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Abstract

Distributed acoustic sensing (DAS) is a rapidly growing seismic technology, which provides near-continuous spatial sampling,

low maintenance, long-term deployments, can exploit extensive cable networks already deployed in many environments. Here,

we present a case study from the Rutford Ice Stream, Antarctica, showing how the ice-sheet firn layer can be imaged with DAS

and seismic interferometry, exploiting noise from a power generator and fracturing at the ice stream margin. Conventional

cross-correlation interferometry between DAS channels yields an unstable seismic response. Instead, we present two strategies

to improve interferograms: (1) combining signals from conventional seismic instruments with DAS; (2) selective-stacking cross-

correlation. These steps yield high-quality Rayleigh wave responses. We validate our approach with a dataset acquired using a

sledgehammer-and-plate source, and show an excellent agreement between the dispersion curves. The passive results display a

lower frequency content (˜3Hz) than the active datasets (˜10Hz). A 1D S-wave velocity profile is inverted for the top 100m of the

glacier, which contains inflections as predicted by firn densification models. Using a triangular DAS array, we repeat the noise

interferometry analysis and find no visible effect of seismic anisotropy in the uppermost 80 meters of our study site. Results

presented here highlight the potential of DAS and surface wave inversions to complement conventional refraction surveys, which

are often used for imaging firn layer, and the potential in near-surface imaging applications in general.
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Key Points: 10 

• DAS is used for the first time to image the S-wave velocity structure and anisotropy of 11 

the firn layer in Antarctica. 12 

• DAS seismic interferograms are greatly improved through selective stacking and cross-13 

correlation with a geophone. 14 

• Our method is suitable for large-scale measurements and is feasible in the presence of 15 

ice lenses where refraction methods are inadequate. 16 

 17 

  18 
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Abstract 19 

Firn densification profiles are an important parameter for ice-sheet mass balance and 20 

palaeoclimate studies. One conventional method of investigating firn profiles is using seismic 21 

refraction surveys, but these are limited to point measurements. Distributed acoustic sensing 22 

(DAS) presents an opportunity for large-scale seismic measurements of firn with dense spatial 23 

sampling and easy deployment, especially when seismic noise is used. We study the feasibility of 24 

seismic noise interferometry on DAS data for characterizing the firn layer at the Rutford Ice 25 

Stream, West Antarctica. Dominant seismic energy appears to come from anthropogenic noise 26 

and shear-margin crevasses. The DAS cross-correlation interferometry yields a noisy Green’s 27 

function (Rayleigh waves). To overcome this, we present two strategies for cross-correlations: 28 

(1) hybrid instruments – correlating a geophone with DAS, and (2) selected stacking where the 29 

cross-correlation panels are picked in the tau-p domain. These approaches are validated with 30 

results derived from an active survey. Using the retrieved Rayleigh wave dispersion curve, we 31 

inverted for a high-resolution 1D S-wave velocity profile down to a depth of 100 m. The 32 

inversion spontaneously retrieves a ‘kink’ (velocity gradient inflection) at ~12 m depth, resulting 33 

from a change of compaction mechanism. A triangular DAS array is used to investigate 34 

directional variation in velocity, which shows no evident variations thus suggesting a lack of 35 

deformation in the firn. Our results demonstrate the potential of using DAS and seismic noise 36 

interferometry to image the near-surface and present a new approach to derive S-velocity profiles 37 

from surface wave inversion in firn studies. 38 

Plain Language Summary 39 

The density distribution (density versus depth) of tens of meters at the top of a glacier is an 40 

important feature of ice-sheet mass balance and palaeoclimate research. It can be estimated using 41 
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the empirical relationship between density and seismic P-wave velocity. The P-wave velocity 42 

can be measured using a seismic refraction survey with geophones and active sources. However, 43 

refraction seismic surveys are expensive for measurements over large areas. Distributed Acoustic 44 

Sensing (DAS) using fibre optic cables to detect seismic waves is an emerging dense spatial 45 

sampling seismic acquisition technology. It can be used in conjunction with seismic noise cross-46 

correlation to make large-scale measurements easier and cheaper than with conventional 47 

geophones. We investigate the feasibility of this approach on Rutford Ice Stream, West 48 

Antarctica, and propose two approaches to improve DAS seismic-noise cross-correlation results. 49 

Surface waves are retrieved by seismic noise cross-correlation and are used to estimate the S-50 

wave velocity structure. Our S-velocity profile resembles an independently measured P-velocity 51 

in-shape and spontaneously retrieved a velocity gradient inflection—related to changes in the ice 52 

compaction mechanism. We show that DAS and seismic noise interferometry can be used for 53 

future firn measurements, but also more generally in studies of the near-surface.  54 

1 Introduction 55 

Firn is partially compacted granular snow, the intermediate stage between fresh snow and the 56 

underlying glacial ice. It has a depth-increasing density resulting from burial by subsequent 57 

accumulation the overburdened weight compacts the snow and reduces porosity by grain 58 

packing, deformation, and sintering (Alley, 1987; Cuffey & Paterson, 2010).The depth-density 59 

profile is controlled primarily by the temperature and snow accumulation rate and is highly 60 

variable due to the broad range of climatic conditions across the Antarctica continent (e.g., van 61 

den Broeke, 2008). Knowledge of the firn layer is crucial for improving altimetric mass-balance 62 

estimates (Shepherd et al., 2012) and palaeoclimate reconstructions (Craig et al., 1988). 63 

Additionally, studying the firn layer properties may help to constrain models of surface melt 64 
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leading to ice shelf retreat (van den Broeke, 2005). However,  such as shear deformation along 65 

ice stream shear-margin (Riverman et al. 2019) and glacier dynamics (Hollmann et al., 2021) 66 

also influence firn structures, which suggests a comprehensive study of the Antarctica firn may 67 

be required to improve ice-sheet mass balance estimates. 68 

Conventionally, the structure and densification profile of firn is directly measured from 69 

ice core or borehole logging (e.g. Morris et al., 2017), or indirectly using for example seismic P-70 

wave refraction (e.g. Kirchner & Bentley, 1979) or radar measurements (e.g., Case & Kingslake, 71 

2022). A specific version of seismic refraction inversion was developed for the investigation of 72 

firn structures by Kirchner & Bentley (1979). The method uses curve fitting with a double-73 

exponential form applied to diving wave travel times, prior to a Wiechert-Herglotz-Bateman 74 

(WHB) velocity-depth inversion (Slichter, 1932). These results are commonly used to correct 75 

seismic reflection surveys for near-surface effects (e.g., Peters et al., 2006; Smith, 1997), derive 76 

elastic properties of firn (King & Jarvis, 2007; Schlegel et al., 2019), and investigate its spatial 77 

variations and azimuthal anisotropy. 78 

The presence of anisotropy in the firn layer has been reported previously. Kirchner & 79 

Bentley (1990) indicate substantial azimuthal anisotropy in the upper 30-40 m and state that 80 

simple transverse isotropy with a vertical symmetry axis (VTI) expected from firn compaction is 81 

not always appropriate. A recent study by Hollman et al. (2021) infers seismic anisotropy in the 82 

firn on the Amery Ice Shelf in the proximity of former shear margins. Polarimetric radar 83 

measurements have also indicated the presence of complex near-surface anisotropy on both 84 

Whillans and Rutford Ice Streams (Jordan et al, 2020; Jordan et al., 2022), in general related to 85 

ice flow and surface strain rates. 86 
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Although the WHB method is viable for both P- and S-wave velocity measurement, the 87 

former is by far the most widely used due to the greater ease of generation and identification of 88 

P-wave energy. However, King & Jarvis (2017) observed a variation of Poisson ratio with depth 89 

in the firn layer, suggesting that measuring S-wave velocity is important for studying firn 90 

elasticity and densification. 91 

In addition, because a commonly used WHB refraction inversion method fits a double 92 

exponential velocity profile to the travel-time data, it can only apply to a typical compacted firn 93 

with monotonically increasing seismic velocity over depth and with one ‘kink’ (critical density) 94 

from a change of compaction mechanism and without any ice lenses (Kirchner & Bentley, 1979). 95 

