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Abstract Rayleigh wave ellipticity measurements from seismic ambient noise recorded on the Greenland
Ice Sheet (GrIS) show complex and anomalous behavior at wave periods sensitive to ice (7' < 3—4 s). To
understand these complex observations, we compare them with synthetic ellipticity measurements obtained
from synthetic ambient noise computed for various seismic velocity and attenuation models, including surface
wave overtone effects. We find that in dry snow conditions within the interior of the GrIS, to first order the
anomalous ellipticity observations can be explained by ice models associated with the accumulation and
densification of snow into firn. We also show that the distribution of ellipticity measurements is strongly
sensitive to seismic attenuation and the thermal structure of the ice. Our results suggest that Rayleigh wave
ellipticity is well suited for monitoring changes in firn properties and thermal composition of the Greenland and
Antarctic ice sheets in a changing climate.

Plain Language Summary Surface meltwater is increasingly being routed and distributed through
the Greenland Ice Sheet (GrlS) changing the mechanical and thermal properties of the ice and resulting in
accelerated ice flow. Here we observe complex and anomalous Rayleigh wave ellipticity measurements at
periods sensitive to the ice structure. We compare our observations with ellipticity measurements made on
simulated seismic noise for various seismic velocity and attenuation models. We demonstrate that in the interior
of the GrIS the ellipticity is sensitive to the accumulation and densification of snow as it compacts into glacier
ice. The variation in the measurements is strongly sensitive to the thermal structure of the ice sheet which we
estimate to be warmer than about —10°. These results demonstrate that Rayleigh wave ellipticity is well suited
for monitoring changes in firn properties and thermal composition of the Greenland and Antarctic ice sheets in
a changing climate.

1. Introduction

The Greenland Ice Sheet (GrlS) is experiencing accelerating ice mass loss, accounting for ~10% of mean global
sea level rise since 1990 (Abram et al., 2019; Change, 2014). Surface melt during the summer is now two to
five times greater than pre-industrial levels (Abram et al., 2019) and is increasingly being routed and distributed
throughout the GrIS, changing both the mechanical and thermal properties of the ice-column. Over time this leads
to cryohydrological warming of the ice and faster ice flow (e.g., Cuffey & Paterson, 2010; Phillips et al., 2010).
In addition, amplified routing of meltwater to the base of the GrIS will enlarge and expand basal networks of
efficient drainage channels, slowing the ice flow speed (e.g., Davison et al., 2019). Hydrological forcing will
therefore result in a complex response of the ice sheet to climate warming.

Traditionally, reflection surveys have been the primary seismic approach used to constrain ice properties (e.g.,
Anandakrishnan et al., 1998; Booth et al., 2012; Peters et al., 2012). However, developments in seismic ambient
noise methods offer a relatively cheap alternative to such surveys. In Greenland to date, ice-related studies based
on seismic noise interferometry have primarily been used to infer relative changes in the subglacial environment
(Mordret et al., 2016; Toyokuni et al., 2018). However, due to large inter-station distances on the GrlS these
approaches are not ideally suited to study the ice structure. Alternatively, measurements of Rayleigh wave ellip-
ticity, the horizontal-to-vertical (H/V) ratio of Rayleigh wave particle motion, are sensitive to the subsurface
structure directly below the measurement station (e.g., Ferreira & Woodhouse, 2007). Ellipticity measurements

JONES ET AL.

1 of 10


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-7691-332X
https://orcid.org/0000-0002-9492-6415
https://orcid.org/0000-0002-4830-4949
https://orcid.org/0000-0003-2601-4462
https://orcid.org/0000-0002-3372-123X
https://doi.org/10.1029/2023GL103673
https://doi.org/10.1029/2023GL103673
https://doi.org/10.1029/2023GL103673
https://doi.org/10.1029/2023GL103673
https://doi.org/10.1029/2023GL103673
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023GL103673&domain=pdf&date_stamp=2023-08-07

Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL103673

Uncertgl:rlltyAlogo(|2EII|Apth(;t;/|) 00 05 10 15 20 25 30 -0.2 -0.1 0.0 0. 0.2
’ : : Ice thickness (km) Residual log(Ellipticity)

