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Abstract Snow on Antarctic sea ice modulates albedo, thermodynamic growth, and snow—ice formation,
yet remains a leading uncertainty in altimetry-derived sea-ice thickness. Here we use the post-2022 CRYO2ICE
configuration to derive along-track winter snow thickness from ICESat-2 laser and CryoSat-2 Ku-band radar
freeboards over the Weddell and Ross sectors. We analyze 82,341 winter matchups (August 2022—September
2025) using a 5 km, 4 hr collocation criterion and propagate freeboard and snow-density uncertainties.
Retrieved snow thickness is consistently larger in the Weddell Sea (mean 0.255 m, median 0.188 m) than the
Ross Sea (0.217 m, 0.156 m), consistent with the older, thicker western Weddell ice. The contrast persists across
sampled months and years and under common snow-density and penetration-factor assumptions. Formal per-
matchup precision (0.039-0.040 m) is dominated by CryoSat-2 radar-freeboard uncertainty, whereas the
absolute magnitude is set by the unresolved Ku-band scattering horizon. Comparison with AMSR?2 passive-
microwave snow depth shows weak point-to-point agreement (+> = 0.062 and <0.001 in the Weddell and Ross
sectors), reflecting differing measurement physics and spatial support. Nevertheless, both independently
reproduce thicker Weddell than Ross snow. Under a common penetration factor, absolute sector-mean snow
thickness varies by approximately a factor of two across the tested range, whereas the sector ordering is
preserved under any uniform choice of penetration factor. CRYO2ICE therefore resolves a repeatable regional
freeboard-difference signal, but conversion of that signal to absolute snow thickness remains conditional on the
poorly constrained, ice-regime-dependent Ku-band scattering horizon.

Plain Language Summary Snow on Antarctic sea ice plays a central role in the polar climate system.
It reflects sunlight back to space, insulates the underlying ice from the cold winter atmosphere, and adds weight
that can push the ice below the waterline. Despite this importance, the thickness of snow on Antarctic sea ice is
one of the least well-measured quantities in the polar regions. We combine two satellites that respond to
different effective surfaces within the snow—ice system: ICESat-2 measures near the snow surface, whereas
CryoSat-2 responds to a Ku-band scattering horizon that can lie within the snowpack or near the snow—ice
interface. Across four austral winters between 2022 and 2025, we analyze 82,341 near-coincident measurement
pairs over the Weddell and Ross Sea sectors. Our results show that snow on Weddell Sea sea ice is consistently
thicker than snow on Ross Sea sea ice, by about four centimetres on average. An independent passive-
microwave snow-depth product confirms the same regional pattern. These findings provide a baseline against
which the upcoming European Copernicus CRISTAL mission can be evaluated, helping to improve future
estimates of how much snow lies on Antarctic sea ice.

1. Introduction

Antarctic sea ice is a critical component of the global climate system, governing Southern Ocean albedo, air—sea
heat and gas exchange, deep water formation, and ecosystem productivity (Parkinson, 2019; Parkinson &
DiGirolamo, 2021; Turner et al., 2017). Snow deposited at the upper sea-ice surface plays a disproportionate role
through multiple pathways: its high albedo amplifies the ice-albedo feedback (Liston et al., 2018), while its low
thermal conductivity insulates the underlying ice from the cooler winter atmosphere, strongly modulating ther-
modynamic growth in autumn and winter and melt rates in spring and summer (Moon et al., 2019; Webster
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et al., 2018). Snow loading may also depress the upper sea-ice surface below the waterline, enabling seawater
flooding and, under freezing conditions, snow—ice formation (Arndt et al., 2021, 2024, 2025), a process that
contributes substantially to the total sea-ice mass budget in Antarctica (Massom et al., 2001; Sturm & Mas-
som, 2017). Accurate knowledge of snow thickness on Antarctic sea ice is therefore essential for constraining
each of these processes, and is the single largest source of uncertainty in satellite radar altimetric retrievals of sea-
ice thickness (Arndt et al., 2024, 2025; Kwok et al., 2020), because both the mass loading on the ice and the
reduced radar propagation speed through the snowpack must be accurately known to convert freeboard to
thickness (Fredensborg Hansen et al., 2024, 2025b; Giles et al., 2008).

Despite its importance, the thickness of snow on Antarctic sea ice remains poorly constrained at large scales. The
most comprehensive in situ compilation, the Antarctic Sea Ice Processes and Climate (ASPeCt) ship-based data
set of Worby, Geiger, et al. (2008), is spatially limited and seasonally biased. Its observations are representative
only of snow on level ice because the protocol does not correct for thicker snow over deformed surfaces (Worby,
Markus, et al., 2008), and ship-based sampling is further biased because vessels preferentially navigate through
thinner, less deformed ice (Williams et al., 2015). The longest satellite-derived snow-depth record comes from the
passive-microwave Advanced Microwave Scanning Radiometer instruments (Advanced Microwave Scanning
Radiometer - Earth Observing System (AMSR-E) and its successor AMSR?2). These exploit the frequency-
dependent scattering of microwave radiation by snow grains to estimate snow depth from the brightness-
temperature gradient between the 19 and 37 GHz channels (Markus & Cavalieri, 1998; Meier et al., 2018).
This approach provides daily circumpolar coverage at 12.5-25 km resolution, but the retrieval is limited to dry
snow, with retrieval skill degrading above approximately 0.30 m and an effective ceiling near 0.50 m (Markus &
Cavalieri, 1998; Rostosky et al., 2018). Its accuracy further degrades over deformed and multi-year ice (MYI)
where surface roughness alters the effective emissivity (Worby, Markus, et al., 2008; S. Kern & Ozsoy-
Cigek, 2016; Rostosky et al., 2018). Worby, Markus, et al. (2008) showed that AMSR-E underestimates snow
depth by a factor of 2.3 relative to in situ measurements over rough East Antarctic sea ice, while S. Kern and
Ozsoy-Cigek (2016) found substantial inter-algorithm spread among empirical passive-microwave approaches
applied to the Southern Ocean.

A complementary spaceborne approach derives snow thickness from the difference between surface elevations
measured by two co-located altimeters: a laser altimeter, which reflects from near the air—snow interface, and a
Ku-band radar altimeter, which penetrates toward the snow—ice interface (Guerreiro et al., 2016; Kacimi &
Kwok, 2020; Kwok et al., 2020; Nab et al., 2024). This laser—Ku-band (LaKu) concept was first demonstrated in
the Arctic using gridded ICESat-2 (IS2) and CryoSat-2 (CS2) freeboards (Fredensborg Hansen et al., 2024;
Kacimi & Kwok, 2022; Kwok et al., 2020), and Kacimi and Kwok (2020) extended it to the Antarctic by pro-
ducing the first circumpolar snow-thickness maps from gridded IS2—-CS2 freeboard differences for a single year
(April-November 2019). The CRYO2ICE (C2I) satellite configuration (Saha et al., 2025) realises the LaKu
concept along-track at spaceborne scales: in July 2020, the European Space Agency (ESA) raised the CS2 orbit
into resonance with NASA's IS2, and a rephasing in July 2022 increased coincidence density over the Southern
Ocean (Fredensborg Hansen et al., 2025a, 2025b), enabling systematic dual-altimetry coverage of the Antarctic
sea-ice zone across the 2022-2025 annual cycles.

The only Antarctic calibration and validation studies of the C2I configuration to date have been conducted in the
Weddell Sea, comprising airborne under-flight analyses by Fredensborg Hansen et al. (2025a); Fredensborg
Hansen et al. (2025b) and waveform-decomposition retrievals by Zhou et al. (2026a, 2026b). Fredensborg Hansen
et al. (2025a) operated coincident airborne C/S-band, Ku-band (ASIRAS), and Ka-band radar altimeters along a
dedicated C2I orbit in December 2022 and evaluated multiple frequency pairings for snow-depth estimation. At
25 km averaging scales, the spaceborne C2I snow thickness agreed with the airborne LaKu estimate to within a
0.03 m bias and 0.08 m RMSD (Fredensborg Hansen et al., 2025b). However, the campaign was conducted during
austral summer when wet-snow conditions limit Ku-band penetration (Willatt et al., 2023), and the spaceborne
result was highly sensitive to the CS2 retracking methodology (Fredensborg Hansen et al., 2025b). In a com-
plementary analysis, Zhou et al. (2026b) used a physics-based waveform model and convolutional neural network
to decompose Ku-band CS2 waveforms over the Weddell Sea into snow-surface, snow-volume, and ice-surface
contributions. They found that snow-volume scattering is comparable to or exceeds the ice-surface return under
typical Antarctic conditions. Zhou et al. (2026a) derived snow depth from 46 C2I tracks in the Weddell Sea
(2020-2022) using an optimized Threshold First-Maximum Retracker Algorithm (TFMRA)-70 retracker, con-
firming that the choice of retracking algorithm substantially affects the retrieved snow thickness. Together, these
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studies establish important observational benchmarks for the C2I configuration over Antarctic sea ice, but they
are drawn exclusively from the Weddell Sea sector and from limited time windows that do not span the full post-
2022 rephased configuration.

Although the LaKu concept is now established, its application over Antarctic sea ice remains constrained by three
unresolved issues. First, most spaceborne Antarctic applications have relied on gridded freeboard differences or
limited Weddell Sea case studies, so no study has yet exploited the post-2022 rephased C2I configuration to
perform a systematic multi-winter along-track analysis across multiple sectors. Second, the Weddell and Ross
seas, Antarctica's two largest sea-ice areas, differ markedly in sea-ice dynamics, precipitation patterns, and snow
accumulation history (Arndt et al., 2024, 2025; Massom et al., 2001), yet the extent to which along-track dual-
altimetry retrievals reproduce this expected regional contrast has not been quantified in a consistent multi-year
framework. Third, the relationship between LaKu-derived snow thickness and the AMSR2 passive-microwave
snow-depth product (Markus & Cavalieri, 1998; Meier et al., 2018) remains poorly understood at the retrieval
scale, where spatial support, temporal compositing, and measurement physics differ substantially. Quantifying
this relationship matters for two reasons. AMSR?2 is the only long-term circumpolar Antarctic snow-depth record
and therefore the de facto benchmark against which new retrievals are judged, so establishing where the two
products agree and where they diverge is a prerequisite for interpreting either. More consequentially, snow depth
is the dominant source of uncertainty in altimetry-derived sea-ice thickness, and the radiometer and dual-altimetry
products are increasingly used as alternative snow inputs to that conversion; because the two rest on independent
physics and error sources, the scale at which they agree determines whether they can be treated as interchangeable
inputs, while their disagreement diagnoses the regimes in which each retrieval is least reliable. A systematic
comparison across retrieval, gridded, and sector-mean scales is therefore needed to establish what the two
products can and cannot jointly constrain.

Here, we use near-coincident IS2 and CS2 observations from the post-2022 C2I configuration to estimate winter
snow thickness over the Weddell and Ross Sea sectors from August 2022 to September 2025. The purpose is not
to provide formal validation against ground truth, which is unavailable at the required space-time scale, but to
evaluate the internal consistency, regional structure, formal uncertainty, AMSR2 agreement, and penetration
sensitivity of along-track Antarctic LaKu snow-thickness estimates. Although the multi-winter record could in
principle support a dedicated analysis of seasonal and inter-annual snow-depth variability, the dominant per-
matchup uncertainty and the unresolved, ice-regime-dependent scattering horizon (quantified below) mean
that absolute inter-annual changes cannot yet be separated from retrieval uncertainty. We therefore focus on what
the data set can robustly establish, namely the relative regional structure and the sensitivity of the absolute
magnitude to the penetration assumption, and leave a dedicated variability analysis to future work once the
scattering horizon is better constrained. Specifically, we ask: (a) whether the Weddell-Ross snow-thickness
contrast is consistently resolved across months and years; (b) which formal error sources dominate the propa-
gated per-matchup precision; (c) how C2I and AMSR2 snow-depth estimates differ across retrieval-scale,
gridded, and sector-mean comparisons; and (d) how strongly the absolute retrieved snow thickness depends on the
assumed Ku-band penetration factor, and which features of the retrieval are robust to that assumption. The fourth
question is central: by quantifying the sensitivity of the absolute magnitude to the unresolved scattering horizon,
and by identifying the penetration factor that reconciles the retrieval with an independent passive-microwave
product, we aim to establish which features of along-track Antarctic dual-altimetry retrieval are robust and
which remain conditional on retrieval assumptions. The remainder of the paper is organized as follows. Section 2
describes the satellite, ancillary, and reference data sets. Section 3 presents the collocation, retrieval, and un-
certainty methodology. Section 4 reports the sector-scale snow-thickness retrievals, formal precision, AMSR2
comparison, and Ku-band penetration sensitivity. Section 5 interprets the results in the context of physical drivers
and prior literature, and Section 6 concludes.

