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Abstract. Ice slabs are multi-meter thick layers of refrozen ice that limit meltwater storage in firn, leading to enhanced surface
runoff and ice sheet mass loss. To date, ice slabs have primarily been mapped using airborne ice-penetrating radar, which has
limited spatial and temporal coverage. This makes it difficult to fully assess the current extent and continuity of ice slabs or to
validate predictive models of ice slab evolution that are key to understanding their impact on Greenland’s surface mass balance.
Here, for the first time, we map the extent of ice slabs and superimposed ice facies across the entire Greenland Ice Sheet at 500
m resolution using dual-polarization Sentinel-1 (S-1) synthetic aperture radar data collected in winter 2016-2017. We do this
by selecting empirical thresholds for the cross-polarized backscatter ratio (HV - HH) and HV backscattered power that jointly
optimize agreement between airborne ice-penetrating radar data detections of ice slabs and the S-1 estimates of ice slab extent.
Our results show that there is a strong correlation between C-band backscatter and the ice content of the upper ~ 7 meters of
the firn column that enables ice slab mapping with S-1. Our new mapping shows that ice slabs are nearly continuous around
the entire margin of the ice sheet. This includes regions in Southwest Greenland where ice slabs have not been previously
identified by ice-penetrating radar, but where the S-1 inferred ice slab extent shows strong agreement with the extent of visible
runoff mapped from optical imagery. The algorithm developed here lays the groundwork for long-term monitoring of ice slab
expansion with current and future C-band satellite systems and highlights the potential added value of future L-band missions

for near-surface studies in Greenland.

1 Introduction

Over the last two decades, around half of mass loss from the Greenland Ice Sheet (GrIS) has come from the runoff of surface
meltwater , with the remaining 45-50% attributable to ice dynamical processes and ice-ocean interactions in marine terminating
sectors (Van Den Broeke et al., 2009; Enderlin et al., 2014; Mouginot et al., 2019). Surface processes are projected to remain
the dominant contributor to Greenland’s sea level contribution over the next century, particularly as the ice margin retreats
onto land above sea level (Fox-Kemper et al., 2021). By extension, much of the uncertainty in future mass loss from the
ice sheet can also be ascribed to uncertainty in surface processes (Fox-Kemper et al., 2021). One such process that remains
poorly constrained is the development and expansion of ice slabs in firn, particularly near the equilibrium line. Ice slabs are

multi-meter thick layers of refrozen ice that form just below the surface (Machguth et al., 2016) and can be horizontally
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continuous over tens of kilometers (MacFerrin et al., 2019). As a result, ice slabs are largely impermeable and limit the vertical
percolation of meltwater into the underlying relict firn, leading to a rapid transition from meltwater retention to runoff as they
form (Machguth et al., 2016; MacFerrin et al., 2019; Tedstone and Machguth, 2022). To date, ice slabs have primarily been
mapped using Operation IceBridge (OIB) airborne ice-penetrating radar surveys, as these data directly resolve the vertical
structure of the subsurface and can distinguish homogeneous refrozen ice bodies from lower density firn (MacFerrin et al.,
2019; Jullien et al., 2023). These data have shown that ice slabs dominate the wet snow zone along the western, northern, and
northeastern coasts of Greenland. The southeast basin is the only major region where limited ice slabs have been detected,
due to the high snow accumulation rate that insulates subsurface liquid water from refreezing and leads to the formation of
perennial firn aquifers instead (Forster et al., 2014; Munneke et al., 2014).

While the OIB data have provided critical insights into ice slab extent across the GrIS, these data are significantly limited in
both space and time. Data are only available directly beneath the aircraft flight track, and collection was limited to a moderate
number of flight lines in spring (typically April or May) each year from 2011-2014 and 2017-2018, along with a few additional
flights over the wet snow zone in 2010. These gaps in coverage lead to a number of issues. In many regions, the upper elevation
limit of the ice slabs is poorly defined, due to a lack of flights perpendicular to the coastline, and there are some areas, most
notably in southern Greenland and on peripheral ice caps, where there is insufficient flight coverage to assess whether ice slabs
are present at all. Even in regions of good coverage, there are typically 5-20 km gaps between flight lines. As a result, the full
extent of ice slabs on the GrIS remains poorly defined and it has been difficult to assess the km-scale continuity of this facie.
Additionally, there are very few repeated flights that were flown perpendicular to the coastline, which are required to robustly
assess the inland expansion of ice slabs from year to year. Jullien et al. (2023) showed that some ice slab growth occurred
between the period from 2010-2012 to 2017-2018, but the resolution and coverage of that analysis was limited by large spatial
data gaps and the need to aggregate multiple years of data to achieve reasonable coverage of the whole ice sheet. With the end
of the OIB mission in 2019, there are no current or planned ice-penetrating radar missions to improve these time series or to
assess the impact of more recent heavy melt seasons, such as 2019, 2021, and 2023, which included a significant high elevation
rain event in August 2021 (Tedesco and Fettweis, 2020; Box et al., 2022, 2023).

