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Repeated transects have become the backbone of spatially distributed ice and snow thickness measurements
crucial for understanding of ice mass balance. Here we detail the transects at the Multidisciplinary drifting
Observatory for the Study of Arctic Climate (MOSAIC) 2019-2020, which represent the first such
measurements collected across an entire season. Compared with similar historical transects, the snow at
MOSAIC was thin (mean depths of approximately 0.1-0.3 m), while the sea ice was relatively thick first-
year ice (FYI) and second-year ice (SYI). SYI was of two distinct types: relatively thin level ice formed from
surfaces with extensive melt pond cover, and relatively thick deformed ice. On level SYI, spatial signatures of
refrozen melt ponds remained detectable in January. At the beginning of winter the thinnest ice also had the
thinnest snow, with winter growth rates of thin ice (0.33 m month~" for FYI, 0.24 m month~" for previously
ponded SYI) exceeding that of thick ice (0.2 m month~"). By January, FYI already had a greater modal ice
thickness (1.1 m) than previously ponded SYI (0.9 m). By February, modal thickness of all SYI and FYI became
indistinguishable at about 1.4 m. The largest modal thicknesses were measured in May at 1.7 m. Transects
included deformed ice, where largest volumes of snow accumulated by April. The remaining snow on level ice
exhibited typical spatial heterogeneity in the form of snow dunes. Spatial correlation length scales for snow
and sea ice ranged from 20 to 40 m or 60 to 90 m, depending on the sampling direction, which suggests that
the known anisotropy of snow dunes also manifests in spatial patterns in sea ice thickness. The diverse snow
and ice thickness data obtained from the MOSAIC transects represent an invaluable resource for model and
remote sensing product development.

Keywords: Sea ice, Snow, Arctic

1. Introduction

The shrinking Arctic ice cover has been highlighted as one
of the most detectable consequences of modern climate
change. Summer and winter sea ice extents have been
reduced by about 50% and 10%, respectively, over the
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past four decades (Onarheim et al., 2018; Stroeve and
Notz, 2018). The sea ice lifespan has shortened such that
multi-year ice (MYI) has become rare, and has largely been
replaced by second-year ice (SYI) and first-year ice (FYI)
(Kwok, 2018; Stroeve and Notz, 2018). Over a similar
period, sea ice thickness has decreased by 65% (Lindsay
and Schweiger, 2015), while sea ice drift has accelerated by
5% (Spreen et al., 2011), likely with an associated increase
in deformation rates (Rampal et al., 2009; Itkin et al.,
2017). While detailed observations of these trends are
highly desirable, sea ice thickness estimates from satellite
observations in particular are subject to significant uncer-
tainties (Ricker et al., 2014; Zygmuntowska et al., 2014;
Jutila et al., 2021).

These uncertainties are largely attributed to the fact
that the sea ice, despite being very thin, has a complex
structure that changes in time and is highly heteroge-
neous in space. Sea ice undergoes a strong seasonal cycle,
from melting sea ice in summer to snow-covered winter
ice that thickens due to freezing of the surface ocean and
sea ice deformation. Snow on sea ice accumulates after sea
ice freeze-up in fall and early winter. In its contrasting
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roles as a potent insulator and one of the most optically
reflective materials on the planet, snow is a strong regu-
lator of sea ice growth and melt (Sturm and Massom,
2009; Webster et al., 2018). Summer sea ice is mostly
snow-free (Warren et al., 1999), and much of the snow
meltwater pools into puddles called melt ponds (Pola-
shenski et al., 2012), which reduce the surface albedo and
enhance ice melt (Perovich et al., 2011).