2. Data

This study combines three classes of satellite observations: IS2 laser freeboard from NASA, CS2 Ku-band radar
freeboard from ESA, and AMSR2 passive-microwave snow depth. The IS2 and CS2 products provide the
laser-radar freeboard pair from which snow thickness is retrieved at the along-track matchup scale, while the
AMSR?2 product serves as an independent benchmark for evaluating the retrieval at sector and gridded scales.
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2.1. ICESat-2 Sea-Ice Products

NASA's IS2 is a photon-counting laser altimeter with six beams arranged as three pairs of strong (higher energy)
and weak (lower energy) beams (Neumann et al., 2019). We use the ATL10 Sea-Ice Freeboard product (Version 7;
Kwok et al. (2025)), which reports total freeboard relative to a local sea-surface reference determined from open-
water leads identified within along-track segments of approximately 10 km length. Each ATL10 freeboard segment
is derived from the underlying ATLO7 sea-ice height segments (Kwok et al., 2025), with effective along-track
resolutions of approximately 15 m for strong beams and 30 m for weak beams (Kwok et al., 2025). Per-beam
freeboard, per-segment uncertainty, and quality flags are read from each granule; the effective along-track reso-
lutions quoted above follow the ATLO7/ATL10 product description of Kwok et al. (2025). These individual beam-
level freeboard segments serve as input to the cross-sensor collocation: all beam segments within a 5 km search
radius around each CS2 measurement are combined via inverse-distance weighting (IDW) to produce a single
matched IS2 freeboard estimate. All six IS2 beams (three strong and three weak) are used throughout this study; we
retain the weak beams, rather than restricting the analysis to the strong beams as some freeboard studies do, to
maximize along-track sampling density at each CS2 location.

2.2. CryoSat-2 Radar Altimetry Products

ESA's CS2 carries the Synthetic Aperture Radar (SAR) Interferometric Radar Altimeter (SIRAL), which operates
in SAR mode over Antarctic sea ice (Wingham et al., 2006). SAR-mode processing yields an along-track res-
olution of approximately 300 m per beam-formed sample at the 20-Hz posting rate, while the pulse-limited cross-
track footprint is approximately 1.65 km in diameter. Our primary radar-freeboard source is the CS2 SAR-mode
Level-2 Baseline-E product (European Space Agency, 2021a, 2021b), from which we extract the radar freeboard,
surface-type flag, and the associated geolocation, the latter referenced to the point of closest approach (POCA),
the location on the surface nearest to the satellite from which the dominant radar return originates. This product
was selected as the primary Ku-band freeboard source for three reasons. First, our earlier intercomparison (Liu
et al., 2025) evaluated four CS2 Baseline-E freeboard products over the Antarctic sea-ice zone: the Climate
Change Initiative (CCI), the product from the Laboratoire d’Etudes en Géophysique et Océanographie Spatiales
(LEGOS), the CryoSat-2 Antarctic Ocean (CSAO) product, and the CryoSat ThEMatic PrOducts (Cryo-
TEMPO). Benchmarked against the CCI reference, ESA Baseline-E exhibited the most consistent performance
across the Weddell and Ross Sea sectors and the smallest inter-product freeboard spread. Second, ESA Baseline-
E is the same operational product adopted by Fredensborg Hansen et al. (2024) for the first Arctic C2I snow-depth
analysis, facilitating cross-hemispheric comparison of the LaKu retrieval. Third, Baseline-E is ESA's most current
operational sea-ice product and is widely used across the sea-ice altimetry community, which makes it the most
appropriate baseline for a systematic Antarctic retrieval. We acknowledge that recent studies have shown a strong
dependence of retrieved snow thickness on the choice of Ku-band retracking methodology (Fredensborg Hansen
et al., 2025a, 2025b; Zhou et al., 2026a, 2026b), and we treat this retracker dependence as a limitation of the
present analysis.

2.3. Auxiliary and Benchmark Data

We use the AMSR2 snow-depth product as an independent benchmark for the C2I retrievals. We obtain the snow-
depth field from the AMSR-E/AMSR?2 Unified Level-3 Daily 12.5 km Brightness Temperatures, Sea-Ice Con-
centration, Motion, and Snow Depth Polar Grids product (Version 1; Meier et al. (2018)), which applies the dual-
frequency algorithm of Markus and Cavalieri (1998) to brightness temperatures composited over a five-day
window. The product is distributed on a 12.5 km Southern Hemisphere polar stereographic grid, and we use
the five-day running composite of snow depth. The retrieval assumes dry snow and is masked where conditions
are wet (Markus et al., 2017); estimates over MY are also masked where volume-scattering indicators apply.

The AMSR?2 five-day compositing introduces a scale mismatch relative to the C2I along-track retrievals. Ant-
arctic sea-ice drift during the five-day averaging window can reach 50 km or more in the Weddell and Ross gyres
(Kwok & Maksym, 2014; Tian et al., 2023), so the AMSR?2 brightness-temperature composite at each 12.5 km
grid cell effectively integrates over a drift-smeared area of order 10°~103 km?. By contrast, each C2I along-track
matchup samples an effective footprint of order 10 km?, set by the CS2 SAR-mode pulse-limited footprint and the
IS2 IDW-averaged segments within the 5 km collocation radius. The resulting one- to two-order-of-magnitude
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scale difference is an inherent limitation of any retrieval-scale comparison between these two products and
contributes to the low point-to-point correlations.

3. Methods

The methodology comprises four steps: definition of the study domain and sector boundaries (Section 3.1); cross-
sensor collocation of CS2 and IS2 observations with quality control (Section 3.2); retrieval of snow thickness
from the freeboard difference (Section 3.3); and propagation of measurement uncertainties through the retrieval
(Section 3.4). Two further subsections describe the AMSR2 benchmarking framework (Section 3.5) and the
spatial-autocorrelation analysis used to compute effective sample sizes for significance testing (Section 3.6).

3.1. Study Domain and Sector Definitions

We analyze C2I observations over the Antarctic sea-ice zone from August 2022 to September 2025, spanning four
austral winter-spring cycles following the July 2022 rephasing of the CS2 orbit that increased coincidence density
over the Southern Ocean. The analysis focuses on two sectors: the Weddell Sea (62°W-15°E) and the Ross Sea
(160°E-140°W). Within the Weddell Sea sector, we further distinguish a western sub-region (62°W-45°W),
where recirculated MYI dominates, from an eastern sub-region (45°W-15°E), where seasonal first year ice (FYI)
prevails (Arndt et al., 2024, 2025; Melsheimer et al., 2023). These sectors are selected for three reasons:

1. The Weddell and Ross seas encompass the two largest areas of Antarctic sea ice and together account for the
majority of the circumpolar Antarctic sea-ice volume.

2. The sectors sample contrasting ice-age regimes (Arndt et al., 2021, 2024, 2025; Massom et al., 2001). The
western Weddell Sea contains a substantial fraction of recirculated second-year and multi-year ice, whereas
the eastern Weddell and Ross sectors are dominated by seasonal FYI. These differences provide contrasting
snow accumulation histories, surface roughness, and potential radar-scattering regimes.

3. The Weddell and Ross seas have been the focus of the most extensive in situ and airborne sea-ice campaigns to
date, including the Cryo2IceEx/NERC DEFIANT under-flight of a C2I orbit in the Weddell Sea (Fredensborg
Hansen et al., 2025a, 2025b), providing broader observational context for interpreting satellite-derived
retrievals.

Results are presented by sector and by month to resolve regime-dependent snow and radar-scattering behavior.

3.2. Cross-Sensor Collocation and Quality Control

For each CS2 20-Hz radar freeboard measurement (~300 m along-track posting), we identify all IS2 ATL10 beam
freeboard segments within a search radius R = 5 km and an orbit-level temporal separation 6t < 4 h, following
the C2I framework of Fredensborg Hansen et al. (2024). These collocation criteria are applied across the entire
study period (August 2022—-September 2025) for all observations south of 50°S. Each matchup aggregates
hundreds to thousands of individual IS2 beam-level freeboard segments (~15-30 m resolution) around a single
CS2 measurement location, producing a spatially representative average at the ~10 km collocation scale (the
diameter of the search window). The search radius of R = 5 km is a modest enlargement of the R = 3.5 km
radius used by Fredensborg Hansen et al. (2024) for their first Arctic C2I analysis and subsequently adopted by
Fredensborg Hansen et al. (2025b) for their Weddell Sea airborne—satellite comparisons. The enlargement was
adopted to accommodate the wider cross-track separation between CS2 and IS2 ground tracks at Antarctic lat-
itudes during the post-2022 orbital configuration, which would otherwise exclude a substantial fraction of
otherwise-valid matchups under the n = 10 retention criterion.

A sensitivity test across all 20 austral winter months analyzed here (2022-2025) confirms that the R = 5 km
choice retains approximately 15% more matchups than R = 3.5 km (82,341 vs. 71,302) while the sector-median
snow thickness shifts by less than 2 mm in both the Weddell and Ross sectors, well below the 38 mm per-matchup
uncertainty (Section 4.4). Enlarging the radius further to R = 7 km yields approximately 14% additional
matchups (94,183 in total) but at the cost of coarser effective spatial resolution and no material change in the
sector-median snow thickness (shifts of less than 2 mm in both sectors), confirming that the 5 km choice is well-
positioned in the yield—resolution trade-off.

Zhou et al. (2026a) applied a different along-track C2I collocation strategy over the Weddell Sea during
2020-2022, constraining matchups through a three-hour temporal coincidence window and averaging IS2
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freeboard across all six beams from ATLO7 at each CS2 location, and reported that their snow-depth estimates
remained sensitive to the choice of CS2 retracking algorithm (TFMRA-70 vs. Baseline-E vs. TEMRA-50) rather
than to the collocation geometry itself, a sensitivity that we recognize as a limitation of the present study.

The larger radius is compensated by the IDW averaging of all qualifying IS2 beam segments within R, which
preserves spatial representativeness at the matchup scale (Equation 1):

152
HS2 — M W, = 1 (1)
15 >iwi ’ 4,
where d; is the distance between the CS2 POCA location and the i-th IS2 beam freeboard segment, and the sum
runs over all IS2 segments (from all six beams) within R. Matchups are retained only where at least 10 IS2
segments contribute (n; > 10), ensuring that the IDW mean is computed from a spatially-representative sample.

Prior to collocation, quality-control filters are applied to both data products. On the IS2 side, ATL10 segments
with a freeboard-quality flag larger than 1 are excluded; flag values of 0 and 1 indicate segments that passed the
ATL10 quality checks, while values >1 flag segments with degraded freeboard estimates due to insufficient leads,
poor sea-surface reference determination, or ambiguous surface-type classification (Kwok et al., 2025). Total
freeboard values outside the range —0.5 to 5.0 m are excluded as physically unrealistic. On the CS2 side,
measurements classified as non-sea-ice or with radar freeboard outside —1.0 to 10.0 m are removed. The wider
retention window applied to the radar freeboard reflects its larger measurement noise and the possibility of
negative radar freeboards where the scattering horizon lies within the snowpack, whereas the laser freeboard,
referenced to the air—snow interface, is physically bounded more tightly; in practice both windows are permissive
and reject only gross outliers. No explicit sea-ice drift correction is applied between paired CS2 and IS2 ob-
servations. The effective spatial scale of the collocated observations (~10 km diameter) is substantially broader
than the typical sea-ice drift over the <4 h orbit-level coincidence interval: monthly drift speeds in the Weddell
Sea are generally below 10 km d~! (Kwok & Maksym, 2014; Tian et al., 2023), implying hourly displacements of
order 0.5 km, which is well within the collocation window. Drift-induced mismatch is therefore expected to
contribute collocation noise rather than systematic bias at the spatial scale adopted here.

3.3. Snow-Thickness Retrieval

We estimate snow thickness from the difference between the IDW-averaged IS2 total freeboard and the (speed of
light in snow-corrected) CS2 radar freeboard at each matched observation. The retrieval is performed at each CS2
measurement location where a valid IDW-averaged IS2 freeboard and associated uncertainty are available.

