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Abstract. Information about the sea ice surface topography and related deformation are crucial for studies of sea ice mass bal-
ance, sea ice modeling, and ship navigation through the ice pack. NASA’s Ice, Cloud, and land Elevation Satellite-2 (ICESat-2)
has been on-orbit for over four years, sensing the sea ice surface topography with six laser beams capable of capturing individual
features such as pressure ridges. To assess the capabilities and uncertainties of ICESat-2 products, coincident high-resolution
measurements of the sea ice surface topography are required. During the year-long Multidisciplinary drifting Observatory for
the Study of Arctic Climate (MOSAIC) Expedition in the Arctic Ocean, we successfully carried out a coincident underflight of
ICESat-2 with a helicopter-based airborne laser scanner (ALS) achieving an overlap of more than 100 km. Despite the compa-
rably short data set, the high resolution measurements on centimetre scales of the ALS can be used to evaluate the performance
of ICESat-2 products. Our goal is to investigate how the sea ice surface roughness and topography is represented in different
ICESat-2 products, and how sensitive ICESat-2 products are to leads and small cracks in the ice cover. Here we compare the
ALS measurements with ICESat-2’s primary sea ice height product, ATLO7, and the high-fidelity surface elevation product de-
veloped by the University of Maryland (UMD). By applying a ridge-detection algorithm, we find that 16% (4%) of the number
of obstacles in the ALS data set are found using the strong (weak) center beam in ATLO7. Significantly higher detection rates
of 42% (30%) are achieved when using the UMD product. While only one lead is indicated in ATLO7 for the underflight, the
ALS reveals many small, narrow and only partly open cracks that appear to be overlooked by ATLO7.
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1 Introduction

Sea ice is not a planar surface but appears in a wide range of multifaceted shapes. While level ice is the product of solely
thermodynamic ice growth, mechanical processes produce deformed ice. In the presence of winds and waves, ice floes can
collide with each other and pile up into pressure ridges. These ridges can appear as almost linear features in the sea ice surface
topography. The height of sea ice ridges above the surrounding level ice, known as the sail height, is required for the estimation
of drag coefficients. These drag coefficients indicate the intensity of air-ice interactions in the momentum balance equation
describing the ice motion in sea ice models (Tsamados et al., 2014; Castellani et al., 2014; Mchedlishvili et al., 2022). The
geometry of ridges also plays a role in the distribution of snow on sea ice. Snow is redistributed continuously through winds
and accumulates at obstacles such as pressure ridges (Wagner et al., 2022). Eventually, the deformation of sea ice becomes an
important factor for the sea-ice mass balance and thickness distribution (Ricker et al., 2021; von Albedyll et al., 2022).

On the other hand, in case of divergent forces, the ice cover breaks apart leaving open water in the form of cracks and leads.
Their width can vary between a few meters to more than a kilometer. Leads are important for the energy transfer between ocean
and atmosphere, and also for optimal routing of vessels through the ice-covered ocean.

Detecting and measuring the dimensions of sea ice surface features like ridges and leads is therefore essential to improve
our understanding of the Arctic climate system.

But information on sea ice surface features are also important for deriving sea-ice freeboard from satellite altimetry. De-
tection of leads is required for calculating sea-ice freeboard, the height of the ice surface above the water level (Ricker et al.,
2014). Moreover, for the interpretation of radar altimetry measurements over sea ice, roughness plays a major role. Landy
et al. (2020) have shown that variable sea-ice surface roughness contributes a systematic uncertainty in sea ice freeboard and
thickness retrievals from the European Space Agency satellite CryoSat-2.

