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Abstract The firn layer covers 98% of Antarctica's ice sheets, protecting underlying glacial ice from the
external environment. Accurate measurement of firn properties is essential for assessing cryosphere mass
balance and climate change impacts. Characterizing firn structure through core sampling is expensive and
logistically challenging. Seismic surveys, which translate seismic velocities into firn densities, offer an efficient
alternative. This study employs Distributed Acoustic Sensing technology to transform an existing fiber-optic
cable near the South Pole into a multichannel, low-maintenance, continuously interrogated seismic array. The
data resolve 16 seismic wave propagation modes at frequencies up to 100 Hz that constrain P and S wave
velocities as functions of depth. Using co-located geophones for ambient noise interferometry, we resolve very
weak radial anisotropy. Leveraging nearby SPICEcore firn density data, we find prior empirical density-
velocity relationships underestimate firn air content by over 15%. We present a new empirical relationship for
the South Pole region.

Plain Language Summary Firn, the layer of compacted snow merging into glacial ice covering
Antarctica, acts as an insulating blanket that mitigates environmental perturbations to the polar ice sheet.
Understanding the density and seismic characteristics of the firn layer helps scientists better infer its properties
and variation, including factors relevant to glacial stability and sea level change. Firn density is the major
uncertainty source for measuring ice sheet mass changes via satellite and airborne sensing. Traditional methods
of assessing firn density involve drilling or snow pit analyses and are expensive and time-consuming. We utilize
the rapidly developing technology of Distributed Acoustic Sensing to transform a data communication cable
near the South Pole into a dense array of seismic sensors, allowing us to noninvasively estimate firn properties
by studying seismic waves propagating in the firn to assess its physical properties. Our findings suggest that
previous parameterizations overestimate firn density by over 5% and underestimate its air content by over 15%
and highlight the value of seismology for advancing glaciological and polar region's climate research.

1. Introduction

The Antarctic Ice Sheet (AIS), Earth's largest surface freshwater reservoir, plays an important role as an indicator
of climate change and contributor to sea-level change (Shepherd et al., 2018). Firn is a transitional layer from
fresh snow to deeper glacial ice (e.g., Gow, 1969), covers 98% of the AIS (Winther et al., 2001), and critically
protects it against environmental perturbations (e.g., MacAyeal, 2018; The Firn Symposium team et al., 2024). In
warmer ice sheet systems, such as Greenland or the Antarctic Peninsula, firn provides pore space for heat
insulation and surface meltwater retention and refreezes into impermeable ice lenses, thus mitigating mass loss
through runoff and moderating sea-level change (Dunmire et al., 2024; Harper et al., 2012; Kuipers Munneke
etal., 2015; Medley et al., 2022; Noél et al., 2022). Moreover, the firn layer influences the accurate assessment of
key factors relevant to climate change, such as satellite altimetry of surface elevation changes and subsequent
calculations of AIS mass variations (Arthern & Wingham, 1998; Noél et al., 2018; van Wessem et al., 2018).
Variable mass, density, and thickness of the firn layer, influenced by diverse conditions across Antarctica can
introduce significant uncertainty when spatially limited measurements are extrapolated to large regions (Boening
et al., 2012; Ligtenberg et al., 2011; van den Broeke, 2008).

In situ observations of firn structure can be obtained from snow depth profiles, which sample the upper few meters
for density, temperature, and core stratigraphy (e.g., Herron & Langway, 1980; Jarvinen et al., 2013; Ligtenberg
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et al., 2011). Limitations of this methodology may include inherent sparsity of drilling or snow pit sites, asso-
ciated logistical costs, and possible shortfalls in capturing deeper firn layer complexities due to limited sampling
depth. Complementing in-situ measurements, non-destructive geophysical methods, such as seismic and radar
techniques, can noninvasively characterize firn properties (Abbasi et al., 2010; Arthern et al., 2013; Chaput,
Aster, Karplus, & Nakata, 2022; Diez et al., 2016; Hollmann et al., 2021; Jones et al., 2023; Weihaupt, 1963).
More recently, distributed acoustic sensing (DAS) using optical fibers has emerged as a tool for glacial seis-
mology applications, offering logistical tractability in challenging environments (Booth et al., 2020; Fichtner
et al., 2023; Walter et al., 2020; Zhou et al., 2022). DAS transforms a fiber-optic cable into a dense array of
uniaxial strainmeters, providing dense spatial and temporal wavefield resolution across distances up to 100 km
(Fan et al., 2023; Lindsey & Martin, 2021; Zhan, 2020). The firn layer's unusual seismic properties, characterized
by low near-surface velocities, high degree of lateral homogeneity, and strong near-surface velocity gradient,
hosts multiple wave propagation states such as surface wave overtones and leaking modes (Chaput, Aster,
Karplus, Nakata, et al., 2022; Kennett, 2023). Utilizing DAS's high-density seismic wavefield sampling, these
modes can be characterized and used to refine estimates of firn seismic velocities and structure.