The IS2 laser reflects from near the air—snow interface, while the CS2 Ku-band radar signal penetrates the
snowpack toward the snow—ice interface but propagates through the snow layer at a reduced speed ¢; = ¢/,
where c is the speed of light in vacuum and #; is the refractive index of dry snow (Kacimi & Kwok, 2020; Kwok
et al., 2020; Liu et al., 2025; Ulaby et al., 1986). Because the satellite altimeter computes range assuming speed ¢
everywhere, the CS2-derived surface elevation is displaced below the true snow—ice interface by A, (;15 - 1),
where /; is the snow thickness. The IS2 laser freeboard reflects from near the air—snow interface and is given by
Equation 2:

W32 = hi+ hy, 2
While the CS2 radar freeboard is referenced to the snow-delayed ice interface and is given by Equation 3:

K53 = hi = hy (n, = 1), 3)

where £; is the sea-ice freeboard at matchup j. The freeboard difference is therefore Af; = hIfsi - hjcf’sj2 = hs-nq
under the assumption of complete Ku-band penetration to the snow—ice interface. We emphasize that two
physically distinct effects act on the Ku-band measurement and are treated separately here. The first is the
propagation delay represented by #, in Equations 3 and 5, which arises because the radar travels more slowly
through snow than through vacuum and displaces the apparent surface downward by a fixed amount for a given
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snow column. The second is the position of the dominant scattering horizon within the snowpack, which need not
coincide with the snow—ice interface and which we represent by a penetration factor § € (0, 1] that scales the
effective freeboard difference attributable to the snow layer. The propagation delay is a deterministic correction;
the scattering-horizon position is the principal physical unknown. With both effects included, the snow thickness
at matchup j is given by Equation 4:

A
s,/ 6 Un

4)

The refractive-index correction 7 is parameterized (Equation 5) following the Ku-band dry-snow formulation of
Ulaby et al. (1986) as implemented in the IS2-CS2 freeboard-difference framework of Kwok et al. (2020),
Kacimi and Kwok (2020), Fredensborg Hansen et al. (2024), and Fredensborg Hansen et al. (2025b):

n, = (1+051p,)" (5)

where p, is the snow density in g cm™>. For a baseline density of p; = 0.33 g cm™ (330 kg m™3), this yields
n, = 1.263, giving a propagation correction of 1/5, = 0.792. The dry-snow permittivity of Ulaby et al. (1986) is
frequency independent across the microwave range for dry-snow conditions (Tiuri et al., 1984) and is therefore
applicable at the CS2 Ku-band frequency of 13.575 GHz. Substituting the Tiuri et al. (1984) dry-snow permit-
tivity (¢/ = 1 + 1.7p, + 0.7p?, yielding n, = 1.279) changes the retrieved snow thickness by less than 2%,
which we treat as negligible relative to the per-matchup uncertainty quantified in Section 3.4. The retrieval is
restricted to the austral winter months (May—October) when dry-snow conditions best satisfy this assumption.
Because the CS2 orbit rephasing was completed in July 2022, the first winter (2022) contains only
August—October data; the 2023 and 2024 winters each span the full May—October period; and the 2025 winter
covers May-September. Snow-density uncertainty is set to ¢, = +0.07 g cm™ following Kacimi and

/
Kwok (2020); its propagation into A, is described later.

We adopt a baseline penetration factor 6 = 0.70 (denoted « in the convention of Nab et al. (2024)) as a reference
scenario for the primary numerical summary, not as a validated Antarctic penetration depth, which reflects the
literature consensus of 60%-90% Ku-band penetration into snow on Arctic sea ice (Landy et al., 2026; Nab
et al., 2024) and is consistent with recent empirical evidence that Ku-band radar freeboards track the snow—ice
interface during cold winter conditions over Arctic FYI (Taelman et al., 2026). Over Antarctic sea ice, the
effective penetration depth is less well constrained because saline snow, internal ice lenses formed through
melt-refreeze cycles, and other snowpack heterogeneities may further limit Ku-band penetration (5§ < 1),
particularly over FYI with brine-wetted basal layers (Arndt et al., 2024, 2025; Fredensborg Hansen et al., 2025a;
Geldsetzer et al., 2009; Mallett et al., 2024; Nandan et al., 2017; Willatt et al., 2023; Zhou et al., 2026a). Oc-
casional negative &, ; values are retained rather than set to zero, because random measurement errors over thin-
snow regimes can produce small negatives that, if truncated, would introduce a positive bias into the distribution.
The sensitivity of the retrieved snow thickness to the choice of 8, including the full-penetration upper bound
(6 = 1), is quantified in the Results and interpreted in the Discussion.

3.4. Formal Per-Matchup Precision

We estimate the formal per-matchup precision of the retrieved snow thickness by propagating measurement-level
IS2 and CS2 freeboard uncertainties and snow-density uncertainty through 4, = Af/n, in quadrature, conditional
on the selected penetration factor 6. This formal precision should not be interpreted as the total retrieval un-
certainty, because it excludes structural errors associated with the unknown Ku-band scattering horizon, retracker
dependence, residual collocation mismatch, and unresolved sub-footprint snow heterogeneity.

3.4.1. Freeboard Uncertainties

The IS2 total freeboard uncertainty oy, ; is taken as the mean of the ATL10 product-reported per-segment un-
certainties for all IS2 beam freeboard segments contributing to the IDW mean at matchup j. This term in-
corporates photon-counting statistics, surface-finding algorithm precision, and reference sea-surface height
uncertainty as propagated within the ATL10 processing chain (Kwok et al., 2025). We note that the segment-level
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uncertainties are arithmetically averaged rather than IDW-weighted; in practice, the ATL10 per-segment un-
certainties are sufficiently uniform within each matchup that the difference is negligible relative to other error
sources. The CS2 radar freeboard uncertainty ocg, is set to a constant value of 0.03 m per 20-Hz measurement,
representing a conservative estimate of the combined instrument noise and retracking uncertainty for a single CS2
SAR-mode measurement over sea ice (Wingham et al., 2006). Unlike the IS2 term, this CS2 uncertainty is held
constant because the Baseline-E product does not provide a matchup-specific retracking uncertainty over sea ice;
it therefore enters Equation 6 as a fixed value at every matchup. We therefore prescribe ocg, = 0.03 m as a
representative measurement-scale scenario rather than a product-derived uncertainty. A direct consequence is that
the matchup-to-matchup variability in the total per-matchup precision is governed almost entirely by the spatially
varying IS2 term, while the CS2 term contributes a near-constant floor, as quantified in Section 3.4. The pene-
tration factor J is not included in the formal uncertainty budget because it cannot be independently constrained
from spaceborne data alone; its effect is instead characterized through the sensitivity analysis. That analysis
(Section 4.6) shows that the absolute retrieved snow thickness scales inversely with 8, so that halving 6 from 1.00
to 0.50 approximately doubles the inferred thickness in both sectors, whereas the Weddell-Ross contrast, the
negative-retrieval fraction, and the AMSR?2 correlation are all invariant to the choice of . The value §* = 0.55
brings the sector-median estimates into closest agreement with AMSR2.

2 _ Oisa,; +0esy | (Af 0, \
Ohj = 2 52 (6)
(6 : ’75) M
3.4.2. Snow-Density (Refractive-Index) Uncertainty
The sensitivity of 7, to snow density is obtained by differentiating Equation 5 (Equation 7):
dn 0.5
— =1.5%0.51 x(140.51p,) @)
dp,

For p, = 0.33 g cm™>, this gives di,/dp, = 0.859. With 6, =007¢g cm™3, the propagated uncertainty on 7, is

O

tests confirm that these retrievals are robust to the principal snow-related assumptions (Appendix A). Varying the

= 0.060. We also conduct several snow-density sensitivity tests and present them in Appendix A. Sensitivity

assumed snow density across the plausible Antarctic range (p, = 260-400 kg m™3) shifts the retrieved mean
snow thickness by only 0.023 m in the Weddell Sea and 0.020 m in the Ross Sea, both smaller than the 0.040 m
mean per-matchup precision. Critically, the Weddell-Ross sector contrast is preserved at every density tested
(0.037-0.040 m). Substituting the Tiuri et al. (1984) dry-snow permittivity for the baseline Ulaby et al. (1986)
parameterization alters the retrieved thickness by less than 2%. The absolute magnitude is therefore controlled not
by the snow-density or permittivity assumptions but by the unresolved radar penetration depth (Section 4.6).

3.4.3. Total Per-Matchup Uncertainty

Since h,; = Af/ (5 . :15), the per-matchup snow-thickness uncertainty follows from standard error propagation.
The freeboard uncertainties are scaled by 1/ (5 . ns), which is the same factor that converts the freeboard difference
to snow thickness, and the density uncertainty enters through the sensitivity of #, to p,. Under the assumption of
mutual independence among the three error components, the total per-matchup snow-thickness variance is given
by Equation 6.

For the baseline density of 330 kg m™ (yielding 7, = 1.263)and 5 = 0.70, the scaling factor 1/(5-5,) = 1.130,
so the CS2 contribution to the snow-thickness uncertainty is ocgy/ (5 . ns) = 0.030/0.884 = 0.034 m per
matchup, and the IS2 contribution is typically ~0.005-0.010 m, varying with photon-counting conditions at each
matchup. The density term is proportional to the freeboard difference Af; and therefore increases with snow
thickness; at the mean snow thickness (h, ~ 0.26 m) it contributes ~0.006 m. The CS2 freeboard uncertainty
therefore dominates the total budget, providing a near-constant floor of ~0.034 m per matchup. This instrument-
dominated precision is sector-independent and should be distinguished from the systematic, sector-dependent bias
introduced by the unknown Ku-band scattering horizon, which is not part of the formal precision and is discussed
separately in Sections 5.2 and 5.7.
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Table 1 Three assumptions and limitations of this formal uncertainty model are noted.
Along-Track Spatial Autocorrelation and Effective Sample Size for the First, the quadrature combination assumes independence among error sour-

Austral Winter (May—October) CRYO2ICE Matchups

ces; while IS2 and CS2 instrument errors are independent by construction,

Sector n

rn

shared surface conditions may introduce correlated geophysical variability, so

Weddell Sea 47,735
Ross Sea 34,606

0.39
0.39

Decorr. (km) et nete/n (%)
5 0948 " the resulting formal uncertainty is conservative. Second, the baseline pene-
’ tration factor § = 0.70 is treated as fixed in the uncertainty budget. although
10 15,187 44

the true scattering horizon is uncertain and may vary with ice type, snow

Note. The lag-1 autocorrelation ry is the classical index-shift value computed stratigraphy, and brine content (Fredensborg Hansen et al., 2025a, 2025b;
at the CryoSat-2 posting interval (~0.31 km). The decorrelation length is the  Zhou et al., 2026a, 2026b); the sensitivity of & to § is treated separately rather

first zero crossing of the native-resolution autocorrelation function. ng is

computed in Section 3.6.

than as a contribution to the formal precision. Third, the IS2 freeboard
standard deviation within each matchup, which captures sub-footprint surface
heterogeneity within the 5 km collocation radius, is reported as a diagnostic
but is not included in the formal uncertainty estimate. The sensitivity of the retrieval to the assumed snow density
is evaluated separately by recomputing i, at p, = 260, 330, and 400 kg m~, with results reported in Appendix A.

3.5. Benchmarking Against AMSR2 Snow Depth

To evaluate the along-track C2I snow-thickness retrievals against an independent basin-scale reference, we
compare them with the AMSR2 gridded snow-depth product (Section 2.3). For each C2I matchup, the nearest
AMSR?2 grid cell for the corresponding date is extracted using a nearest-neighbor query. Matchups are excluded
where the AMSR2 product reports invalid snow depth, for example, under wet-snow or strong volume-scattering
conditions. We report the mean and median difference (C2I — AMSR?2), the RMSD, and the Pearson correlation
coefficient for each sector and month, with both mean and median statistics reported to accommodate the right-
skewed nature of Antarctic snow-thickness distributions. Because neither product can be assumed to represent
ground truth, the comparison is framed as mutual benchmarking rather than formal validation, and systematic
differences between the two products are interpreted in the Discussion in the context of measurement physics,
spatial scales, and known retrieval limitations.

3.6. Effective Sample Size and Spatial Autocorrelation

Adjacent along-track matchups share overlapping 1S2 footprints within the 5 km collocation radius and are
therefore spatially autocorrelated. To account for this non-independence, we estimate the effective number of
independent observations as ng; = n(l — r)/A1 + ry), following Mitchell et al. (1966), where r; is the lag-1
along-track autocorrelation.

The autocorrelation function is computed within each orbit track at the native CS2 posting interval (~0.31 km)
using the classical index-shift method. Orbit tracks are identified by grouping consecutive matchups from the
same date with along-track gaps below 50 km, and the autocorrelation is pooled across all tracks with at least 30
matchups using track-length weighting (286 Weddell Sea tracks, 225 Ross Sea tracks). At the CS2 measurement
scale, the pooled lag-1 autocorrelation is r; = 0.39 in both sectors, with decorrelation lengths (defined as the first
zero crossing of the native-resolution autocorrelation function) of 9 km in the Weddell Sea and 10 km in the Ross
Sea (Table 1). The resulting effective sample sizes are n.;; = 20,948 for the Weddell Sea (44% of n = 47,735)
and n.; = 15,187 for the Ross Sea (44% of n = 34,606); these values are used in all significance tests and
standard-error calculations reported below.

4. Results

We present the results in six subsections. Section 4.1 reports the collocation yield and sampling characteristics,
Section 4.2 establishes the Weddell-Ross sector contrast in retrieved snow thickness, and Section 4.3 examines
the seasonal evolution of snow thickness within each sector. Section 4.4 quantifies the formal per-matchup
precision of the retrieval, Section 4.5 benchmarks the retrievals against the AMSR2 passive-microwave snow-
depth product, and Section 4.6 characterizes the sensitivity of the retrieval to the assumed Ku-band penetration
factor.

LIU ET AL.