Furthermore, with conventional geophone sensors, it is time-consuming and more 96 

expensive to apply the refraction survey to cover a large area, because of the dense receiver 97 

spacing at the near offset required by the WHB inversion. Thus, most previous refraction surveys 98 

are limited to effectively -point measurements with a scale of a few hundred meters (Hollmann et 99 

al., 2021; King & Jarvis, 2007; Schlegel et al., 2019). Recently, Riverman et al (2019) conducted 100 

a 40 km refraction survey but with a sparse geophone spacing of 20 m which showed a poor 101 

resolution in the upper ~20 m of the firn. 102 

Therefore, any new seismic technique capable of measuring S-wave velocities, measuring 103 

firn layer anomalies including ice lenses or low-velocity zones, or with better scaling 104 

capabilities, would be beneficial for future studies of firn. In this study, we investigate the 105 

feasibility of using DAS data, seismic noise interferometry, and surface (Rayleigh) wave 106 

inversion to address the aforementioned problem by performing distributed acoustic sensing 107 

(DAS) measurements on Rutford Ice Stream, West Antarctica. 108 
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In recent years, there has been a rapid development of DAS in seismic acquisition. DAS 109 

is an optical fibre sensing technology that offers the potential of broadband frequency recording 110 

and near-continuous spatial sampling of earth strain and temperature variation signals (Ajo-111 

Franklin et al., 2019; Ide et al., 2021). Its unprecedented spatial sampling could improve the 112 

spatial resolution of subsurface seismic images (Ajo-Franklin et al., 2019; Dou et al., 2017; 113 

Lellouch et al., 2019; Rodríguez Tribaldos et al., 2019; Rodríguez Tribaldos & Ajo‐Franklin, 114 

2021; Spica, Nishida, et al., 2020; Williams et al., 2019).The sensing element of DAS is the 115 

optical fibre without electronic or mechanical components, which makes the technology an 116 

attractive option for long-term, low-maintenance deployments for glacial studies (Booth et al., 117 

2020; Brisbourne et al., 2021; Hudson et al., 2021; Walter et al., 2020), for in-situ measurement 118 

in deep boreholes for active fault (Lellouch et al., 2019), geothermal, hydrocarbon storage 119 

(Correa et al., 2018; Mateeva et al., 2017) or hydrogen storage monitoring, and for submarine 120 

environments (Lior, Sladen, et al., 2021; Spica, Nishida, et al., 2020; Williams et al., 2019). It 121 

could also be suitable for critical infrastructure (e.g. nuclear plants; Butcher et al. (2021), dams, 122 

embankments, etc).  123 

Seismic noise interferometry is a simple and convenient method, from both data 124 

processing and acquisition perspectives. Many studies have used the method to retrieve surface 125 

waves for studying ice-sheets. For example, using broadband seismometers, Walter et al. (2015) 126 

used surface wave energy from crevasse events to derive the Rayleigh wave response between 127 

stations. Sergeant et al. (2020) retrieved Rayleigh waves between stations at a number of sites in 128 

Greenland and the Alps using a range of noise sources. Also, in the Alps at Glacier de la Plaine 129 

Morte, Switzerland, measurements of azimuthal variation in Rayleigh wave velocity indicate that 130 

crevasses cause up to 8% anisotropy (Lindner et al., 2019). Chaput et al. (2022) investigated 131 
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noise interferometry and H/V for characterising the firn layer in West Antarctica. DAS has 132 

recently been used in glacier settings for noise interferometry by Walter et al. (2020), who 133 

retrieved Rayleigh wave (above 10 Hz) from cross-correlations. However, to the best of our 134 

knowledge, no study has provided a complete S velocity profile for the glacier firn layer, which 135 

is potentially an important constraint for firn densification models. 136 

It can be challenging to apply noise interferometry on DAS, especially in low ambient 137 

noise environments. Compared with conventional seismometers or geophones, DAS has higher 138 

instrument self-noise (e.g., optical system noise) which can obscure the weak seismic ‘noise’ that 139 

is the crucial ‘signal’ for noise interferometry. Nevertheless, in recent years, there have been 140 

successful applications of DAS for ambient surface wave imaging in submarine environments, 141 

using microseism noise at 0.6 – 1 Hz (Spica, Nishida, et al., 2020), 0.5 – 5 Hz (Cheng et al., 142 

2021) and 1 – 3 Hz (Lior, Mercerat, et al., 2021). The advantage of recording in the offshore 143 

environment is the stable seafloor temperature and shorter distance to microseism noise sources. 144 

Onshore applications have been also successful (e.g., Dou et al., 2017; Rodríguez Tribaldos & 145 

Ajo‐Franklin, 2021; Spica, Perton, et al., 2020), with reported applications mostly limited to 146 

urban environments with strong anthropogenic (traffic, mechanical) noises at frequencies 147 

typically above 5 Hz. However, it is still rare to apply DAS noise interferometry in remote non-148 

urban areas onshore.  149 

 In this manuscript, firstly, we present examples of raw DAS continuous recordings, 150 

which are primarily dominated by anthropogenic noise (from a snowmobile and a petro-151 

generator) and crevasse surface wave events. We also investigate the nature of the low-frequency 152 

(< 1 Hz) part of the recording. Secondly, we demonstrate that Rayleigh waves can be retrieved 153 

through noise interferometry using data acquired on a linear DAS cable. The interferograms can 154 
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be improved with hybrid-instrumenting and selective stacking of noise cross-correlations. 155 

Thirdly, the fundamental mode Rayleigh wave dispersion curve is extracted and inverted to 156 

obtain an S-wave velocity (Vs) profile. As a verification, we compare these results with 157 

dispersion analysis of the surface waves captured by an active survey using a sledgehammer and 158 

plate source. Finally, we use the data from a triangular DAS array to investigate the seismic 159 

anisotropy of the firn.  160 

2 Field experiment and data acquisition 161 

Rutford Ice Stream (Figure 1a) is a fast-flowing ice stream draining part of the West 162 

Antarctic Ice Sheet into the Ronne Ice Shelf. At the experiment location, 40 km upstream of the 163 

grounding line, it is around 25 km wide and 2200 m thick, with ice flow of ~380 m a-1 (Murray 164 

et al., 2007). 165 

Between 11th and 24th January 2020, an experiment was carried out at Rutford Ice 166 

Stream (Figure 1a) utilizing both DAS and geophones for passive and active surveys. The 167 

seismic arrays were collocated and installed at the centre of the ice stream where the surface is 168 

mostly flat (Figure 1a), to record the regularly occurring icequakes originating from the base of 169 

the glacier where it slides over the bed (Hudson et al., 2021; Kufner et al., 2021; Smith et al., 170 

2015). A second aim was to image the firn layer using seismic noise and active sources. The 171 

DAS data were acquired using a Silixa iDAS v2 interrogator connected to a 1 km six channel 172 

tight buffered single mode fibre optic cable. The cable was deployed in linear and triangular 173 

configurations, successively. The iDAS measures strain rate of the optical fibre. For the passive 174 

measurement, we used a 1 kHz sampling rate, 10 m gauge length, and 1 m channel spacing. A 175 

petrol generator (Honda EU10i 1kW) was deployed as the power supply, which was located on 176 
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the snow surface, 50 m away from the interrogator in a direction aligned with the orientation of 177 

the fibre (Figure 1b).  178 

The cable was laid in the track of a snowmobile and initially deployed without burial, but 179 

subsequently buried with a layer of approximately 5 cm of snow. Hudson et al. (2021) described 180 

these data and investigated the suitability of DAS for micro-seismicity (icequakes) monitoring. 181 

Butcher, Hudson, et al. (2021) further explored the utility of DAS data using array-based 182 

processing methods. Hudson et al. (2021) also investigated the difference between buried and 183 

unburied cable. They showed that even a shallow burial of the cable made a significant 184 

difference in attenuating the unwanted noise and enhancing the lower frequency (below 1 Hz) 185 

signal. They suggested that the better coupling to the ice results in an improved sensitivity to the 186 

primary and secondary microseisms, making it useful for ambient noise tomography studies. For 187 

frequencies 1 to 70 Hz, the buried cable has a lower noise level, thanks to its better coupling and 188 

lower wind noise. Since only the seismic noise is useful for imaging the subsurface, we 189 

concentrate on the period of time when the cable was buried. 190 

The geophone network consisted of sixteen 4.5 Hz 3-component Geospace GS-11D 191 

geophones with Reftek RT130 dataloggers with a 1 kHz sample rate. The geophone array layout 192 

was primarily designed to detect and locate icequakes (Figure 1b). Three geophones were 193 

collocated or were in-line with the fibre, and they were approximately positioned in the middle 194 

and at either end of the linear DAS array. 195 
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  196 