These spatial and temporal gaps significantly impede our ability to assess the impact of ice slab development and expansion
on the current and future mass balance of the GrIS. For example, MacFerrin et al. (2019) parameterized ice slab extent as a
function of the ten-year running mean of local excess melt and applied this parameterization to an ensemble of regional climate
models to predict that ice slab expansion would add 7-74 mm of additional sea level rise by 2100. However, this excess melt
threshold was tuned by matching the modeled ice slab extent to the aggregate observed extent from 2010-2014 (MacFerrin
et al., 2019). As a result, it remains unclear whether the temporal evolution of ice slabs in this model accurately captures the
true pace of ice slab growth. Recently, more physics-based models of firn hydrology have been used to model climatic drivers
of ice slab extent and expansion (Brils et al., 2024), but in the absence of validating data, significant uncertainties in future
projections will remain.

The only clear mechanism for mapping ice slab extent across the entire ice sheet at high resolution (~1 km or better) on an

annual or better basis is to use satellite microwave remote sensing systems. In fact, ice slabs have been mapped from space



60

65

70

75

80

85

90

using the L-band radiometer onboard the Soil Moisture Active Passive (SMAP) mission in Miller et al. (2022a, b). However,
there are limitations to that algorithm. In particular, the instrument resolution is approximately 30 km (Miller et al., 2022a),
making it dif cult to clearly de ne the inland extent of the ice slabs and impossible to capture expansion on the order of a
few kilometers or less per a year. Additionally, although rough estimates of the interannual variability are given, this algorithm
aggregates 5 years of radiometer data to create a single estimate of ice slab extent to create higher probability maps (Miller
et al., 2022a), which limits its use for generating long time series. There are also notable discrepancies between the SMAP anc
OIB ice slab extents, particularly in the Northwest where SMAP fails to detect large swaths of the OIB-detected ice slabs, and
in the North and Northeast where SMAP places the ice slabs at higher elevations than the OIB data (see Fig. 11).

An alternate approach is to use active synthetic aperture radar systems such as the ESA Sentinel-1 (S-1) series satellite
(Berger et al., 2012). Since C-band radio waves penetrate roughly 5-15 meters into snow, rn, and ice, depending on the
local physical and dielectric properties (Rignot et al., 2001; Hoen, 2001; Fischer et al., 2019), the depth-integrated surface
echo measured by the instrument mainly contains information about the near-surface structure. In Extra Wide Swath mode,
Sentinel-1 covers the entire GrIS approximately every 10 days with a spatial resolution of 20 x 40 meters and data are available
from late 2014 to the present day. With the anticipated launches of Sentinel-1C & D, the data record is projected to continue
uninterrupted through at least the early 2030s. Therefore, Sentinel-1 could not only provide the rst pan-Greenland mapping
of ice slabs at high-resolution, but such an algorithm would open the door to long-term monitoring of ice slab expansion,
potentially covering close to two decades of observations. Here, we develop an algorithm to map refrozen ice facies on the
Greenland Ice Sheet using dual-polarization Extra Wide Swath Sentinel-1 measurements of radar backscatter in conjunction

with calibration data from ice-penetrating radar observations.