Figure 1. Map of ellipticity residuals between 2015 observations with a degree-of-polarisation (DOP) >0.95 (See Section 2.1 for more details about the DOP
measurement method) and fundamental mode calculations from the model of Jones et al. (2021), as a function of period and ice thickness. The colors of the triangles
are the ellipticity residuals with the size representing the uncertainty of each ellipticity measurement. The background color is the ice sheet thickness taken from the
Bedmachine v3 model (Morlighem et al., 2017).

are a powerful tool for probing the subsurface in regions of sparse or limited station coverage and are seeing
increasing applications in glaciological settings to determine ice thickness, seismic velocities and firn properties
(Chaput et al., 2022; Kohler et al., 2019; Lévéque et al., 2010; Picotti et al., 2017; Preiswerk et al., 2019; Yan
et al., 2018, 2020). Jones et al. (2021) extracted Rayleigh ellipticity measurements from ambient noise to deter-
mine a seismic velocity structure for the upper 5 km of the crust beneath Greenland. However, data with wave
periods sensitive to the ice sheet (7' < 3—4 s) show a strong deviation from theoretical fundamental mode Rayleigh
wave ellipticity as well as larger measurement uncertainties relative to off-ice stations (Figures la and 1b and
Figure S1 in Supporting Information S1).

Here we summarize the key features of Rayleigh wave ellipticity measurements made in 2015 from the four
permanent on-ice stations in Greenland (DY2G, ICESG, SUMG, NEEM). To understand the source of the devi-
ation between observed ellipticity measurements and predicted ellipticity for fundamental mode Rayleigh waves,
we systematically test the effect of different 1-D ice sheet velocity and attenuation (1/Q) profiles on the ellipticity
measurements, including potential overtone contamination effects. We generate several sets of synthetic seismic
noise, which are processed in the same way as the real data and are compared with the observations of Jones
et al. (2021).

2. Rayleigh Wave Ellipticity Results
2.1. DOP-E Method

Berbellini et al. (2019) developed the DOP-E method building upon the degree-of-polarisation (DOP) approach of
Schimmel and Gallart (2003, 2004) and Schimmel et al. (2011) to identify and extract Rayleigh waves from ambi-
ent noise. DOP is an instantaneous quality measure based on the stability of polarisation properties of a signal
within a window (e.g., Schimmel & Gallart, 2003, 2004; Schimmel et al., 2011; Sergeant et al., 2013). Polarisa-
tion properties are computed by a moving window eigen-decomposition of the time-frequency representation of
three-component seismograms allowing for the calculation of the instantaneous semi-major and semi-minor axes
of the best-fitting ellipse to the data (Schimmel & Gallart, 2003, 2004). Variability in polarisation properties is
determined relative to the planarity vector, defined as the vector product of the semi-major and semi-minor axes
which closely matches the expected particle motion of fundamental mode Rayleigh waves (e.g., Schimmel &
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Gallart, 2003, 2004; Schimmel et al., 2011). DOP is computed as a projection of the instantaneous unit planarity
vector on the mean planarity vector for the data window and ranges between 0 and 1, where 0 indicates randomly
changing polarisation and 1 is a stable polarisation measurement throughout the data window (Berbellini
etal., 2019; Jones et al., 2021; Schimmel & Gallart, 2003, 2004; Schimmel et al., 2011; Sergeant et al., 2013). For
signals with DOP measurements above a given threshold, the period-dependent ellipticity of the data is computed
(Berbellini et al., 2019; Jones et al., 2021).

2.2. Ellipticity Measurements

Ellipticity measurements made at stations in the GLISN network were obtained using the DOP-E method for
wave periods of 2-10 s between 2012 and 2017 (Jones et al., 2021). A DOP of >0.95 was selected to ensure
only the best measurements would be used when estimating the ellipticity. For each year, ellipticity curves are
constructed from the distribution of measurements for each period by estimating the median and uncertainties
at 13.6 and 84.6 percentiles (Berbellini et al., 2019; Jones et al., 2021). We observe some seasonal variation in
ellipticity with early summer months (May—July) having lower relative values of ellipticity and early winter
(November—January) values above the annual average (Figures S2-S5 in Supporting Information S1). Annual
ellipticity estimates do not vary significantly between years, and for the present study, we analyze the 2015 ellip-
ticity measurements presented by Jones et al. (2021).

