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Abstract.

The accuracy of remotely-sensed Antarctic sea-ice thickness is limited by assumptions of snow properties and processing
choices that are often informed from the Arctic. To quantify retrieval-driven spread, we compare winter radar freeboard and
snow-corrected sea-ice freeboard from four CryoSat-2—era products for 2013-2018. All products reproduce the large-scale
spatial structure, yet each shows systematic offsets relative to CCI that persist across multiple spatial scales. Both the Western
Weddell and Ross Sea sectors display interannual variability, while correlation, bias and RMSE exhibit sector- and variable-

dependent performance relevant to thickness.

1 Introduction

Antarctic sea-ice thickness is a key climate variable, modulating ocean—atmosphere exchange (Maykut, 1978; Kurtz et al.,
2011) and integrating thermodynamic and dynamic forcing. Despite its importance its variability and trends remain difficult
to constrain from space. A central contributor to this uncertainty is the deep, heterogeneous Antarctic snow cover, which
alters Ku-band radar wave interaction with the snow—ice system and introduces large altimeter retrieval sensitivity relative
to the Arctic (Willatt et al., 2009; Garnier et al., 2021), where many algorithms and snow parameterisations were originally
developed.

Radar altimetry measures radar freeboard (hf,.), but thickness-relevant sea-ice freeboard (h ;) requires a snow-propagation
correction and other processing choices (Tilling et al., 2018; Mallett et al., 2020). For Antarctic sea ice, uncertainty in snow
properties and the effective scattering horizon can therefore generate systematic, spatially coherent inter-product offsets (Kwok,
2014; Kacimi and Kwok, 2020) that propagate directly into thickness. Here, we quantify where four CryoSat-2—era products
agree and diverge, from basin-scale winter means to sector-scale variability.

To provide a practical benchmark for CryoSat-2—era Antarctic winter freeboards, we intercompare four widely used radar-

altimetry products (LEGOS, CCI, CSAO, and Cryo-TEMPO) over the period 2013-2018 (May-October) on a common 50 km
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grid (Garnier et al., 2019; Gaudelli et al., 2022; Paul et al., 2024; Andersen et al., 2025). Using CCI as a consistent reference
frame for relative offsets, we quantify (1) the basin-scale magnitude and spatial coherence of inter-product differences in
h¢r and hy; and (2) agreement in interannual variability in two contrasting regimes (Western Weddell and Ross). Results
are summarised with winter-mean maps and difference patterns (Figure 1), sector-mean time series (Figure 2), and compact
performance statistics (correlation, bias, RMSE; Figure 3). By isolating retrieval-driven spread within a single-sensor era, we
provide guidance on where improved Antarctic snow constraints and harmonised processing would have the largest impact on

hy; consistency.

2 Data and Methods
2.1 CryoSat-2 Freeboard Products (2013-2018)

We intercompare four publicly available Antarctic winter freeboard products derived from CryoSat-2/SIRAL Ku-band radar
altimetry: ESA Sea Ice Climate Change Initiative (hereafter CCI; Paul et al., 2024; Rinne and Hendricks, 2024), LEGOS/C-
TOH (LEGOS II; Garnier et al. (2019)), CryoSat+ Antarctic Ocean (CSAO; Gaudelli et al. (2022)), and CryoSat-2 ThEMatic
Products (Cryo-TEMPO; Andersen et al. (2025)). The products share a common measurement principle but differ in key
processing choices (e.g., retracking, sea-surface height anomaly retrieval, and snow-related assumptions embedded in the con-
version from radar to sea-ice freeboard). To maintain a concise and reproducible intercomparison, we analyse the freeboard
fields as distributed by each provider (i.e., without harmonising snow inputs).

We analyse two freeboard variables provided by each product: radar freeboard (hy,), defined as the retracked Ku-band
elevation relative to the local sea surface, and the corresponding sea-ice freeboard (hy;) after each product’s snow-related
propagation correction and associated processing choices. For consistency of terminology, we denote the snow-related correc-

tion term as h, such that hy; = hy, + hge (equivalently, hye = hy; — hygp).
2.2 Common Winter Period, Grid, and Masking

We restrict the analysis to the austral winter season (defined here as May—October) and the common CryoSat-2 era 2013-2018,
consistent with the availability and winter-focused design of several products and with established best practice for Antarctic
Ku-band retrievals under cold, predominantly dry-snow conditions (e.g., Kacimi and Kwok (2020); Fons et al. (2023)). All
products are analysed on the common 50km x 50km EASE-2 Southern Hemisphere grid. LEGOS II, CSAQO, and Cryo-
TEMPO fields are regridded onto the CCI grid using bilinear interpolation for continuous variables; grid cells flagged as
fill/invalid in the source products remain masked after reprojection.

