffered cable constructions is, however,
mall compared to the effect of cable coupling to the surrounding
edium. 
Different DAS unit manufacturers have different requirements for

he condition of the cable at its furthest end. For an unterminated
able, large reflections can cause signal saturation in the section of
he fibre furthest from the interrogator, meaning that its full length
annot be faithfully sampled. While some interrogator designs can
ompensate for such effects, others require that the fibre be optically
erminated with an attenuator or that a section of redundant fibre
s included beyond the main fibre under test to accommodate the
ignal saturation. A simple practical alternative that does not require
plicing in the field is to introduce a series of tight turns at the end
f the fibre that cause additional light loss and hence reduce the
mplitude of reflections from the fibre end. 

A launch cable can usefully be included between the interrogator
nd the fibre under test. The launch cable, typically 500–1000 m
n length and wound in a tight spool, is not used for recording
round strains but allows losses at the input connector to the fibre
nder test to be quantified. The signal loss at the connection to
he test fibre also accurately marks the beginning of the cable, thus
roviding support for a tap-test, covered in detail in Section 3.1.6 . In
aking the first few hundred metres of the cable length redundant,

he launch cable also removes the vulnerability to synchronization
roblems between the time of pulse emission and its first reception
n the near-interrogator section of the cable. If the end of the fibre
nder test is unterminated, redundant cable may be attached to its
nd, again to accurately record its length without signal saturation
rom reflections at the termination. 

Fibre-optic cables have a minimum bend radius that is typically
n the order of a few centimetres. If the cable is bent around a tighter
adius than this, it may be damaged. This is a key consideration when
he cable is to be installed, for example, in a sequence of boreholes,
here a single cable travels down the borehole, turns at its base

nd then returns to the surface. Consideration must be given to a
einforced assembly that prevents the turn in the cable from being
ighter than the minimum bend radius. An alternative solution is to
se fibre with a pre-installed bend at the end that links the down
nd return lengths of the fibre. 
Fibre-optic cables tend to become significantly stiffer at low tem-
eratures (e.g. Singh et al. 2023 ), meaning that they break more
asily under any type of deformation. The reduced mechanical ro-
ustness, which is hard to quantify and depends on the degree of
rmour, must be taken into account especially during deployment
nd retrieval, and when the cable stretches under its own weight
nside a borehole. Retrieving the cable intact is typically more chal-
enging than deployment because stronger forces are required. 

The weight of a fibre-optic cable is important also in the context
f experimental logistics. Typical cables without metal tubes that
an be used for deformation sensing, weigh around 10–20 kg km−1 .
aking into account that a cable drum has a weight of ∼10 kg, a
ew kilometres of cable may be carried by hand by two people. In
ddition to limiting the maximum length of the cable, the weight
onstraint also influences considerations on the mechanical stability
f the cable. More stable cables are often heavier because they may
nclude additional reinforcements such as metal tubes surround-
ng the fibre. In case a cable of the required length and stability
oes not fit onto a single cable drum, it must be distributed over
everal drums, and splicing in the field becomes necessary (see
ection 3.1.4 ). 

.1.2 DAS interrogators and other equipment 

s with any kind of field equipment, redundancy and robustness are
ritical, not only for the main measurement unit but also for periph-
rals, such as monitors and keyboards. For DAS experiments in the
ryosphere, some additional aspects need to be taken into account.
istorically, DAS units have been designed as rack-mounted sys-

ems for use in controlled environments such as field offices. How-
ver, cryosphere studies tend to be remote and field-based, often
ithout infrastructure. By definition, the experimental conditions

re challenging, and consideration must be made for environmental
actors such as the working temperature range and blowing snow, for
xample. However, even without r uggedized DAS instr uments, sim-
le mitigation measures such as a tent for shelter, thermal insulation
nd ventilation have resulted in successful cryosphere applications.
here is a significant difference between actively and passively
ooled DAS systems. Actively cooled systems are more able to deal
ith confined environments, whereas passively cooled systems lack

ans and rely on natural convection, limiting their thermal perfor-
ance in tight spaces. In our experience, temperatures as low as
20 ◦C do not compromise the functioning of DAS units. In con-

rast, too much insulation may lead to overheating even of actively
ooled interrogators, which can result in an automatic shut-down or
ven damage of the unit. 

Most DAS instruments are designed to run with mains power,
ut the remoteness of cryosphere studies tends to preclude this. The
ower requirements of modern DAS units are continuously decreas-
ng, but a typical power consumption is still at the level of 100s of

atts. The power consumption of additional equipment, including
onitors and telecommunication devices, must not be forgotten.
ence, the use of inverters with batteries and solar panels, widely

mployed for other types of instruments, is still unrealistic for most
AS experiments. Portable petrol or diesel power generators are

herefore currently the most convenient power source. 
Considerations must be made for unintended shut-downs, refu-

lling and vibrations from this form of power supply. To protect the
AS unit, it should be connected to the generator via an Uninter-

uptible Power Supply (UPS), especially during longer experiments.
he seismo-acoustic wavefield excited by power generators may
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Figure 4. Optical fibre splicing in practice. (a) Splicing workplace set up in a tent near the EastGRIP camp site on the Northeast Greenland Ice Stream. Ideally, 
splicing should be done by a team of two in an environment that allows for focused work for potentially several hours. (b) An improvised workplace setup 
on a sled and a cable drum at several kilometres distance from the EastGRIP camp. (c) Schematic drawing of a splice box. An important feature that not all 
commercially available boxes have are the cable clamps that offer some tensile strength, which is important in the field. 
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significantly pollute DAS data recorded at several hundred metres 
distance, which needs to be accounted for in the design of the cable 
layout. Ideally, the interrogator and generator should be isolated 
from the field site, for example by deploying the interrogator and 
generator off the ice for a glacier deployment. 

Natural and human-made seismic waves in cryospheric applica- 
tions may have frequencies exceeding 100 Hz (see Section 4 ). S 
waves propagating through ice with a wave speed of ∼1800 m s−1 

have wavelengths around 20 m or below. Near the surface of the 
firn layer, S wave speed may be as low as 200 m s−1 (e.g. Zhou 
et al. 2022 ; Fichtner et al. 2023b ; Yang et al. 2024 ), resulting in 
seismic wavelengths at metre scale. It follows that typical seismic 
wavelengths are comparable to the gauge length of most DAS units. 
Depending on the manufacturer, the gauge length may be fixed 
and therefore specified at the procurement stage, or selectable as 
a parameter at the acquisition stage. The former must therefore be 
considered carefully to ensure the system meets the user require- 
ments. The theoretical developments in Section 2.2 may help in 
making this choice. 

3.1.3 Data volumes and storage 

One of the most significant challenges presented by DAS is the 
large data volume. It can be computed as V = Nc Ns Vs T , where 
Nc is the number of channels, Ns the number of data samples per 
second, Vs the data volume in bytes occupied by one sample and T 
the total recording time in seconds. Assuming, for example, 10 000 
channels (e.g. 1 m channel spacing along a cable of 10 km length), 
1 kHz sampling rate, 4 bytes for a floating-point number and 1 
month recording time, leads to V = 104 TB. For comparison, the 
complete global-scale seismometer data archived by the Incorpo- 
rated Research Institutions for Seismology (IRIS) from the early 
1990s to 2020 occupy ∼700 TB (e.g. Arrowsmith et al. 2022 ). 

3.1.4 Splicing in the field at low temperatures 

Splicing is the tedious task of connecting two optical fibres such 
that light signals transmitted through the connection suffer only 
minimal intensity losses. Splicing in the field is necessary when 
cable segments on different drums need to be connected, a ca- 
ble has been damaged or a faulty connector or termination needs 
to be replaced. Splicing is a challenge even in the lab. Produc- 
ing high-quality splices on a glacier, under windy conditions and 
with freezing fingers is an art. Rehearsal sessions and patience are 
mandatory. 