The ellipticity measurements are highly sensitive to the ice thickness showing a characteristic inflection at
T ~ 3-4 s (Figure S1 in Supporting Information S1), which is not observed on off-ice stations (Figure S1 in
Supporting Information S1; Jones et al., 2021). For on-ice stations at periods sensitive to the ice (' < 3—4 s)
a strong deviation from fundamental mode ellipticity predictions occurs, with the thickest ice stations, SUMG
and ICESG, showing the greatest difference (Figure 1 and Figure S1 in Supporting Information S1). We also
observe that the uncertainties in ellipticity measurements are larger at on-ice stations at periods sensitive to the
ice (Figure 1 and Figure S1 in Supporting Information S1).

The predominant source of the Rayleigh waves is in the North Atlantic between Greenland and Iceland, with
dominant periods between 5 and 10 s (Sergeant et al., 2013; Jones et al., 2021, Figures S6-S9 in Supporting
Information S1). We observe a 180° rotation in the source of the Rayleigh waves at ~2.2 s (0.45 Hz) and ~3 s
(0.3 Hz) for stations ICESG and SUMG respectively (Figures S7 and S8 in Supporting Information S1). Inherent
to the DOP-E method is the assumption that the particle motion of the Rayleigh wave has a retrograde motion
(Schimmel et al., 2011; Sergeant et al., 2013). A 180° rotation in the source-receiver back azimuth at high
frequencies suggests a change in the Rayleigh wave particle motion from retrograde to prograde motion. Changes
in the fundamental mode Rayleigh wave particle motion have been observed in settings with large subsurface
seismic velocity contrasts, such as firn layers in West Antarctica (Chaput et al., 2022) and sedimentary basins
(e.g., Berbellini et al., 2016; Tanimoto & Rivera, 2005). Moreover, these settings with large velocity contrasts
often give rise to Rayleigh wave overtones (e.g., Ma et al., 2016), which are also associated with prograde ellip-
ticity measurements (Figures S7 and S8 in Supporting Information S1).

3. Numerical Simulations
3.1. Synthetic Noise Generation

To understand the main causes of our anomalous observations of short-period Rayleigh wave ellipticity, we meas-
ure ellipticity from 24 hr of simulated ambient noise data following the approach of Berbellini et al. (2019). The
synthetic seismograms are computed up to the fifth overtone and down to a wave period of 7' = 1 s for different
1-D ice sheet velocity models and seismic Q profiles at stations DY2G, ICESG, SUMG and NEEM (Figure 1).
Synthetic seismograms are computed using normal mode summation (Gilbert, 1971) using the software package
of Herrmann (2013), where normal mode eigenfunctions and eigenvalues are computed and combined with an
appropriate source term. We simulate microseismic Rayleigh waves as 300 vertical orientated impulsive point
sources evenly spaced over 24 hr with random amplitudes selected from a uniform distribution between 102
and 10'® N m (Berbellini et al., 2019). In order to make our synthetic noise more realistic, we combine these
vertical point sources with 200 horizontally orientated double couple sources with amplitudes from a uniform
distribution between 10'? and 10'® N m (Berbellini et al., 2019). Sources are located in the Irminger Sea, North
Atlantic, which is a region of strong microseismic sources (Sergeant et al., 2013) and are selected from a random
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Figure 2. (a) Map showing the location of the vertical and double couple sources for the generation of the synthetic

seismic noise. The green circles are the vertical Rayleigh wave sources and the pink circles are the horizontal double couple
sources for the Love waves, the seismic station NEEM is a red triangle and the yellow triangle is the location of Site 1 from
Killingbeck et al. (2020). (b) Plot comparing the 2015 ellipticity measurements from NEEM station and measurements made
from synthetic data generated using different velocity models. Model 1 is a single homogeneous ice layer, Model 2 consists of
a homogeneous ice layer overlain by firn based on the results of Killingbeck et al. (2020), Model 3 comprises a homogeneous
ice layer underlain by a thin dilatant sediment/till and Model 4 consists of a homogeneous ice layer with a near surface layer
derived from an exploratory parameter search (see Section 3.1 for further details).

2-D Gaussian distribution centered on 57°N and 31°W, with a standard deviation of +2°N and +4°W (Figure 2;
Berbellini et al., 2019). The sources are located at a depth of 2.3 km corresponding to the average seafloor depth
of the source region. Finally, we add Gaussian noise with a standard deviation which leads to ambient noise
synthetics with a root-mean-squared (RMS) signal-to-noise ratio of ten.