To ensure that product differences reflect retrieval choices rather than sampling/coverage, we apply a common-mask strategy.
For each month, we retain only those grid cells where all products provide valid estimates for the variable under comparison;
all other cells are excluded (shown as transparent in maps). Genuine zero values are retained as valid data. This common-mask

is used for basin-scale difference maps (Figure 1) and for all sector-mean time series and summary metrics (Figs. 2-3).
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Basin-scale fields shown in Figure 1 are multi-year winter means computed by (i) averaging monthly fields over May—
October for each year and (ii) averaging those winter means over 2013-2018. Difference maps are reported as relative offsets

from CCI (product minus CCI), treating CCI as a practical reference on the shared grid rather than an absolute truth.
2.3 Sector Analysis and Intercomparison Metrics

To characterise regional structure we partition the circumpolar Antarctic sea-ice zone (90° S—-50° S) into six standard longitude
sectors (following Comiso and Nishio (2008)). Here we focus on two contrasting regions; the Western Weddell and Ross
seas, with a full-sector analysis in the Supplement). For each sector and month, we compute sector-mean hy, and h¢; as the
arithmetic mean across common-mask grid cells (equal-area EASE-2 cells), yielding a monthly sector-mean time series for
May—October 2013-2018. Interannual winter means (Figure 2) are then computed by averaging yearly May—October sector
means.

We quantify inter-product agreement relative to CCI using (i) Pearson correlation coefficient 7, (ii) mean bias (product
minus CCI), and (iii) RMSE of the difference. Unless otherwise stated, these statistics are computed from the interannual
winter-mean time series (2013-2018; Figure 3), ensuring consistent weighting of each winter and avoiding dominance by

months with denser sampling.

3 Results

Here we present results for Antarctic-wide mean freeboards, followed by interannual variability for two key sectors: the Western
Weddell and Ross Seas. These demonstrate (i) the basin-scale mean patterns and retrieval-driven differences in radar and
derived sea ice freeboard (Figure 1), (ii) how those differences manifest in two contrasting sectors through time (Figure 2), and
(iii) summarise agreement and offsets concisely with correlation, bias, and RMSE (Figure 3). Results for additional sectors and

time periods are provided in the Supplement.
3.1 Basin-Scale Winter-Mean Structure and Coherent Difference Patterns

Across products, the multi-year winter-mean spatial structure is consistent for both radar and sea ice freeboards (Figure 1):
higher freeboards occur in the Weddell and Ross seas and lower values occur in the Indian and Amundsen-Bellingshausen
sectors. Consequently, product differences relative to CCI exhibit coherent, geographically structured patterns rather than
spatially uncorrelated noise, indicating systematic sensitivity to retrieval choices.

Basin-scale offsets relative to CCI are systematic and sector-dependent (Figure 1; Table 1). For 2013-2018, LEGOS 1I
retrieves higher radar freeboard than CCI in all six sectors, with Ahy, = LEGOS—CCI ranging from < 0.01 m (Pacific)
to 0.06 m (Western Weddell) and typical positive offsets of 0.01-0.03 m elsewhere (Table 1). In contrast, CSAO and Cryo-
TEMPO are lower than CCI for hy, across all sectors, with Ak, of —0.01 to —0.04 m (CSAO) and —0.01 to —0.04 m
(Cryo-TEMPO), reaching —0.04 m in the Western Weddell and Pacific sectors (Table 1).
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Differences are larger for sea-ice freeboard than for radar freeboard in several sectors (Figure 1; Table 1). For hz;, LEGOS II
remains higher than CCI in most sectors (typically 0.01-0.03 m), with a maximum positive bias of 0.05 m in Western Weddell,
whereas CSAO is systematically lower by —0.03 to —0.07 m (largest in Western Weddell) and Cryo-TEMPO by —0.02 to
—0.04 m (Table 1).

3.2 Imnterannual Variability: Shared Variability, Persistent Offsets, and the Role of h 4.

For the Western Weddell (high-snow, high-freeboard regime) and the Ross Sea (lower mean freeboard and a predominantly
seasonal pack-ice regime; Figure. 2), interannual variability is broadly consistent among products, while absolute offsets per-
sist.