Considering that the production of a high-quality fusion splice 
may require hours of high-precision work, the working space should 
be set up in a tent with a camping chair and table, as shown in 
Fig. 4 (a). Equipment should be placed in a weatherproof case. Ow- 
ing to the notorious scarcity of electronics shops on glaciers and ice 
sheets, one of the main challenges of splicing in the cryosphere is to 
not forget any of the required equipment. In addition to the cleaver 
that produces a precise cut, and the splicer that fuses the two fibre 
ends together, numerous other utensils are needed. These include 
consumables like batteries for the splicer, pigtails (i.e. the right 
connectors), shrink tubes and patch cables in reasonably redundant 
quantities. 

Most fusion splicers adjust the arc to compensate for atmospheric 
conditions during the splice. This means that there is a temperature 
range in which the splicer operates satisfactorily, typically between 
around −10 ◦C and 40 ◦C. Fur ther more, there are limits on accept- 
able ambient pressure and humidity. While a fusion splicer from a 
specific manufacturer will work well in a laboratory environment, 
the results may be less optimal under harsh conditions. 

Prior to splicing, essential safety measures should be taken, 
mostly to prevent fragments of optical fibres from causing appar- 
ently minor but potentially serious injuries. These measures include 
wearing safety glasses, nitrile gloves, closed shoes and long clothes. 
The latter two are obvious in the field, but must be considered in 
the lab. The DAS interrogator must be shut down before splicing to 
avoid damage of the unit and the eyes. A cable cutter and stripper 
are used to cut the cable to the desired length and isolate a single fi- 
bre. Utensils to clean the fibre include cleaning alcohol and lint-free 
wipes. As for many other tasks, duct tape is needed to fix already 
prepared fibres in a safe position. The spliced section of the cable 
is delicate and therefore a shrink tube (a plastic tube with a steel 
reinforcement rod) should be used to protect the splice. It is very 
easy, and very annoying, to forget to place the shrink tube over one 
of the cables ahead of splicing. 

During splicing, it is recommended to wear a medical mask that 
helps to prevent the moist breath from causing microscopic water 
droplets at the tips of the cleaned fibres. Any waste, most importantly 
including any piece of fibre, should be carefully placed inside a seal- 
able waste bag. Modern splicers typically feature a microscope, an 
automatic mechanism to align the two fibre ends and some quality 
checker that estimates the optical intensity loss across the splice. 
It is important to verify the quality of the splice with an Optical 
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ime-Domain Reflectometry (OTDR) device, which is usually in-
egrated into the DAS unit. 

After splicing, the shrink tube needs to be placed over the splice
nd heated. A useful splicer includes the required heating to mini-
ize the amount of equipment. One of the artistic components of

plicing is to ensure that the stripped fibre is not longer than the
hrink tube. Subsequently, the splice should be placed inside a wa-
erproof splice box, featuring cable glands and a mechanism to fix
he cable, as illustrated in Fig. 4 (c). Good alternatives to splice boxes
re protective tubes, shown in Figs 4 (a) and (b). Commercially avail-
ble splice boxes may not be designed for cryospheric conditions
nd potentially require additional sealing, for example, with silicon
el. The splice box protects the fragile splice and partly restores the
ensile strength of the fibre. Nevertheless, the splice box remains
he most vulnerable part of the installation. While this vulnerabil-
ty demands special care, it also comes with an important benefit:
ables that are being strained by glacial flow will most likely break
rst at the well-defined position of the splice box, thereby ensuring

hat the rest of the cable remains intact. 

.1.5 Timing in active experiments 

ost DAS units have a GPS-synchronized clock that provides accu-
ate timing in continuous recording mode. When using DAS with an
ctive source of seismic energy, consideration must be given to how
o record source times. For active-source seismic surveys involving
abled geophones, this is often trivial because the recording can
e initiated using, for example, a piezoelectric trigger switch on an
mpact source, a trigger geophone or a GPS-synchronized trigger.
ince most DAS systems record active shots in passive continuous
ode, recording cannot be triggered in the equivalent way. If ac-

ive shots are being made along the cable length, then the source
ime may be approximated by noting where along the cable the first
eismic energy is recorded, although the accuracy of this depends
n the gauge length and possible near-source effects (Kennett et al.
024 ). It can be possible to have the cable record a trigger sig-
al: a fibre stretcher can be spliced into the length of cable under
est, which can in turn introduce a diagnostic response into the ca-
le when a signal generator receives a pulse from a piezoelectric
igger. However, the greatest flexibility likely comes when source
imes are recorded independently, using systems that are synchro-
ized to GPS, such as a seismic event timer or dedicated passive
eophone. Timing accuracy can be improved by using a higher sam-
ling rate of the geophone adjacent to the source (Brisbourne et al.
021 ). 

.1.6 DAS channel location and tap testing 

ost seismological applications require precise knowledge about
he geographic location where the data are recorded. DAS units
nly estimate the distance of a specific channel along the fibre,
ased on assumptions about its speed of light. Fur ther more, the
eference position, for example, metre zero, may not be known
 priori because some fibre length is inside the DAS unit. Tap
esting is the simplest and most common procedure to associate
AS channels with geographic location. When the cable is exposed
t the surface, it can be tapped at a point for which the location is
nown, for example, from GPS measurements. In the case of buried
ables, seismic waves can be excited near the cable, for example,
y hammering or jumping. Typically, the geographic location is
ssigned to the channel where the signal arrives first or has the
argest amplitude. 

As a rule of thumb, the spacing of the tap tests should be on the
rder of 100 m, with denser spacing along more complex cable seg-
ents that contain bends or loops. In between the tap test positions,

hannel locations can be interpolated. Tap testing is most efficient
hen done with at least two people who communicate via radio.
hile one person performs the tapping, the other can inspect the

ata in real time and provide feedback on the visibility of the taps
r the need to repeat the tapping at certain locations. 

The accuracy of tap testing is inherently limited by the averaging
ver a gauge length that smears the signal in space. Fur ther more,
he first arrival or highest amplitude may not occur on the channel
losest to the tap test because it is affected by the geometry of the
able, differences in coupling, subsurface str ucture, topog raphy and
ther complexities (Kennett et al. 2024 ). 

Tap testing is not possible in boreholes, but should still be done
rom the DAS unit to the point where the cable enters the borehole.
his helps to account for the amount of fibre inside the DAS unit
nd provides a location reference at the borehole head. Inside the
orehole, the cable stretches under its own weight. The magnitude
f this effect can be estimated using information about the Young’s
odulus of the cable, which can usually be provided by the cable

roducer. 

.2 Surface experiments 

laciers and ice sheets impose relatively few constraints on the
bre-optic cable geometry, thereby simplifying its optimization, for
xample, for seismic event detection and location. This flexibility
s in contrast to densely populated or vegetated areas, and regions
ith rough terrain. The softness of ice compared to rock, or the
resence of snow as insulating material, facilitate the coupling of
he cable to the medium of interest, which often leads to remarkable
ata quality. Although these positive aspects turn the cryosphere
nto one of the most promising niches for fibre-optic surface exper-
ments, there are practical challenges related to the cable layout and
renching. 