Figure 1. (a) Location of seismic experiment on Rutford Ice Stream. Geophone stations are shown as red dots. The background is 197 

Moderate-resolution Imaging Spectroradiometer (MODIS) imagery (Scambos et al., 2007). Geophones are shown as red dots. 198 

The yellow line indicates the location of a previous refraction survey (Smith et al., 2021). (b) The relative position (reference at 199 

the centre of the geophone array) of instruments. Geophones (black triangles) were designed for array processing. DAS fibres 200 

(red solid line and blue dashed line) were connected to the DAS interrogator at the east end. The generator (diamond) sits 50 m 201 

away from the interrogator. (c) Firn P wave velocity profile from a refraction experiment (Smith et al., 2021), using an expanding 202 

interval of vertical component geophones 203 

In addition to the passive measurements, an active seismic survey was also acquired 204 

along the linear array using a sledgehammer (4.5 kg) and plate source. These shots were 205 

recorded by the iDAS interrogator at 8 kHz sampling rate. At the 21 source locations (every 50 206 

m from 10 to 1000m along the fibre), a total of 42 shot-gathers were acquired, with two or four 207 

shots per location. In general, the data quality of these shot-gathers is high, with signals captured 208 

across the entire 1km linear array without the need for stacking. An example shot-gather from 209 

this survey is presented in Figure 2, which shows dominant seismic phases including refracted 210 

(diving) P-waves and Rayleigh waves, as indicated. The shot times are constrained from the 211 

onset of the DAS record (Figure 2b, the first record is the strain generated by the hammer plate 212 

impact). Due to the averaging effect of the 10 m gauge length, very near offset DAS recordings 213 

(a) (b) (c)
Ice flow direction
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are distorted (Figure 2 b) which limits the accuracy of the near-surface Vp in a WHB refraction 214 

inversion. Research on overcoming this plateau effect is working in progress. 215 

  216 

Figure 2. An example of active shot data from a hammer and plate source. (a) A shot gather on the 1 km linear fibre (1 m 217 

channel distance plotted), with the source at 10 m from one end of the fibre. The strain rate waveforms are normalized over 218 

each DAS channel. Signal is bandpass filtered 5 to 100 Hz. Note 0 s is not the trigger time, but an arbitrary stamp as shown in 219 

the figure. (b) is a zoom-in of the (a) as indicated by the red box. Around the shot location (10 m), the first arrivals are flat, which 220 

is an artefact of the 10 m gauge DAS length. 221 

A conventional P-wave seismic refraction survey was previously acquired 2.6 km 222 

upstream of the study area (Figure1a), using a surface source and expanding spread of vertical 223 

component geophones out to a maximum offset of 980 m, as part of the site survey for the 224 

BEAMISH subglacial drilling project (Smith et al., 2021). Using this refraction dataset, we 225 

derived a P-wave velocity depth profile using the WHB based inversion method of Kirchner & 226 

Bentley (1979) (Figure 1c). With this method, Kirchner & Bentley (1990) report velocity 227 

Rayleigh wave

P diving wave

10 m

(a) (b) 0.085 s
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uncertainty of ±60 m/s near the surface, reducing to ±15 m/s at 50 m depth on Ross Ice Shelf, 228 

which we assume similar in our inversion given the similarity of firn structures of the two sites. 229 

3 DAS noise characterization on the linear array 230 

Prior to the noise interferometry analysis, we seek to characterise the seismic noise 231 

recorded on the DAS array, as noise interferometry is a relatively new application to DAS data in 232 

a glacial setting (Walter et al., 2020). 233 

For a conventional seismic array, seismic noise is analysed with beamforming, which 234 

estimates the apparent velocity and azimuth of the coherent wavefield, such as in Chaput et al. 235 

(2022). van den Ende & Ampuero (2021) firstly applied beamforming to DAS recorded 236 

earthquake signal using a fibre with a 2D deployment. However, performing the beamforming 237 

with a 1D array results in a symmetric ambiguity. We thus simply visualize the DAS data in the 238 

time-space (time dimension in one axial direction and channel distance in the other) plot for 4 239 

frequency bands (<1 Hz, 1 – 10 Hz, and 10 -100 Hz). We then manually inspect the signal 240 

coherency. To improve the efficiency of this visualization process, we down sample the DAS 241 

channel distance to 10 m, and a sample rate of 200 Hz. 242 

3.1 Anthropogenic noise (>10 Hz) 243 

In Figure 3 we present an example of high-frequency noise (1 Hz high-pass filtered), which 244 

began abruptly at around 45 seconds and lasted to approximately 200 seconds. It was recorded 245 

on the linear array DAS, with decreasing amplitude from 0 to ~400 m along the cable (Figure 246 

3a). We examine the frequency content of this signal by creating a spectrogram (Figure 3c) for 247 

the record at 100 m (Figure 3b), using a short-time Fourier transform. In this record, the signal 248 

starts with a varying frequency over 10 to 70 Hz from around 45 s, then settles at a constant 249 

frequency around 25 Hz, 35 Hz and 50 Hz at ~70 s. This vibration pattern repeats one more time, 250 
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before the signal gradually disappears around 250 s. We speculate that this signal is from a 251 

snowmobile when we use it to approach the generator for refueling. The generator creates a 252 

constant 33.3 and 66.6 Hz signal. The generator was 50 m away from the DAS channel at 0 m, 253 

the site of the recording interrogator in a tent (Figure 1b). 254 

   255 

Figure 3. An example of recorded anthropogenic noise. (a) Six minutes of DAS recording after median value been subtracted for 256 

each time step, and bandpass filter 1 to 100 Hz, with amplitude represented in colour saturated between -10 and 10 257 

nanostrain/s. (b) A zoom-in of (a) for 46-47 seconds at 0 to 500 m. (c) Time series for DAS channel at 100 m.  (d) spectrogram of 258 

channel 100 m calculated from FFT with a 2-second sliding window. 259 

3.2 Crevasse signals (1 - 10 Hz) 260 

In the frequency band 1 to 10 Hz, we find transient surface wave events, an example of 261 

which is shown in Figure 4. In this example, the wave train is travelling approximately parallel 262 

with the fibre from 0 m to 1 km, with an apparent velocity around 1.8 km/s, close to the surface 263 

(a)

(c)

(d)

(b)

1.1
 km

/s

33.3 Hz
25 Hz
35 Hz

50 Hz 66.6 Hz
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wave velocity below 10 Hz, as will be shown in Section 5 (Figure 9). But it is difficult to locate 264 

this event from the 1D DAS array. The dispersion behaviour of the signal is clearly shown in the 265 

spectrogram in Figure 4c. More than 2000 such events are detected on the 2D geophone array 266 

from one month of recording. Using differential travel-times across the geophone array 267 

calculated from cross-correlations, 248 of such events are located and reported in the 268 

supplementary information (Figure S2). They appear to originate from the shear margin of the 269 

glacier. In this manuscript, we refer to these as 'crevasse events', bearing in mind that it may not 270 

be accurate and the exact sources of these signals have not been resolved in the study, but 271 

crevasse and ice fractures at and beyond the shear margins are two potential candidates. Similar 272 

signals have contributed to ambient noise analysis at an alpine glacier (Walter et al., 2015, 2020). 273 

  274 

Figure 4. An example surface wave signal from a presumable crevassing event. (a) Ten seconds of DAS measurement after 275 

median removal and bandpass filter 1 to 10 Hz, with amplitude represented in colour saturated between -1 and 1 nanostrain/s. 276 

(b) Time series for the DAS channel at 40 m. (c) Spectrogram of channel 40 m calculated from FFT with a 2-second sliding 277 

window 278 
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3.3 Wind-correlated signals (< 1 Hz) 279 