In this work, we leverage an 8 km preexisting buried data communication fiber-optic cable near the South Pole,
converting it into a dense seismic array with 1 m spatial sampling. Through active seismic surveys, we resolve the
seismic velocity of the firn layer. Additionally, we deployed co-located three-component geophones and con-
ducted seismic ambient noise analysis, allowing us to investigate the radial anisotropy of the firn. Our goal is to
advance understanding of the seismic velocity characteristics of firn, specifically applied here to the dry and cold
firn layer of the polar plateau region, which is generally characteristic of much of East Antarctica but less
extensively investigated than other firn environments.

2. South Pole DAS Experiment and Observations

In January 2023, we utilized a preexisting data fiber-optic cable to create a dense fiber-oriented horizontal
strainmeter array with DAS technology. The cable extends between the Amundsen-Scott South Pole Station and
the Global Seismographic Network (GSN; Ringler et al., 2022) station QSPA, located at the South Pole Remote
Earth Science and Seismological Observatory (SPRESSO) approximately 8 km from the pole (Figure 1; Anthony
etal., 2021). The cable, buried about 10 m below the surface, provided a stable temperature and low air circulation
environment that facilitated very high signal-to-noise data collection. The fact that the cable is buried 10 m below
the surface affects the relative amplitudes of the observed modes but does not affect estimates of phase velocity,
nor does it compromise sensitivity to the top 10 m of firn (Figures S1, S2 in Supporting Information S1). An
OptaSense QuantX interrogator (Figure 1b), recording at 1,000 Hz sampling rate, produced seismic records from
every 1 m along the cable using an 8.2 m gauge (spatial smoothing) length. Along-fiber strain rate data from the
DAS system were complemented by twelve co-located Fairfield ZLand three-component geophone nodes spaced
about 600 m apart with their transverse components oriented perpendicular to the optical fiber.

Active seismic energy was generated with a propelled energy generator (PEG-40 kg) source. This system is
lightweight, highly portable, and engineered for easy mounting onto a Kissbohrer Geldndefahrzeug AG Pis-
tenBully snow tractor. Repeated impulsive shots were performed for subsequent stacking at two locations aligned
with the cable direction, which produced signals with useful frequency content to about 100 Hz. The first set of
shots was within the array near its southern terminus (close to DAS Channel 1,000), where we executed 1,066
shots. To mitigate potential bias in firn structure introduced by human vehicle and other activity near the South
Pole Station, we executed another 960 shots at a more remote and quiet location beyond the QSPA seismic station,
10 km away from the South Pole station. This latter site experiences minimal human disturbance. The consistency
between these two surveys enhances confidence that the seismic conditions described here are indicative of
regional conditions in the South Pole and relevant to other regions of interior Antarctica.

We aligned shot onset times and stacked the DAS recorded data (Figure 1c). A 2-D f-k transform was applied to
convert these time-space data into the frequency-wavenumber domain. This allowed us to calculate along-fiber
phase velocity through dividing the radian frequency by the wavenumber, leading to a detailed frequency-phase
velocity (f-v) image that revealed dispersion curves for at least 16 distinct wave propagation modes (Figure 2a).
These included Rayleigh wave modes with a cutoff velocity around 2,000 m/s, a leaking mode exceeding
2,000 m/s, and pseudoacoustic modes indicative of surface-reflected P waves trapped in the strong near-surface
firn layer seismic velocity gradient (e.g., Albert, 1998) with velocities ranging between 2,000 and 4,000 m/s. The
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Figure 1. Field setting and observations. (a) The South Pole Quiet Sector, showing the locations of the DAS cable, QSPA site,
Ice Core, active shots, and geophone-equipped seismic stations. (b) Interrogator and acquisition monitor installed in the
Amundsen-Scott South Pole Station. (c) DAS data, stacked over 1,066 shots applied near Channel 1,000, as shown in (a).
(d) Cross correlation functions of transverse geophone components, using the geophone closest to Channel 1,000 as a virtual
source.