9 of 29

85U8017 SUOWILLIOD BAIE81D) 3|edl|dde au Aq pauLRA0B 8.2 S9o1e O ‘85N JO S8INI 10} ATeIg1T BUIIUO AB|IA LD (SUOIPUCD-PUR-SLLBIWD A3 1M ARe.q1 Ul |uO//SANL) SUONIPUOD Pue SWiB | 84} 89S *[9202/80/2T] Uo ArIqITauIuO A8 |IM * ABAINS Doy Ushug - BBY A8|enag Ad /172500 Y39202/620T 0T/I0p/ w00’ A8 |1m Are.q 1 putjuo'sqndnBe//sdny woly papeojumod ‘g ‘9202 '80SEEEZ



Arvi ,
A\I Earth and Space Science 10.1029/2026EA005247
(a) N=282,341 11.5% <0 (b) ™= \Weddell ™= Ross (c)
50001 i y 8000 7 Median |
I: Mean - = 2427 ;
| 20179m ., 70007 80004 :s
4 : . (%) :
4000 1 g— eooodl Mean :
| Median--- £ . 6000{ =2617
£3000 It =0.132m % 50007 < ig
} £ . 3 :
S| i 5 4000 O 4000 ;;
2000 i § 3000 | | |
10001 20007 | 2000-
i 100071 ‘ | H :
O T :. T T 0 T T \'\ T T T l! 0 T :: T
-05 00 05 1.0 Sy g5 & P8 102 10°
Af =1S2 — CS2 (m) NS o o ¢ IS2 segments per matchup
2022 2023 2024 2025

Figure 1. Collocation characteristics for the austral winter (May—October) CRYO2ICE data set, 2022-2025. (a) Distribution of the freeboard difference
Af = h;sz — h}gsz across all 82,341 Weddell and Ross winter matchups; the dashed line marks the median, the dotted line marks the mean, and 11.5% of matchups yield

Af < 0. The sector-specific analysis in subsequent sections is restricted to the Weddell Sea (47,735) and Ross Sea (34,606) subsets. (b) Monthly valid matchup counts for
the Weddell Sea (blue) and Ross Sea (orange) sectors. (c) Number of ICESat-2 (IS2) beam freeboard segments contributing to each matchup (log scale).

4.1. Collocation Yield and Sampling Characteristics

The collocation framework yielded 82,341 winter (May—October) matchups across the four austral winters
(2022-2025), comprising 47,735 in the Weddell Sea and 34,606 in the Ross Sea (Table C1). Of these, 88.9% in
the Weddell Sea and 88.0% in the Ross Sea yield positive snow thickness estimates (k; > 0), corresponding to
42,447 and 30,460 valid retrievals respectively. The nearly identical valid fractions across the two sectors indicate
that the retrieval performs comparably under contrasting ice regimes, and the 11%-12% negative-retrieval
fraction is consistent with random measurement errors in thin-snow conditions where Af fluctuates around
zero. Of these negative retrievals, approximately 5.1% are more negative than —0.05 m and only 2.2% are more
negative than —0.10 m, confirming that the majority are small in magnitude and consistent with measurement
noise rather than systematic error.

Three diagnostics characterize the sampling quality of the matchup data set. The distribution of the freeboard
difference Af = h_lfs2 — h;;sz across the 82,341 winter matchups is right-skewed, with a mean of 0.179 m, a
median of 0.132 m, and 11.5% of values falling below zero (Figure 1a). Monthly sampling density varies across
the study period (Figure 1b), generally increasing from May toward August—September as sea-ice extent expands,
although year-to-year differences in orbital geometry and ice conditions produce substantial variability between
winter seasons. Each matchup aggregates a median of 2,427 and a mean of 2,617 IS2 beam freeboard segments
(Figure 1c), confirming spatially dense IS2 sampling at each CS2 measurement location.

4.2. Snow Thickness: Weddell Sea Versus Ross Sea

Austral winter snow thickness in the Weddell Sea (mean 0.255 m, median 0.188 m) systematically exceeds that in
the Ross Sea (mean 0.217 m, median 0.156 m) by 18% and 21%, respectively (Table C1). This contrast persists
across all winter months and all 4 years of our study (Figures 2 and 3).

The probability density functions of retrieved snow thickness in each sector confirm the contrast (Figure 3a). Both
distributions are right-skewed with long tails extending beyond 0.4 m. The Weddell Sea sector distribution has a
higher median and a heavier upper tail than the Ross Sea sector distribution, reflecting the thicker snow that
accumulates over MYI in the western Weddell Sea. The Ross Sea distribution is more concentrated near zero,
consistent with thinner snow on younger, polynya-exported FYI. The cumulative distribution functions (CDFs)
quantify this separation: the Weddell Sea CDF lies to the right of the Ross Sea CDF at every quantile (Figure 3c),
indicating that the sector contrast is not driven by outliers but holds across the entire distribution. The interquartile
ranges (IQRs; Weddell Sea: 0.097-0.339 m; Ross Sea: 0.081-0.277 m) overlap partially but the Weddell IQR is
shifted consistently higher (Table C1), indicating substantial sub-sector heterogeneity in both regions together
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Figure 2. Temporal evolution of CRYO2ICE snow-thickness retrievals for the austral winter (May—October), 2022-2025.
Monthly mean (dashed lines, open markers) and median (solid lines, filled markers) snow thickness are shown for the
Weddell Sea (blue circles) and Ross Sea (orange squares). Marker size is proportional to the number of valid matchups per
sector-month (smallest markers: n = 500; largest: n > 5,000). Lines connect months within each winter season but are not
drawn across inter-annual gaps. Error bars on the mean markers denote +1 autocorrelation-adjusted standard error of the
monthly sector mean, computed as o, / \/@ using the sector effective sample sizes of Section 3.6; medians are shown with
semi-transparent markers so that overlapping error bars remain visible.

with a systematic upward shift of the full distribution in the Weddell Sea. The ice-type and accumulation dif-
ferences that drive this contrast are examined in the Discussion.

The spatial distribution of snow thickness further resolves the sector contrast (Figure 4). Within the Weddell Sea
sector, the thickest snow is concentrated in the western sub-region adjacent to the Antarctic Peninsula, where the
prevalence of relatively thick MYI (Massom et al., 2001; Melsheimer et al., 2023) provides both a longer
accumulation history and a rougher surface that retains deeper snow. Snow thickness decreases progressively

(a)== Weddell (n = 47,735) (b) = \\eddell =@ Ross (c) — Weddell — Ross
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Figure 3. Regional snow-thickness distributions for the austral winter (May—October, 2022-2025), comparing the Weddell Sea and Ross Sea sectors. All retrievals are
included, including the 11%—12% of matchups that yield negative snow thickness. (a) Probability density of retrieved snow thickness; dotted lines indicate sector means
and dashed lines indicate sector medians. The vertical black line marks 4; = 0. (b) Monthly box plots showing the seasonal progression of snow thickness in each
sector; boxes span the interquartile range (IQR), whiskers extend to 1.5 X IQR, black diamonds mark the mean and horizontal lines mark the median. (c) Cumulative
distribution functions (CDFs); the Weddell CDF is shifted to the right of Ross at every quantile. Dotted and dashed vertical lines mark mean and median, respectively. The
CDF includes negative retrievals, visible as the non-zero cumulative probability at 4, = O (approximately 11%—12% in both sectors).
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Figure 4. Gridded comparison of CRYO2ICE (C2I) snow thickness, Advanced Microwave Scanning Radiometer 2 (AMSR2) snow depth, and their difference on a
25 km National Snow and Ice Data Center (NSIDC) polar stereographic grid. Top row (a, b, ¢c) Weddell Sea (62°W—-15°E); bottom row (d, e, f): Ross Sea
(160°E-140°W). Left column (a, d) mean C2I snow thickness per grid cell; middle column (b, €) mean AMSR2 snow depth per grid cell; right column (c, f) mean per-cell
difference (C2I minus AMSR?2), where green indicates C2I thicker and pink indicates AMSR?2 thicker. Dashed lines mark the sector boundaries; in the Weddell panels, the
dotted line at 45°W separates the western (MYI dominated) and eastern (FYI dominated) sub-regions. Gray areas indicate no data.

toward the eastern boundary of the sector near 15°E. The Ross Sea sector, by contrast, is characterized by thinner
and more spatially uniform snow cover, with the lowest values near the Ross Sea Polynya and modestly thicker
snow toward the outer pack ice. This spatial structure, with deep snow concentrated over the older ice of the
western Weddell Sea and thin uniform snow over the polynya-fed Ross Sea pack, is the signature we attribute in
Section 5.1 to the contrasting ice-age and deformation regimes of the two sectors.

4.3. Seasonal Evolution

Both sector means generally exhibit increasing snow thickness from May to October within each winter season,
consistent with progressive accumulation on the sea-ice pack (Table C1; Figure 3b). This seasonal interpretation
is limited to the observed months and is not treated as a continuous accumulation budget. In the Weddell Sea,
monthly mean (median) snow thickness increases from 0.220 (0.169) m in May to 0.309 (0.236) m in September
before decreasing slightly to 0.296 (0.219) m in October, a 34.5% (29.6%) increase in mean (median) over the
winter period. Within the Weddell Sea, the western sub-region (west of 45°W) shows a muted seasonal pro-
gression consistent with a deeper, more metamorphosed initial snowpack on MYI, whereas the eastern sub-region
(east of 45°W) shows stronger month-on-month accumulation consistent with a younger FYI snowpack
responding to fresh precipitation events (Section 4.2). The Ross Sea shows a steadier progression, from 0.175
(0.120) m in May to 0.265 (0.198) m in October, a 51.4% (65.0%) increase in mean (median). The Weddell Sea
mean and median snow thickness both exceed the corresponding Ross Sea values in every month, and the IQR
widens from May to October in both sectors, indicating increasing surface heterogeneity as winter progresses and
the snowpack develops.
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Figure 5. Per-matchup uncertainty of the snow-thickness estimates for the austral winter (May—October, 2022-2025).

(a) Snow thickness versus per-matchup uncertainty for the Weddell Sea (blue) and Ross Sea (orange). The gray shaded band
shows the analytical uncertainty model (Equation 6) evaluated across the 25th-to-50th percentile range of the ICESat-2
freeboard uncertainty observed in the data set. (b) Probability density of the per-matchup uncertainty, stratified by sector; the
dotted line marks the mean and the dashed line marks the overall median.

The multi-year time series of monthly mean snow thickness (Figure 2) confirms that the Weddell-Ross contrast is
robust across all four austral winters. The autocorrelation-adjusted standard error of each monthly mean (error
bars in Figure 2) remains below 0.007 m in all sector-months and near 0.003 m in the best-sampled months, so that
the Weddell-Ross separation and the seasonal increase are both large relative to the monthly sampling uncer-
tainty. The Weddell Sea shows larger inter-annual variability than the Ross Sea sector, with the 2022 winter
producing the highest Weddell medians (reaching 0.264 m in October 2022) and the 2024 winter showing more
moderate values. The Ross Sea medians are more temporally stable, fluctuating within a narrower range
(0.08-0.25 m) across all years. The contrast between the muted Weddell inter-annual signal and the steadier Ross
progression is interpreted in terms of ice-type and snow-regime differences in the Discussion.

4.4. Per-Matchup Precision and Sensitivity to Snow Density

The mean per-matchup uncertainty represents 15.7% of the Weddell Sea mean snow thickness and 18.0% of the
Ross Sea mean, and 20.2% and 24.4% of the respective sector medians (Table C1; Figure 5b). The near-identical
uncertainty in both sectors demonstrates that the error budget is dominated by instrument measurement uncer-
tainty rather than sector-dependent geophysical variability. This formal precision underestimates the total
retrieval uncertainty because it excludes the residual uncertainty in the 6 = 0.70 penetration assumption, which
may introduce a sector-dependent systematic bias if Ku-band penetration differs between the predominantly FYI
of the Ross Sea and the MYI-bearing western Weddell Sea. The penetration contrast between these ice types
arises from several mechanisms acting together, including basal brine over FYI but also snow metamorphism,
grain growth, and superimposed ice over MYI (Section 5.2), rather than from salinity alone. This structural
uncertainty is interpreted in the Discussion.

The three-component uncertainty model (Equation 6) reveals that the CS2 radar freeboard uncertainty is the
dominant contributor, providing a near-constant floor of 0.034 m per matchup as established in Section 3.4. The
IS2 freeboard uncertainty is the second-largest component, contributing a variable amount that depends on the
photon-counting statistics and sea-surface reference quality at each matchup. The snow-density term is the
smallest component for thin snow but increases with snow thickness because it is proportional to Af. For the
thickest Weddell Sea retrievals (b, > 0.3 m), the density term contributes approximately 0.005 m additional
uncertainty. The upward slope of the scatter cloud in Figure 5a is consistent with this density-dependent behavior;
the analytical uncertainty curve (Equation 6, evaluated at the median IS2 uncertainty) lies above the scatter cloud
because individual matchups have variable IS2 contributions that are generally smaller than the median.
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Table 2
Advanced Microwave Scanning Radiometer 2 (AMSR2) Benchmarking
Statistics for Austral Winter (May—October), Stratified by Sector

Weddell sea Ross sea

n 40,431 28,510
C2I mean (median) A (m) 0.256 (0.188) 0.216 (0.155)
AMSR?2 mean (median) (m) 0.252 (0.200) 0.195 (0.170)

Mean (median) bias (m) +0.004 (—0.012) +0.021 (—0.015)

RMSD (m) 0.239 0.228
r 0.250 0.027
e 0.062 0.001
p-value (nominal n) <0.001 <0.001
p-value (negr) <0.001 0.002

Note. Correlations and p-values are reported both at the nominal sample size
n and at the effective sample size n. (Table 1). CRYO2ICE: C21I.