For data below 1 Hz, we find coherent signals with periods longer than 100 seconds 280 

(lower than 0.01 Hz) (Figure 5a). These signals are mostly travelling towards 0 m along the DAS 281 

cable and have propagating speeds of the order of 10 m/s, as shown in the f-k domain (Figure 282 

5b). In the frequency band 0.1 to 1 Hz, there are signals that oscillate at 3 isolated frequencies 283 

(Figure 5d). Interestingly, when comparing amplitude in Figure 5c with frequencies in Figure 5d, 284 

there seems to be a correlation: the higher the strain rate below 0.01 Hz, the higher the oscillation 285 

frequency between 0.1 to 1 Hz (e.g., from 10000 s to 20000 s). Although the correlation does not 286 

always hold. 287 

  288 

Figure 5. Low frequency signals recorded by DAS (after a 1 Hz low pass filter). (a) 14 hours DAS recording, with amplitude 289 

represented in colour saturated between -10 and 10 nanostrain/s. (b) The f-k transform of the first 10000 seconds of DAS data. 290 

(a)

(c)

(d)

(b) 10 m
/s
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(c)The waveform at channel 120 m and predicted windspeed by the European Centre for Medium-Range Weather Forecasts 291 

(ECMWF) at location (84W 78.1S). (d) Spectrogram of channel 120 m calculated from FFT with a 100-second sliding window.  292 

To investigate the origin of these coherent signals, we compare the waveform with the 293 

meteorological forecast model from ECMWF--European Centre for Medium-Range Weather 294 

Forecasts, (2017). We find a correlation between the 1 Hz low-passed waveform and windspeed 295 

prediction (Figure 5c), i.e., the higher the wind speed, the higher the strain rate. It might suggest 296 

that wind-induced pressure variation on the ice surface was sensed by the optical fibre. In 297 

addition, wind-induced air oscillation may be the source of the oscillating signal from 0.01 to 1 298 

Hz. We observe that the oscillation signals from 0.01 to 1 Hz have no spatial coherence when 299 

looking at the f-k domain (Figure S1d), which might suggest they are caused by the direct impact 300 

of the wind. Additionally, in the cross-correlations (Figure 6b), we also see the strain signal of a 301 

moving marker-flag driven by the wind, although that signal is higher in frequency (9 Hz). 302 

Although these explanations are somewhat speculative, they all point to the same cause: wind. It 303 

is thus concluded that the shallow buried cable still measures mostly wind-correlated noise 304 

below 1 Hz, although it has a better coupling and a lower noise level compared with unburied 305 

cable (Hudson et al., 2021).  Our observations suggest that including weather measurements such 306 

as wind speed and direction might be helpful with interpretation of future seismic acquisitions 307 

with DAS.  308 

4 Seismic Noise Interferometry 309 

4.1 Cross-correlation interferometry 310 

Since the work of Shapiro et al. (2005) and Shapiro & Campillo (2004), seismic noise 311 

interferometry (SI) has become a well-established technique to probe subsurface seismic 312 

properties, especially with surface waves derived from ambient microseism noise (Bensen et al., 313 
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2007; Shapiro et al., 2005; Shapiro & Campillo, 2004). It is termed seismic noise interferometry 314 

as the method utilizes continuous seismic records without specifying their sources (location and 315 

origin time) and assuming it is random and azimuthal-isotopically distributed. An extensive 316 

literature review of the subject is provided by Snieder & Larose (2013). In this paper, we term 317 

the records as ‘signals’, especially when we investigate their characters. But when applying 318 

seismic interferometry, coherent seismic signals and noise are collectively referred as ‘seismic 319 

noise’ and we do not specifically distinguish them. 320 

Recent studies have implemented SI with DAS data in a borehole (Lellouch et al., 2019), 321 

submarine (Cheng et al., 2021; Spica, Perton, et al., 2020), and urban environment (Ajo-Franklin 322 

et al., 2019; Dou et al., 2017; Spica, Perton, et al., 2020). Most of those studies calculate 323 

interferogram by cross-correlation (CC) with a ‘virtual source’ at one DAS channel and then 324 

apply stacking to enhance coherent signals. This is adopted from the workflow for processing 325 

conventional seismometers or geophones data. We also adopt this workflow, and a detailed 326 

processing flow is presented in Figure S3. 327 

Firstly, we slice the continuous data into small segments in the time-domain, then we 328 

calculate the spectrally whitened CCs:  329 

𝑐!(𝜔) = 	
1
𝑁)

𝑟!(𝜔)𝑠(𝜔)∗

,𝑟!(𝜔)#	𝑠(𝜔)#
, 𝑖 = 1, 2, …𝑚	

$

%&'

 330 

For each segment n, we decimate the sampling rate to 200 Hz, then apply a tapered cosine. A 331 

Fourier transform is applied for each channel, so the virtual source channel and each receiver 332 

channel are represented in frequency-domain: 𝑠(𝜔), 𝑟!(𝜔) (𝑚 = 1000 for the linear DAS array). 333 

Since the desired seismic noise is above 1 Hz, we choose a segment length of 10 seconds, with 334 
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an overlap of 5 seconds. To keep the process simple, we do not apply time-domain normalization 335 

(1-bit) or remove the basal icequakes signals before CCs. While The power spectra, 𝑟!(𝜔)# and 336 

𝑠(𝜔)#, are smoothed by a 21-sample moving average, a process known as spectral whitening. 337 

The cross-correlations over each segment 𝑐!(𝜔) are stacked over every 2 minutes. These 2-338 

minutes CCs are stored for further processing.  339 

Although the ‘CC-stacking’ workflow is applied here, we note that to directly retrieve 340 

surface wave dispersion data, we could stack data in the frequency-wavenumber (f-k) domain, 341 

without calculating CC (e.g., Cheng et al., 2019; Spica, Nishida, et al., 2020). But, after f-k 342 

domain stacking, phase information is lost, and the data cannot be converted back to the time 343 

domain for inspection or further analysis. 344 

4.2 Choice of virtual source: DAS versus geophone  345 

DAS interferogram profiles are obtained through linearly stacking 2-minute CC panels 346 

over the entire recording period of five days (Figures 6 a & b). We produce two different 347 

interferograms. The first uses the DAS channel at 600 m as a virtual source (Figure 6a), while 348 

the second takes the vertical component of a co-located geophone, at offset ~570 m, as the 349 

virtual source (Figure 6b). In Figure 6a, we see the CCs (DAS virtual source) have the highest 350 

amplitude at 0 s delay time, which is due to coherent DAS instrument noise (Figure S1e), while 351 

the seismic responses, especially at a lower frequency and larger distance, are faint.  352 
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 353 

Figure 6. CCs (1 – 30 Hz, 2nd order butter bandpass zero-phase filtered) from 4 approaches. (a) Stacked cross-correlations, a 354 

virtual shot gather, with a virtual source at DAS channel at 600 m. (b) Same as (a) but with a virtual source at a geophone 355 

(A000) located close to channel 570 m. (c) Selective-stacked CCs for the same data as (a). (d) Selective-stacked CCs for the same 356 

data as (b). Note for each panel, the colour scale is saturated at the median over maximal values from each channel for 357 

visualization. 358 

In the second approach (Figure 6b), a geophone is used as the virtual source to cross-359 

correlate with DAS channels, which we term hybrid instrumenting CC. A clearer CC profile is 360 

retrieved, and the 0 s delay time instrument noise is completely erased. The seismic signals 361 

become clear, and we can see that they are travelling both forward (from 0 m to 1 km along the 362 

cable) and backward with an apparent velocity of ~1.7 km/s. Its dispersive nature shows that it is 363 

a surface wave. Since DAS records longitudinal strain along the fibre, parallel to the propagation 364 

direction of the retrieved signal, this surface wave is classified as a Rayleigh wave. The Rayleigh 365 

wave response between the vertical component geophone and the horizontal component DAS is 366 

the result of elliptical particle motion in the vertical plane, parallel to the direction of 367 