3.2. Velocity Models

We test four velocity models representing different expected ice and subglacial environments. Model 1 is a single
homogeneous ice layer with Vp = 3.80 km/s, Vs = 1.94 km/s and p = 915 kg/m? (Jones et al., 2021); Model 2
contains a firn layer with parameters based on the geophysical observations of Killingbeck et al. (2020) in East
Greenland. The model consists of 3 layers with thicknesses of 20 m, 10 m, 20 m, Vp = (2.20, 3.10, 3.40) km/s,
Vs = (1.00, 0.99, 1.50) km/s and p = (716, 882, 883) kg/m?, respectively, which were calculated as the average
properties at Site 1 at an elevation of 1,770 m (Figure 2; Killingbeck et al., 2020). Model 3 comprises a homoge-
neous ice layer underlain by a thin dilatant sedimentary/till layer 10 m thick with Vp = 1.80 km/s, Vs = 0.20 km/s
and p = 1,900 kg/m? (Booth et al., 2012). The final model, “Model 4, was selected using the Neighborhood
Algorithm (Sambridge, 1999) to search for candidate models for a single near surface layer with a variable thick-
ness up to 50 m and velocities and density in the following ranges; Vp = [0.20, 4.00] km/s Vs = [0.00, 2.00] km/s,
p = [200, 1,100] kg/m?® by matching the modeled fundamental mode Rayleigh wave ellipticity and measured
data. Due to the large parameter space compared to the number of data points our attempt to invert for this near
surface layer resulted in solutions which failed to fully converge or solutions with non-physical Vp/Vs ratios and
as such the model with the lowest misfit is set as the preferred “Model 4” for each station (Table S1 in Supporting
Information S1). During the model search the contributions of Rayleigh waves overtones were not considered. In
all “Model 4” models Vs is extremely low, varying between 0.02 and 0.04 km/s. For all models, the ice thickness
matches the Bedmachine v3 model (Morlighem et al., 2017).

We apply the DOP-E method to the synthetic seismograms computed for each velocity model exactly in the same
way as with real data, using a sliding window. For each window, we compute the ellipticity keeping only those
values with a DOP >0.95. For each model, ellipticity curves are then estimated from the distribution of measure-
ments made on the synthetic noise data. Figure 2 compares the ellipticity measurements made on the synthetic
seismograms with the observations from 2015 at NEEM station. In all examples, the ellipticity measurements
with wave periods insensitive to the ice sheet (7' > 4.5 s) match the geological model as expected (Figures 2 and
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Figure 3. Summary plot of ellipticity as a function of period, comparing the 2015 measurements with measurements made on synthetic data from the best fitting model
at stations DY2G, ICESG, SUMG, and NEEM. For DY2G the single ice layer model was selected whilst for ICESG, SUMG and NEEM the firn layer inferred from an
exploratory inversion was deemed to best represent the trends of the data.

Figures S10-S13 in Supporting Information S1). In Model 1 at T ~ 3—4 s the synthetic ellipticity curve comprises
a combination of the fundamental mode, first and second overtones which is followed by a sharp peak in ellip-
ticity at 7 = 2.9 s where the second overtone becomes dominant (Figure S14 in Supporting Information S1). At
T < 2.9 s the ellipticity measurements are dominated by the first overtone (Figure S14 in Supporting Informa-
tion S1). This change in dominance between the fundamental mode and overtones is seen in the other stations
using Model 1 with varying degrees of prominence (Figure S14 in Supporting Information S1). Histograms of
the ellipticity measurements typically depict a distribution consisting of a single large peak (Figures S15-S18
in Supporting Information S1). However, some models for example, Model 1 at T = 2 s at NEEM and SUMG
stations (Figures S17 and S18 in Supporting Information S1) depict a bimodal distribution with each of the peaks
corresponding to either the fundamental mode or the first or second overtones. Figure 2 and S10-S13 show that
the ellipticity predictions from Model 1 do not match the ice-sensitive observations (T < 3—4 s). Hence, a simple
ice layer does not explain the measured ellipticity, even when considering the potential presence of overtones.

The inclusion of a firn layer (Model 2) does not explain the measured ellipticity either (Figure 2 and Figures
S10-S13 in Supporting Information S1). The addition of a soft saturated sediment or till layer at the base of the
ice in Model 3 results in an increase in the wave period marking the transition between the bedrock and ice layer.
For example, at NEEM the transition between ice-to-rock sensitive periods occurs at 7 ~ 3.5 s for the real data
as well as Models 1, 2, and 4, whilst the addition of sediment at the ice bedrock interface in Model 3 pushed the
transition to 7 ~ 4.5 s (Figure 2).