.2.1 Cable layout 

able geometry primarily depends on the scientific questions one
ishes to answer. Straight cables, for instance, facilitate 1-D f –k

nalysis, the extraction of surface wave dispersion and 2-D seismic
maging (e.g. Fichtner et al. 2023b ; Yang et al. 2024 ). More complex
eometries, for example, in the form of triangles or 2-D grids,
re often more useful for event location (e.g. Walter et al. 2020 ;
udson et al. 2021 , 2025 ). For the optimal design of DAS cable
eometries, methods similar to those used for seismometer arrays
an be employed (e.g. Curtis 1999 ; Curtis & Maurer 2000 ; Rost
 Thomas 2002 ; Maurer et al. 2017 ). However, adaptations are

eeded to account for the fact that neighbouring DAS channels
long a cable cannot move freely in space and that there may be
bstacles such a crevasse fields, landing strips or other no-go areas
Fichtner & Hofstede 2023 ). 

In addition to the overall geometry of the cable, it is advantageous
o include sections that are deployed in loops or zig-zags, as shown
n Fig. 5 , possibly with different orientations. Stacking over the
hannels in the loop suppresses noise and produces a high-quality
irectional antenna that may capture signals that are not visible on
ndividual DAS channels. Also for noise reduction, the fibre should
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Figure 5. Schematic surface cable layout. The cable (grey dashed lines) includes looped sections (black solid lines) that serve as high-quality directional 
antennas or provide slack, especially needed on moving glaciers. 
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be looped back at the end of the cable to produce a duplicate of the 
data. Especially on fast-moving ice, smaller loops, schematically 
illustrated in Fig. 5 , should be included to provide some slack and 
prevent snapping of the cable. When making turns, these should 
be done over at least a gauge length so that channels on both sides 
of the turn can be clearly isolated in the data. Key locations along 
the cable, including looped sections and turns, should be clearly 
marked with poles that remain visible after potentially heavy snow 

fall. 

3.2.2 Trenching 

To capture geophysical signals, the fibre-optic cable needs to be 
well-coupled to the medium below and protected from unwanted 
sources of deformation, such as wind or temperature variations. 
Covering the cable with few tens of centimetres of snow, if avail- 
able, may already provide sufficient thermal insulation and coupling 
(e.g. Walter et al. 2020 ). If the cable can be deployed in autumn and 
kept in place until the first snowfall in winter, the work of covering 
the cable can be avoided (e.g. Klaasen et al. 2021 ; Hudson et al. 
2025 ). Fig. 6 provides an example of the effect of snow cover on 
the amplitude of wind and acoustic noise recorded with a 9-km 

long cable deployed on Rhˆ one Glacier in the Swiss Alps. Trenching 
the cable into the firn or ice generally provides better data quality, 
but it may be impossible to retrieve the cable intact unless there is 
sufficient snow melt in summer. In the presence of sufficient snow, 
a spade may be used to deploy the cable below the surface. Oth- 
erwise, manual trenching, for example, with a pickaxe, is typically 
unfeasible even over distances of few tens of metres, and some ma- 
chinery is needed. Chain saws are effective over distances on the 
order of 100 m, but they come with a significant risk of injuries. 
Snow groomers or specially designed trenching sleds (Klaasen et al. 
2022 ), as shown in Fig. 7 , have proven useful. 

Coupling a dark-coloured cable by letting it melt into the ice 
usually does not work. The melting process is too slow to reach a 
significant depth. In fact, cables covered by a thin snow layer rather 
tend to melt out. 

3.2.3 Retrieval 

A solution to retrieve the cable after the experiment for environ- 
mental reasons should be part of the field work planning. Trenching 
the cable deeper than around 0.5 m may make the retrieval more 
challenging than the deployment, and the risk of breaking the ca- 
ble during retrieval increases. In warmer climates and in locations 
that are not too difficult to access, waiting for the next melt season 
should be considered as an option. 
3.3 Borehole experiments 

Borehole experiments come with additional technical challenges 
that are not a concern in surface deployments. They roughly fall 
into three categories: (i) the speed with which the cable can be 
deployed and retrieved, (ii) the mechanical stability of the cable 
and (iii) the mechanical coupling of the cable to the borehole wall. 
Fur ther more, the presence of the borehole enables the propagation 
of guided waves, for example, Stoneley waves, which may interfere 
with the seismic phases of interest (e.g. Fichtner et al. 2023a ). 

The particular technical challenges do not pertain to all types 
of borehole deployments equally. The borehole length, borehole 
diameter, filling fluid and englacial temperatures dictate how cables 
have to be inserted and coupled to the ice walls. These parameters 
vary widely for drilling sites and purposes. The ice of temperate 
glaciers (e.g. most glaciers in the European Alps) is at the pressure 
melting point. In contrast, polar ice streams are at least partially 
cold and thus below the pressure melting point. This means that 
water flowing from the surface into the borehole can quickly freeze 
to its walls. In addition, cold ice is stiffer than temperate ice, which 
affects the deformation of boreholes under ice overburden pressure. 
A far-field approximation that ignores influences of valley sides 
as well as basal and surface topography, is given by parallel-sided 
ice slab flow with a parabolic deformation velocity profile u as a 
function of height above bedrock z (Paterson 1994 ), 

u ( z) = 2 A 

n + 1 
( ρg sin α)n 

[
H ( n + 1) − ( H − z)( n + 1) 

]
, (12) 

where H is the ice thickness and α its surface slope (here 3 ◦), g
is gravitational acceleration (9.81 m s −2 ), ρ is the density of ice 
( ∼917 kg m 

−3 ), A is the flow law parameter (75.7 a −1 MPa −3 near 
the pressure melting point) and n is Glen’s flow law exponent, 
typically taken as 3. After one year, the differential displacement 
between the surface and a depth of 10 m is only 40 cm, whereas 
the differential displacement between the bed and 100 m above it 
is over 145 m. This shows how boreholes can rapidly deform at 
greater depths, which may damage cables that are frozen to the ice 
walls. On the other hand, slight borehole inclination of a few de- 
grees promotes coupling, as it can be sufficient to make the cable 
rest on the borehole wall and prevent it from hanging freely with- 
out mechanical connection to the ice (e.g. Fichtner et al. 2023a ). 
However, this comes with the negative side effect of making the 
interpretation of seismic traveltime picks more involved than for a 
borehole that is practically vertical. In addition to longitudinal de- 
formation, empty boreholes are subject to creep closure, and even 
the shallowest 100 m of a temperate borehole will close within a 
few years (eq. 27 in Talalay et al. 2014 ). This radial deformation 
and freeze-on by exchange of cold air during fall and winter seasons 
can lock the cable to the borehole walls and provide ideal coupling. 
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Figure 6. Effect of snow cover on ambient noise amplitude, mostly related to wind and acoustic waves. (a) Layout of the fibre-optic cable on Rhˆ one Glacier, 
Swiss Alps. Colour coding corresponds to distance along the cable, and is the same as in panel (b), which shows the power-spectral density of the noise 
recordings as a function of frequency for different cable sections. Across all frequencies, the noise level decreases with increasing distance along the cable, 
that is, with increasing snow cover at higher altitudes. (c) Sentinel-2 image (visible and infrared wavelengths) of Rhˆ one Glacier (Copernicus Europe’s eyes on 
Earth). 

Figure 7. Trenching sled used to deploy a fibre-optic cable ∼0.5 m under the surface. (a) Schematic drawing of the trenching sled, with the snow plough 
consisting of a ∼2 cm thick steel plate and a metal pipe that guides the cable. The sled is towed by a snow groomer that also transports the cable drum. (b) 
Fieldwork pictures of the trenching sled from the Vatnajökull ice cap, Iceland (Klaasen et al. 2022 ). The filled oil barrel was used as an additional weight that 
prevented the sled from tipping over. 
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lthough not guaranteed, we recently witnessed this situation on
he Otemma Glacier in Switzerland. 