Sensitivity tests (Table A1, Appendix A) show that varying the assumed snow
density across the plausible Antarctic range (p, = 260, 330, and 400 kg m™>)
changes the retrieved mean snow thickness by less than the mean per-
matchup uncertainty in both sectors. The Weddell-Ross contrast is pre-
served at every density tested (0.037-0.040 m mean difference), confirming
that the sector contrast is insensitive to the density assumption. Substituting
the permittivity formulation by Tiuri et al. (1984) for the parameterization by
Ulaby et al. (1986) changes the retrieved snow thickness by less than 2%,
which is negligible relative to the measurement uncertainty. That the domi-
nant error source is the CS2 radar freeboard rather than any snow property is
the basis for our argument in Section 5.4 that future precision gains will come
from improved retracking rather than from refined snow climatologies.

4.5. Benchmarking Against AMSR2 Snow Depth

Over the AMSR2-matched subset of 40,431 Weddell Sea and 28,510 Ross
Sea winter matchups, the C2I-AMSR?2 difference depends on the descriptor

(Table 2; Figure 6). Mean differences are small and positive in both sectors

(Weddell Sea: +0.004 m; Ross Sea: +0.021 m), whereas median differences
are negative (Weddell Sea: —0.012 m; Ross Sea: —0.015 m), indicating that the typical matchup has thinner C2I
snow than AMSR?2 but that the C2I distribution contains a sufficiently heavy upper tail to offset this in the mean.
We therefore report both mean and median differences throughout, treating the median as the more robust
descriptor of the retrieval-scale offset between two right-skewed distributions (Figure 7). The retrieval-scale root-
mean-square difference (RMSD) between the two products is 0.239 m in the Weddell Sea and 0.228 m in the Ross
Sea. Although the baseline retrieval adopts 6 = 0.70, which represents a literature-justified estimate of the Ku-
band penetration depth rather than the full-penetration assumption, the sign of the C2I-AMSR?2 bias is physically
informative: AMSR2 snow depth exceeds C2I snow thickness even though incomplete Ku-band penetration
(6 < 1) is expected to cause C2I to underestimate true snow thickness.

The matchup density plots in Figure 6 show that the majority of matchups cluster below the 1:1 line in both
sectors, confirming the systematic negative bias. The Weddell Sea comparison (Figure 6a) exhibits greater scatter
and a wider range of AMSR?2 values, reflecting the more heterogeneous snow conditions over MY1. In contrast,
the Ross Sea comparison (Figure 6b) shows a tighter cluster concentrated at lower snow depths, consistent with
the thinner, more uniform snow in this sector.

a Weddell (? = 0.062, n = 40,431) b Ross (2 = 0.001, n = 28,510)
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Figure 6. Benchmarking of CRYO2ICE (C2I) snow-thickness retrievals against Advanced Microwave Scanning Radiometer
2 (AMSR?2) gridded snow depth for the austral winter (May—October, 2022-2025). (a) Weddell Sea and (b) Ross Sea
matchup density hexagonal-bin density plots; the dashed black line in each panel indicates 1:1 agreement. Sample sizes are
n = 40,431 for the Weddell Sea and n = 28,510 for the Ross Sea, reflecting the AMSR2-matched subset where AMSR2
reports valid snow depth.
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Figure 7. Normalized probability density distributions of CRYO2ICE (C2I) snow thickness (filled histograms) and
Advanced Microwave Scanning Radiometer 2 (AMSR?2) snow depth (step-line histograms) for the (a) Weddell Sea and
(b) Ross Sea during the austral winter (May—October, 2022-2025). Vertical dashed lines mark the median of each
distribution. The red dotted line at 0.50 m indicates the approximate saturation threshold of the AMSR?2 algorithm (Markus &
Cavalieri, 2009). Annotation boxes report the fraction of each product exceeding this threshold and the median C2I-AMSR2
bias.

To examine the spatial structure of the C2I-AMSR?2 disagreement, we gridded both products on to a common
25 km polar stereographic grid (3,650 filled cells) and computed the per-cell mean difference (Figure 4). The
Weddell Sea shows a mean cell-level bias of —0.055 m (median —0.026 m), with 60% of grid cells recording
thicker AMSR2 than C2I snow depth. The Ross Sea shows a mean cell-level bias of —0.055 m (median
—0.013 m), with AMSR2 exceeding C2I in 55% of grid cells. Within the Weddell Sea, the spatial pattern is non-
uniform. The western sub-region (west of 45°W) shows the strongest negative bias, where thick MY carries deep
snowpacks that approach or exceed the effective saturation threshold of the AMSR2 algorithm (Markus &
Cavalieri, 1998; Rostosky et al., 2018). The eastern Weddell Sea and the Ross Sea sub-regions, by contrast, show
near-zero cell-level differences that are comparable to the per-matchup precision reported in Section 4.4.

Despite the systematic negative bias, the spatial distributions of C2I and AMSR2 snow depth are broadly
consistent (Figure 4): both products independently show thicker snow in the western Weddell Sea than in the
eastern Weddell Sea, and both show the Ross Sea as more spatially uniform with thinner snow. This intra-sector
spatial agreement strengthens the conclusion that the retrieval captures real geophysical gradients in snow
thickness, even where absolute magnitudes disagree.

The monthly time series of sector-mean C2I and AMSR?2 snow depth (Figure 8) reveals that both products track
the progressive snow accumulation from May to October in each sector, but AMSR2 consistently reports thicker
snow throughout the winter. The C2I-AMSR?2 offset varies substantially with month, suggesting a systematic
measurement difference rather than a seasonally-modulated retrieval artifact. The IQR of AMSR?2 is narrower
than that of C2I, consistent with the coarser effective resolution of the passive-microwave product smoothing the
spatial variability that the along-track altimetric retrieval resolves.

The probability density distributions (Figure 7) further characterize the structural differences between the two
products. In the Weddell Sea, 12.4% of C2I retrievals and 12.4% of AMSR?2 values exceed 0.50 m, while in the
Ross Sea the corresponding fractions are 8.8% and 8.1%. The similar upper-tail fractions indicate that the
C2]-AMSR?2 bias is not driven primarily by AMSR2 saturation at thick snow depths; rather, the AMSR2 dis-
tribution is shifted toward thicker values across the full depth range relative to C2I. At the opposite end of the
distribution, the passive-microwave retrieval is expected to under-represent the thinnest snow, because the
gradient-ratio algorithm loses sensitivity as snow depth approaches zero. AMSR2 therefore captures fewer of the
shallow values that C2I records, which contributes to the relative shift toward thicker AMSR2 depths and is
consistent with the reduced thin-snow sensitivity discussed below. This systematic offset is consistent with
incomplete Ku-band penetration causing C2I to underestimate snow thickness uniformly, with AMSR2's own
retrieval biases contributing to the disagreement at all depths. A balanced interpretation must weight the well-
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Figure 8. Monthly time series of sector-mean snow depth for CRYO2ICE (C2I; solid lines, with interquartile range (IQR)
shading) and Advanced Microwave Scanning Radiometer 2 (AMSR2; dashed lines, with IQR shading) over four austral
winters (2022-2025) for the (a) Weddell Sea and (b) Ross Sea. The C2I retrieval adopts § = 0.70. Both products track the
progressive winter accumulation, with AMSR?2 consistently reporting thicker snow depth. The mean and median C2I-AMSR2
bias are annotated in each panel.

documented limitations of the passive-microwave retrieval as heavily as those of the dual-altimetry retrieval. The
AMSR?2 algorithm has reduced sensitivity to thin snow and tends to saturate at depths approaching 0.50 m
(Markus & Cavalieri, 1998; Rostosky et al., 2018); its brightness temperatures are affected by atmospheric water
vapor and cloud liquid water; its coarse footprint mixes ice of different types, roughness, and open water within a
single retrieval; and its empirical coefficients were developed primarily for Arctic conditions and are known to
perform less reliably over the deformed and flooded snow regimes common in the Antarctic (Worby, Markus,
et al., 2008; S. Kern & Ozsoy-Cicek, 2016). The disagreement between the two products therefore reflects
limitations on both sides, and neither should be regarded as a reference against which the other is validated.

Point-to-point correlations between C2I and AMSR2 snow thickness are low in both sectors (Weddell Sea:
r = 0.250, 2 = 0.062; Ross Sea: r = 0.027, 2 = 0.001; Table 2, Figure 6). After correcting for along-track
autocorrelation, the effective sample sizes reduce to n.;; = 17,743 (Weddell Sea) and nei; = 12,512 (Ross Sea),
and both correlations remain formally significant (Weddell Sea: p < 0.001; Ross Sea: p = 2.1 x 1073).
However, the low 7 values indicate that the two products share little retrieval-scale variability, reflecting a
fundamental disagreement that extends beyond the different effective resolutions (C2I ~5 km vs. AMSR2
12.5 km grid from 5-day averaged brightness temperatures) to the underlying measurement physics. In both
sectors, the low 72 indicates that AMSR2 explains essentially none of the retrieval-scale variability, and we do not
attach interpretive weight to the marginally higher Weddell Sea value; the formal significance reflects the large
sample size rather than a physically meaningful point-scale correspondence. The robust outcome of this com-
parison is not quantitative point-scale agreement, which is not expected given the differing measurement physics
and spatial support, but the independent reproduction of the same large-scale regional ordering by two methods
with unrelated error sources.

Despite the low point-to-point correlations and the negative median bias, both products independently confirm a
Weddell-Ross sector contrast of similar magnitude (Table 2): AMSR2 shows a 0.057 m mean sector difference
and C2I shows a 0.040 m mean sector difference. The two products reproduce the same sector ordering at
aggregated scales, despite weak retrieval-scale covariance and different absolute distributions. This agreement is
a regional consistency result, not an independent validation of either product or proof that the contrast is free of
retrieval artifacts. The systematic negative C2I bias relative to AMSR?2 is consistent with incomplete Ku-band
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Table 3
Sensitivity of Retrieved Snow Thickness to the Assumed Radar Penetration Factor &

Weddell Ross Bias versus AMSR2 Weddell-Ross contrast

Mean Median

) Mean (m) Median (m) Mean (m) Median (m) Weddell Ross Weddell Ross Mean (m) Median (m)

0.5 0.357 0.263 0.304 0.219 +0.047 +0.027 +0.020 +0.021 0.054 0.045
0.6 0.298 0.219 0.253 0.182 —0.012 -0.024 -0.019 -0.012  0.045 0.037
0.7 0.256 0.188 0.216 0.155 —0.055 -0.060 —0.047 -—0.034  0.038 0.032
0.8 0.223 0.165 0.190 0.137 —0.087 -0.087 —0.067 -—0.050  0.033 0.028
0.9 0.198 0.146 0.169 0.121 —0.112 -0.108 —0.083 —0.063  0.030 0.025
1.0 0.179 0.132 0.152 0.109 -0.132 -0.125 -0.095 -0.073  0.027 0.022

Note. Both mean and median are reported to characterize the right-skewed distribution. The adopted baseline is 6 = 0.70,
reflecting the literature consensus of 60%-90% Ku-band penetration (Fredensborg Hansen et al., 2025a; Landy et al., 2026;
Nab et al., 2024; Zhou et al., 2026a). “Baseline (6 = 0.70, p, = 330 kg m=3, ny, = 1.263).

penetration into the snowpack (6§ < 1), the sensitivity to which is quantified in Section 4.6 and interpreted in the
Discussion. We emphasize, however, that AMSR2 is not a reference here: its own documented limitations,
including reduced sensitivity to thin snow, saturation at deeper snow, and the application of Arctic-derived co-
efficients over Antarctic ice, act to bias the AMSR2 depths in the opposite direction, so the observed offset re-
flects errors in both products rather than a deficiency of C2I alone.

4.6. Sensitivity to Radar Penetration Factor

To quantify the sensitivity of the retrieved snow thickness to the incomplete Ku-band penetration, we repeat the
retrieval for penetration factors 6 = 0.50 to 1.00 in increments of 0.10, where h,(5) = Af/ (5 . ;15) and 6 = 0.70
recovers the adopted baseline (Table 3). The retrieved snow thickness scales inversely with : reducing ¢ from
1.00 to 0.50 approximately doubles the inferred snow thickness in both sectors (Table 3; Figure 9a).