Measurements from synthetics computed for each Model 4 for each station reproduce well the general trend of
rapidly increasing ellipticity for periods sensitive to the ice at all stations except for DY2G (Figures S10-S13 in
Supporting Information S1). A good match between the synthetics generated using Model 4 for NEEM station
and field measurements is seen in Figure 2. At SUMG there is a secondary linear trend observed for 7' < 2.5 s
which is caused by the excitation of the first overtone (Figure 3, Figure S19 in Supporting Information S1).
Figure 3 compares synthetic measurements for the velocity models which best capture the overall trend of the
2015 observations. At ICESG, SUMG and NEEM Model 4 matches the overall trend in ellipticity whilst at DY2G
there is little variation between the different candidate models, with none of them explaining the short period
(T < 2.8 s) trend in ellipticity.

3.3. Variations in Q

Variations in the velocity structure of the ice column are to first order compatible with our anomalous ellipticity
measurements at wave periods sensitive to the ice (Figures 2 and 3). However, the distributions of the ellipticity
observations are much broader for ice sensitive wave periods than their counterparts measured from the synthetic
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data (Figures S12-S15). Seismic attenuation arises due to a loss of seismic energy during propagation due to
anelastic effects for example, internal friction and scattering and is sensitive to the thermal state, ice density,
crystallographic orientation of ice and the frequency of the seismic waves (e.g., Peters et al., 2012; Podolskiy
& Walter, 2016). The seismic quality factor Q (i.e., the inverse of attenuation) can vary significantly in ice
from 5 to 1,000 depending on length scale (e.g., Toyokuni et al., 2021) and temperature (Kuroiwa, 1964; Peters
etal., 2012). For example, Kuroiwa (1964) conducted laboratory experiments on ice samples from Greenland and
the Antarctic observing Qp ~ 40 at 0°C and Qp ~ 1,000 at —30°C. Qs has been shown to have a significant effect
on Rayleigh waves composition at short periods where higher order overtones can experience up to two to three
times less attenuation than the fundamental mode, which suggests that ellipticity measurements may include
different numbers of Rayleigh wave overtones (Dahlen & Tromp, 1999; Hariharan et al., 2022).

We investigate the effect of attenuation on ellipticity measurements made on synthetic seismograms using the single
ice column velocity model (Model 1). We opt to use a single ice layer model due to its simplicity allowing for
better isolation of the effects of Q on the observations. We use Qp = Qs = [20, 50, 175, o] for the values of Q for
the ice layer based on the study of Toyokuni et al. (2021), with the sub-ice seismic structure assigned values derived
from PREM (Dziewonski & Anderson, 1981). Figure 4 compares the distribution of the ellipticity measurements
made on the synthetic seismograms with a Gaussian distribution estimated using 2015 ellipticity data curves for
the station NEEM. At periods 7' < 4 s the measurements made on the synthetic seismograms do not produce a
Gaussian distribution. We observe that the values of Qp = Qs = [175, ] produce similar histogram distributions
dominated by a single peak (Figure 4 and Figures S23—-S26 in Supporting Information S1). However, for values of
Qp = Qs =[20,50] at T=4 s the distribution of synthetic measurements changes into a bimodal distribution (7= 3s,
Figure 4). Similar reshaping of the synthetic ellipticity distributions has a dramatic effect on the ellipticity curves as
seen in Figures S20-S23 in Supporting Information S1. We also note that at 7= 5 s Qp = Qs = 20 produces the best
distribution of measurements which matches the Gaussian probability density function from the 2015 ellipticity data.

