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Abstract Snow depth on sea ice is an Essential Climate Variable and a major source of uncertainty

in satellite altimetry-derived sea ice thickness. During winter of the MOSAiC Expedition, the “KuKa”
dual-frequency, fully polarized Ku- and Ka-band radar was deployed in “stare” nadir-looking mode to
investigate the possibility of combining these two frequencies to retrieve snow depth. Three approaches were
investigated: dual-frequency, dual-polarization and waveform shape, and compared to independent snow depth
measurements. Novel dual-polarization approaches yielded r? values up to 0.77. Mean snow depths agreed
within 1 cm, even for data sub-banded to CryoSat-2 SIRAL and SARAL AltiKa bandwidths. Snow depths
from co-polarized dual-frequency approaches were at least a factor of four too small and had a 7> 0.15 or lower.
r? for waveform shape techniques reached 0.72 but depths were underestimated. Snow depth retrievals using
polarimetric information or waveform shape may therefore be possible from airborne/satellite radar altimeters.

Plain Language Summary Data collected using a surface-based radar instrument on sea ice during
the MOSAIC Arctic expedition were used to develop new techniques to estimate the depth of the overlying
snow. We used different polarizations of the radiation to detect the depths of the upper and lower snow surfaces,
and subtracted them to give snow depth. These depths agreed well with an independently collected snow

depth data set. Estimates of snow depth using two different radar frequencies were less accurate, whilst using
information of the shape of the returning pulse of radiation also showed a relationship with the independent
snow depths, though not as strong as the polarization method. These results indicate that polarimetry (using a
new satellite mission) and/or waveform shape (using existing missions) could be used to estimate snow depth
on sea ice from airborne or satellite platforms.

1. Introduction

Sea ice and its overlying snow cover are important components of the Earth's climate system, affecting
ocean-atmosphere interactions (Deser et al., 2000) such as heat transfer (Maykut, 1986; M. Webster et al., 2018),
ocean circulation (Li & Liu, 2022) and the planetary albedo (Perovich, 2002; Perovich & Polashenski, 2012),
as well as forming an important habitat for biology (Post et al., 2013). Determination of snow depth and sea
ice thickness over large spatiotemporal scales provides key information needed for safe marine navigation
(Melia et al., 2016) and safe ice travel for local inhabitants who use sea ice for migration and hunting (Laidler
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et al., 2009). Sea ice thickness and snow depth are World Meteorological Organisation-designated Essential
Climate Variables (World Meteorological Organisation, 2022).

Satellite remote sensing is the only feasible way to quantify long-term changes in sea ice due to the harsh and
remote polar environments. While more than four decades of satellite passive microwave observations are avail-
able to map the spatial extent of the sea ice cover (e.g., Meier & Stroeve, 2022), less is known about long-term
changes in sea ice thickness. Early studies retrieving sea ice thickness from satellites were based on Ku-band
radar altimeters (e.g., Laxon et al., 2003); the dominant scattering surface at Ku-band was assumed to be the
snow/ice interface for cold, dry snowpacks, based on laboratory experiments (Beaven et al., 1995). The possibil-
ity then arose to also retrieve snow depth on sea ice by either utilizing an additional radar altimeter at a different
frequency for which the air/snow interface is assumed to be the dominant scattering surface (e.g., Ka-band) (e.g.,
Garnier et al., 2021; Guerreiro et al., 2016; Lawrence et al., 2018), or by combining Ku-band radar altimeter with
laser altimetry (e.g., Kacimi & Kwok, 2022; Kwok et al., 2020). The upcoming CRISTAL satellite mission (Kern
et al., 2020) will use dual Ku- and Ka-band altimetry for estimation of snow and sea ice thickness.

Snow geophysical conditions, including surface roughness, density, presence of melt/refreeze layers, salinity and
liquid water content, all influence the location of the dominant scattering surface by modifying the dielectric
properties of the snowpack (Kwok, 2014; Nandan et al., 2017, 2020, Ricker et al., 2015; Stroeve et al., 2022;
Tonboe et al., 2021; Willatt et al., 2010, 2011). It is unclear how these snowpack properties have been changing
as the Arctic has lost most of its thick perennial ice and been replaced by younger and thinner first-year ice (FYI)
(e.g., Maslanik et al., 2011). Delays in autumn freeze-up (e.g., Stroeve & Notz, 2018) have also reduced the
amount of time during which snow can accumulate on sea ice, leading to shallower snow depths than observed in
the past (e.g., Stroeve, Vancoppenolle, et al., 2021; Webster et al., 2014). All these changes add uncertainties to
retrievals of snow depth and sea ice thickness from radar altimetry (Landy et al., 2020; Nab et al., 2023; Ricker
et al., 2014), necessitating up to date studies of Ku- and Ka-band radar interactions with snow-covered sea ice
with coincident field data for comparison.