The median C2I-AMSR?2 bias crosses zero at 5* =~ 0.55, and the mean bias crosses zero at 5* =~ 0.58, with
both crossings occurring simultaneously in the Weddell Sea and Ross Sea sectors (Figure 9b). We do not interpret
this crossing as a validated Ku-band penetration depth, because AMSR?2 is itself an uncertain passive-microwave
retrieval rather than an independent ground-truth reference. Instead, the crossing is treated as an AMSR2-
equivalent scaling that indicates the penetration factor required to make the sector-mean or sector-median C2I
estimates numerically consistent with AMSR2 under the present retrieval assumptions. Read in this way, the
8" =~ 0.55 scaling implies that the effective Ku-band scattering horizon would lie approximately 55% of the
snowpack depth below the air—snow interface to reproduce the AMSR?2 sector medians, which is shallower than
the 60%—90% penetration range reported by Landy et al. (2026) for the Arctic and consistent with the higher brine
content of Antarctic FYI limiting Ku-band penetration more severely (Mallett et al., 2024; Nandan et al., 2017).
The finding that partial penetration (§ < 1) is required to reproduce an external reference is consistent with Nab
et al. (2024), who similarly found that partial penetration was optimal across all TFMRA retracking thresholds
when tuning Arctic CS2 ice thickness to inter-annual variability recorded by upward-looking sonar moorings.

The Weddell-Ross sector contrast is preserved at every § value tested (Table 3; Figure 9c): the mean sector
difference ranges from 0.054 m at 6 = 0.50 to 0.027 m at 6 = 1.00, and the baseline 6 = 0.70 yields a mean
contrast of 0.038 m. This test quantifies the sensitivity of the absolute magnitude, not the robustness of the sector
ordering to regime-dependent scattering. Because 6 enters as a multiplicative factor on Af, any uniform reduction
in penetration scales both sectors equally, so the negative-retrieval fraction and the Pearson correlation with
AMSR? are likewise invariant to 6. The relative sector finding is therefore robust to the penetration assumption,
even though the absolute snow-thickness magnitude depends sensitively on 6.

5. Discussion

We discuss the results in eight subsections. Section 5.1 interprets the Weddell-Ross sector contrast in the context
of regional ice-type morphology, snow accumulation history, and deformation regimes. Section 5.2 examines the
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Figure 9. Sensitivity of retrieved snow thickness to the assumed radar penetration factor é. (a) Retrieved snow thickness as a function of & for the Weddell Sea (blue) and
Ross Sea (orange); dashed lines with open markers show means, solid lines with filled markers show medians. (b) Mean and median CRYO2ICE (C2I)-Advanced
Microwave Scanning Radiometer 2 (AMSR?2) bias; the green band marks the optimal 6* = 0.55 where both sectors' median biases cross zero simultaneously.

(c) Weddell-Ross contrast (mean and median difference).

implications of incomplete Ku-band penetration for the retrieval bias, and Section 5.3 interprets the persistent
fraction of negative retrievals. Section 5.4 discusses the implications of the uncertainty budget for future re-
trievals, and Section 5.5 compares our results with prior Antarctic snow-thickness estimates. Section 5.6 then
establishes the relationship between the C2I configuration and the upcoming CRISTAL mission, and Section 5.7
develops the implications of this study for CRISTAL retrieval design. Section 5.8 closes by enumerating the
principal limitations of the present analysis.

5.1. Physical Drivers of the Weddell and Ross Seas Snow-Thickness Contrast

The observed Weddell-Ross contrast is consistent with known regional differences in ice age, ice thickness, snow
accumulation history, and deformation regime, but the present analysis does not independently decompose these
drivers. Accordingly, we interpret the sector contrast as a robust regional snow-thickness signal rather than as a
direct attribution to any single physical mechanism. The ice-type composition of the two sectors differs funda-
mentally. The Weddell Sea is the primary Antarctic sector that retains appreciable MYI: the cyclonic Weddell
Gyre transports ice westward from coastal formation zones and then northward along the Antarctic Peninsula,
creating a pronounced age gradient from young FYT in the east to recirculated second-year and multi-year ice in
the west (Massom et al., 2001; Melsheimer et al., 2023). Melsheimer et al. (2023) showed that nearly all Antarctic
MYlis second-year ice that drifts to lower latitudes and melts within approximately 2 years, so that only ~15% of
the circumpolar sea-ice cover survives any given summer. In the western Weddell Sea, the snowpack is older,
deeper, and more metamorphosed, with mean bulk density of ~340 kg m™3 dominated by melt-freeze forms and
depth hoar (Arndt et al., 2024, 2025). By contrast, the eastern Weddell Sea is dominated by seasonal FYI with
thinner, younger snow at a lower mean density of ~264 kg m™3, reflecting wind-slab and fragmented-grain
stratigraphy under colder, drier conditions (Arndt et al., 2024, 2025). The Ross Sea differs from both Weddell
Sea sub-regions: vigorous polynya-driven ice production exports predominantly thin FYI northward (Comiso
etal., 2017; Koo et al., 2024; Tison et al., 2020), and although some MYI may persist in individual years, the Ross
Sea is predominantly covered by seasonal FYI. The thinner ice reaches negative freeboard more readily, pro-
moting snow—ice formation that converts accumulated snow into ice and limits the equilibrium snow depth, while
katabatic winds from the continental interior fracture the thinner Ross Sea pack more readily and enhance snow
loss from floe surfaces into leads (Itkin et al., 2023; Massom et al., 2001). These processes together produce the
thinner, more spatially uniform snow cover evident in both the gridded retrievals (Figure 4) and the narrower Ross
Sea probability density function (Figure 3a). This ice-type morphology has direct implications for both snow
accumulation and Ku-band radar penetration: MY sustains a deeper snowpack without conversion to snow ice,
the contrasting penetration-limiting mechanisms over the two ice types are developed in Section 5.2.

LIU ET AL.

18 of 29

858017 SUOWILLIOD SO 3|cedl|dde au) AQ PaLLBACE 3.2 S9R1LE O ‘88N JO S3INI 10J A1 BUIIUO AB|IA LD (SUONIPUD-PUE-SLLIBIWI0D" A3 1M Afeq)1 U1 |UO//:STNL) SUONIPUOD PUe SWIB | 3u) 835 *[9202/80/2T] U0 ARIgITauIuO AB|IM * ABAINS amdmeIuY usiug - BBY Aajenag Ad /172500 YI9202/620T 0T/I0p/w0d" A 1M Areiq 1 puijuo'sqndnBey/sdiy wo.j papeojumod ‘g ‘9202 ‘Y80SEEET



| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2026EA005247

The seasonal progression from May to October (Table C1; Figure 2) is consistent with progressive snow accu-
mulation on an aging ice pack. Both sectors thicken through winter, but the Weddell Sea accumulates more snow
in absolute terms (mean increase from 0.220 m in May to 0.309 m in September) than the Ross Sea (0.175 m in
May to 0.265 m in October), consistent with the longer accumulation history on its older, thicker ice. The C2I
retrievals also resolve intra-sector snow-thickness gradients that the gridded AMSR2 product does not capture
(Figure 8): a decrease from the western toward the eastern Weddell Sea, and a gradient from the Ross Sea polynya
toward the outer pack ice. This intra-sector resolution likely reflects both the finer along-track sampling of the C2I
retrieval and the known limitations of the passive-microwave retrieval over heterogeneous ice surfaces.

5.2. Ku-Band Penetration and Implications for Retrieval Bias

In this study, we apply a penetration factor 6 = 0.70, reflecting the literature consensus that the CS2 Ku-band
radar does not fully penetrate to the snow—ice interface (Arndt et al., 2024; Fredensborg Hansen et al., 2025b;
Landy et al., 2026; Nab et al., 2024; Zhou et al., 2026a), so that the measured radar freeboard corresponds to the
ice freeboard reduced by the snow-layer delay (Arndt et al., 2025). The mean C2I-AMSR?2 biases are small and
slightly positive in both sectors, whereas the median biases are negative (Table 2). Because both distributions are
right-skewed, with a heavy upper tail in the C2I retrievals, the mean is pulled upward relative to the median; we
therefore treat the median as the more representative descriptor of the typical matchup, and its negative sign
indicates that the majority of matchups have C2I snow thickness lower than AMSR?2 snow depth, as expected
under incomplete Ku-band penetration. This negative median bias is consistent with incomplete penetration
(6 < 1): the radar scattering horizon lies within the snowpack rather than at the snow—ice interface, causing the
retrieved snow thickness to be underestimated relative to the true value. Distinct physical mechanisms operate
over FYI and MYI to produce this incomplete penetration.

Over FYI, brine wicking from the sea-ice surface into the basal snow layers increases the dielectric loss of the
snow and creates a saline layer that can dominate the radar backscatter above the snow—ice interface (Geldsetzer
et al., 2009; Nandan et al., 2017), while internal ice lenses formed by melt-refreeze cycles introduce additional
scattering interfaces within the snowpack (Willatt et al., 2023). Over MY], a different mechanism dominates:
heavily-metamorphosed remnant snow layers with large sintered grains and superimposed ice at the base scatter
Ku-band energy before it reaches the ice surface, even where basal salinity is low. Willatt et al. (2025)
demonstrated this directly by deploying the surface-based KuKa polarimetric radar on five MYI floes in the
Weddell Sea during the PS129 expedition (March—April 2022): the co-polarized Ku-band backscatter used by
CS2 failed to detect the snow—ice interface beneath thick, metamorphosed remnant snow, with scattering instead
occurring predominantly near the air—snow interface. Zhou et al. (2026b) provided complementary spaceborne
evidence by decomposing Ku-band CS2 waveforms over the Weddell Sea into snow-surface, snow-volume, and
ice-surface contributions; snow-volume scattering was comparable to or exceeded the ice-surface return under
typical Antarctic conditions, confirming that the conventional assumption of dominant snow—ice interface
scattering is frequently violated. The penetration-limiting mechanism therefore differs between FYI (brine-
dominated) and MYI (metamorphism-dominated), with both leading to 6 < 1 for distinct physical reasons
(Mallett et al., 2024).

The airborne validation of Fredensborg Hansen et al. (2025a) and Fredensborg Hansen et al. (2025b) over the
Weddell Sea in December 2022 found that satellite-derived C2I snow thickness agreed with the airborne laser-
ASIRAS Ku-band combination to within 0.03 m bias at 25 km scales. This validation was conducted during
austral summer when wet-snow conditions further complicate Ku-band penetration. Our winter retrievals benefit
from colder, drier snow conditions that should increase penetration relative to the summer case, yet the persistent
negative bias against AMSR2 suggests that § < 1 remains relevant even during winter.

Our winter Antarctic results are consistent with recent Arctic findings that the Ku-band scattering horizon sits
within rather than at the base of the snowpack during cold-season conditions. Taelman et al. (2026) tracked CS2
radar freeboards and IS2 laser freeboards over land-fast Arctic sea ice throughout the 2022 winter—summer cycle
and found that, over FYI, the Ku-band radar freeboard tracks the snow—ice interface during most of the cold
season (air temperatures below approximately —10°C). Over MY], the scattering horizon was located at least 60%
deep in the snowpack. Episodic positive biases in radar freeboard (under 4 cm) occurred during warming events
and strong snowfall but accounted for only ~15% of the winter period. The relatively small magnitude of our
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negative C2I-AMSR?2 median bias is consistent with deep but not complete penetration during cold austral winter
conditions.

The adopted 6 = 0.70 represents a physically-motivated estimate within the literature range, and the penetration
sensitivity analysis in Section 4.6 establishes the empirically optimal §* = 0.55 that minimizes the median
C2I-AMSR?2 bias simultaneously in both sectors. Read as an AMSR2-equivalent scaling, this §* implies an
effective Ku-band scattering horizon approximately 55% of the snowpack depth below the air—snow interface,
which is shallower than the 60%—90% penetration range reported by Landy et al. (2026) for the Arctic but broadly
consistent with the empirical finding of Taelman et al. (2026) that the scattering horizon over Arctic MY lies at
least 60% deep in the snowpack. The shallower Antarctic value is consistent with the higher brine content of
Antarctic FYI limiting Ku-band penetration more severely than over Arctic ice (Mallett et al., 2024; Nandan
et al., 2017), and with the finding of Nab et al. (2024) that partial penetration (6 < 1) is optimal across all
TEFMRA retracking thresholds when Arctic CS2 ice thickness is tuned to upward-looking sonar mooring records.
Crucially, incomplete penetration affects the absolute magnitude of the retrievals but not the relative sector
contrast: because § enters as a multiplicative factor on the freeboard difference, any uniform reduction in & scales
both sectors equally and preserves the Weddell-Ross difference established in Section 4.5.

5.3. Interpretation of Negative Snow-Thickness Retrievals

The observed 11%—12% fraction of negative retrievals is consistent with prior C2I studies: Fredensborg Hansen
et al. (2024) reported a comparable fraction in the Arctic, and Kacimi and Kwok (2020) noted analogous behavior
in their Antarctic gridded IS2—CS2 snow-thickness maps. This fraction should not be interpreted as evidence for
physically negative snow thickness; rather, it occurs where the freeboard difference is small relative to the
combined effects of measurement noise, collocation mismatch, residual surface-type errors, and unresolved sub-
footprint heterogeneity. Retaining rather than truncating small negative values avoids imposing an artificial
positive bias on sector means and distributional statistics. The negative fraction is invariant across all tested
values of 6 (Section 4.6), confirming that incomplete penetration alone cannot explain the negative retrievals: they
arise primarily from irreducible measurement noise in Af that is symmetric around the true value.