(a) V.S. DAS-ch600, full-stack (b) V.S. GP-A000, full-stack

(c) V.S. DAS-ch600, selective-stack (d) V.S. GP-A000, selective-stack

Instrument noise

33.3Hz oscillations

9 Hz 
oscillations

1.7 km/s

1.7 km/s

0.9 km/s
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propagation. We have tested the process with the horizontal component (East, near parallel to the 368 

DAS cable) of the geophone, which showed little difference in terms of signal quality.   369 

Figure 6b shows features such as the high frequency (33.3 Hz) oscillating noise that 370 

decays away from the start of the line at 0 m. This strong harmonic signal is generated by the 371 

petrol generator (Figure 3c). There is also strong 9 Hz oscillation noise around 560 and 570 m, 372 

which is likely strain produced by the wind-driven movement of the poles of two marker-flags 373 

(used to indicate the location of the geophones). Since this 9Hz noise is very localized, it does 374 

not influence further analyses.4.3 Selective stacking of cross-correlations 375 

To improve the quality of the final interferogram image, previous studies have introduced 376 

more sophisticated techniques of stacking CCs, such as phase-weighted stacking (Schimmel et 377 

al., 2011; Schimmel & Paulssen, 1997) and SNR-weighted stacking (Cheng et al., 2015). The 378 

phase-weighted stacking suppresses incoherent noise between two CCs and has several 379 

advantages over a standard linear stack (Dou et al., 2017). This approach, however, assumes that 380 

coherent seismic noise is continuous over each time span of CCs. In our case, most of the 381 

seismic signal recorded in our dataset are transient in nature; an exception is the harmonic signal 382 

from the generator. SNR-weighted stacking is based on the SNR of CCs and has been shown to 383 

perform well for anthropogenic seismic noise above 2 Hz, which are often transient and spatially 384 

variable (Cheng et al., 2015). Manual inspection of our 2-minute CCs shows that some retrieved 385 

Rayleigh wave signals have very low SNR on individual channels. Such CCs would be down-386 

weighted if applying SNR-weighted method. However, these weak Rayleigh wave signals are 387 

visible because of their spatial coherency, which inspired us to use spatial coherency to detect 388 

and select data containing Rayleigh wave signals.  389 
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The studies on anthropogenic noise interferometry by Zhou & Paulssen, (2020) 390 

introduced a pre-processing step by detecting and extracting noise, such as trains, for stable time-391 

lapse CCs. That approach, however, requires a sophisticated detection scheme. Cheng et al. 392 

(2019) applied tau-p transform on processed time domain data and selected segments based on 393 

an SNR defined from the distribution of slowness (p).  394 

Rather than selecting from the raw data, a CC-based selection scheme is computationally 395 

cheaper. Previous noise interferometry studies have selected CCs before stacking based on SNR 396 

(Olivier et al., 2015), amplitude decay (Dou et al., 2017), and apparent velocity from 2D array 397 

beamforming analysis (Vidal et al., 2014). We term these CC selection schemes as selective 398 

stacking. 399 

For the linear DAS array, applying the linear tau-p transform (slant-stack) (Diebold & 400 

Stoffa, 1981) could highlight spatially coherent signals which have a near straight-line moveout. 401 

We thus applied tau-p transform to each 2-minute CCs panel for the frequency band 3 to 25 Hz. 402 

Following a manual inspection of the tau-p diagrams (two examples are shown in Figure 7), we 403 

find the tau-p domain maximal amplitude is a sufficient and easy to apply criteria. For CCs 404 

between geophone and DAS, we set the criteria as follows: (1) maximal amplitude is not lower 405 

than 0.0014 (CC coefficient), (2) maximum locates at delay time close to zero (0 ± 0.05 s), and 406 

with an apparent velocity smaller than 2500 m/s (slowness < -0.4 or > 0.4 s/km).  407 
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 408 

Figure 7. Examples of tau-p transform of CCs. (a, b) Example of a noisy CC panel, with peak amplitude in the tau-p domain 409 

0.00098. (c, d) Example of a selected CC panel, with tau-p domain peak amplitude 0.0064. 410 

These two criteria allow the selection of CCs containing clear surface wave signals. The 411 

example in Figure 7a, shows a slowness larger than 0.4 s/km and delay time close to zeros, but 412 

the maximal amplitude (0.00098) is much smaller than 0.0014, therefore this CC panel is not 413 

selected. The strong signal shown in Figure 7c meets the criteria and is therefore selected.  414 

For the 3068 (5 days with few hours of data loss) 2-minute CC panels, 453 met the 415 

selection criterion and were linearly stacked. The selective-stacked CCs are presented in Figure 416 

6c & d, and show much higher SNR of seismic responses compared to those for the non-417 

selective stacked CCs (Figure 6a & b). Although for a DAS virtual source (Figure 6c), the 418 

coherent instrument noise is still present in the selectively stacked CCs, the seismic response is 419 

clearer since a large component of instrument noise is removed. 420 

We achieve the best quality CCs for this dataset by combining a geophone as virtual 421 

source and selective stacking (Figure 6d). A signal shows clear dispersion as the higher 422 

frequency signals have a steeper slope, which indicates a slower velocity. 423 

0.00098 0.0064

(a) (b) (c) (d)
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5 Dispersion and 1D velocity structure 424 

5.1 Dispersion analysis 425 

Surface wave phase velocity dispersion curves can be extracted in the frequency-velocity (f-v) 426 

domain which can be achieved with a frequency-wavenumber (f-k) transform, or through 427 

sweeping slant stack or tau-p transform for narrowly band-passed multichannel data (Xia et al., 428 

2007). Such an approach is often termed multichannel analysis of surface waves (MASW) (Park 429 

et al., 1999; Xia et al., 1999), or PMASW for passively retrieved surface waves from CC (Cheng 430 

et al., 2016). In this study, a 2D Fourier transform (f-k transform) is applied after tapering the 431 

CCs with a Hann window in both the time and space dimensions. We further stack the positive 432 

and negative parts of the wavenumber domain to enhance the signal. These f-k diagrams (Figure 433 

S4) are then converted to the frequency– phase velocity (f-v) domain (e.g., Figure 8a). Multiple 434 

modes of Rayleigh waves are present in both datasets, but for simplicity, only the fundamental 435 

mode dispersion curve is extracted by picking the local maximal amplitude.  436 

For comparison, we also analysed an active dataset. Data were collected from 21 shot 437 

locations (2 or 4 shots for every 50 m) using a sledgehammer source. This survey is processed to 438 

produce a frequency-velocity plot, which is similar to that obtained from the CCs. For each shot 439 

gather, DAS channels are split into two sides by the location of the active source. The f-k 440 

transform is separately applied to both sides to avoid interference. Then, the data are stacked in 441 

the f-k domain: (1) for each f-k diagram, the negative and the positive wavenumbers are stacked. 442 

(2) for each shot gather, the two f-k diagrams are stacked. (3) for all shot gathers, they are further 443 

stacked to produce a single f-k diagram. Lastly, the f-k diagram is converted the f-v domain 444 

(Figure 8b). 445 
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The fundamental mode (Rayleigh 0) and the first higher mode (Rayleigh 1) from both the 446 

passive CCs and the active sources are shown in Figure 8. In general, there is strong agreement 447 

between the two approaches in the frequency range 15 to 50 Hz. Figure 9 shows the extracted 448 

Rayleigh 0 dispersion curves, showing a good agreement between the two approaches. This 449 

provides us with confidence that the methods adopted when producing the noise interferograms 450 

are appropriate. The passive dataset contains relatively lower frequency signals, and its 451 

dispersion curve is well constrained down to 3 Hz (Figure 8a). From Figure 8b, we see that the 452 

stacked active shots data contain signals mostly above 10 Hz with dispersion most stable 453 

between 15 and 50 Hz. This is likely due to the lack of low-frequency energy generated by the 454 

hammer and plate source, compared to ambient seismic noise.  At around 33.3 Hz, there is a 455 

small but sharp reversal of velocity from the CCs derived dispersion (Figure 8a), which is due to 456 

the near-constant wavenumber of the strong noise observed at 33.3 Hz (Figure 3d and Figure 6). 457 