detailed resolution of multiple firn seismic modes resembles the observations of Fichtner et al. (2023) using
airplane landings as a seismic source in Greenland. In our case, the quiet environment at the South Pole (Anthony
et al., 2015), a uniformly buried and well-coupled fiber, together with the strong energy stacked from the active
surveys allows for still higher signal-to-noise recording and the detection of additional modes.

3. Discrepancies Between Seismic Observations and Velocities Derived From Ice Core
Data

Multiple well-resolved seismic wave propagation modes allow us to invert for the vertical seismic firn structure,
and to assess these results relative to prior empirical relationships between seismic velocities and density. The
South Pole Ice Core (SPICEcore) project, drilled 2.7 km from the Amundsen-Scott South Pole Station in 2014—
2016, provided in situ firn density measurements (Winski et al., 2019). The SPICEcore site was selected to ensure
proximity to South Pole Station, avoidance of previous station infrastructure and science sectors, and minimal
influence from past and present station emissions (Casey et al., 2014). Given its proximity to our study (Figure 1a)
and the homogeneous snow and glacial conditions near the South Pole (Watanabe et al., 2003), it provides a
reliable firn density data set for this study.
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Figure 2. Comparison of observed and synthetic frequency-velocity (f-v) Images using prior empirical relations. (a) The f-v
image computed from the wavefield stacked over 960 active shots that were performed 2 km from the QSPA station
(Figure la). Identified pseudoacoustic and Rayleigh wave modes are marked in white text. (b) Synthetic f-v image derived
from SPICEcore (Casey et al., 2014) firn-core density-based seismic velocities using Equations 1 and 2, with red dispersion
curves picked from (a).

The work by Kohnen and Bentley (1973) at New Byrd Station provided an early look into seismic velocity-
density relationships. The empirical relation between P-wave velocities and density was derived from seismic
data and firn density profiles from multiple ice cores (Kohnen, 1972)

p) = —Liee )

1.22
Vpice=Vp(2)
1 +< 2250 m/s )

where z is depth, p(z) is the density in the unit of kg/m>, V(z) is P-wave velocity in units of m/s, and Vbp.ice 18 P-
wave velocity in the sub-firn ice. The empirical relation between firn density and S-wave velocities was derived
on the Alpine glacier Colle Gnifetti (Diez et al., 2014)

Q)= — L @

1.17
Vs,ice=Vs(2)
1+ ( 950 m/s >

where V(z) is S-wave velocity in the unit of m/s, and V., is S-wave velocity in the sub-firn ice. Using these two
equations, we apply p(z) from the SPICEcore, p,., = 920 kg/m?, Vp.ice = 3,810m/s, and V., = 1,860 m/s from a
seismic reflection study close to South Pole (Peters et al., 2008) to predict Vp(z) and V().

Using the empirical Vp(z) and V¢(z) we employed the method of Kennett (2023) to compute the complete seismic
response in f-v space (Figure 2b) and observed significant discrepancies between observed and predicted wave
propagation mode dispersion curves. First, the observed cutoff velocity for the Rayleigh and pseudoacoustic
modes is substantially higher than predicted, indicating that sub-firn glacial seismic velocities at the South Pole
exceed the values from (1) and (2). Second, discrepancies at high frequencies indicate reduced seismic velocity in
the upper firn layers relative to those predicted by (1) and (2).