Recent IPCC reports (IPCC, 2017; Meredith et al., 2019) have highlighted the need to reduce uncertainties in
current satellite-based sea ice thickness retrievals. In situ observations can provide insights into radar interaction
with snow-covered sea ice, one key source of uncertainty. This study presents insights gained from deployment of
a polarimetric Ku- and Ka-band radar (Stroeve et al., 2020) during winter of the year-long Multidisciplinary drift-
ing Observatory for the Study of Arctic Climate (MOSAIC) drift expedition (Nicolaus et al., 2022). Data from
the KuKa radar, MagnaProbe-measured snow depths (Sturm & Holmgren, 2018) and Snow Micro Pen-derived
vertical snow density profiles (Schneebeli & Johnson, 1998) were used to assess the dominant scattering surfaces
in the different frequencies/polarizations and whether the combination of Ku- and Ka-band polarimetric radar
data can be used to retrieve snow depth.

2. The MOSAIC Floe

The MOSAIC expedition was conducted between October 2019 and 2020. The German research icebreaker R/V
Polarstern drifted with the “MOSAIC Floe” via the Transpolar Drift Stream, across the central Arctic Ocean.
The floe was found to be significantly weathered and dominated by refrozen melt-ponded second-year ice (SYI)
(Krumpen et al., 2020). Data in this study are from the Northern, Southern and Runway transect loops (Itkin
et al., 2023) (along which KuKa typically surveyed ~1,200, 800, and 1,000 m lengths, respectively) acquired
between November 2019 and January 2020 (Figure 1). Two additional transects were included: “Lead,” a 500-m
track when traveling to and from a refrozen lead and “Mini,” a ~180 m-long transect located close to the North-
ern transect. The Northern loop was predominately older, thicker and more deformed SYI. The Southern loop
consisted predominantly of level, refrozen melt-ponded SYI (Itkin et al., 2023; Nicolaus et al., 2022; Wagner
et al., 2022) and the Runway transect was over FYI.

3. Methods
3.1. Data Collection During MOSAiC
3.1.1. KuKa Data Collection

The KuKa radar is a surface-based, fully-polarimetric (VV, HH, HV, and VH) Ku- and Ka-band Frequency Modu-
lated Continuous Wave system (Stroeve et al., 2020). KuKa data used here were gathered in the altimetry (“stare”)
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Figure 1. Locations of KuKa data collected on the MOSAIC floe. The background image shows the surface elevation,
referenced to DTU21 mean sea surface height, acquired by helicopter-borne laser scanning on 16 January 2020 (Hutter

et al., 2022). Polarstern is at (0, 0). Inset: Central Arctic map with KuKa data acquisition overlaid on the Polarstern MOSAiC
track from September 2019 to July 2020 (blue).

nadir-pointing mode with two separate radar systems operating over 12-18 GHz (Ku-band) and 30-40 GHz
(Ka-band), resulting in range resolutions of 2.5 and 1.5 cm (before Hann windowing) and 6dB-two-way-foot-
prints of 44 and 31 cm diameter, respectively. The KuKa central frequencies roughly correspond to those of
satellite-borne instruments SIRAL (aboard CryoSat-2, 13.575 GHz center frequency and 320 MHz bandwidth)
and AltiKa (aboard SARAL, center frequency 35.7 GHz and bandwidth 500 MHz). The KuKa instrument was
mounted on a sled-borne pedestal and towed either by hand or via skidoo at a rate of between 1 and 3 m/s. Radar
waveforms were acquired every 0.33 and 0.5 s, for Ka- and Ku-bands, respectively, with independent GPS data
recorded for each Ku- and Ka-band echo. Details of the acquired data including missing data and random noise
on waveforms are given in Section S1.1, Table S1, Figures S1 and S2 of Supporting Information S1.