5.4. Implications of the Uncertainty Budget

The dominance of CS2 radar freeboard uncertainty in the per-matchup error budget (Section 4.4) has a direct
practical implication: the most effective path to lower retrieval uncertainty is improved CS2 retracking precision
rather than improved snow-density climatologies or refined permittivity formulations. This precision can be
achieved through physically-based retracking algorithms that better resolve the snow—ice interface (Fredensborg
Hansen et al., 2025b; Zhou et al., 2026a) or through multi-look averaging that reduces speckle noise at the cost of
along-track resolution. The IS2 freeboard uncertainty is the second-largest component and is well characterized
by the ATL10 product-level uncertainty propagation (Kwok et al., 2025), while the snow-density (refractive-
index) term is the smallest contributor for the majority of retrievals and becomes significant only for the thickest
snow (h, > 0.3 m), where it contributes approximately 0.005 m. The insensitivity of the retrieval to the choice
between the Tiuri et al. (1984)'s and Ulaby et al. (1986)'s permittivity formulations (less than 2% difference)
confirms that the permittivity model is not a meaningful source of uncertainty at the current level of measurement
noise.

The sector-independent mean per-matchup uncertainty of 0.040 m (Weddell Sea) and 0.039 m (Ross Sea) rep-
resents 20%—25% of the sector means and medians (Table C1). Because adjacent matchups share overlapping
collocation windows, statistical significance is not assessed using the nominal matchup count; the
autocorrelation-adjusted effective sample sizes (Table 1) provide a conservative first-order correction. For the
sector-median test, the effective sample sizes are n. e = 20,948 (Weddell Sea, 44% of n = 47,735) and
nee = 15,187 (Ross Sea, 44% of n = 34,606); the AMSR2 correlation p-values reported in Table 2 use the
corresponding values for the smaller comparison subset (n.; = 17,743 Weddell Sea, 12,512 Ross Sea). The
resulting standard errors of the sector medians are of order 10~ m, so the 0.038 m Weddell-Ross mean difference
is resolved with high statistical confidence (contrast-to-standard-error ratio of 17.0) despite the per-retrieval
noise. Even so, the effective sample size remains an approximate correction because the retrievals are not
point samples at the native CS2 posting interval; we therefore emphasize the persistence of the Weddell-Ross
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contrast across months, years, density assumptions, penetration factors, and the independent AMSR?2 product
rather than relying primarily on formal p-values.

5.5. Comparison With Published Antarctic Snow-Thickness Estimates

The values reported here can be compared with prior observational estimates from independent methods,
although direct comparisons are complicated by differences in sampling strategy, spatial scale, and ice-type
coverage. At a high level, our C2I retrievals exceed the ASPeCt ship-based climatology by a factor of 1.5-3
(reflecting contrasting sampling biases), are broadly consistent in magnitude with the gridded pan-Antarctic
retrievals of Kacimi and Kwok (2020) and the along-track Weddell Sea retrievals of Fredensborg Hansen
et al. (2025b) and Zhou et al. (2026a), and are thinner than AMSR2 passive-microwave estimates by 0.02-0.04 m
in the median. This pattern is qualitatively consistent with the Arctic C2I-climatology offsets reported by Fre-
densborg Hansen et al. (2024). Detailed comparisons with each of these data sets are developed below.

The ASPeCt ship-based climatology (Worby, Geiger, et al., 2008) reports mean winter snow thickness of 0.08 m
for the eastern Weddell Sea and 0.15 m for the Ross Sea (Table 3 of Worby, Geiger, et al. (2008)); no winter
observations are available for the western Weddell Sea, where sea-ice conditions preclude ship access during
winter. Our C2I eastern Weddell Sea sub-sector mean of 0.219 m (computed for matchups east of 45°W; Sec-
tion 4.2) substantially exceeds the ASPeCt eastern Weddell Sea mean of 0.08 m, although the comparison is
complicated by contrasting sampling strategies. Our along-track satellite retrieval covers the full ice-covered area
including deformed ice, whereas the ASPeCt ship-based protocol preferentially samples level ice in navigable
waters (Williams et al., 2015; Worby, Markus, et al., 2008); both biases act to underestimate the true area-
averaged snow thickness reported by ASPeCt. The Ross Sea comparison shows a similar pattern: our C2I
Ross Sea mean of 0.217 m exceeds the ASPeCt Ross Sea mean of 0.15 m. While the level-ice sampling preference
of ASPeCt is well-documented for sea-ice thickness (Williams et al., 2015; Worby, Markus, et al., 2008), its effect
on snow thickness is less clearly characterized; the offset between our along-track satellite retrievals and the
ASPeCt snow-thickness climatology may also reflect genuine differences between the 2004—2007 period covered
by ASPeCt and the 2022-2025 period covered here.

The AMSR?2 product samples the entire ice-covered area without this spatial sampling bias, but its retrieval
degrades substantially over rough and deformed ice where surface roughness alters the passive-microwave
emissivity (Worby, Markus, et al., 2008; S. Kern & Ozsoy-Cicek, 2016). The two products therefore carry
fundamentally different biases that should not be conflated.

Our C2I retrievals sample along the satellite ground tracks without a priori discrimination between level and
deformed ice, and therefore capture both smooth and rough ice contributions to the snow-thickness distribution.
This represents an important difference in sampling strategy relative to both the ship-based and passive-
microwave approaches.

Kacimi and Kwok (2020) retrieved circumpolar-Antarctic snow thickness from gridded IS2 and CS2 freeboards
in 2019 using the same permittivity formulation adopted here. Their Table 2 reports Ross Sea winter snow of
approximately 0.07-0.12 m, whereas our Ross Sea monthly means range from approximately 0.16-0.30 m
(medians 0.12-0.20 m; Figure 2, Table C1) across the winter months at the baseline 6 = 0.70. Three candidate
explanations are consistent with this difference. First, the two studies cover different periods (2019 vs.
2022-2025), and genuine inter-annual variability in the Ross Sea accumulation cannot be excluded. Second, the
studies adopt different penetration assumptions, and our own sensitivity analysis (Section 4.6) shows that
increasing 6 toward unity reduces our Ross Sea estimate substantially, bringing it closer to the values of Kacimi
and Kwok (2020); the difference is therefore partly a consequence of the penetration assumption rather than a
discrepancy in the underlying freeboards. Third, the gridded monthly approach of Kacimi and Kwok (2020)
averages over a 25 km grid, whereas our along-track collocation samples at finer scale and retains deformed-ice
contributions that a coarser grid may smooth. The Weddell Sea comparison is more nuanced, because Kacimi and
Kwok (2020) resolve the sector into western and eastern sub-regions: their Table 2 reports a western (multi-year)
Weddell Sea snow depth of approximately 0.20-0.23 m and an eastern (first year) value of approximately
0.08-0.15 m, against our combined Weddell Sea mean of 0.255 m at § = 0.70. Our estimate lies closest to their
western multi-year values, and the same period, penetration, and gridding considerations apply, with a higher
penetration factor again reducing our estimate toward theirs. Zhou et al. (2026a) derived along-track snow depth
from 46 C2I tracks over the Weddell Sea during 2020-2022 using an optimized TFMRA-70 retracker and

LIU ET AL.

21 of 29

85U8017 SUOWILLIOD BAIE81D) 3|edl|dde au Aq pauLRA0B 8.2 S9o1e O ‘85N JO S8INI 10} ATeIg1T BUIIUO AB|IA LD (SUOIPUCD-PUR-SLLBIWD A3 1M ARe.q1 Ul |uO//SANL) SUONIPUOD Pue SWiB | 84} 89S *[9202/80/2T] Uo ArIqITauIuO A8 |IM * ABAINS Doy Ushug - BBY A8|enag Ad /172500 Y39202/620T 0T/I0p/ w00’ A8 |1m Are.q 1 putjuo'sqndnBe//sdny woly papeojumod ‘g ‘9202 '80SEEEZ



| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2026EA005247

validated these retrievals against snow buoy observations. Their Weddell Sea snow depths are broadly consistent
with our Weddell Sea retrievals, though a direct comparison is complicated by the different CS2 retracking
methodology (TFMRA-70 vs. Baseline-E), the earlier study period (2020-2022 vs. 2022-2025), and differences
in the IS2 product used (ATLO7 vs. ATL10). Notably, Zhou et al. (2026a) also found substantial discrepancies
between different CS2 processing chains, reinforcing our finding (Section 5.8) that the sensitivity of Antarctic
C2I retrievals to the choice of retracker remains a key source of uncertainty.

The Cryo2IceEx/DEFIANT airborne campaign (Fredensborg Hansen et al., 2025a, 2025b) reported C2I snow
thickness over the Weddell Sea in December 2022, providing the only independent evaluation of the spaceborne
C2I retrieval over Antarctic sea ice. Their summer values are not directly comparable to our winter retrievals, but
the seasonal cycle implied by our May-October progression (Table C1) is consistent with thinner summer snow
following the spring-summer melt.

The AMSR2 benchmarking (Section 4.5) provides further independent context. The residual C2I-AMSR2
disagreement (small positive mean biases; median biases —0.015 to —0.012 m) is consistent with the known
tendency of the LaKu approach to underestimate snow thickness under incomplete penetration, while the AMSR2
algorithm may overestimate snow depth over deformed ice where volume scattering is enhanced (Rostosky
et al., 2018). The pattern of lower altimetric estimates relative to passive-microwave snow depth and limited
point-to-point agreement (r2 < 0.062) is not unique to this study: Fredensborg Hansen et al. (2024) found
qualitatively similar behavior in their Arctic C2I analysis (winter 2020-2022), where along-track C2I snow
thickness was thinner than the climatology of Warren et al. (1999), yet both products captured the same large-
scale spatial gradients. These findings collectively suggest that the LaKu approach resolves regional contrasts
robustly even when absolute magnitudes carry significant uncertainty, a pattern that appears consistent across
both hemispheres and multiple independent studies. The C2I-AMSR?2 comparison is therefore considered here as
a mutual benchmarking exercise in which neither product represents ground truth.

5.6. Relationship Between C2I and Copernicus polaR Ice and Snow Topography ALtimeter (CRISTAL)

The C2I configuration is a methodological precursor for CRISTAL in the specific sense that both rely on dif-
ferencing two co-located altimetric surfaces to retrieve snow depth along-track, and the collocation, retrieval, and
uncertainty framework developed here transfers directly to CRISTAL. We stress that the frequency architectures
differ: CRISTAL pairs Ka-band and Ku-band radars (M. Kern et al., 2020; Landy et al., 2026), whereas C2I pairs
a laser with a Ku-band radar. Importantly, the Ka—Ku pairing does not by itself resolve the penetration ambiguity
that limits the absolute magnitude in our retrieval, because the position of the dominant scattering horizon remains
unknown at both frequencies; CRISTAL's principal advantage is improved same-orbit snow-depth sampling
rather than a direct constraint on penetration. With that distinction in mind, our results inform CRISTAL in three
ways, developed in the following subsection.

5.7. Implications of This Study for CRISTAL Retrieval Design

The collocation, retrieval, and uncertainty results presented above translate into three concrete implications for
CRISTAL. First, although the formal per-matchup precision is dominated by instrument noise and is essentially
sector-independent (Section 3.4), the systematic component of the retrieval, set by the depth of the Ku-band
scattering horizon, is strongly sector-dependent. It is this systematic, sector-dependent penetration behavior,
rather than the random precision, that motivates region-specific CRISTAL retrievals: the sector-dependent snow
conditions documented here suggest that CRISTAL retrieval algorithms should be evaluated regionally rather
than assuming uniform performance across the Antarctic, since the brine-driven and metamorphism-driven
penetration regimes we identify over FYI and MYI will affect the Ka and Ku channels differently (Nandan
etal., 2017; Willatt et al., 2025). The evidence that co-polarized Ku-band returns over Antarctic MYI can scatter
near the air—snow interface (Willatt et al., 2025; Zhou et al., 2026b) implies that a Ka—Ku retrieval will retain a
residual scattering-horizon ambiguity, and that an independent laser reference of the kind exploited here would
remain valuable for constraining it.

Second, the uncertainty budget established here provides a template for CRISTAL error decomposition. Our
finding that CS2 radar freeboard dominates the error budget suggests that the improved along-track resolution and
reduced speckle noise expected from CRISTAL's Ku-band altimeter (M. Kern et al., 2020) could substantially
reduce the per-retrieval uncertainty relative to the current C2I configuration.
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Third, the analysis uses a single CS2 retracker product (Baseline-E). Both Fredensborg Hansen et al. (2025b) and
Zhou et al. (2026a) demonstrated that the choice of Ku-band waveform retracking methodology significantly
affects the retrieved snow thickness; Zhou et al. (2026b) further showed that snow-volume scattering can
dominate the Ku-band waveform under Antarctic conditions, meaning that the effective scattering horizon
assumed by different retrackers may vary substantially. The sensitivity of our Antarctic results to alternative
retrackers has not been assessed.