4. Characterizing Firn Structure With Multimode Seismic Inversion
4.1. Seismic Velocity Model Parameterization

We used the observed multimode dispersion curves to obtain new empirical relation suitable for the firn of the
South Pole region. The observational constraints include (normal) Rayleigh modes, leaking modes, and pseu-
doacoustic modes (Figure 2a). Normal Rayleigh modes are principally sensitive to Vs (e.g., Pan et al., 2019) while
leaking modes and pseudoacoustic modes are sensitive to both Vg and V, (Kennett, 2023; Li et al., 2022; Shi
et al., 2022). The prominent presence of multiple leaking and pseudoacoustic modes in our observations thus
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enables us to robustly invert for both Vg and V. This contrasts with Rayleigh/Love wave surface wave inversions
for 1-D models parametrized solely using V¢ in which V is empirically inferred from V¢ due to limited sensitivity.
We use a model parameterization with the functional form of (1) and (2) that integrates SPICEcore density data
and leverages the relationship between seismic velocities within the dry firn layer and specific coefficients tied to
density

pe) =L 3
xiice— Vx(Z
1+ (7& )

Where x can represent either P or S waves, Ap, Ag are the scaling velocities, and kp, kg are exponents determining
depth dependence. The upper bounds of the Rayleigh and pseudoacoustic phase velocities approximate Vg ., and
Vp ice> TESPECtively, enabling us to constrain these values directly from the phase velocity-frequency spectra. This
reduces the number of free parameters to four and is applied to fit all observed modes.

4.2. Inversion Framework and Misfit Optimization

Surface wave inversions for seismic structure are most commonly performed by minimizing least-square re-
siduals between fundamental mode groups or phase velocities. Even with advancements incorporating multimode
or leaking modes, modal identification can be challenging and is essential prior to applying these methods (e.g.,
Fichtner et al., 2023; Li et al., 2022). Our method employs an image-based misfit function, which calculates the
normalized cross-correlation between two images. We first employ the method introduced by Kennett (2023), to
forward model the seismic response in f-v space. This circumvents the intricate task of root searching within the
complex frequency-wavenumber domain (e.g., Pan et al., 2013) inherent in other methods. Maintaining consistent
discretization in velocity and frequency, fitting the synthetic f~v image to the observed f-v image eliminates the
need to individually identify modes. We estimate the unknown parameters in (3) utilizing the ensemble Markov
chain Monte Carlo (MCMC) method. We employ the emcee Python package (Foreman-Mackey et al., 2013) for
its capability to navigate nonlinear and highly correlated likelihood surfaces typical in forward modeling. The
method's convergence is less consistent in expansive model spaces and our streamlined model with only four
parameters ensures efficient exploration without excessive computational demands.

Figure 3a illustrates the posterior distributions of our four model parameters from the MCMC simulation. The
maximum a posteriori parameters provide a South Pole empirical relation specific to our observations as termed in
Equation 3: Ap = 2,283 m/s,Ag = 1,068 m/s,kp =1.028,kg=1.036, with Vp ;.. = 3,870 m/s, and V ;., = 1,970 m/s.
Figure 3b shows the corresponding maximum a posteriori Vp and Vg model. We present in Figure S3 in Sup-
porting Information S1 the posterior distribution of the inverted V and Vg models. The corresponding f-v image is
shown in Figure 3c overlain with the observed dispersion curves. The close match between model and the high-
resolution DAS observation demonstrates the effectiveness of the inversion approach and parameterization us-
ing just four free parameters. Results confirm deviations from (1) and (2), with the South Pole region requiring
higher seismic velocities in sub-firn ice, larger scaling velocities, and smaller exponents for Vp and V.

4.3. Analysis of Radial Anisotropy in South Pole Firn

Inversion with active seismic survey data enables us to resolve the (vertical) radially polarized seismic velocity.
Radial anisotropy, in which horizontal elastic parameters differ from those in the vertical direction, has been
widely documented in glacial firn (Diez et al., 2016; Pearce et al., 2023; Schlegel et al., 2019; Zhang et al., 2022).
Theoretically, Rayleigh waves are sensitive to the vertically polarized Vg (V) while Love waves are sensitive to
the horizontally polarized Vg (V). To investigate potential radial anisotropy, we employ ambient noise inter-
ferometry for the transverse geophone components to extract Love wave group velocities. We process 10 days of
geophone data following the conventional workflow for ambient noise interferometry (Bensen et al., 2007). The
2-30 Hz cross-correlation data revealed Love wave signals (Figure 1d) for which we conducted a time-frequency
analysis to calculate group velocity dispersion (Figure 3d).