3.1.2. MagnaProbe Data Collection

In situ snow depth measurements for comparison with the KuKa-derived snow depths were acquired weekly on the
transects using a snow MagnaProbe which records snow depth, latitude and longitude (Sturm & Holmgren, 2018).
The MagnaProbe basket and tip diameters were 20 cm and ~1 cm, respectively. KuKa and MagnaProbe data were
acquired usually within a few meters from each other, with MagnaProbe data collected every 1-3 m depending
on the location and date (details in Itkin et al. (2023) and Wagner et al. (2022) and Section S1.2, Figures S3 and
S4 in Supporting Information S1).

3.1.3. Snow Density Data Collection

Vertical profiles of the penetration resistance force of the snow were collected using a snow Micro-penetrometer
(SMP) (Schneebeli & Johnson, 1998; Schneebeli et al., 1999). The force profiles were converted into snow
density following the parameterization of King et al. (2020). Repeated measurements of SMP profiles (n = 5)
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were conducted every 100 m along the dedicated “remote sensing” line within the Northern loop to account for
spatial heterogeneity. In the Southern loop, snow density measurements were collected at 3 cm vertical intervals
using a 100 cm? density cutter (Macfarlane et al., 2021; Wagner et al., 2022). All density data were averaged
across the snow volume to get a bulk snow density value needed to determine the density-dependent reduced
velocity of KuKa radiation in snow (details in Section S1.3 and Figure S5 in Supporting Information S1).

3.2. KuKa Snow Depth Retrieval Techniques

For this study, data were processed both at full frequency bandwidths (full KuKa operating frequencies) and
sub-banded to the operating frequencies of the SIRAL and AltiKa satellite altimeters (only processing a subset
of the KuKa operating frequencies). Co-polarized HH data and cross-polarized VH data were examined in this
study; HH is the polarization used by SIRAL and AltiKa. VH data correspond to radiation transmitted with hori-
zontal polarization and received with vertical polarization.

MagnaProbe data were generally collected within 1-2 hr of KuKa acquisition except on 2019-12-20 and
2020-01-24, when MagnaProbe data were collected the previous day (details in Section S1.2 of Supporting
Information S1). Due to drift of the ice floe, instrument GPS coordinates were converted into floe-referenced (x,
y) coordinates using the “FloeNavi” package (Hendricks, 2020). The combined accuracy of the instrument GPS
and floenavi processing was examined using KuKa data presented in Nandan et al. (2023) from 3—15 November
2019 whilst KuKa was static. The maximum distance between KuKa locations in floenavi-processed coordinates
on any day was 15 m so we consider MagnaProbe and KuKa data “coincident” up to 15 m apart. Echoes where
the KuKa tilted more than 10° were also removed from analysis; this applied to fewer than 1% of echoes.

Since radar waves propagate through the snow at a reduced speed ¢’ relative to the speed in air ¢ dependent on
the dielectric constant e:

Y- (n)

we must take this into account for all range bins below the air/snow interface. For dry snow this is dependent on
snow density:

e c

€= (2)
V1+19p

where ¢’ and ¢ are the speed of light in the snowpack and air, respectively, and p is snow density in units of
¢ cm~3; using a relation for dry snow densities up to 0.5 g cm~3 (Hallikainen et al., 1986). The bulk snow density
p for each date was calculated using snow densities derived using the SMP. A linear fit of the average density
recorded in each location was used to determine p for each date, and inserted into Equation 2. This resulted in
velocity reductions c’/c of between 0.82 and 0.80 (Figure S5 in Supporting Information S1) that is, the densi-
fication of the snow between November and January resulted in a 2% decline in the calculated ¢’ and thus
radar-estimated snow depths.

Figure 2 shows an example of full bandwidth KuKa data from January 16th. Deconvolution was applied to the
full-bandwidth data to suppress the appearance of side lobes caused by non-linearities in the frequency sweep
(Stroeve et al., 2022). Ku-band data show coarser vertical resolution than Ka-band due to the smaller band-
width. In the Ku- and Ka-band HH-polarized data, most of the scattering is seen at ranges ~1.5-1.6 m; this
corresponds to the air/snow interface which lay approximately this distance below the antenna phase centers
(Stroeve et al., 2020). In contrast, the cross-polarized data for both frequencies showed strongest backscatter at
greater depths. Multiple scattering in the snowpack can cause depolarization (change of polarization (e.g., Du
et al., 2010)), as seen in the VH data. Comparisons against the MagnaProbe snow depths suggest the peak VH
backscatter corresponds to the snow/ice interface, suggesting multiple scattering from coarse grains close to the
snow/ice interface (King et al., 2015).