2 Electromagnetic Interactions in Firn

On ice sheets, mean rn density increases exponentially with depth as it compacts under its own weight (Bader, 1954; Herron
and Langway, 1980). In the percolation zone, the structure is further modi ed by the in ltration and refreezing of surface
meltwater that forms ice lenses and ice pipes (Benson, 1962). Ice lenses are horizontal sheets of refrozen solid ice that may
be up to a few tens of centimeters thick and extend laterally for a few meters (Benson, 1962; MacFerrin et al., 2019), while
ice pipes are vertical refrozen conduits that represent preferential in Itration pathways connecting these ice lenses (Marsh
and Woo, 1984; Pfeffer and Humphrey, 1998; Humphrey et al., 2012). The proportion of the rn column occupied by these
refreeze features generally increases with decreasing elevation and increasing melt-to-accumulation ratio (Harper et al., 2012
Machguth et al., 2016). In the extreme, consistent excess melting may anneal these ice lenses together into multi-meter thick ice
slabs that form in the wet snow zone (MacFerrin et al., 2019; Machguth et al., 2016). The wet snow facies eventually transition
to the ablation zone via a region of superimposed ice facies, where the near-surface ice is formed by refreezing within the
annual accumulation (Benson, 1962). At the lowest elevations, where annual melting consistently exceeds accumulation, the
ice sheet transitions to the bare ice ablation zone composed of homogeneous meteoric ice that is exposed at the surface vi

horizontal advection and ablation.



Figure 1. Radar signatures of ice slabs along a transect in Southwest Greenland. a) Senfipelid shown in red and the cross-pol
backscatter ratio,SpO, = 9 %4 is shown in blue. The gray region denotes where ice slabs have been detected with ice-penetrating
radar (Culberg et al., 2022b). The inset map (Gerrish, 2020; Morlighem et al., 2017) shows the location of this transect in Southwest
Greenland. b) Ice slab thickness along the transect as measured with ice-penetrating radar (Culberg et al., 2022b). There is a rapid, down
ow decrease in Spo, as the ice slab thickens, with the backscatter plateauing once the ice slab reaches a thickness of around 7 m. ¢)
Radargram from April 2015 collected by the Ultrawideband MCoRDS system (Paden et al., 2014a) showing the subsurface structure in
the region where ice slabs have been detected. In the percolation zone, the structure is dominated by layered rn with strong scattering
from embedded ice features. In the wet snow zone, a thick layer of homogeneous refrozen ice with low backscatter overlies relict rn. In
the ablation zone, only solid ice remains and there is relatively low backscatter at all depths due to the absence of density contrasts in the

subsurface. (Note: This gure contains modi ed Copernicus Sentinel data 2016-2017, processed by ESA.)

These near-surface structural variations with elevation lead to commensurate changes in the dominant electromagnetic scat
tering mechanisms. In the percolation zone, radar echoes are thought to be dominated by volume scattering from embedde
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ice features on the scale of a few wavelengths (Fahnestock et al., 1993; Jezek et al., 1994; Rignot, 1995; Baumgartner et al.
1999; Langley et al., 2009), making the GrIS percolation zone one of the most radio bright regions on Earth (Swift et al., 1985;
Rignot et al., 1993; Jezek et al., 1994). Past work has modeled the observed percolation zone backscatter at C-band as volun
scattering from randomly oriented cylinders (Rignot, 1995). This volume scattering dominated regime also leads to signi cant
depolarization of the incident wave and a large radar cross-section in the cross-polarized (HV or VH) channels (Jezek et al.,
1993; Rignot, 1995; Langley et al., 2007; Barzycka et al., 2019). By contrast, scattering in the bare ice ablation zone is dom-
inated by rough surface scattering at the air-ice interface, with relatively little volume scattering since heterogeneities such
as air bubbles are signi cantly smaller than the C-band wavelength (Langley et al., 2007, 2009; Barzycka et al., 2019). As a
result, the radar cross section of the ablation zone is relatively low and little depolarization occurs, so the echoes are dominatec
by co-polarized (HH or VV) returns (Langley et al., 2007, 2009). Numerous papers have mapped glacier facies on Arctic
ice caps and mountain glaciers based on these characteristic changes in backscatter (Partington, 1998; Long and Drinkwate
1994; Barzycka et al., 2019). For example, Langley et al. (2008) demonstrated that on Kongsvegen Glacier in Svalbard, the
boundaries between rn, superimposed ice, and glacier ice could be mapped in C-Band ENVISAT SAR data fréhdBe

change in backscatter between each region, with ground-penetrating radar used to validate the mapping.