The strong signal causes spectral leakage in fast Fourier transforms (FFT) even though a Hann 458 

window taper was applied before the FFT. However, it does not influence our inversion as the 459 

frequency range is small.  460 
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 461 

  462 

Figure 8. Extracting Rayleigh wave fundamental mode (Rayleigh 0, green dashed lines) dispersion curve from the frequency-463 

velocity domain, by picking the local maximum amplitude. (a) Frequency-velocity plot of the stacked CCs. The Rayleigh 0 mode 464 

dispersion curve is extracted from 3 to 50 Hz. Note, that two oscillatory signals are present at 24 and 33 Hz.  (b) Stacked 465 

frequency-velocity plot of the 21 active shots. The Rayleigh 0 mode is extracted from 10 to 50 Hz.  466 

5.2 Velocity inversion 467 

Most previous surface wave inversion studies treat the subsurface as a layered model 468 

with either fixed or variable layer thickness (for two-station (Yudistira et al., 2017) or multi-469 

station (Cheng et al., 2015; Xia et al., 1999) surveys). The firn layer is defined as a layer with 470 

continuous metamorphism of snow to ice, which results in a smooth increase of P- and S- 471 

velocity and density as a function of depth (King & Jarvis, 2007; Schlegel et al., 2019), until it 472 

becomes near constant beneath ~100 m at Rutford Ice Stream. We therefore use a near-473 

continuous model of 100 layers, each with a layer thickness of 1 m, overlying on a half-space at 474 

the bottom of the model. 475 

To simulate the phase velocity dispersion of the Rayleigh wave, we use the Python 476 

package disba (Luu, 2021), which was translated from the well-adapted Fortran program surf96 477 

from Computer Programs in Seismology (Herrmann, 2013). With a 100-layer model, we 478 

(a) (b)

Rayleigh 0

Rayleigh 1

Rayleigh 0

Rayleigh 1

33 Hz
24 Hz
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significantly increase the number of variables and the non-uniqueness of the inversion. A 479 

Gaussian-Newton inversion procedure is applied using the package pyGimli (Rücker et al., 480 

2017), with the regularization lambda to be 20, and a predefined relative error of 10% to prevent 481 

overfitting. The large relative error and regularization also means that we find a solution which is 482 

close to the starting model. 483 

To prepare a realistic starting model, we applied the WHB inversion to the refraction data 484 

set acquired by Smith et al. (2015) to obtain a Vp model (Figure 1c). Then assuming a constant 485 

Vp/Vs=1.95 (Smith et al., 2015), we obtained a Vs model. We name this model the ‘standard Vs’ 486 

and use it as a comparison to our surface wave inverted models. The starting model for the 487 

inversion is a smoothed version of the standard Vs. The general trend of the standard Vs model is 488 

preserved but the ‘kink’ at around 9 m is smeared (Figure 10 a). Figure 10b highlights the 489 

differences between the standard Vs model and the starting model, which shows that the standard 490 

Vs model has a higher value from 0 m to ~25 m and lower value from ~25 m to 100 m. 491 

Figure 9 shows that the starting model is generally consistent in phase velocity dispersion 492 

with that obtained from the data. At higher frequencies, the starting model has lower phase 493 

velocity than the data, which indicates the starting model underestimates the phase velocity at 494 

shallow depths. 495 
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 496 

Figure 9. Comparing observed (CCs and active shots) with initial model dispersion curves, from 3 to 50 Hz. The initial Vs model is 497 

presented in Figure 10. 498 

To capture the uncertainty in the data, we calculate the CCs for 3 geophones (1 co-499 

located, and 2 in-line with the DAS cable). For each virtual source, we produce 9 dispersion 500 

curves, by dividing the 453 selected CCs into 9 groups for stacking. This process results in 27 501 

(9´3) dispersion curves (Figure S5). We then invert all 27 dispersion curves for S-wave velocity 502 

profiles. Lastly, a probability density function (PDF) is calculated for each layer over its 27 503 

measurements. The maximal point of PDFs, for each layer, represents a final Vs profile (Vs_1). 504 

In Figure 10 b, we present the inverted Vs_1 after subtracting the starting model, with the 505 

amplitudes of PDFs presented as greyscale. See Figure S3 for further details of the process.   506 

Alternatively, Vs Figure 10is directly inverted from the dispersion curve in Figure 9 507 

(Vs_2 in Figure 10b), which is from the fully stacked CCs (all the 453 selected time spans and 3 508 

virtual sources). 509 



manuscript submitted to JGR Earth Surface 

 

As highlighted in Figure 10b, the Vs_1 profile is almost overlapping with the Vs_2 510 

profile from 0 to 14 m, while the two profiles differ slight at depths below 14 m, which further 511 

indicates uncertainties of the final models. In general, our two Vs models agree with the standard 512 

Vs down to 80 m depth. Below 80 m depth, our models suggest a slightly steeper increase in 513 

velocity compared to the standard Vs, reaching up to 100 m/s higher than the initial model. In 514 

both our Vs models and the standard model, we see a clear peak (largest difference with the 515 

initial model) at around 9 m (standard Vs) to 12 m (Vs_1) depth, which is similar to the 516 

densification observation and modelled by the regional atmospheric climate model by van den 517 

Broeke (2008), across West Antarctica. 518 

Sensitivity analysis is done at discrete frequencies (3, 6, 10, 20, 40 Hz) as shown in 519 

Figure 10c using the inverted Vs_1 model. This indicates that the highest sensitivity of most 520 

signals (> 20 Hz) is over the 0 to 40 m depth range. Signals below 10 Hz have greater sensitivity 521 

over the lower part of the model. Below 6 Hz, the Rayleigh wave is dominantly sensitive to the 522 

lowermost layer of our model, which is assumed to be a half-space. 523 

 524 
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   525 

Figure 10. (a) Initial smooth Vs model. (b) Velocity difference between Inverted Vs models and the initial model, Vs_1 from maximal 526 

PDF (greyscale) and Vs_2 from direct inversion of a fully selective stacked CCs virtual shot gather. The Vs profile derived from the 527 

standard Vp refraction experiment is shown in green. (c) Sensitivity kernel calculated from the inverted model Vs_1. 528 

5.3 Is the firn layer seismically anisotropic? 529 

Clear azimuthal anisotropy has been reported at Rutford Ice Stream by Harland et al. 530 

(2013) and Smith et al. (2017), with the fast S-wave direction perpendicular (90°) to the ice flow 531 

direction (IFD). Hudson, Baird, et al. (2021) also observed strong shear wave splitting in 532 

icequake signals recorded by DAS. These seismic experiments do not provide constraints on the 533 

depth distribution of the anisotropic ice, as the measurements integrate over the entire wave path 534 

from the icequake hypocenter (ice-bed interface) to the surface receivers. However, using 535 

polarimetric radar measurements, Jordan et al (2022) report near-surface azimuthal anisotropy on 536 

Rutford Ice Stream, although their measurements are not coincident with this experiment. 537 

We investigate the feasibility of imaging anisotropy with surface waves retrieved from a 538 

different azimuth on CCs. For this, we use a DAS array arranged in a triangular configuration 539 

and assume a laterally homogenous firn layer. As shown in Figure 11a, we take two segments of 540 
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the triangular array (channel 50-250 and channel 670-870). We chose channels 670-870, with a 541 

larger distance to the tent and the generator, to reduce the angle between the ray path and the 542 

DAS cable. Since the snowmobile traveling from the tent to the generator is the dominant high-543 

frequency seismic noise source, we could not retrieve a stable Rayleigh wave response from the 544 

third segment that is perpendicular to the wave propagation direction. 545 

 With virtual sources at DAS channels 150 and 750, respectively, we calculate and 546 

selectively stack CCs for each segment (Figure S6). A higher selection threshold of 0.01 is 547 

chosen as the DAS CCs are in general of higher amplitude than DAS-geophone CCs. Dispersion 548 

curves of the 2 segments are then calculated from the f-k domain (Figure S6), as with the linear-549 

array study. In Figure 11b we show the two dispersion curves together with the result from the 550 

linear array. Note the linear array result is more stable due to the involvement of geophone data. 551 