4. Discussion

We have systematically tested the different effects of the seismic velocity and attenuation of the ice column on
Rayleigh wave ellipticity, by computing synthetic ellipticity measurements for on-ice stations in Greenland and
comparing them with real observations (Jones et al., 2021). We found that using a single ice layer did not explain
the real ellipticity observations (Figure 2). The addition of sediment/till at the ice sheet base produced a shallowing
and movement of the inflection in ellipticity to longer periods, which is not compatible with the observations. More-
over, we found that the geophysically constrained firn layer (Killingbeck et al., 2020) is also unable to match the
observed ellipticity (Figure 2). The inclusion of a thin layer just below the surface ~10 m thick with Vp = 1-2 km/s,
p ~ 800 kg/m3 and Vs ~ 0.02 km/s, allowed us to fit the general ellipticity trend seen in the measured data for ice
sensitive periods (Figure 3). These values of Vp and p are consistent with expected values for firn (e.g., Albert, 1998;
Chaput et al., 2022; Killingbeck et al., 2020) whilst the low Vs values are consistent with values estimated for dry
snow (e.g., Guillemot et al., 2021). At station NEEM we observe a very good match between the synthetic and
observed ellipticity with no contribution from overtones (Figures 2 and 3). At stations ICESG and SUMG we observe
contributions from the first overtones at periods of 7'~ 2 s (Figure 3). SUMG, ICESG, and NEEM are characterized
by dry snow conditions and experience little summer melt (e.g., Vandecrux et al., 2020) and, as such, we interpret
the shallow near surface layer, which captures the main features of the ellipticity curves, as snow transitioning to firn.

Firn and snow layers introduce steep seismic vertical velocity gradients which lead to complex seismic wave
propagation, including site amplification effects, wind snow excited resonances as well as 2D and 3D effects
(e.g., Chaput et al., 2018; Chaput et al., 2022) which are not accounted for in our modeling. These could account
for the differences between the synthetic and real ellipticity measurements seen at stations ICESG and SUMG
(Chaput et al., 2018, 2022). Also, ellipticity measurements from the synthetic data associated with overtones did
not produce ellipticity curves consistent with the real observations and as such these overtones are not respon-
sible for the prograde Rayleigh wave particle motion at ICESG and SUMG. The sharp velocity contrast of the
near surface layer can give rise to prograde fundamental model Rayleigh wave particle motions (Figure S27 in
Supporting Information S1), similar to observations made in firn layers in West Antarctica (Chaput et al., 2022),
or sedimentary basins (Berbellini et al., 2016; Tanimoto & Rivera, 2005). We also acknowledge other potential
mechanisms, such resonance of the ice sheet and firn, that may also be responsible for the prograde motion.

The models obtained from Test 4 led to synthetic ellipticity curves that matched well the general trends of the
real observed ellipticity at stations ICESG, SUMG and NEEM, but none can explain the short period variations
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Figure 4. Histograms of the distribution of ellipticity measurements as a function of the period (7 = 2, 3, 4, 5s) for different values of Q for station NEEM. The solid
black line is the Gaussian probability density function estimated from the 2015 ellipticity curves.

in ellipticity at station DY2G (Figure 3). DY2G is located in the ablation zone where the snow is typically wet
and the region experiences annual melting and re-freezing cycles (e.g., Vandecrux et al., 2020). This thaw and
re-freezing cycle along with snow accumulation can have a significant effect on the near-surface temperature,
density and seismic velocities (Vandecrux et al., 2020). Annual ellipticity curves in the ablation zone cannot
capture the temporal variations in seismic properties in such a dynamic environment (Figure S1 in Supporting
Information S1). A limitation of this study is the assumption that the Rayleigh wave ellipticity is sensitive to the
1-D subsurface structure which may not be fully valid at shorter periods (7 < 3 s), especially in regions with signif-
icant subglacial topography. In such regions, 3D effects for example, subglacial geometry can lead to Rayleigh
wave resonance which could greatly affect the ellipticity observations (Preiswerk et al., 2019). Nevertheless, ellip-
ticity could be an ideally suited technique for the temporal monitoring of both ice thickness and surface meltwater.

Despite the success of varying the near surface velocity structure of the ice in describing the observed short peri-
ods in ellipticity, the distributions of the observations from 2015 are much broader for ice sensitive periods than
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their counterparts measured from the synthetic data. The broadening of the distribution of the ellipticity measure-
ments is confined only to on-ice stations (Jones et al., 2021). Q has been shown to be highly sensitive to the ther-
mal state of ice (e.g., Kuroiwa, 1964; Peters et al., 2012). Therefore the accurate estimation of Q can be used as a
tool for monitoring cryohydrological warming. Moreover, as mentioned previously surface wave sensitivity to Qs
has been shown to depend on the overtone number where at short periods higher order overtones can experience
two to three times less attenuation than the fundamental mode (Dahlen & Tromp, 1999; Hariharan et al., 2022).
Accurate estimates of Q for the ice will also provide additional constraints in the modeling of Rayleigh wave
ellipticity and inversion for ice structure.