The Western Weddell sector shows the largest separation relative to CCI in the CryoSat-2 era (2013-2018 winter means).
LEGOS 1II'is higher than CCI by 0.06 m in A ¢, and 0.05 m in h ¢;, whereas CSAO and Cryo-TEMPO are lower by ~ 0.04 m in
h ¢y and by 0.07 m and 0.04 m in h;, respectively (product—CCI; Table 1). This yields an inter-product spread of ~ 0.12 m in
winter-mean h ¢; in Western Weddell, and the separation increases from h ¢, to h¢; where the snow-related correction is larger
(hse =0.04-0.07 m; Table 1). The Ross sector exhibits the same qualitative ordering but with reduced offsets: LEGOS 1I is
+0.02 m in both h ¢, and h f;, while CSAO and Cryo-TEMPO are lower by 0.01-0.02 m (h¢,) and 0.02-0.03 m (h;), giving a
total h¢; spread of ~0.05 m. The winter-mean h; spread is largest in the Western Weddell. This sector is widely documented
as a high-snow regime with spatially distinct sea-ice topography/deformation, while the Ross sector generally has shallower
snow depths; these contrasts provide a physical basis for enhanced retrieval sensitivity in the Western Weddell (Huang and
Hajnsek, 2024; Willatt et al., 2025; Fredensborg Hansen et al., 2025).

The inclusion of h,. (Figure 2) clarifies how snow-related assumptions contribute to h; divergence. Because h¢; = hy, +
hsc, aproduct can show agreement in h s, yet still diverge in h s, if it applies systematically smaller (or larger) snow propagation
corrections. This mechanism is most evident for CSAO: its hy, can sit near CCI while its h ¢; is lower, consistent with a smaller
effective h,. in these sectors. By contrast, LEGOS and Cryo-TEMPO offsets in h ¢; largely follow their offsets in h ¢, implying
that baseline radar-freeboard differences dominate their sea-ice freeboard separation, with h. differences playing a secondary

role at sector-mean scale.
3.3 Summary Metrics Relative to CCI: High Correlations Do not Imply Agreement in Absolute Freeboard

Figure 3 intercompares correlation (), bias, and RMSE relative to CCI for the Western Weddell and Ross sea sectors. Corre-
lations indicate broadly consistent interannual variability: for Az, r =0.95 (LEGOS II) and 0.85 (Cryo-TEMPO) in Western
Weddell and r =0.94 (LEGOS II) and 0.89 (Cryo-TEMPO) in Ross; for hy;, 7 =0.79 for LEGOS II in Western Weddell and
r =0.80 for CSAO in Ross, respectively. However, absolute offsets remain substantial and sector-dependent (Figure 3). In
Western Weddell, LEGOS is biased high relative to CCI by ~+4-6 cm in hy, and +-5-6 cm in hj;, whereas Cryo-TEMPO is
biased low by ~—4 cm (hy,.) and ~ —5 cm (h#;). CSAO has near-zero to ~+1 cm bias in h ¢, but a more negative bias in hs;
(~—1 to —2 cm), consistent with differences in the applied snow correction. Bias magnitudes are smaller in the Ross sector

than in Western Weddell, reinforcing the interpretation that high-snow regimes amplify retrieval-driven divergence. Thus, even
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when 7 is high, centimetre-scale biases persist, indicating that agreement in variability does not imply agreement in absolute

freeboard.

4 Discussion

This comparison is designed to clarify how retrieval choices, and in particular the snow-related conversion from Ay, to hy;,
shape product-to-product differences in CryoSat-2 era Antarctic winter freeboards (Figures. 1-3).

Because sea-ice freeboard is obtained by applying a snow-related correction to radar freeboard (h¢; = h ..+ hsc), agreement
in hy, does not guarantee agreement in hy;. Products can align in baseline hy, yet diverge in hy; if their effective snow
propagation-speed correction (k) differs in magnitude or spatial structure. Therefore, users should treat hg. as a first-order
source of inter-product spread and avoid interpreting close agreement in A, as evidence that h¢; (and derived thickness) will
be consistent in absolute magnitude across products (i.e., have comparable baselines and small systematic offsets).

The Western Weddell sector provides a clear example of how larger snow-related corrections can amplify divergence in A ¢;
(Figure. 2). Where hy. is larger, h¢; becomes more sensitive to assumptions about snow properties and the effective scattering
horizon embedded in each retrieval. The CSAO behaviour illustrates the mechanism: it can be close to CCI in hy, while
remaining lower in h;, consistent with a smaller effective hs. (Figures. 2-3). Practically, this implies that apparent agreement
in hy, can still yield materially different hy; in the Western Weddell, because h,. acts as an additive, product-specific offset
that grows in high-snow regimes.

For applications focused on variability, the broadly coherent interannual signals across products support analyses based
on anomalies and relative changes, provided baselines are handled consistently. For applications requiring absolute freeboard
(and hence thickness), persistent sector-dependent offsets should be treated as an intrinsic source of uncertainty. Finally, we
emphasise scope: this study is a compact comparison benchmark rather than an external validation, intended to clarify where

products align and where retrieval choices introduce systematic differences.