Interestingly, the Love wave group velocity was remarkably well fitted using our Rayleigh wave-derived Vy,,
model (Figure 3d), indicating a low degree of radial anisotropy. Studies reporting 10%—15% radial anisotropy

% — 1) in the upper 50-60 m of the firn column include Diez et al. (2016) and Pearce et al. (2023). Previous
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Figure 3. Inverted firn structure and model fitting for the parameters in Equation 3. (a) The posterior distributions of the
parameters from our inversion model. The diagonal subplots display marginal distributions as histograms for each parameter
and the off-diagonal subplots reveal 2-D marginal distributions between parameter pairs with contours displaying confidence
intervals calculated from the sampled posterior distribution. The blue lines within the plot mark the reference values from
empirical relations in Equations 1 and 2. The black lines indicate the maximum a posteriori parameters. (b) The maximum a
posteriori seismic velocity model. (c) Synthetic f~v image using the best-fitting seismic velocity model (b), along with
observed dispersion curves in red from Figure 2a. (d) Observed f-v image for Love wave group velocities, computed using
ambient noise data from fiber co-located geophones (Figure 1d). Solid black synthetic dispersion curves correspond to the
(isotropic) model in (b) and dashed and dotted dispersion curves correspond to Love waves with introduced radial
anisotropy.
studies typically account for at least 5% radial anisotropy when converting DAS-measured Vg, to Vg, (Fichtner
et al., 2023). In this study, however, adding even 5% radial anisotropy to compute the Vg, and the dispersion
curves results in a large discrepancy in fitting the Love wave modes, as demonstrated in Figure 3d, confirming
that South Pole firn exhibits very weak radial anisotropy.
S. Discussion and Conclusions
5.1. The South Pole Empirical Relation and Its Implication for AIS Mass Change Estimate
Firn density carries information for ice sheet modeling, relevant to meltwater capacity (Medley et al., 2022),
solid-ice discharge over the grounding line (Rignot et al., 2019), altimetric mass-balance uncertainty (Smith
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2 601 — Colle Gnifetti glacier Polar Plateau/East Antarctic context.
a g0d West Antarctica
—— South Pole From density, we can calculate firn air content (FAC), which is an indicator of
100 T T T T T the meltwater storage capacity of the firn. Importantly, FAC variability
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Density (g/cm?3)

Figure 4. Comparison of empirical relations with the DAS-inverted South
Pole seismic velocity model (blue). (a) Vp-density relations; green curve
represents empirical relation derived for West Antarctica sites (Equation 1 of
Kohnen, 1972); (b) V¢-density relation; red curve represent empirical
relation derived for Greenland sites (Equation 2 of Diez et al., 2014); (c) Firn
density profiles converted from our seismic velocity model using the three
empirical relations. Black dots in all panels indicate data points from the

SPICEcore project.

significantly impacts surface height variations observed in satellite altimetry,
with over 60% of this variability attributable to FAC changes (Veldhuijsen
et al., 2023). FAC can be calculated from firn density and depth (Ligtenberg
et al., 2014) as

A

1
FAC = ; / (p,- —p(2) ) dz 4

l

where p(z) is the depth-dependent density, p; is glacial ice density, z, and z (p;) are the surface and the depth at

which the ice density is reached, respectively. Calculation using the three different empirical relations (Diez
et al., 2014; Kohnen, 1972) suggests that the V-density relationship (1) underestimates FAC by about 11%, and
the V¢-density model (2) underestimates it by about 17% for East Antarctica. These findings highlight the need for
further region-specific empirical relationships that can better capture regional variations necessary for accurate

firn density estimations and AIS mass balance estimation.

Results presented here represent a new model for the South Pole, and assessing its broader applicability for
interior Antarctica requires additional data collection. Fiber-optic cables are particularly efficient and effective for
characterizing seismic wave dispersion and can be readily deployed to acquire more comprehensive data to

support or refine these initial findings.