Using a single ice column model we showed that seismic attenuation values of Qp and Qs of ~50 lead to a broadening
of the distribution of the ellipticity measurements uncertainties comparable with the 2015 observations at periods
sensitive to the ice (Figure 4). These results are consistent with the study of Toyokuni et al. (2021), which found that
the GrIS has low values of QO (Qp and Qs < 50). We also note that Qp = Qs = 175 produces results similar to the
models with no attenuation (i.e., Q = o0) implying that a Qp and Qs of 175 is an upper estimate for the GrIS. Due to the
frequency dependence of Q, a direct comparison with the results of Peters et al. (2012) is not possible, however, based
on their analysis values of O < 100 typically corresponded with relatively warm ice temperatures of >—10°. These
temperatures are corroborated by Kuroiwa (1964) where Qp ~ 40 was observed around 0°C. Our results show the
incorporation of Q into an inversion scheme can be used as a tool to monitor seasonal and annual changes in the ther-
mal component of the ice sheet and its response to cryohydrological warming and will be the subject of further work.

The permanent deployment of the GLISN network provides an opportunity to use Rayleigh wave ellipticity to
quantify and study changes in ice temperature and the evolution of the firn on the GrIS on a monthly, seasonal
and annual basis. An inversion strategy to determine the ice structure should consider ellipticity measurements
made on synthetic noise as the forward modeling operator with the objective function comparing not only the
ellipticity curves as done previously (e.g., Attanayake et al., 2017; Berbellini et al., 2017; Ferreira et al., 2020;
Jones et al., 2021; Yano et al., 2009) but also including the distribution of each measurement as well as any
indicators of changes in Rayleigh wave polarisation for example, 180° reversal in source azimuth (Figures S2-S5
in Supporting Information S1). Finally, the addition of Rayleigh wave dispersion measurements may also help
constrain the thermal and mechanical structure of the ice and any seasonal variations.

5. Conclusions

We have shown that the GrlIS has a profound effect on Rayleigh wave ellipticity, leading to substantial differences
between observations and fundamental mode Rayleigh wave predictions for wave periods sensitive to ice (typi-
cally 7 < 3—4 s for the existing permanent on-ice stations in Greenland). To understand these unexpected varia-
tions and complexity in ellipticity observations we simulated 24 hr of seismic ambient noise for different 1-D ice
sheet profiles and measured the corresponding ellipticity. Our findings show that in dry snow conditions within
the interior of the GrIS, ellipticity is sensitive to the accumulation and densification of snow into firn, resulting
in complex seismic wave propagation and subsequent ellipticity. However, within the wet snow conditions of the
ablation zone, average annual estimates of ellipticity are not appropriate for capturing the thaw-freeze cycles. We
show that variations in ellipticity are affected by seismic attenuation which is sensitive to the thermal structure
of the ice. Our study shows that Rayleigh wave ellipticity is an ideal method for the monitoring of firn compac-
tion, massive ice formation, firn aquifer development or expansion, or temperature changes of the main bodies
of ice sheets, shelves or glaciers. This matters not only in Greenland where future climate warming is predicted
to transform the ice sheet's snow, firn and ice columns at progressively higher altitudes and latitudes but also in
respect of the predicted Greenlandification of a warming Antarctic Ice Sheet in the coming decades to centuries.

Data Availability Statement

The seismic data were acquired and distributed by the Greenland Ice Sheet Monitoring Network (GLISN) feder-
ation and its members (http://ds.iris.edu/mda/_GLISN/?timewindow=2013/01/10%2010:00:30-2599/12/31%20
23:59:59). The virtual network code for GLISN is _GLISN with the network codes DK used for DY2G, ICESG
and NEEM and GE at SUMG. The facilities of IRIS Data Services, and specifically the IRIS Data Management
Center, were used for access to waveforms, related metadata, and/or derived products used in this study (https://
ds.iris.edu/ds/nodes/dmc/). The figures were created using the Matplotlib package (Hunter, 2007). The python
toolbox obspyDMT (Hosseini & Sigloch, 2017) was used to download the seismic data. The DOP-E processing
code was downloaded and distributed from: github.com/berbellini/DOP-E.
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