5 Conclusions

We compare four gridded CryoSat-2 era (2013-2018) Antarctic winter (May—October) freeboard products (LEGOS, CCI,
CSAO, Cryo-TEMPO) on a common 50 km EASE-2 grid, focusing on radar freeboard (hs,) and derived sea-ice freeboard

(h ;). The main conclusions are:

1. Shared large-scale structure, but persistent offsets. All products reproduce the first-order winter freeboard pattern,
with higher values in the Weddell and Ross sectors and lower values in the Indian and Amundsen-Bellingshausen sectors

(Figure 1). However, sector-mean offsets relative to CCI persist through time at the centimetre scale (Figures 2-3).

2. Snow-related conversion increases thickness-relevant spread from hy, to hy;. Disagreement is typically larger for

hy; than for h,, consistent with product-to-product differences in the snow propagation-speed correction (h.). In the
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Western Weddell, the winter-mean h¢; spread across products reaches ~0.12 m, compared with ~0.05 m in the Ross

sector (Figure 2; Table 1).

3. High correlation does not imply agreement in absolute freeboard. Interannual variability is broadly consistent across
products (r ~ 0.8-0.95 in the Western Weddell and Ross sectors), yet systematic biases remain substantial, reaching

150 ~5-6 cm in the Western Weddell for both h ¢, and h; relative to CCI (Figure 3).

Based on these conclusions, data users should consider how cross-product differences in baseline & ¢, impact their analysis,
and we suggest that future product development should prioritise tighter constraints on the snow propagation correction linking

th to hfi.
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Figure 1. Winter-mean radar freeboard (a — d) and sea-ice freeboard (e — h) for the CryoSat-2 overlap period (2013-2018) on a 50 km EASE-
2 grid. Panels (a, e) show the CCI winter mean; panels (b-d, f-h) show each product’s mean difference relative to CCI (A = product — CCI).
Difference maps use a diverging scale centred on zero and are evaluated on the shared spatial mask. Coherent regional offsets (not random

noise) highlight retrieval-driven spread, especially in snow-influenced sectors.
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Figure 2. Interannual variability of winter-mean radar and sea-ice freeboard in the Western Weddell and Ross seas. Lines show sector means

for each product computed on the shared grid and mask.
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Figure 3. Summary agreement metrics relative to CCI for Western Weddell and Ross seas during CryoSat-2 winters. For each product and
sector, we report (a) Pearson correlation (r), (b) mean difference (bias; product - CCI), and (c) RMSE for h, and h¢; using collocated grid

cells on the shared mask.
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Table 1. CryoSat-2 era (2013—-2018) multi-year austral-winter mean sector differences in (a) radar freeboard (Ah,) and (b) sea-ice freeboard
Ahy; relative to CCI (product minus CCI), computed on the common 50 km EASE-2 grid and common mask. Positive values indicate larger
freeboards than CCI and negative values indicate smaller freeboards. Values are reported to 0.01 m; < 0.01 indicates an absolute difference

smaller than 0.01 m.

Western Weddell ~Eastern Weddell Indian  Pacific  Ross Amundsen—Bellingshausen

Ah gy (m)

LEGOS 11 - CCI 0.06 0.03 0.01 < 0.01 0.02 0.02
CSAO - CCI -0.04 -0.02 -0.03 -0.04 -0.01 -0.03
Cryo-TEMPO - CCI -0.04 -0.02 -0.01 -0.04 -0.02 -0.03
Ahyg; (m)

LEGOS II - CCI 0.05 0.03 0.02 0.01 0.02 0.02
CSAO - CCI -0.07 -0.04 -0.04 -0.05 -0.03 -0.05
Cryo-TEMPO - CCI -0.04 -0.02 -0.02 -0.03 -0.02 -0.03

Code and data availability. The code for analysis used in this study are publicly available on Zenodo via https://doi.org/10.5281/zenodo.
18335479. All the satellite products used in this study are publicly available: LEGOS: https://www.LEGOS.altimetry.fr/en/data/products/
ice-products/altimetry-sea-ice-products-from-ctoh.html. CCI: ftp://ftp.awi.de/sea_ice/projects/cci/crdp/v4p0/. CSAOQ: http://cryosat.mssl.
ucl.ac.uk/csao/public-docs.html. Cryo-TEMPO: ftp://science-pds.cryosat.esa.int/. All the datasets used for analysis are publicly available
on Zenodo via https://doi.org/10.5281/zenodo.18335479.
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