The range to the air/snow interface was determined using the full-bandwidth HH-polarized echoes (the vertical
resolution in the sub-banded data is too coarse). Starting at 1 m and increasing in range, once the power exceeded
a threshold of —50 dB (Ku-band) or —55 dB (Ka-band) the highest amplitude peak was then searched for in the
next 10 cm (Ku-band) or 6 cm (Ka-band), corresponding to 4 times the range resolution. These thresholds were
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Figure 2. KuKa data echograms from 16 January 2020 showing Ku- and Ka-band (top and bottom panels) full bandwidth, HH- and VH-polarized (left and right
panels) waveforms. Data from sections of the Northern and Southern transects are shown on the left and right, respectively (separated by vertical black dashed line).
Cyan markers indicate where the highest amplitude peak occurs in each radar waveform. White lines indicate MagnaProbe snow depths overlaid on the VH data;
MagnaProbe depths were divided by ¢’ to scale them to account for the reduced speed of radar wave propagation in the snow pack. Data shown in the echograms were
collected along the red section of the transects (inset map).

carefully selected to avoid selecting side lobes or windowing artifacts which remain after the deconvolution (see
Section S2 and Figure S6 in Supporting Information S1). This peak was taken as the air/snow interface, and
the range to this peak was compared to the range of the highest-amplitude peak in the HH and VH data. Aver-
aging over all waveforms, the highest-amplitude peak was at the air/snow interface for 74.9% (Ku) and 74.0%
(Ka) of the HH echoes, and 1.1% (Ku) and 0.3% (Ka) of VH echoes (values for each area and date in Table S2).

Based on these observations, new techniques were developed to retrieve snow depth, applied in the same way to
full bandwidth and sub-banded waveforms. A diagram illustrating these techniques for both full bandwidth and
sub-banded data, as well as the equation for calculating the waveform centroid, is shown in Section S2 and Figure
S6 of Supporting Information S1.

The first approach is referred to as the “polarization” technique, where the snow depth was estimated as the
difference between the HH and VH ranges using either the Ku- or Ka-band data. Two differences were computed:
(a) the difference in the ranges of the highest-power peaks in the VH and HH waveforms between 1 and 3 m (as
we expect the air/snow interface to be at 1.5 m range) and (b) the difference in the waveform centroids between
VH and HH.

We then investigated co-polarized dual-frequency techniques, termed here as the “frequency” techniques, using
only the HH data. These are conceptually similar to the dual-frequency approaches used to retrieve snow depth
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with CryoSat-2 SIRAL and SARAL AltiKa data. As before, we compute two differences, the difference in the
highest amplitude peaks between Ku- and Ka-band HH, or the difference in their centroids.

Lastly, we investigated two “waveform shape” techniques, differencing the ranges to the highest amplitude peak
and the waveform centroid of each HH waveform, for both frequencies. This method attempts to exploit the possi-
bility that deeper snow could lengthen the trailing edge of the echo.

After each difference is computed, the values were multiplied by ¢’ to account for the reduced speed of radiation
in snow. A minimum detectable snow depth was set to the minimum resolvable distance of 2.5 cm (based on
the Ku-band resolution); MagnaProbe- and KuKa-derived snow depths less than this value were removed from
further analysis, with polarization-technique estimated depths used to filter the KuKa data as the other techniques
did not accurately retrieve snow depth. MagnaProbe- and KuKa-derived snow depths were then gridded onto a
1 x 1 m grid to avoid biasing the data to areas where KuKa was moving more slowly and gathering more samples.

Lastly, KuKa-derived snow depths were regressed against MagnaProbe snow depths to determine the relation-
ships including 2 values and mean estimated snow depths.

4. Results

We first examine histograms of our snow depths retrieved using the two different polarization techniques, using
sub-banded KuKa data, and compared to the MagnaProbe data (Figure 3). There is a good agreement between the
probability density functions, though we note that KuKa-derived snow depths in the Ka-band (right) are smaller
than for the Ku-band data (left) (see Figure 4 below for mean values). In all transects, KuKa-derived snow depths
show a higher number of depths less than ~0.05 m and longer tails than the MagnaProbe; these are particularly
pronounced over the Northern transect in the Ku-band data. (Similar histograms using full-bandwidth data in
Figure S7 of Supporting Information S1).