For the purpose of borehole-deployed DAS, the drilling is usually
one with the hot water technique, by which pressurized heated
ater is injected through a heavy drill bit, thereby melting a hole into

he ice (Iken 1988 ). This technique is suitable for boreholes from a
ew tens to several hundreds of metres depth, although depths of up
o 2500 m have been reached with specialized equipment (Benson
t al. 2014 ). At the base, the borehole width may narrow to a
ew centimetres, depending on the drill bit design. The width grows
owards the surface, where it typically measures ∼30 cm in diameter
r more. Boreholes drilled with the hot water technique tend to
epart from perfectly vertical. Hence, within a few tens of metres
elow the surface, the cable touches the borehole wall. This enables
rictional ice-cable coupling in addition to the coupling via the
rilling water inside the borehole. When boreholes cross englacial or
ubglacial channels, their drilling water may drain, leaving friction
r freeze-on as coupling mechanisms. Importantly, even glaciers
nd ice streams containing cold ice will likely have a temperate bed
s a result of geothermal heat flux, basal friction and shear heating
e.g. Ryser et al. 2013 ). Hence, freeze-on at the ice sole is not
uaranteed. Finally, it should be noted that even within temperate
ce the cable can freeze onto the water-filled borehole walls around
he water surface, because water pressure locally lowers the pressure

elting point. 
The nature of cable installations in coring boreholes may be dif-
erent from hot-water drilled boreholes. Coring boreholes can be
everal kilometres deep and are drilled over several years, typically
n locations with little expected borehole deformation. Coring bore-
oles have diameters of around 10–20 cm (e.g. Schwikowski et al.
014 ; Fichtner et al. 2025 ) and are usually filled with a stabilizing
iscous fluid (e.g. Sheldon et al. 2014 ) that can provide coupling
etween the ice and the cable (e.g. Brisbourne et al. 2021 ; Fichtner
t al. 2023b ). In such deep boreholes, the speed with which the
able is lowered into the borehole needs to be carefully controlled.
he viscous drill fluid may prevent the cable from sinking with a

easonable speed. Since this effect is difficult to quantify a priori ,
ne should be prepared to attach additional weights, on the order
f a few kilograms, to the cable termination. Yet, a cable that sinks
oo quickly may become entangled inside the borehole. A sinking
peed on the order of 10 cm s −1 seems to be a reasonable choice. 

The mechanical stability of the cable is a major concern in bore-
ole experiments. Most importantly, the cable’s weight must not
xceed its tensile strength, which may limit the maximum depth
hat can be reached. Although the tensile strength at room tem-
erature is usually provided by the manufacturer, its dependence
n temperature is typically not documented. The same holds, as
iscussed in Section 3.1.1 , for the bending radius. 

In addition to its own weight, the cable is subject to viscous
rag from the drill fluid and friction from the borehole wall, both of
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Figure 8. Collection of anthropogenic signals. (a) Displacement amplitude spectra of anthropogenic signals recorded within 5 min. near the camp of the East 
Greenland Ice Core Project (EastGRIP). (b) Strain rate recording caused by a helicopter flying near the Rhˆ one Glacier in the Swiss Alps. The speed is around 
180 km s−1 , and several sharp turns are clearly visible. 
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which are proportional to the lowering speed of the cable. Especially 
when the borehole wall is rough, scraping of the cable over the ice 
may damage its protective layers, thereby reducing its strength. 
The importance of this effect should be tested in smaller test runs, 
as it has already led to the loss of scientific instruments in deep 
boreholes. It follows that the maximum possible depth should be 
estimated conservatively, and the cable should be pulled up slowly. 

4  C RYO S P H E R I C  S I G NA L  G A L L E RY  

The cryosphere is a rich source of signals from a wide range of 
natural processes, including surface crevassing, basal stick-slip ice- 
quakes, surface water flow, subglacial discharge, snow avalanches 
and many more. They often interfere with human-made signals that 
pollute the measurements or may even be misinterpreted as natural. 
In the following we provide a gallery of signals, intended to aid 
in future data analyses. To keep the presentation succinct, we limit 
ourselves to a description of the signals’ main features, referring 
to earlier publications for more details. Some of the examples pre- 
sented in the following paragraphs are included in the open-access 
data collection that complements this paper. More details can be 
found in the Appendix. 

4.1 Human-made signals 

Fig. 8 (a) presents the amplitude spectra of human-made signals 
that are typically produced by fieldwork activities on glaciers and 
ice sheets. They have been recorded within only five minutes near 
the camp of the East Greenland Ice Core Project (EastGRIP) in 
July 2022 (Fichtner et al. 2025 ). The highest spectral power is 
from a surface explosion of 200 g PETN, with a bandwidth of 
several hundred Hz. In contrast, the engines of the diesel electricity 
generator and a snow scooter produce narrow spectral lines. The 
activities of a snow groomer, used to prepare the airplane landing 
strip, are visible in a frequency range from few Hz to several hundred 
Hz. Signals from air traffic are often easy to identify based on their 
apparent propagation speed, which is too low for seismic waves 
and too fast for ground traffic. The recording in Fig. 8 (b) originates 
from a helicopter flying at ∼180 km hr−1 near Rhˆ one Glacier in the 
Swiss Alps. 
A space-time domain version of an active surface shot record- 
ing made by Booth et al. ( 2020 ) in a 1000 m deep borehole on 
Store Glacier, West-Central Greenland, is shown in Fig. 9 and 
contained in the open-access data collection. The borehole was 
drilled using pressurized hot water, and it drained rapidly on break- 
through by intersecting the basal interface. Subsequently, the ca- 
ble froze into the borehole, thereby providing excellent coupling 
to the surrounding ice. The source consisted of repeated sledge- 
hammer strikes on a polyethylene impact plate, around 30 of 
which were stacked to produce the data in Fig. 9 For a zero-offset 
source, the recordings are dominated by the direct P wave, with 
wave speeds slightly increasing from ∼3750 m s−1 near the sur- 
face to ∼4000 m s−1 in the lowermost 100 m. A Stoneley wave 
is visible in the upper ∼150 m. It interferes with P waves that 
were most likely scattered by surface crevasses. At larger offsets, 
vertically polarized S waves can be recorded by the fibre-optic 
cable. 

4.2 Natural signals 

4.2.1 Glacial seismicity 

The deformation of glaciers and ice sheets involves processes that 
operate on timescales ranging from milliseconds to years. Viscous 
deformation in the form of long-term flow may not be measured 
easily with current fibre-optic sensing technologies for various rea- 
sons. These include the limited low-frequency response of most 
interrogators, the difficulty of coupling a cable sufficiently well for 
several weeks or months and the logistical challenges of running 
long-term fibre-optics experiments on glaciers. In contrast, short- 
term brittle deformation and the resulting seismic waves can often 
be recorded easily. 

Fig. 10 shows examples of glacial seismicity observed on Rhˆ one 
Glacier in the Swiss Alps, which are part of the open-access data 
collection. The experimental setup consisted of a triangular DAS 

array above ∼200 m thick ice (Walter et al. 2020 ). The stick-slip 
icequake in Fig. 10 (b) occurred at the interface between ice and 
bedrock. It produced clearly visible P and S waves, as well as mul- 
tiple reflections between that interface and the surface. Crevassing 
events that occur closer to the surface, such as the one in Fig. 10 (c), 
are typically dominated by a dispersed surface wave train and less 
prominent body waves. 
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Figure 9. Borehole DAS data collected on Store Glacier, Central-West Greenland (Booth et al. 2020 ). (a) Zero-offset recording containing the direct P wave 
and a Stoneley wave. Later arrivals at shallow depth are interpreted as waves scattered from surface crevasses. (b) Recording for a source at 300 m distance 
from the borehole, dominated by the direct P and S wave arrivals. The scattered P wave was likely produced by a fracture near the shot location. 