The difference between the triangle array 90° IFD dispersion curve and the linear array result 552 

might indicate a slight horizontal heterogeneity in the firn layer. Horizontal heterogeneity might 553 

also exist between the two sides of the triangle. When comparing the two dispersion curves from 554 

the triangle array we see that they are in general nearly overlapping with each other from 10 to 555 

27 Hz. For above 27 Hz, the 30° IFD curve indicates a slightly higher phase velocity, but the 556 

difference is small compared with the measurement uncertainties. Note that around 24 Hz and 33 557 

Hz, there are artefacts from the f-k transform. In this study, neither the heterogeneity- nor the 558 

anisotropy-effect produces a notable dispersion curve difference between the 30° IFD and 90° 559 

IFD. Thus, it suggests that the firn layer, above ~80 m depth (for the signals above 10 Hz), is 560 

likely not strongly azimuthally anisotropic. We note that our measurements here have large 561 

uncertainty and that we cannot rule out a VTI anisotropy in the firn layer. A comparison of 562 

Rayleigh and Love wave derived shear-velocities would provide a means of testing this. 563 
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 564 

Figure 11.  (a) Schematic of the geometry of the triangle DAS array, with a loop of 986 m. The thick lines indicating two 200 m 565 

DAS segments have been used for the ANI study.  (b) Dispersion curves were obtained from the two segments which are close to 566 

the tent indicated as 90 o IFD (ice flow direction) and 30 o IFD. The result from the linear array is also plotted. 567 

6 Discussions 568 

In this study, we investigate the use of noise data recorded by DAS, deployed on Rutford 569 

Ice Stream, West Antarctica, to obtain a high-resolution shear wave velocity profile of the firn. 570 

We compare CCs calculated over five days using a single DAS channel as a virtual source versus 571 

using three geophones (collocated or near collocated) as the virtual sources. A superior SNR is 572 

obtained with a geophone. The coherence of instrument noise over all the DAS channels 573 

degrades the cross-correlations, while introducing a geophone as a virtual source breaks down 574 

that coherence of the instrument noise.  575 

Stable Rayleigh wave responses are retrieved from CCs between vertical component 576 

geophone data and horizontal component DAS data, as a result of the Rayleigh wave elliptical 577 

particle motion. We notice, however, that there are phase shifts introduced by: (1) the ellipticity 578 

produces a 90-degree phase shift between vertical and horizontal particle motions, (2) the 579 

difference between particle motion velocity and strain rate, and (3) the difference in instrument 580 
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responses. However, these are not a problem for the dispersion analysis, as it only uses the slopes 581 

for calculating dispersion curves. We note that for studying waves other than Rayleigh waves, it 582 

might be beneficial to consider using the horizontal component parallel with the cable. We 583 

deliberately chose to use the vertical component to demonstrate the applicability of the hybrid 584 

instrument approach, because vertical component geophones are widely used for near-surface 585 

imaging applications 586 

The noisy Rayleigh wave response from using a DAS channel as a virtual source is likely 587 

due to the instrument noise on DAS channels having a destructive impact on the CCs. Firstly, we 588 

can see clear horizontal bands in Figure 6a which are most dominant at t = 0, which therefore 589 

indicates that the instrument noise on each DAS channel is not independent. This is likely due to 590 

the nature of DAS measurement that senses the entire cable with a single interrogator unit, which 591 

results in such common mode noise (Lindsey et al., 2020), as shown in Figure S2.d. When a 592 

geophone is used as the virtual source, it breaks the coherency of this instrument noise. 593 

Additionally, we observe that the dominant seismic noise contributing to the seismic responses is 594 

transient in nature, therefore a large number of CCs derived from a DAS virtual source contain 595 

only instrument noise. 596 

 Based on our results we argue that deploying DAS together with conventional seismic 597 

instruments (hybrid instrumentation) would open more opportunities. This is consistent with 598 

previous studies, such as: combining seismometer and DAS for calculating receiver function and 599 

surface wave dispersion (Yu et al., 2019); converting strain to particle velocity or calibrating the 600 

conversion (Lindsey et al., 2020; Porritt et al., 2022; van den Ende & Ampuero, 2021), or to 601 

apply the H/V method between DAS and vertical component of a seismometer (Spica, Perton, et 602 

al., 2020). 603 
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Selective stacking is applied to improve CCs. Only 453 out of 3068 2-minute CCs panels 604 

are selected and stacked for shear wave inversions. With selective stacking, we eliminate a large 605 

chunk of data containing only instrument noise. The selected CCs contain mostly high-frequency 606 

signals from the snowmobile or transient low-frequency surface wave events. The snowmobile 607 

was used to approach the generator location in-line with the linear fibre optic cable array, 50 m 608 

away from the interrogator (Figure 11a), which produces a surface wave noise travelling along 609 

the fibre. The (suspected) crevassing generated surface wave signals are mostly from the shear 610 

margin of the ice stream (Figure S2), although not homogeneously distributed, they are generally 611 

in-line with the fibre optic cable.  612 

The dispersion curves obtained from the passive and active datasets show strong 613 

agreement over the frequency range 10 to 50 Hz. While the hammer and plate source surveys 614 

produce energy down to 10 Hz, it is most stable above 15 Hz, which could provide a reliable S 615 

velocity profile down to ~60 m (Figure 10). The seismic noise interferometry extends the reliable 616 

measurement range down to 3 Hz, which enables an inversion over the entire column of the firn 617 

layer. 618 

We did not observe clear ocean wave-related primary or secondary microseism noise as 619 

the dominant ambient noise on broadband seismometers from 0.01 to 1 Hz (Bensen et al., 2007). 620 

Previous studies with submarine DAS cables have recorded the microseism from 0.2 to 2 Hz 621 

(Sladen et al., 2019) and down to 0.5 Hz (Cheng et al., 2015; Spica, Nishida, et al., 2020). Some 622 

onshore studies also suggest the abundance of low-frequency noise with noise power spectrum 623 

analysis (Hudson et al., 2021; Lindsey et al., 2020a). It is, however, shown in our study that the 624 

DAS signals below 1 Hz are likely wind-related, which could due to shallow burial depth of the 625 
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cable. It is also possible that the linear fibre is insensitive to microseism signals because of its 626 

propagation direction near perpendicular to the fibre. 627 

The S-wave velocity profile obtained from this study fits well with the velocity profile 628 

which we inverted from a standard refraction P-wave experiment conducted in the BEAMISH 629 

project (Smith et al., 2021), assuming a Vp/Vs ratio of 1.95 (Smith et al., 2015) at depths of 0 to 630 

80 m. Below 80 m the profiles from the methods diverge, with higher Vs at depths greater than 631 

80 m from the surface wave inversion. This may suggest a decrease of the Vp/Vs ratio at depth, 632 

or an increase in azimuthal anisotropy. However, at these depths, the reliability of the standard 633 

refraction results decreases due to the data offset limitation of ~1 km. Also, spatial heterogeneity 634 

cannot be ruled out as the surveys are not collocated. Nevertheless, the shape and form of the 635 

inverted Vs profiles show good agreement with the refraction survey, with both methods 636 

showing a velocity-depth gradient change at around 12 m. This feature of the velocity profile 637 

indicates the depth of the critical density, marking the transition between the first two stages of 638 

the densification process (Herron & Langway, 1980). Above this depth, the dominant 639 

compaction mechanism is grain settling and packing and exhibits the highest densification rate. 640 

Below this transition progression to pore close-off occurs with a lower rate of densification. The 641 

velocity-depth gradients above and below this depth agree with this interpretation. This 642 

agreement between the methods, reproducing the velocity gradient transition at similar depths is 643 

significant. The standard refraction WHB method uses a double exponential fit to the travel-644 

times (Kirchner & Bentley, 1979) which can force the presence of this gradient change when a 645 

simple polynomial fitting method may not. The results from noise interferometry and surface 646 

wave inversion, therefore, verify the assumption of the double exponential fitting step at this site 647 
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and provide an independent and robust measure of this critical density transition in the firn 648 

profile. 649 

With a triangular fibre optic array, we retrieve Rayleigh wave responses along 90° and 650 