5.2. Weak Radial Anisotropy in South Polar Firn

Firn layer seismic and structural anisotropy, both azimuthal and radial, has been a subject of extensive study.
Azimuthal anisotropy, characterized by velocity variations with horizontal direction, is typically observed in firn

under the influence of ice flow and surface strain rates, with reported values ranging from 0% to 4% (Chaput
et al., 2022a, 2022b; Diez et al., 2016; Hollmann et al., 2021; Zhou et al., 2022). Radial anisotropy, denoting
velocity differences between horizontal and vertical polarizations, generally exhibits a larger amplitude. It has
been attributed to effective anisotropy from thin layering, intrinsic anisotropy from the preferred orientation of ice
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crystals, and to structural anisotropy introduced by features such as aligned crevasses and micro-cracks, which are
particularly pronounced in the upper 50 m of the firn layer (Diez et al., 2016; Pearce et al., 2023; Zhang
et al., 2022). Observed radial anisotropy is commonly substantial (around 10%—15%).

Our findings near South Pole, a high altitude (2,835 m) plateau characterized by a slowly moving ice sheet
(10 m/year), low precipitation (5 cm/year), and cold temperatures (—49.3°C annual average), deviate from
observations at other firn locations. We detected negligible radial anisotropy through ambient noise inter-
ferometry using the co-located geophones (Figure 3c). A similar observation made at Kohnen Station showed
minimal radial anisotropy at depths below 10 m (Schlegel et al., 2019). The absence of radial anisotropy at the
South Pole site further underscores the diversity in firn layering characteristics in different Antarctic regions
and reiterates the value of localized studies in glacial seismology.

5.3. Potential for Long-Term Fiber-Seismic Monitoring to Glacial Firn Stability and Hydrology

Firn contains significant pore space that can store or transmit meltwater. In the northernmost sectors of
Antarctica, the vast majority of surface meltwater is retained and commonly refrozen within the firn,
contributing to its stability (Medley et al., 2022), but surface melt is historically scarce to absent in interior
Antarctica (Trusel et al., 2012). In Greenland, half of the total surface melt is absorbed by the firn pore spaces
(Fettweis et al., 2020). The potential impacts of meltwater on Antarctic mass balance and ice shelf stability—
through increased runoff, bed injection, and ice-shelf fracture—underscore the importance of monitoring firn
conditions (Bell et al., 2018).

To accurately track the fate of meltwater in the firn system, various observational tools have been employed to
monitor near-surface firn properties, ranging from in-situ temperature measurements and dielectric techniques
(Miller et al., 2020; Sihvola & Tiuri, 1986), to seismic and radar observations (Chaput et al., 2018; Killingbeck
et al., 2020), to remote sensing via synthetic aperture radars and microwave scatterometers (Alley et al., 2018;
Fahnestock et al., 1993). The deployment of surface instrumentation on glaciers faces significant challenges
due to the harsh and dynamic environment, where seasonal variations in surface morphology due to ablation,
crevassing, or melting can compromise data collection or reliability (e.g., MacAyeal, 2018) DAS offers an
attractive solution for glacial firn hydrology monitoring (Manos et al., 2024). By utilizing a fiber optic cable,
DAS can provide sensitivity in wide areas across multiple glacial features without the typical constraints of
traditional seismic sensing methods, such as the need for independent power and other infrastructure at sensing
points.

5.4. Conclusions

Distributed Acoustic Sensing (DAS) applied to an 8 km fiber-optic cable near the South Pole and the detection
and inversion of 16 seismic propagation modes at frequencies up to 100 Hz enables us to constrain the P- and S-
wave velocities of the firn layer. We derive a new empirical relation between density and P- and S-wave velocities
for the low precipitation and cold South Pole firn regime that may be applicable to extensive regions of the
Antarctic Plateau and interior Antarctica with comparable environmental conditions. This refined model repre-
sents an improvement over previous empirical relationships for this site, effectively reducing the underestimation
of firn air content by over 15%. This study, more generally, highlights the effectiveness and future potential of
fiber-optic sensing technology in glacial seismology.

Data Availability Statement

The representative active source shots data that are used to generate multimode dispersion and the cross corre-
lation functions that are used to generate Love waves are available online at Yang (2024a). Our final seismic
velocity model of South Pole firn is available online at Yang (2024b).
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