Figure 10. Examples of a basal stick-slip icequake and a surface crevassing icequake recorded on Rhˆ one Glacier, Swiss Alps. (a) Schematic illustration of the 
triangular cable layout, including loops in each of the corners. Grey numbers are distance along the fibre. (b) Recording of a basal stick-slip icequake, including 
multiply reflected P and S waves. (c) Recording of a surface crevassing event, dominated by dispersed surface waves. 
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DAS arrays have also been deployed in the Antarctic. Fig. 11
hows an example of a basal stick-slip icequake from the ∼2 km
hick Rutford Ice Stream sliding at ∼400 m yr −1 (Hudson et al.
021 ) that is also part of the open-access data collection. In con-
rast to the Alpine glacier example in Fig. 10 , this Antarctic ice
tream has a ∼80 m firn layer, causing waves to be refracted ver-
ically towards the surface. This effectively mutes the sensitivity
f the fibre to P waves originating from depth, since the P waves
ecome vertically polarized with the horizontal fibre only sensitive
o horizontal strain. Therefore, only icequake S waves are observed,
s illustrated in Fig. 11 (b). Since the velocity structure of ice is
impler than rock, it is straightforward to perform full-waveform
ource inversion. Full-waveform source mechanism inversion re-
ults for the example icequake from DAS and geophones are shown
n Figs 11 (c) and (d), respectively. Even though the DAS fibre
nly covers a small portion of the focal sphere compared to the
eophones, the uncertainty in slip vector is significantly reduced
 ∼45◦ compared to ∼270◦ for the geophones). This result is inter-
reted to be a combination of far more observations (1000 DAS
hannels versus 10 geophones), combined with focal mechanisms
n strain-space being segmented into octants rather than quadrants
n velocity-space. These results highlight the added value of DAS
eyond conventional instrumentation for studying natural glacial
eismicity. 
In addition to basal stick-slip and surface crevassing icequakes,
ascades of englacial icequakes have been observed with a 1.5 km
ong fibre-optic cable inside the EastGRIP borehole (Fichtner et al.
025 ) in the upstream part of the Northeast Greenland Ice Stream.
n example of an upward migrating cascade is visualized in Fig. 12

nd included with additional examples in the open-access data col-
ection. The depths where subevents occur are correlated with the
epths where volcanism-related impurities, such as tephra particles
nd elevated SO 4 content, have been measured. Temporary unweld-
ng of horizontal interfaces within the ice seems to prevent the
pward transmission of the emitted seismic waves, thereby making
hese events unobservable at the surface. Near EastGRIP, this kind
f englacial seismicity is likely to make a significant contribution to
he overall deformation of the ice stream, but further experiments
re needed to assess the global relevance of this phenomenon. 

Ice shelves and other floating ice bodies can exhibit a wide range
f wave propagation modes, resulting from the interaction of the
ce with the underlying water and the atmosphere above. These
nclude Crary waves (e.g. Ewing & Crary 1934 ; Press & Ewing
951 ), buoyancy-driven gravity waves (e.g. Ewing & Crary 1934 ;
liver et al. 1954 ), ocean wave-driven flexural waves (e.g. Cath-

es et al. 2021 ; Meylan et al. 2021 ), air-coupled flexural waves on
ake or pack ice (e.g. Nziengui-Bˆ a et al. 2023 ; Xie et al. 2024 ) and
any more. Fig. 13 shows an unusual example of flexural gravity
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Figure 11. Example of a basal icequake from Rutford Ice Stream, Antarctica, modified from Hudson et al. ( 2021 ). (a) Schematic of the cable geometry (fibre 
was deployed perpendicular to ice flow). Ice flow is ∼ 160◦ from north. (b) DAS recording of a basal stick-slip icequake, with fast and slow shear waves caused 
by anisotropy. (c) DAS full-waveform probabilistic source mechanism inversion result. Red arrow shows slip vector and yellow arrows show uncertainty in 
slip vector. (d) Same as (c) but using geophones instead of DAS. 

Figure 12. Example of englacial icequake cascades observed inside the EastGRIP borehole (Fichtner et al. 2025 ), with close-ups shown in panels (i)–(v). The 
event has distinct multiscale characteristics, including the main upward-propagating cascade of events in panels (i) and (ii), smaller individual events in panels 
(iii) and (iv), as well as long-lasting creep around 900 m depth and nearly perfect downward reflections in panel (v). 
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waves observed on a floating ice sheet atop the subglacial lake of 
Grı́msvötn volcano in Iceland, which is covered by Europe’s largest 
ice cap, Vatnajökull (Fichtner et al. 2022b ). Low-magnitude vol- 
canic tremor is the most likely source of the nearly monochromatic 
fundamental-mode eigenoscillation of the ∼300 m thick ice sheet. 
The deformation causes periodic extension and compression that 
results in strain rates on the order of 10−9 s −1 that can be clearly 
observed using a fibre-optic cable of several kilometres length, 
trenched at the surface of the ice. 

4.2.2 Ice fabric 

At fast-flowing glaciers and ice streams, ice crystals can reorient, 
enhancing viscous deformation compared to isotropic ice (e.g. Du- 
val et al. 2010 ). Since ice crystals are anisotropic, this translates 
into seismic velocity anisotropy (e.g. Gajek et al. 2021 ; Kufner 
et al. 2023 ; Leung et al. 2025 ) and the splitting of shear waves into 
a fast and a slow component, polarized relative to the ice crystal 
orientation (e.g. Teanby et al. 2004 ; Hudson et al. 2023a ). To ob- 
serve shear wave splitting, 2-D horizontal wavefield sensitivity is 
required. This can be achieved with a 2-D DAS array geometry, 
such as a triangle, for example. A first attempt at inferring seismic 
anisotropy using DAS can be found in Hudson et al. ( 2021 ), with a 
summary of results shown in Fig. 14 Here, a triangular cable array 
geometry is used, with amplitude ratios of the strain-rate across the 
three triangle edges compared to simulated values, to infer the likely 
orientation of the fast S -wave polarization. Results for the ice quake 
used are in close agreement with geophone-derived measurements 
from the same ice stream (Smith et al. 2017 ). One should note 
that this is a first attempt, with formal inversion schemes not yet 
developed for performing DAS shear-wave splitting inversion. 
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Figure 13. DAS observations of floating ice sheet resonance in the caldera of Grı́msvötn volcano, Iceland. (a) Schematic geometry of the resonating system, 
consisting of the ∼300 m think ice sheet floating atop the subglacial lake. (b) Record section of 40 s length, containing a high-frequency volcanic earthquake 
superimposed on the nearly monochromatic ice sheet oscillation with a frequency of ∼0.22 Hz. (c) Record section of 5 min length, showing slight variations 
of the oscillation amplitude on minute timescales. 