Looking further ahead, the proposed Earth Dynamics Geodetic Explorer (EDGE) mission (Garvin et al., 2026)
would pair a multi-beam laser with operational Ku-band radars to extend along-track dual-altimetry sampling
well beyond the current C2I configuration. The sector-dependent snow conditions and uncertainty budget
established here provide a baseline against which both CRISTAL and future EDGE-based retrievals can be
evaluated.

5.8. Limitations

The present analysis is subject to several limitations that should be considered when interpreting the results and
applying them to downstream applications.

No explicit sea-ice concentration (SIC) filter is applied to the matchups, so observations near the sea-ice edge or
over low-concentration areas may include mixed ice—ocean surfaces that bias freeboard estimates, despite the
quality-control filters applied to both ATL10 and CS2 surface-type classifications. However, these existing
quality-control filters effectively exclude most marginal-ice-zone observations: the mean AMSR2-derived SIC at
each matchup location is 99.4% (median 100%), and only 0.3% of winter matchups fall below 80% SIC (223 of
82,341; Appendix B). Repeating the analysis after excluding matchups with SIC below 80% removes fewer than
0.3% of observations per sector, leaves the sector medians unchanged to three decimal places (Weddell Sea
0.188 m; Ross Sea 0.156 m), and preserves the Weddell-Ross sector median contrast at 0.032 m (Appendix B).
Even at the stricter 90% threshold, the results are indistinguishable from the baseline, confirming that low-
concentration contamination does not affect the reported sector contrasts.

The two altimeters observe overlapping but not identical sea-ice areas: even in the absence of sea-ice drift, the
1.6 km cross-track width of the CS2 SAR-mode swath means that CS2 and IS2 never measure exactly the same
sea-ice surface, introducing irreducible representativeness noise in the freeboard difference. Sea-ice drift during
the <4 hr coincidence interval adds a further displacement of order 0.5 km, which is small relative to the 5 km
collocation radius but contributes additional noise for individual matchups.

The retrieval adopts a single CS2 retracker product (Baseline-E), and the sensitivity to alternative retracking
methodologies, which Fredensborg Hansen et al. (2025b) and Zhou et al. (2026a) have shown can substantially
affect the retrieved snow thickness, represents an important avenue for future investigation. The CS2 radar
freeboard uncertainty is set to a constant 0.030 m per 20-Hz measurement because the Baseline-E product does
not provide a per-measurement retracking uncertainty; this constant value is a deliberately conservative estimate
of combined instrument and retracking noise. A direct consequence is that the matchup-to-matchup variability in
the total per-matchup precision (Equation 6) is carried almost entirely by the IS2 term, whose product-reported
segment uncertainties vary with photon-counting statistics and sea-surface reference quality, while the CS2 term
contributes a near-constant floor. A spatially varying CS2 retracking uncertainty would be preferable but is not
available from the current product, and we report the relative magnitudes of the two terms so that readers can see
the IS2 term governs the spatial structure of the precision. More fundamentally, the assumed Ku-band penetration
factor (6 = 0.70) is applied uniformly across all matchups and both sectors; Taelman et al. (2026) showed that
Ku-band penetration varies episodically with snow temperature, salinity (brine volume >1%), and recent
snowfall, introducing transient biases of up to 4 cm during winter that our uniform § does not capture. While the
penetration sensitivity analysis (Section 4.6) demonstrates that the sector contrast is insensitive to J, the along-
track variability of the effective scattering horizon remains unquantified.

The analysis is restricted to austral winter (May—October) when the dry-snow assumption underlying the
refractive-index correction is best satisfied; extension to shoulder seasons and austral summer would require
corrections for wet-snow conditions that are beyond the scope of this study (Fredensborg Hansen et al., 2025b;
Willatt et al., 2023, 2025; Zhou et al., 2026a). Furthermore, the ground-based Weddell Sea observations of Willatt
etal. (2025) indicate that even during the cold season, the effective Ku-band penetration depth may differ between
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FYI and MY due to distinct snow metamorphism regimes, suggesting that ice-age-dependent § calibrations may
improve future retrievals. Finally, no direct in situ validation has yet been conducted for the retrieved snow-
thickness values; the AMSR2 comparison provides mutual benchmarking against an independent product
rather than validation against a known reference. Dedicated field campaigns with coincident ground-based snow
measurements, such as future extensions of the Cryo2IceEx program, would be required for formal validation of
the absolute snow-thickness magnitudes reported here.

6. Conclusions

This study presents multi-winter along-track C2I snow-thickness estimates over the Weddell and Ross Sea sectors
from 82,341 winter matchups between IS2 and CS2 during August 2022 to September 2025. Its central contri-
bution is not the regional contrast itself, which is broadly expected from the contrasting ice regimes of the two
sectors, but the systematic characterization of which features of along-track Antarctic dual-altimetry retrieval are
robust and which are not, together with a quantification of the sensitivity of the absolute snow thickness to the
unresolved Ku-band scattering horizon. The most robust empirical result is a persistent Weddell-Ross sector
contrast that is invariant to the retrieval assumptions: Weddell Sea winter snow thickness exceeds that of the Ross
Sea by 0.038 m in the mean (0.255 vs. 0.217 m) and by 0.032 m in the median (0.188 vs. 0.156 m), and the contrast
persists across months, years, snow-density assumptions, and tested Ku-band penetration factors. The AMSR2
passive-microwave snow-depth product independently reproduces the same sector ordering, with a 0.057 m mean
sector difference, although the two products exhibit weak point-to-point agreement (r2 <0. 062) and structurally
different distributions at the retrieval scale.

The formal propagated precision of the C2I estimates is 0.040 m per matchup in the Weddell Sea and 0.039 m in
the Ross Sea, dominated by the assumed CS2 radar-freeboard uncertainty rather than by the snow-density or
permittivity assumptions. The absolute snow-thickness magnitude nevertheless remains sensitive to the unre-
solved Ku-band scattering horizon, the choice of CS2 retracker, and the absence of coincident in situ validation.
The present data set therefore constitutes a multi-year along-track regional and seasonal benchmarking product
for evaluating the relative structure of Antarctic snow thickness, rather than a fully validated absolute snow-depth
record.

These results support the use of along-track dual-altimetry observations for resolving regional and seasonal
Antarctic snow-thickness contrasts and provide a practical framework for evaluating future retrievals from the
upcoming CRISTAL mission. The penetration sensitivity analysis further establishes that the AMSR?2 sector
medians can be reproduced by an effective Ku-band penetration factor of §5* =~ 0.55, which we interpret as an
AMSR2-equivalent scaling rather than a validated penetration depth. The substantial retrieval-scale disagreement
between AMSR2 snow depth and dual-altimetry snow thickness, despite their concordant sector ordering,
demonstrates that the two products cannot be treated as interchangeable inputs for hydrostatic sea-ice-thickness
conversion at the matchup scale; the resulting ice-thickness retrievals will inherit the choice of snow-depth
product as a structural systematic, with implications for any snow-thickness comparison that mixes these

products.

Acronyms

AMSR Advanced Microwave Scanning Radiometer
ASPeCt Antarctic Sea Ice Processes and Climate
C21 CRYO2ICE

CDF Cumulative Distribution Function

CS2 CryoSat-2

EDGE Earth Dynamics Geodetic Explorer
ESA European Space Agency

FYI First Year Ice

IDW Inverse-Distance Weighting
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IS2 ICESat-2
LaKu Laser—Ku-Band
MYI Multi-Year Ice
NASA National Aeronautics and Space Administration
NSIDC National Snow and Ice Data Center
SAR Synthetic Aperture Radar
SIRAL SAR Interferometric Radar Altimeter
SIC Sea-Ice Concentration
TFMRA Threshold First-Maximum Retracker Algorithm
Appendix A: Snow-Density Sensitivity Tests
This appendix quantifies the sensitivity of the retrieved snow thickness to the assumed snow density and to the
choice of dry-snow permittivity formulation, supporting the robustness claims made in Section 4.4 of the main
text. Varying the assumed snow density across the plausible Antarctic range of p, = 260, 330, and 400 kg m~>
(Massom et al., 2001; Sturm & Massom, 2017) changes the retrieved mean snow thickness by 0.023 m in the
Weddell Sea (0.244-0.267 m) and by 0.020 m in the Ross Sea (0.207-0.227 m), as reported in Table Al. Both
ranges are smaller than the mean per-matchup precision of 0.040 m established in Table C1 of the main text.
The Weddell-Ross sector contrast is preserved at every density tested, with mean differences of 0.037-0.040 m
across the full density range, confirming that the sector contrast is insensitive to the assumed snow density
(Table Al).
A separate test addresses the dry-snow permittivity formulation. Substituting the Tiuri et al. (1984) permittivity
(e’ =1+ 17p, + 0.7 p?) for the Ulaby et al. (1986) parameterization used in the baseline retrieval changes the
retrieved snow thickness by less than 2%, which is negligible relative to the per-matchup precision of 0.040 m and
confirms that the choice of permittivity model is not a meaningful source of uncertainty at the current
measurement-noise level.
Table A1
Sensitivity of Retrieved Snow Thickness to the Assumed Snow Density p; Across the Plausible Antarctic Range
Weddell sea Ross sea
ps (kg m™3) /R Mean (m) Median (m) Mean (m) Median (m)
260 1.205 0.267 0.197 0.227 0.164
330° 1.263 0.255 0.188 0.217 0.156
400 1.321 0.244 0.180 0.207 0.149
Note. Mean and median are reported in each sector to characterise the right-skewed distribution. The refractive index #, is
computed from p, via Equation 5 of the main text. The baseline density is p, = 330 kg m™>. *Baseline snow density adopted in
the main analysis.
Appendix B: Sea-Ice Concentration Sensitivity Test
This appendix tests whether the absence of an explicit SIC filter affects the reported results, supporting the
robustness claim in Section 5.8. The AMSR2-derived SIC at the 82,341 winter matchups is strongly concentrated
at high values (mean 99.4%, median 100%), with only 0.3% of matchups below 80% SIC and more than 99% at or
above 90% in both sectors. Re-running the analysis at 80% and 90% SIC thresholds leaves the sector means,
medians, per-matchup precision, AMSR2 bias, and Weddell-Ross contrast unchanged to three decimal places
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(Table B1). The existing ATL10 and CS2 surface-type and freeboard-range filters therefore act as an effective
SIC filter, and low-concentration contamination does not materially affect any reported result.
Table B1
Sensitivity of Key Results to Sea-Ice Concentration (SIC) Filtering
SIC filter Sector n Ny >0 Neg. (%) Mean hg (m) Median A, (m) Bias (m) r
Baseline Weddell 47,735 42,447 11.1 0.255 0.188 —0.047 0.250
Ross 34,606 30,460 12.0 0.217 0.156 —0.034 0.027
>80% Weddell 47,602 42,342 11.0 0.255 0.188 —0.047 0.250
Ross 34,516 30,390 12.0 0.217 0.156 —0.033 0.027
>90% Weddell 47,580 42,323 11.0 0.255 0.188 —0.047 0.250
Ross 34,407 30,307 11.9 0.217 0.156 —0.033 0.027
Note. The baseline analysis applies no explicit SIC filter. Values are computed over all winter (May—October) matchups in
the Weddell Sea and Ross Sea sectors. Bias is defined as CRYO2ICE (C2I) minus Advanced Microwave Scanning Radi-
ometer 2 (AMSR2; median). r is the Pearson correlation between C2I and AMSR?2 snow depth. Weddell-Ross mean contrast:
Baseline = 0.038 m; SIC > 80% = 0.038 m; SIC > 90% = 0.038 m.
Appendix C: Monthly Snow-Thickness Summary Statistics
This appendix reports the full monthly summary statistics of retrieved snow thickness by sector (Table C1),
comprising the overall winter statistics and the month-by-month progression of the median and the mean with its
autocorrelation-adjusted standard error. The monthly means and medians are shown graphically in Figure 2 of the
main text.
Table C1
Summary of CRYO2ICE Matchup Yield and Retrieved Snow-Thickness Statistics for the Austral Winter (May—October,
2022-2025), Stratified by Sector
Weddell sea Ross sea
Winter matchups 47,735 34,606
Valid A, > 0 (%) 88.9 88.0
Negative h; < 0 (%) 11.1 12.0
Mean A, (m) 0.255 0.217
Median A (m) 0.188 0.156
Std. dev. Ag (m) 0.233 0.210
IQR A, (m) 0.097-0.339 0.081-0.277
Mean o, (m) 0.040 0.039
Median o3, (m) 0.038 0.038
Monthly median (mean + standard error) /s (m)
May 0.169 (0.220 + 0.003) 0.120 (0.175 + 0.005)
June 0.164 (0.228 + 0.005) 0.138 (0.185 + 0.003)
July 0.174 (0.248 £ 0.006) 0.168 (0.219 + 0.004)
August 0.185 (0.249 + 0.003) 0.156 (0.221 + 0.004)
September 0.236 (0.309 + 0.005) 0.162 (0.228 + 0.005)
October 0.219 (0.296 + 0.007) 0.198 (0.265 + 0.005)
Note. The upper panel reports overall winter statistics; the lower panel shows the monthly progression of median as well as
mean plus and minus standard error of snow thickness.
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