Scatter plots of the data are now shown; as KuKa and MagnaProbe data were not perfectly spatially coincident,
we evaluated the optimal scale on which to compare them, averaging KuKa- and MagnaProbe-derived depths
over 1-145 m grid scales (Section S3.2 in Supporting Information S1). r? increased with distance (Figure S8 in
Supporting Information S1), leveling off at 50 m, and thus averaging over 50 m was selected for the comparison.
The mean effective range varied from ~20 to over 100 m, depending on the area, so it was not clear based on the
variogram analysis what averaging scale to choose (Section S1.2 in Supporting Information S1).

Overall, polarization techniques (Figure 4, left panels) provided the best estimates of snow depth: r? values varied
between 0.66 and 0.77 for the full bandwidth data and between 0.62 and 0.67 for the sub-banded data. For both
the MagnaProbe and KuKa data, mean snow depths for each date and transect were computed by first averaging
within 50 m grid cells, and then averaging for all the 50 m grid cells. Mean MagnaProbe snow depths were 0.20 m
in the areas where Ku-band data were gathered. Ku-band-derived mean snow depths were 0.23 and 0.20 m for
polarization Peaks and Centroids techniques, respectively, for the full bandwidth data, and 0.27 and 0.23 m for
sub-banded data. Mean MagnaProbe snow depths were 0.21 m in the areas where Ka-band data were gathered,
whereas the full-bandwidth Ka-band-derived mean snow depths were 0.16 and 0.15 m for both polarization
Peaks and Centroids techniques, respectively, and 0.21 and 0.19 m for the sub-banded data. r? values reached 0.77
for the full bandwidth data and 0.67 for the sub-banded data.

Frequency techniques (Figure 4, right top panels) performed most poorly, with 2 reaching 0.15 for the Ku- minus
Ka-band centroids technique using sub-banded data and as low as 0.01 for the Ku-band—Ka-band Peaks tech-
nique using full bandwidth data, and mean snow depths were at least a factor of four too small.

Finally, we evaluated the possibility of waveform shape to retrieve snow depth (Figure 4, right bottom panels).
This performed better than the frequency method, though generally not as well as the polarization method. r?
values were between 0.49 and 0.72, yet mean snow depths were only 0.06 m using both Ku-and Ka-band full
bandwidth data, and 0.03 m using sub-banded data, well below those measured by the MagnaProbe.

5. Discussion

The Ku- and Ka-band waveform shapes (Figure 2) were similar for any given polarization, with the highest ampli-
tude peaks in the HH and VH data appearing to correspond to the air/snow and snow/ice interfaces, respectively.
Based on this, combining co-polarized data with cross-polarized data (i.e., our polarization technique) provides a
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Figure 3. Histograms of 1 X 1 m grid-binned MagnaProbe-derived and KuKa-derived snow depths using polarization techniques with sub-banded Ku-band (left) and
Ka-band (right) data. Gray bars indicate MagnaProbe data, cyan indicate VH to HH waveform peak-to-peak distance and yellow indicate VH to HH waveform centroid
distance, with the number of points () indicated. Inset: waveform example of waveforms showing peaks and centroids; additional detail is in Section S2 and Figure S6

of Supporting Information S1.

potentially robust way to retrieve snow depth from radar altimetry. Overall, differencing the ranges of the highest
amplitude peaks of the Ka-band VH and HH waveforms provided the best performance in relationship to the
MagnaProbe snow depths for either the full bandwidth or the sub-banded data. Given that the two data sets were
not exactly spatially coincident and the differing footprints (Section 3.1), a perfect agreement is not expected, yet
these results are very encouraging.

Waveform shape techniques also provided reasonable correlations with the MagnaProbe data, though the corre-
lation for the sub-banded data (e.g., representative of CryoSat-2 SIRAL, SARAL ALtiKa) was less than for the
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The right hand plots show results from frequency techniques and waveform shape techniques. r? values and number of points (n) are displayed on each plot. A red “x
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marker indicates the mean value of all data points on each axis with values annotated at the base (red coordinates).

polarization method, with r? of 0.49 and 0.51 for Ku- and Ka-band HH data, respectively. This suggests that
the waveform shapes from instruments such as CryoSat-2 SIRAL and SARAL AltiKa may contain information
on snow depth, yet r? values are similar for the two frequencies which is counter to what is expected based on
previous literature, that is, it is assumed that Ku-band radiation scatters deeper in the snowpack than Ka-band
radiation (e.g., Guerreiro et al., 2016). Our results suggest Ku-band ERS-1/2, Envisat, CryoSat-2, Sentinel-3 and
Sentinel-6 and Ka-band SARAL waveform shape analyses could provide snow depth information.