Figure 14. Ice fabric seismic anisotropy estimate from DAS observations at Rutford Ice Stream, Antarctica. Results from Hudson et al. ( 2021 ). (a) Cable 
geometry. (b) Example of instantaneous strain amplitudes along the fibre for an ice quake. (c) Modelled versus observed amplitude ratios across different 
sections of the triangular DAS array with varying fast S- wave direction. Dashed black line indicates optimal DAS result, with dashed yellow line indicating 
equivalent result from a geophone-derived measurement by Smith et al. ( 2017 ). 
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.2.3 Glacier hydrology 

lowing water generates a rich seismo-acoustic wavefield through
 variety of processes, including wave breaking, the formation of
ydraulic jumps and the entrainment and collapse of air bubbles in
urbulent flow. An example of a predominantly liquid water-induced
oundscape recorded by DAS is shown in Fig. 15 for an experiment
onducted on Rhˆ one Glacier in the Swiss Alps. Owing to the, at
hat time, unpredictable sequence of Covid-19 lock-downs, the ex-
eriment was conducted in summer. In the absence of fresh snow,
ost of the 8 km long cable was exposed at the surface (see Fig. 6 ).
lthough this seemingly unfavourable setup largely precluded the

ecoding of glacial seismicity, it produced a densely sampled data
et of quasi-random ambient noise originating from the flow of
urface water, produced by both melting and precipitation. As ex-
ected, the noise amplitude is highest in the ablation zone, however,
ithout showing an obvious correlation with temperature and pre-

ipitation. Nevertheless, Manos et al. ( 2024 ) were able to train a
achine-learning model that predicts proglacial discharge, clearly

utperforming standard models trained on meteorological data. 

.2.4 Snow avalanches 

xisting telecommunication cables can be used to record deforma-
ion caused by snow avalanches. Fig. 16 (a) shows example data that
re included in the open-access data collection. They were recorded
ith a ∼700 m long cable used for communication with scientific

nstruments on the slope of the Swiss avalanche test site in the Vallée
e la Sionne (Paitz et al. 2023 ). The top end of the cable is located at
660 m above sea level and the bottom end, where the DAS unit was
nstalled, is inside a bunker ∼200 m lower. Most avalanches, includ-
ng the transitional snow avalanche shown here, propagate nearly
arallel to the cable. The fast-moving front contains three individual
urges and is followed by a slow-moving powder cloud. Deforma-
ion signals are generated by a combination of the seismo-acoustic
ear- and far-fields, and by quasi-static deformation. 

Far-field seismic waves are the main constituent of the snow
valanche in Fig. 16 (b), recorded with a telecommunication cable
hat follows the Fluelapass road in the Swiss Alps (Edme et al.
023 ). The avalanche released on a slope next to the pass road,
ropagated downhill nearly perpendicular to the road, but did not
each the cable. 

 F RO N T I E R S  A N D  C H A L L E N G E S  

ryosphere research has emerged as one of the most attractive
iches for fibre-optic sensing. In the following sections, we highlight
utstanding scientific questions to which fibre-optic sensing could
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Figure 15. Seismo-acoustic wavefield dominated by surface water flow on Rhˆ one Glacier in summer 2020 (Manos et al. 2024 ). (a) Location of the experiment, 
involving a 9 km long fibre-optic cable, largely exposed at the surface. (b) Normalized 30 s average of the rms strain rate, high-pass filtered at 50 Hz. The 
approximate transition from the accumulation zone to the ablation zone is marked by the dashed line. 

Figure 16. DAS recordings of snow avalanches. (a) Transitional snow avalanche propagating atop and approximately parallel to a fibre-optic cable at the Swiss 
avalanche test site in the Vallée de la Sionne (Paitz et al. 2023 ). (b) Snow avalanche propagating towards a telecommunication cable along the Fluelapass road 
in the Swiss Alps (Edme et al. 2023 ). 
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make significant contributions in the future, but also list technical 
challenges that remain to be overcome. 

5.1 Science questions 

Anthropogenic climate change is driving atmospheric and oceanic 
warming, which in turn is driving rapid change of the cryosphere. 
Looking forward, there are a number of outstanding challenges 
associated with understanding and monitoring the cryosphere in 
a warming world. Fibre-optic seismology is an ideal tool to pro- 
vide enhanced understanding of the involved processes. A non- 
exhaustive list of related scientific challenges is as follows. 

Ice dynamics models used to estimate sea-level rise projections 
still lack sufficient observational constraints on critical boundary 
conditions. While we can quantify fracture damage near the glacier 
surface (e.g. Chudley et al. 2019 ; Lai et al. 2020 ), observations 
and monitoring strategies of subsurface fracture damage remain 
sparse to non-existent (Oppenheimer et al. 2019 ). Subsurface ob- 
servations are essential for verifying the importance of fractur- 
ing and marine ice cliff instability on sea-level rise projections 
(Pollard et al. 2015a ). Similarly, quantifying ice-bed friction bet- 
ter is essential for reducing uncertainty in sea-level rise projec- 
tions (Oppenheimer et al. 2019 ). Although recent work using sur- 
face dynamics to infer basal conditions has shown promise (Riel 
et al. 2021 ; Ockenden et al. 2022 ), direct seismic measurements 
of glacier bed conditions remain limited to scales of a few kilo- 
metres (e.g. Zoet et al. 2012 ; Brisbourne et al. 2017 ; Muto et al. 
2019 ; Gräff & Walter 2021 ; Hudson et al. 2023b ). Fur ther more, 
interactions of ice with the ocean at marine-terminating glaciers 
play an important role in controlling continental ice loss (Weertman 
1974 ; Joughin et al. 2012 ; Kochtitzky et al. 2022 ), yet these regions 
are generally poorly instrumented for practical reasons. DAS is a 
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romising technology for addressing these outstanding challenges.
t can provide dense spatial and temporal sampling over tens to
undreds of kilometres, and it may be deployed in traditionally in-
ccessible terrain, for example, in crevasse fields (Hudson et al.
025 ) or from coastlines into the open ocean (Pe˜ na Castro et al.
023 ). 

Fibre-optic sensing has the potential to overcome current chal-
enges in monitoring long-term changes of the cryosphere. For ex-
mple, permafrost has been shown to play an important role in
toring greenhouse gases (Miner et al. 2022 ) and the stability of
ountain slopes (Fey et al. 2025 ). Although seismology is an ef-

ective tool for monitoring permafrost changes (e.g. Lindner et al.
021 ; Cheng et al. 2022 ; Lindner et al. 2025 ), scaling up obser-
ations based on conventional seismometers is difficult. A further
hallenge is monitoring the stability of Alpine land-terminating
lacier fronts. These glacier fronts are becoming increasingly unsta-
le with warming temperatures, posing a risk to Alpine communities
Faillettaz et al. 2015 ). Again, while seismology shows promise for
onitoring Alpine glacier stability (Chmiel et al. 2023 ), deploying

onventional instrumentation in such terrain continues to be a major
roblem. DAS by itself may not fill these data gaps, but the pos-
ibility to deploy cables in difficult terrain and keep them without
aintenance for months or years, is likely to make a significant

ontribution in the future. 
As a result of their accessibility, temperate glaciers have tra-

itionally been the focus of in situ glaciological measurements,
ncluding some of the first DAS deployments (e.g. Walter et al.
020 ; Manos et al. 2024 ; Hudson et al. 2025 ; Zitt et al. 2025 ).
n these settings, summer months or changes between winter and
ummer seasons are of primary importance, since following the
nset of surface melt production, the subglacial hydraulic system
ransitions from inefficient to efficient configurations (e.g. Werder
t al. 2013 ). This transition leads to variations in basal sliding
nd overall ice flow result, which provides opportunities to inves-
igate incompletely understood relations between subglacial pro-
esses and ice dynamics. In this context, the monitoring of basal
eismicity is key to scientific progress. However, long-term seis-
ic instrumentation on snow-free high-melt glacier surfaces is a

hallenge, because sensors have to remain levelled and protected
rom environmental disturbances. DAS could overcome this chal-
enge. Fibre-optic cables can be rapidly deployed, require little or
o maintenance and can densely cover an entire glacier (Manos
t al. 2024 ), which is practically impossible with conventional seis-
ic installations. Unfortunately, snow-free ice surfaces also imply

igh-noise DAS data (see Section 3.2.2 ). For glacier-wide mon-
toring, efficient ice trenching is therefore needed, to shield the
able even when several metres of ice melt within a few months
e.g. Huss et al. 2015 ). Alternatively, modern denoising algorithms
ould be tuned towards cryo-seismological DAS data and used to
dentify ice quake signals in the presence of noise resulting from
oor cable-ice coupling and meteorological influence (Zitt et al. 
025 ). 