Ice slab regions likely represent an intermediate scattering regime between the percolation zone and superimposed ice o
ablation zones, with both surface and volume scattering contributing to the total backcatter. Nadir-looking airborne radar
sounding measurements show that ice slabs are characterized by strong re ections from their upper and lower interfaces, bu
very low backscatter within the refrozen ice itself (MacFerrin et al., 2019; Jullien et al., 2023). However, the presence of
remnant interstitial rn layers does lead to overall higher radar sounder backscatter in these refrozen ice facies than in meteoric
ice (Fig. 1c). In synthetic aperture radar (SAR) returns, the ratio of the HV to HH backscgifgr¥ P, %4 (indB)),
known at the cross-polarized backscatter ratio (Ulaby and Long, 2014) or linear backscatter ratio (Rignot, 1995), has been
used as a proxy for the ratio of volume to surface scattering in the Greenland percolation zone (Rignot, 1995) and is also
responsive to this change in subsurface structure. SAR returns from ice slabs display%gyvelnan the percolation zone,
but higher values than the upper ablation zone, which could be interpreted as suggesting greater surface scattering and lowe
volume scattering in ice slab areas compared to the percolation zone, but higher volume scattering than meteoric ice in the
upper ablation zone.

Figure 1a-b shows an example of this effect along a transect from the ice margin up to the shallow percolation zone in
Southwest Greenland. The percolation zone HV backscatigr ) is consistently about -4 dB, but decays at lower elevations
as ice slabs begin to form and thicken, eventually plateauing around an average of -11 dB across the upper ablation and we
snow zones. However, there is signi cant local variability in these regions, Wjth varying from -13 dB to -6 dB around the
mean. The cross-polarized backscatter rat}@o() similarly decreases from -4.5 dB to -7.5 dB as ice slabs develop at this test
site. In this paper, we exploit this apparent reduction in volume scattering that occurs over ice slab areas to map ice slabs from
S-1 C-band winter backscatter measurements.



130

135

140

145

150

155

160

3 Methods
3.1 Sentinel-1 Backscatter Mosaics

For this analysis, we use Extra Wide Swath (EW) ground range detected (GRD) Sentinel-1A & B data collected in HH and
HV polarizations at a center frequency of 5.405 GHz (ESA, 2023) over the GrlS from 01 October 2016 to 30 April 2017. We
focus on a single year of measurements to demonstrate the feasibility of mapping ice slabs with S-1 data without confound-
ing complications from instrument radiometric stability, evolving observation strategies, and multi-annual changes in surface
scattering properties. Only10 days of data are needed to fully cover the entire ice sheet, but we choose to use the full winter
period because the extra observations allow us to develop a robust mean backscatter map that reduces the in uence of tempor:
variability in scattering properties, speckle, and variable incidence angles. We expect ice slab extent to be stable during this
period since there is no melt in ltration. We only use winter data because the presence of surface meltwater increases both the
surface dielectric contrast and the near-surface attenuation in water-saturated layers, obscuring the subsurface structure. Due
the huge data volume, we process these data in Google Earth Engine (GEE) (Gorelick et al., 2017). Data in the GEE S-1 GRD
data collection have undergone thermal noise removal, radiometric calibration, geometric terrain correction, and conversion to
dB values in the Sentinel-1 Toolbox before being posted to the cloud. Unfortunately, these data have not undergone radiomet-
ric terrain correction, and it is impossible to fully implement this algorithm in GEE since it requires access to the data in the
original radar coordinates. We experimented with applying an angle-based radiometric terrain correction method designed for
GEE (Vollrath et al., 2020), but found that it produced little to no change in the backscatter values due to the extremely low
surface slopes over most of the ice sheet. Therefore, we do not implement this correction in our nal work ow.

With both Sentinel-1A and Sentinel-1B in operation, the exact repeat interval for any point on the ice sheet is 6 days.
However, because the EW swath width is 410 km and Greenland is at high latitudes, the coverage is often more frequent. During
our 7 month study period, the average number of observations per pixel was 190, or almost one observation per day, with a
minimum of 29 and a maximum of 571 observations. Within each observing pass, the incidence angle varies fram 18.9
47 across the swath (ESA, 2023). Particularly in the percolation zone, backscatter varies strongly with incidence angle, which
leads to obvious seams between overlapping swaths and spatial variations in backscatter that are attributable to observatio
geometry rather than physical properties of the ice sheet. Additionally, the data are subject to speckle and temporal variations
in backscatter due to snowfall, wind scour, and other environmental factors that impact the surface scattering structure. All of
these factors lead to signi cant challenges in generating a single consistent backscatter mosaic for the entire ice sheet.