In this study scattering from the air/snow interface dominated in the Ku- and Ka-bands. The snow/ice interface
was not usually the dominant scattering surface in the Ku-band, in line with previous surface-based (e.g., Willatt
et al., 2010) and airborne/CryoSat-2 studies (e.g., King et al., 2018; Willatt et al., 2011), meaning dual-frequency
techniques did not perform well, with r? values of 0.15 and below. Mean snow densities varied from 258 to
290 kg m~3 (Figure S5 in Supporting Information S1), in agreement with the Warren et al. (1999) climatology.
Snow temperatures were below —5°C and salinity was typically at/around O ppt (Macfarlane et al., 2023), so the
snow was cold and dry. The conditions were therefore not likely to cause unusually high scattering at the air/snow
interface. This suggests that the different retrieved elevations by Ku- and Ka-band satellite altimeters could also
be affected by their different geometries, as well as different frequency-dependent contributions of the air/snow
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and snow/ice interfaces. However, caution must be used when extrapolating to satellite scales. KuKa operated
over ~0.1 m topography with a beam-limited geometry with 11.9 and 16.9° beamwidths and 31-44 c¢m foot-
prints (Ka- and Ku-bands, respectively). Satellite instruments operate with pulse-limited and/or SAR footprints
hundreds to thousands of meters in size and with topography up to several meters within each footprint, espe-
cially over ridges. In addition, the ratio between incoherent and coherent scattering differs between space-borne,
airborne and surface-based systems (Fetterer et al., 1992). The range bin size for satellite instruments is also much
larger than for KuKa (e.g., 23 cm for CryoSat-2 vs. 8 mm for KuKa Ku-band). Future research is needed on poten-
tial upscaling approaches between surface-based, airborne, and satellite scales that would take into account the
different footprint sizes and geometries (that vary as a function of sensor height) for different snow and ice types.
This could take the form of radar simulation using lidar-derived Digital Elevation Models of the sea ice surface
as well as dedicated stationary airborne observations from tethered balloons/helicopters, spanning a continuum of
sensor heights, thus allowing better linkages between current discrete surface-based, airborne, and satellite scales.

6. Conclusion

Snow depth has been repeatedly identified as a key constraint on satellite-based sea ice thickness retrievals,
and a key moderator of energetic fluxes in the Arctic. The KuKa radar deployment over the MOSAIC floe in
winter 2019-2020, provided the opportunity to investigate whether or not snow depth can be retrieved using
dual-frequency fully polarimetric radar data. In this paper, we described a novel method of radar-based snow
depth retrieval based on altimetric polarimetry, and showed it outperforms other methods more comparable
to dual-frequency techniques. We also showed that co-polarized Ka- and Ku-band radar waves interacted with
snow in a similar way, counter to the assumptions of Guerreiro et al. (2016) and subsequent studies. Further work
to establish the importance of different satellite radar geometries (e.g., beamwidth or footprint size) and/or coher-
ence would be useful to further investigate this.

These results suggest the possibility of using polarimetric radar altimetry data from airborne or satellite instru-
ments to estimate snow depth over sea ice. While this method cannot be operationalized in the present constella-
tion of satellite radar altimeters, it may provide a promising avenue for future instruments and methods. Currently,
no polarimetric satellite radar altimeters missions exist or are planned, so a dedicated new mission would be
needed.

Data Availability Statement

Data used in this study: KuKa: https://doi.org/10.5285/0caf5c54-9a40-4a96-a39b-b5¢9¢2863271 (Stroeve,
Nandan, et al., 2021). MagnaProbe: https://doi.org/10.1594/PANGAEA.937781 (Itkin et al., 2021). SMP: https://
doi.org/10.1594/PANGAEA.927460 (Wagner et al., 2021). ALS: https://doi.org/10.1594/PANGAEA.951009
(Hutter et al., 2022). Code used in this study: KuKaPy to generate processed KuKa data: https://doi.org/10.5281/
zenodo.7967058 (Mead et al., 2023). Python code for analysis and plots: https://github.com/snowrosie/KuKa_
MOSAIC_stare (R. Willatt, 2023). FloeNavi (coordinate transformation): https://gitlab.awi.de/floenavi-crs/icedrift
(Hendricks, 2020).
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