Long-term DAS measurements could also offer other insights
nto glacier hydraulics. Monitoring basal reflections within ice
uake signals (Walter et al. 2020 ) may detect hydraulic changes at
he bed without the need for repeated active seismic sources (Nolan
 Echelmeyer 1999 ). If high-frequency seismic signals from ice

uakes or ambient seismic noise were available, characterization of
he shallowest metres of the ice column would elucidate the weath-
ring crust, which is an important intermediate water storage but
till poorly researched (Cook et al. 2016 ). 
Finally, the propagation of velocity variations along a glacier’s
ow line can serve as a diagnostic tool to understand basal slid-

ng. These kinematic waves (Pfeffer 2007 ) explain the instabil-
ty of Greenlandic tidewater glaciers (Felikson et al. 2017 ). On
uch slower flowing Alpine ice, their identification requires high-

recision distributed measurements of surface deformation. While
AS can measure deformation in the tens of nano-strain range, GPS

eceivers, whose installation in glaciers requires frequent mainte-
ance of antenna poles, have a location accuracy at the centimetre
cale (e.g. Riesen et al. 2010 ). Quasi-static DAS measurements
ould therefore be well suited to track the propagation of kinematic
aves and other velocity variations. 

.2 Experimental and technical challenges 

 major conclusion of Section 5.1 is that long-term and long-
istance cryospheric DAS experiments are both key to further sci-
ntific advances and an outstanding open challenge. The duration
f DAS experiments on glaciers is limited by the flow of the ice,
hich eventually ruptures the cable. Ironically, data collection is
ost difficult in those parts of a glacier that may be most inter-

sting. Deploying the cable in tubes, where it has some freedom
o move, might be a solution, but it increases the logistical effort
nd likely decreases coupling. While cables of up to few kilometres
ength may be deployed manually, longer cables require a faster
utomated procedure. Purpose-built trenching sleds, like the one
hown in Fig. 7 , may be a solution, but they require a powerful
owing vehicle to plough through the ice. 

Long-distance experiments are further complicated by the lim-
ted range of DAS, typically several tens of kilometres, depending
n fibre quality and noise conditions. Extending the maximum in-
errogation distance may require the adoption of alternative sensing
oncepts, based, for example, on phase and polarization measure-
ents of transmitted laser signals (e.g. Marra et al. 2018 ; Mecozzi

t al. 2021 ; Bogris et al. 2022 ). The use of transmitted instead of
ackscattered signals trades the high spatial resolution of DAS for a
onger interrogation distance. However, some spatial resolution can
e achieved by deploying cables not in straight lines but more com-
lex geometric configurations (Fichtner et al. 2022a ). Long-range
hase- and polarization-based systems have so far only been tested
n land and under water. Their usefulness for cryosphere research
s still an open question. 

Improving data coverage, for example, for imaging and source
nversion, will not only require longer distances but also the simul-
aneous measurement along cables at the surface and in multiple
oreholes. While such experiments are possible with today’s tech-
ologies, their complexity, compared to the cryospheric experiments
erformed so far, poses logistical challenges. 

An alternative approach to improve data coverage is the use of
elically wound fibre cables (e.g. Kuvshinov 2015 ; Ning & Sava
018 ). In contrast to cables containing straight fibres, helical wind-
ng removes the zero-sensitivity nodes in the angular DAS response,
xemplified in Fig. 3 The benefit of helically wound fibre cables is
hat P and S waves can be recorded for all incidence angles. This
omes at the cost of a higher weight of ∼500 kg km−1 , compared
o 10–20 kg km−1 for standard cables without metal reinforcement.

hether benefit and cost are in a reasonable balance for cryospheric
pplications, is currently unclear. 

The data volumes of future DAS experiments may grow more
apidly than currently available storage solutions, such as RAID or
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cloud systems (Ni et al. 2025 ). Future DAS deployments of 2-D 

cable grids at the surface, combined surface-borehole experiments 
and the emergence of DAS units that can interrogate multiple fibres, 
are likely to be particularly challenging. Our current practice of try- 
ing to store all DAS data permanently is therefore unlikely to be 
sustainable. The priority may need to shift towards keeping only sci- 
entifically valuable data, although scientific value is hard to foresee. 
Conventional downsampling in space and time may be combined 
with compression algorithms that are specifically tuned towards 
DAS data and may operate in real time (e.g. Dong et al. 2022 ; Is- 
sah & Martin 2024 ; Segui et al. 2025 ). Furthermore, science may 
need to be done on-the-fly, for example, by deleting raw data after 
rapidly picking traveltimes, computing noise correlations or dis- 
persion curves, or detecting and locating seismic events. Emerging 
machine-learning methods, adapted to specific research questions 
in cryo-seismology (e.g. Willis et al. 2025 ; Zitt et al. 2025 ) may 
enable or accelerate this mode of operation. While possibly being 
unavoidable, deleting raw data causes issues with the reproducibility 
of scientific results that need to be discussed in the community. 

Looking more generally toward future developments in optical 
fibre sensing, we suggest that the geophysical research community 
consider issuing more open Requests for Information (RFIs) and 
Requests for Proposals (RFPs), designed to encourage innovation 
in system design by hardware manufacturers. To date, much of the 
community has adopted a pragmatic approach, working primar- 
ily with commercially available systems, without harnessing the 
creativity and expertise of optical engineers. Although RFIs and 
RFPs are sometimes viewed as burdensome due to the associated 
administrative processes and time requirements, they represent a 
powerful mechanism for articulating specific research needs and 
catalysing targeted development. Areas where we anticipate mean- 
ingful advancements include reductions in power consumption, im- 
provements in sensing aperture, enhancements in dynamic range 
and the ability to measure absolute strain. While measurements of 
absolute strain integrated over a fibre length have been successful 
(e.g. Zumberge et al. 2002 ), distributed measurements are still a 
challenge. 

6  C O N C LU S I O N S  

While fibre-optic sensing is still a rapidly emerging technology, 
cryosphere research has already emerged as a niche where it can 
make major scientific contributions. Most experiments conducted 
so far were pilot studies that detected unprecedented amounts of ice 
quakes, constrained firn and ice structure with metre-scale resolu- 
tion, produced highly accurate estimates of glacial meltwater runoff, 
offered insight into the internal structure of snow avalanches or de- 
tected previously unobserved phenomena, such as ice sheet reso- 
nance and englacial ice quake cascades. 

Successful fibre-optic sensing experiments in the cryosphere re- 
quire more careful planning than in most other environments. Par- 
ticularly critical field-work issues include the choice and handling 
of suitable fibre-optic cables, the power supply and setup of DAS 

interrogators, storage of data volumes in the tens of TB range, splic- 
ing in the field at low temperatures, trenching and cable coupling 
and sensing in both shallow and deep boreholes. 

Major remaining science questions are very diverse but are col- 
lectively under the umbrella of long-term and large-scale obser- 
vations of glacial dynamics in the context of a rapidly changing 
climate. Technical challenges that should be overcome to address 
these questions involve longer interrogation distances, long-term 
deployments in more dynamic parts of glaciers, storage and trans- 
mission of large data volumes, long-term power supply and absolute 
strain measurements. 
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A P P E N D I X  A :  O P E N  DATA  S E T S  A N D  

A NA LY S I S  T O O L S  

Storage formats of DAS recordings, the nature of the data and the 
methods used to analyse them vary widely. On the one hand, this 
is due to the absence of a widely accepted standard format. On the 
other hand, it results from the diversity of observable phenomena 
and DAS interrogators that preclude the existence of a one-fits-all 
solution. 