Information and precise mapping of sea ice surface topography exist mostly from direct measurements acquired during
field campaigns, ship-based surveys, or ice camps. But retrieving continuous basin-scale information about evolution and
distribution of deformed ice, ridges, and leads is difficult. Satellite altimeters like CryoSat-2 are capable of detecting leads and
measuring freeboard (Wingham et al., 2006; Quartly et al., 2019), but cannot resolve the surface topography to a level that is
required to measure dimensions of ridges, such as the sail height (Johnson et al., 2022). However, the development of satellite
altimeter sensors is advancing, and in 2018 the National Aeronautics and Space Administration (NASA) launched the Ice,
Cloud and land Elevation Satellite-2 (ICESat-2). ICESat-2 carries the photon-counting Advanced Topographic Laser Altimeter
System (ATLAS), which surveys the ground with six beams, arranged in three pairs, where each beam has a nominal footprint
diameter of around 11 m (Magruder et al., 2020). The small footprint and high-pulse repetition rate allow for unprecedented
measurements of the sea ice surface topography. Kwok et al. (2019a) demonstrated that ICESat-2 is capable of resolving rough
surface topography via comparisons with airborne laser altimetry measurements. Fredensborg Hansen et al. (2021) used the
geolocated photon heights from ICESat-2 to estimate the degree of sea ice ridging in the Bay of Bothnia. Recently, Farrell et al.
(2020) developed a high fidelity product, which optimizes the use of information retrieved by the photon-counting technique

to detect individual ridges, leads and melt ponds, and a recent study by Duncan and Farrell (2022) shows the distribution of
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pressure ridges on the basin-scale. So far, these ICESat-2 surface elevation products have been mostly bench-marked against
airborne lidar measurements from Operation IceBridge (OIB). Kwok et al. (2019a) used lidar data from a campaign in spring
2019 operating at an altitude of ~1000 m, resulting in footprints of ~2 m, enough to verify the presence of ridges and leads. Yet,
to capture the exact dimensions of ridges and surface features, validation data of even higher resolution is required. Moreover,
if we want to understand how the photon heights relate to the surface roughness within the illuminated area of the footprints,
we need detailed and accurate measurements of the surface topography within the illuminated areas of the beams.

Here we present a new validation data set for ICESat-2 sea ice measurements, which has been acquired during the Multi-
disciplinary drifting Observatory for the Study of Arctic Climate (MOSAIiC) (Nicolaus et al., 2022). The helicopter onboard
the drifting research vessel RV Polarstern was equipped with an airborne laser scanner (ALS) capable of sensing the sea ice
surface with a lateral resolution of a few centimetres (Jutila et al., 2022b). ALS surveys have been carried out during the entire
MOSAIC drift, providing a unique data set of sea ice surface topography through a full seasonal cycle. On 23 March 2020, we
followed an ICESat-2 ground track in close vicinity for 130 km, achieving an overlap between the ALS swath and the center
beam pair of about 90 %. Although this was the only coincident helicopter flight, we will show that even with a short data set,
a comprehensive verification of ICESat-2 sea ice surface elevation products is possible. Other helicopter ALS surveys have not
been used in this study as a direct comparison between surface features appearing in the airborne and satellite data is difficult
or not possible otherwise. This study will link the MOSAiIC ALS measurements with ICESat-2 measurements, to investigate
the evolution of surface topography and deformation of the sea ice near the MOSAIC camp in the context of regional and
Arctic-wide changes captured by ICESat-2. We pursue the following goals: First, we aim to validate the ICESat-2 ATL0O7 (Sea
Ice Heights, Level 3A) product (Kwok et al., 2021a), which contains along-track heights for sea ice relative to the WGS84
ellipsoid as well as parameters useful for the detection of open water leads, such as the return and background photon rates.
For comparison, we will use the high resolution ALS surface elevations as well as the ALS reflectance, which is used to detect
leads. Second, we seek to investigate how the surface roughness within the ATLO7 segments/footprint is related to the height
estimates. Third, we aim to quantify to which degree the true dimensions of sea ice surface topography, given by the ALS, can
be captured by ICESat-2 products. Therefore we will use the official NASA release ATLO7 product, but also the high-fidelity
product provided by the University of Maryland (Farrell et al., 2020; Duncan and Farrell, 2022), denoted UMD-RDA hereafter.
And fourth, we will compare the weak and strong beam with regard to the objectives mentioned above.

Another aim of this study is to demonstrate that with increasing resolution of satellite altimeters, validation strategies also
need to be adapted. In fact, being able to relate individual surface features to altimeter signals allows also for smaller, more
flexible and less extensive campaigns, in addition to the large scale campaigns that cover different ice regimes and regions.
Mapping the dimensions of sea ice surface topography requires validation with high resolution sensors, contrasting the valida-

tion for previous altimeters, e.g. CryoSat-2, that was primarily based on comparing large-scale averages.