To reduce speckle, we rst multilook all images to 500 m resolution, which effectively balances speckle suppression and
data resolution (see Supplementary Information, Section 1 for the resolution sensitivity analysis). Following prior studies with
C- and L-band satellite radar scatterometery data over ice sheets, we correct for incidence angle variations in space and timg
by tting a linear function to incidence angle vs. backscatter on a per-pixel basis using all available images in our study
period(Long and Drinkwater, 1994; Ashcraft and Long, 2005; Lindsley and Long, 2016; Long and Miller, 2023; Lindsley and
Long, 2016; Long and Miller, 2023). We then use these linear relations to calculate the theoretical backscatter at an incidence

angle of 35 in each pixel. Radar scatterometry studies have typically corrected their data to an incidence angjédof 40
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here we choose to correct the data to an incidence angle close to the middle of the S-1 scene. We combine both ascending an
descending orbits from both satellites to maximize the angular diversity in each pixel for the most robust t and calculate a
separate linear tforthe%,, and 3, measurements.

Supplementary Information, Section 2 provides detailed information on the backscatter residuals after correction and the
sensitivity of the nal results to the angular diversity and number observations per pixel. Overall, we nd that the residuals
are generally less than 1 dB and most large residuals are driven by non-stationary backscatter time series in regions with
subsurface meltwater, like rn aquifers or subsurface lakes, rather than a failure of the linear t. However, we also observe
large residuals in peripheral regions of the ice sheet and on small ice caps with steep terrain. In general, we nd that the nal
ice slab classi cation results are insensitive to per-pixel angular diversity or the number of observations as long as there are a
median of at least 117 observations per pixel spanning at least 10 unique incidence angles. However, if the mean incidence
angle of the observations meets or exceeds B@n these thresholds can be reduced to 77 observations per pixel or an angular
diversity of 7 or greater, a set of criteria which is met for the portion of our study area that covers the ice slabs (see Fig. C4). A
small portion of the ice sheet interior in the dry snow zone does not meet the number of observations threshold, but the entire
ice sheet meets the angular diversity threshold.

Our linear t method not only removes backscatter variations due to observing geometry, but also serves to average all
available observations in each pixel. This further reduces speckle and averages out temporal variations in backscatter over th
winter season. In this way, we form consistent mean winter backscatter mosaics for the entire ice sheet for each polarization.
We then calculate the)?pol map by subtracting the$,, map from the °,, map. Finally, we use the BedMachinev4 ice mask
to remove pixels in regions without ice (Morlighem et al., 2017). Figure 2a-b shows the mean fjiptend onl mosaics
for Greenland in winter 2016-2017. Regions with ice slabs clearly show gre®jethan the lower ablation zone, but reduced

9y compared with the percolation zone. Similarly, ice slabs show Io&gr values than the percolation zone.

3.2 Excluding the Dry Snow Zone and Firn Aquifer Regions

In order to reduce false positive detection of ice slabs, we exclude regions of the ice sheet that a) experience little to no melting
or b) are already determined in previous studies to host rn aquifers. This step is critical because, as can be seen in Fig. 2b,
both of these regions exhibit |O\/\8p0| values that are on par with what is observed in known ice slab regions. In the dry snow
zone, this occurs because the subsurface is dominated by smooth depositional snow layers with little heterogeneity beyond the
ice grain scale. Firn aquifer regions retain liquid meltwater through the winter which leads to increased subsurface absorption
and therefore a relatively greater degree of surface scattering, since subsurface volume scattering is suppressed (Brangers et
2020; Miller et al., 2022a).

To exclude regions with minimal surface melting, we adapt an existing method for mapping wet snow facies in Greenland
based on the change in S-£,, between winter and summer (Hu et al., 2022). Much like the classic radar scatterometer
and microwave radiometer algorithms for mapping surface melting and rn saturation from VV backscatter (Wismann, 2000;
Ashcraft and Long, 2006; Hicks and Long, 2011; Miller et al., 2022b), this approach exploits the fact that the enhanced

microwave absorption in wet snow leads to a signi cant reduction in backscatter during the summer when surface melting