The open-access collection of cryospheric DAS data sets, en- 
closed in this publication, is intended to reflect part of this diversity 
and to provide an opportunity for hands-on training and experi- 
mentation with actual field data. Most of the data sets have already 
been described in the signal gallery of Section 4 . These include 
the active-source borehole data from Store Glacier (Fig. 9 , Booth 
et al. 2020 ), surface crevassing and stick-slip events from Rhˆ one 
Glacier (Fig. 10 c, Walter et al. 2020 ), stick-slip events from Rut- 
ford Ice Stream (Fig. 11 , Hudson et al. 2021 ), cascading englacial 
icequakes in the Northeast Greenland Ice Stream (Fig. 12 , Fichtner 
et al. 2025 ) and the snow avalanche recordings from the Vallée 
de la Sionne (Fig. 16 a, Paitz et al. 2023 ). Additional data sets are 
described below. 

A1 Recording of multimode surface waves from an 

airplane landing 

This data set, illustrated in Fig. A1 , was recorded on 2022 July 26 
near the camp of the East Greenland Ice Core Project (EastGRIP) 
on the Northeast Greenland Ice Stream (Fichtner et al. 2023b ). The 
wavefield was excited by the landing of a C-130 Hercules airplane at 
a small angle of a 2500 m long straight segment of a fibre-optic ca- 
ble, trenched with the help of a snow cat ∼0.5 m into the firn. While 
the time-domain recordings are complex, the frequency-phase ve- 
locity version reveals multiple clearly defined wave propagation 
modes, including the fundamental-mode Rayleigh wave, numer- 
ous Rayleigh overtones, a leaky mode and several pseudo-acoustic 
(trapped P wave) modes. The unusually large number of modes, 
combined with the high data quality, provides tight constraints on 
the structure of the firn layer within the upper ∼100 m of the ice 
sheet. 

A2 Recording near-surface crevassing at an Alpine glacier 
using a dense surface fibre-optic array 

Fig. A2 shows an example data set from Gorner Glacier, an Alpine 
glacier in Switzerland. The novelty of this data set lies in deploy- 
ing a dense 2-D fibre geometry over an active crevasse field. The 
interrogator was located off the ice to minimize surface-wave noise 
from a generator used to power the interrogator. Fibre was laid 
parallel and perpendicular to crevasses, directly on the ice surface. 
The deployment was timed to occur just as the weather conditions 
transitioned to sub-zero temperatures, allowing the fibre to melt 
in and then freeze into the ice. This resulted in good coupling of 
the majority of channels, with the exception of channels traversing 
crevasses (see Fig. A2 c, for example). Effects of this poor cou- 
pling can be seen in the plot of strain with distance along the fibre 
through time (Fig. A2 d). Fig. A2 (d) also shows an example of an ice 
quake caused by near-surface crevassing. A P wave can clearly be 
observed, followed by a higher amplitude dispersive surface wave 
arrival. These arrivals can clearly be identified in individual chan- 
nel traces (Fig. A2 e). A further feature of interest is the strong 
coda signal after the surface wave arrival. This is likely caused by 
scattering of surface waves off the numerous crevasses, possibly 
combined with meltwater resonances in some of the crevasses (e.g. 
see signals at ∼ 400 and ∼ 1000 m following the surface-wave 
arrival). 

A3 Recording hammer and plate signals at an Antarctic 
ice core site with partial fluid-fill 

Fig. A3 introduces a borehole DAS experiment conducted at Sky- 
train Ice Rise in West Antarctica (Brisbourne et al. 2021 ). The 
fibre-optic cable was deployed a year earlier following ice core re- 
trieval with the aim of measuring the temperature of the ice column 
using distributed temperature sensing. The hole was left approxi- 
mately half-filled with drilling fluid. The upper half of the cable 
was therefore suspended in air with only the lower half suspended 
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Figure A1. Airplane landing data. (a) Photograph of the C-130 Hercules, shortly after landing near the EastGRIP camp. (b) Geometry of the 3000 m long 
fibre-optic cable. The last ∼2500 m are nearly straight, forming an angle of ∼ 7◦ to the estimated landing spot. (c) Time-domain DAS recordings on the last 
2500 m of the cable. (d) Amplitude spectrum of the data in the frequency–phase velocity domain. Marked features include multiple Rayleigh modes ( Ri ), a 
leaky mode ( RL ) and pseudo-acoustic modes ( P0 ). Frequencies above 60 Hz are shown with a lower colour bar saturation, for better visibility. 

Figure A2. Alpine glacier crevasse field data (Gorner Glacier, Switzerland). (a) Experiment setup. (b) Detailed fibre geometry and ice quake location (orange 
star). Red triangles are single-component seismic nodes. (c) Example of how the fibre is decoupled from the ice when crossing a crevasse. (d) Example of a 
DAS record section for a crevasse ice quake. (e) Examples of waveforms of selected DAS channels. The aerial imagery in (a) and (b) is from the Swiss Federal 
Office of Topography (Swisstopo). 
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Figure A3. (a) Location of the experiment on Skytrain Ice Rise (SIR) in West Antarctica. FRIS–Filchner–Ronne Ice Shelf; KIR–Korff Ice Rise. (b) Orientation 
of walkaway hammer and plate seismic lines on SIR (not to scale). The background is MODIS imagery. HI–Hercules Inlet; CI–Constellation Inlet; EM–
Ellsworth–Whitmore Mountains. (c) Scale map of shot locations with respect to the borehole at 79 44.50 S, 078 32.70W (orange dot). Line names reference 
the orientation with respect to magnetic north. (d) DAS interrogator in a mountain tent. (e) Schematic of acquisition illustrating the key components of the field 
set-up. (f–i) Example DAS VSPs along line ST130 with signal and noise labelled. Traces are normalized at each depth to highlight coherent arrivals. This also 
results in the dimming of signals over depths with high amplitude arrivals dominating. (f) Primary, reflected and surface multiple P waves at zero offset with a 
bandpass filter of 2–140 Hz. Vibrations from the generator and wind noise of the DAS interrogator appear as horizontal lines in these sections. The apparent 
dimming of the P wave at 50 ms is due to the high amplitudes of the following signals. (g) Downgoing P -wave energy at zero offset isolated using an f–k filter 
and adaptive deconvolution to remove upgoing energy and reduce coherent noise. Some upgoing energy is preserved due to the taper used on the f–k filter. 
Inset: example waveforms of five downgoing P waves at 100 ms and 350 m depth, indicated by the black box in (f) (no f–k filter applied). (h) Source at 200 m 

offset with a bandpass filter of 2–140 Hz. The characteristic diamond-pattern is highlighted by the dashed yellow box. (i) Both P -wave and S -wave arrivals are 
visible at 400 m source offset with a bandpass filter of 2–140 Hz applied. 
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in the fluid. Walkaway vertical seismic profiles were acquired at 
three azimuths using a sledgehammer and a rigid plate. Repeated 
hammer blows were acquired to allow stacking. Coherent noise on 
the DAS unit itself results from the power generator and strong 
winds. Noise on the undamped fibre suspended in air is significant 
C© The Author(s) 2025. Published by Oxford University P
article distributed under the terms of the Creative Common
permits unrestricted reuse, distribution, and reproduction in
at shallow depths. However, with the source located at near offsets, 
where ray paths are parallel to the cable, down-going (direct), up- 
going (ice-bed reflection) and surface-multiple P waves are visible. 
With sources at greater offsets, and ray paths therefore oblique to 
the cable, down-going S waves are observed. 
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