30° from the ice flow direction. We find a small difference between the two dispersion curves 651 

from 10 to 40 Hz. Considering uncertainties in the measurements, it qualitatively indicates no 652 

strong azimuthal anisotropy in the upper 80 m (the dominant sensitivity of this frequency band is 653 

the top 80 m (Figure 10b)). However, polarimetric radar measurements of Jordan et al. (2022) 654 

indicate azimuthal anisotropy at depths of 40 to 100 m across Rutford Ice Stream. Laterally, they 655 

find weaker anisotropy strength in the ice stream central (less deformation) than in the shear 656 

margin. Our measurements of the azimuthal variation of the Rayleigh wave-phase velocity 657 

contain uncertainties that may be due to lateral heterogeneity in the firn layer or instability of the 658 

cross-correlation functions. But within that uncertainty, our measurements are consistent with the 659 

Jordan et al. (2022) results and do not suggest high azimuthal anisotropy at the centre of the ice 660 

stream. 661 

Our measurements of Vs complement those of Vp, without requiring additional S wave sources 662 

or 3-component sensors. The method uses DAS, collocated vertical component geophones, and 663 

natural seismic signals from crevasses and noise from snowmobiles, which means it could be 664 

convenient for the deployment and might be a feasible method for large-scale firn imaging. This 665 

may lead to an improved understanding of the mechanical properties of the firn and their 666 

variation. Although standard refraction methods can be adapted to derive a Vs profile, with S 667 

wave sources and 3 component instruments (King & Jarvis, 2007; Kirchner & Bentley, 1990), in 668 

general, only Vp profiles are measured. Efforts were made to reproduce the standard P-wave 669 

refraction survey method using diving P-waves from a hammer and plate source with DAS 670 
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recording. However, inherent to the DAS method, a combination of the effects of gauge length 671 

and spatial averaging near the shot location, hinders the derivation of a high accuracy velocity 672 

profile. Nevertheless, our study suggests that DAS measurements and surface wave inversion 673 

have the potential to upscale for the investigation of firn properties over large areas. 674 

Another potential benefit of the method presented here compared to the standard seismic 675 

refraction method is the capacity of the surface wave (passive or active) to image low-velocity 676 

layers (Zhang et al., 2007). The seismic refraction method would fail in the presence of low-677 

velocity layers as no rays will undergo critical refraction at the top of it (base of the ice lens). 678 

This situation may arise where melt has occurred and refreezing produces ice lenses overlying 679 

lower velocity firn layers, as for example reported on Larsen C Ice Shelf (Ashmore et al., 2017).  680 

Although the Vs profile in our study is inverted from noise CCs, we observe consistency 681 

between CC retrieved dispersion and active shot dispersion, which suggests the inversion 682 

methods would work with active seismic data as well. A source producing lower frequencies 683 

(e.g., explosives or weight drop) would allow greater depth penetration. Since Rayleigh wave 684 

signals are naturally acquired in conventional refraction surveys, revisiting these data with our 685 

method could provide an independent measurement of Vs and might yield new insights.  686 

7 Conclusions 687 

Applying noise interferometry to DAS data, we retrieved broadband (3 – 50 Hz) and 688 

stable CCs representing Rayleigh wave responses travelling along the DAS fibre. We show that 689 

the SNR improves when using a collocated geophone as the virtual source or selective stacking 690 

of only the best CCs (selection based on the tau-p domain). Noise sources are found to be 691 

transient including lower-frequency (2 – 10 Hz) surface wave signals from the shear margins of 692 
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the ice stream, and high-frequency noise up to 80 Hz from a snowmobile. The Rayleigh wave 693 

dispersion curves are validated using active shot gathers.  694 

Inverting the dispersion curves, we produce an S-wave velocity (Vs) profile of the firn 695 

layer, which resolves a ‘kink’ at 12 m depth, corresponding to the critical density where the 696 

mode of firn compaction changes. This model shows good agreement with a standard Vp 697 

refraction derived model. No significant azimuthal anisotropy is observed in the upper 80 m, 698 

using 10 to 40 Hz signal, which is consistent with previous studies that along the centre of the ice 699 

stream the top of the firn layer is not under strong horizontal deformation.   700 

Our study demonstrates that the usage of surface waves, retrieved from DAS seismic 701 

noise interferometry, could complement the refraction Vp profiles, for studies of the firn layer. 702 

Since the acquisitions of DAS and seismic noise are simpler than geophone refraction surveying, 703 

these measurements have the potential to upscale to large areas of the ice sheets. This in turn 704 

might help decrease the uncertainty of mass balance estimation and palaeoclimate studies. 705 

Additionally, using surface waves instead of refraction waves will potentially allow investigation 706 

of the firn column where standard refraction methods fail in the presence of low velocity layers, 707 

such as have been observed on lower-latitude ice shelves. Finally, the methodology that we have 708 

developed can be easily applied to imaging the near surface in a host of other environmental 709 

applications where fibre optic cables can be deployed; examples include landslide monitoring, 710 

levee and embankment assessment, and sinkhole studies. 711 
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A comparison of noise interferometry and frequency-wavenumber (f-k) domain stacking 20 
is provided in Text S1 and Figure S1. DAS noise from 0.01 to 1 Hz is shown in Figure S2. 21 
f-k transform of cross-correlations and an active shot are shown in Figure S3. Variations 22 
of dispersions curves in Figure S4. Located shear margin seismic events using the 23 
geophone array in Figure S5. 24 
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Text S1. Locating surface wave events with the geophone array 26 
To get an idea of where the surface wave events originated. We use the 27 

geophone array to locate them very roughly. Firstly, a 1 to 10 Hz bandpass filter is 28 
applied. Secondly, we detect the surface wave events based on signal peak amplitude 29 
from a beamforming analysis. Thirdly, for each detected event, we calculate frequency-30 
dependent arrival time. Lastly, taking the Vs model obtained in the main text, theoretical 31 
travel time can be calculated for a given location, thus, we apply an inversion to get the 32 
event location. Events which are located with low residuals are plotted in Figure S6.  33 

We admit that this process is very rough, and the uncertainties of the locations 34 
are in the order of a few km, due to the small aperture of the array and also that the 35 
velocity is only validated in the centre of the ice stream, while most events are originated 36 
from the mountain areas (Ellsworth Mountain in the West and Fletcher Promontory in 37 
the East). Additional uncertainty might arise from the topography that is not included in 38 
the velocity model. 39 
 40 
  41 
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Figure S1. (c) a 400 -second exam
ple of noises betw

een 0.01 to 1 H
z. (a) spectrogram

 of the channel at 
distance of 50 m

. Tim
e series is plotted in panel (b). (d) f-k transform

 of (c). (e) zoom
 in of (c) as 

indicated by the arrow
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 44 

 45 
Figure S2. Localized surface wave events using the geophone array (red triangles), using travel time 46 
difference obtained from waveform cross-correlation. 47 
 48 
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Selected CCs
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transform on CCs 
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2. f-k transform
3. Stack over 3 VS in f-k domain
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Calculate PDF over 27 
Vs profiles.
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Figure S3. Workflow for DAS noise interferometry and surface wave inversion implemented in this 
study. 
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 54 

 55 
Figure S4. Plots of the f-k domain amplitude spectrum. (a) f-k for selective stacked cross-correlations 56 
(CCs), with picks of fundamental mode surface wave shown by a dashed line. (b) The same as (a) but 57 
for one active shot gather. 58 
 59 
  60 

(a) (b)
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 61 

 62 
Figure S5. Variation of dispersions from all 50-2min-CC stacks, compared with the stack over all 63 
selected 2-min CCs. 64 
 65 
  66 
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 67 

 68 
Figure S6. Stacked CCs and Phase velocity plots from two segments of the triangular array. (a) 69 
segment 0 to 330 m, with a virtual source at 150 m. (b) segment 660 to 960 m, with a virtual source at 70 
750 m. (c) Phase velocity plot for virtual source at 150 m and dispersion extraction from 8 to 50 Hz. 71 
(d) Phase velocity plot for virtual source at 750 m and dispersion extraction from 8 to 40 Hz. 72 

(b) Virtual source at 750 m(a) Virtual source at 150 m

(d) Freq-velocity plot for vs 750 m(c) Freq-velocity plot for vs 150 m