In addition, sea ice is brittle and deforms under the
forcing of atmosphere and ocean, piling into pressure
ridges and exposing the ocean surface as leads. Deformed
sea ice that is thick and rough makes up about one third
of all Arctic sea ice (Hansen et al., 2013; Kwok and Cun-
ningham, 2016; Itkin et al., 2018; Koo et al., 2021). Large
pressure ridges that are seemingly randomly spaced at
distances of tens to hundreds of meters (Castellani et al.,
2014, Itkin et al., 2018; Farrell et al., 2020) are a known
aerodynamic snow barrier (Sturm et al., 2002a) that can
catch up to 22% of all snow cover (Liston et al., 2018). The
role of small deformation features like ice rubble (small
ice blocks that are not part of pressure ridge sails) and
hummocks (smoothed deformed ice transformed by sum-
mer melt) remains under-explored. Erosion and deposi-
tion of snow by wind causes spatio-temporal variability
at a few-meter scale on level ice even in the absence of
deformed ice (lacozza and Barber, 1999; Sturm et al.,
2002a; Liston et al., 2018). These snow dunes—repetitive
undulations in snow topography—affect the heat fluxes
between ocean and atmosphere (Sturm et al., 2002b), yet
there is limited evidence of how such heterogeneous snow
distribution affects local sea ice thickness variability or, in
turn, how the surface roughness of the sea ice affects
spatial heterogeneity of the snow cover.

The sea ice seasonal cycle and snow-ice interactions
have likely gained importance with the transition of Arctic
sea ice from perennial to seasonal, but observational data
to quantify this transition are scarce. Snow depth and sea
ice thickness transects have been conducted on most polar
expeditions since the Surface Heat Budget of the Arctic
Ocean (SHEBA) project in 1998 (Eicken et al., 2001; Haas
et al., 2017; Rosel et al., 2018), but a year-long record of
combined snow and sea ice transects has not been col-
lected until now. From October 2019 to September 2020
the Multidisciplinary drifting Observatory for the Study of
Arctic Climate (MOSAIC) team observed the full seasonal
development of “new” Arctic sea ice (Shupe et al., 2020;
Nicolaus et al., 2022). Several other remote sensing, air-
borne or indirect mass-balance measurements will utilize
this transect data for validation and scaling. The comple-
mentary measurements of sea ice mass balance (by stakes,
ice mass balance buoys), ice and snow structure, surface
elevation, and a suite of state-of-the-art field observations
from atmosphere, ocean, chemistry and ecosystem make
the MOSAIC transect measurements especially valuable
for understanding linkages within the Arctic climate
system.

The aims of this paper are 1) to give a comprehensive
description of the MOSAIC transect dataset; 2) to present
the MOSAIC seasonal time series and compare it to previ-
ous datasets; and 3) to evaluate winter sea ice and snow
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interactions based on these data. To address these three
aims, we constructed this article to include a sizeable sec-
tion (Section 2) on the details of both sampling techni-
ques and methods for data analysis methods. The results
and discussion are merged into one section (Section 3)
divided thematically into similarities between ice types
(Section 3.1), seasonal time series (Section 3.2), and inter-
action between winter snow and ice (Section 3.3). Sum-
mary conclusions are given in Section 4.

2. Methods and data

At MOSAIC, transects were sampled over diverse ice types
in three separate Central Observatories (CO) that drifted
with the Transpolar Drift current as shown on Figure 1.
The first CO was sampled between October 2019 and May
2020; the second CO, in June and July 2020; and the third
CO, in August and September 2020. Details on the
MOSAIC drift can be found in Shupe et al. (2020) and
Nicolaus et al. (2022). The MOSAIC transect sampling is
detailed in Section 2.3.

2.1. Historical methods leading to this study

The first Arctic seasonal snow depth data were collected
on drifting stations at clusters of snow stakes (Unterstei-
ner, 1961). On the former Soviet Union’s drifting ice sta-
tions (1937-1991) the “snowlines,” as the first snow
transects were called, came into standard use after 1955
(Radionov et al., 1997; Warren et al., 1999). There, 50—100
snow depth measurements were taken along 500-1000 m
long repeat transects with 10-day to monthly intervals.
The measurements were made mainly on MYI. Warren et
al. (1999) merged over 33,000 measurements from these
snowlines spanning 1954-1991 into a monthly
climatology of snow depth. An example of snow depth
climatology for January is shown in Figure 1. For the
climatological snow depths, interannual variability was
estimated by standard deviation of anomalies from
multi-year trends for each month. This variability is not
spatially distributed as it is given as constant monthly
values for the entire Arctic Ocean.

Similar to previous drifting ice stations, SHEBA (from
October 1997 to October 1998) had continuous snow
depth measurements taken at few-meter spacing along
a 500-m “main snowline” across MYI that also included
hummocks (Sturm et al., 2002a). A lead that occurred in
January cut through the line, temporarily truncated the
line and afterwards caused a decrease in the observed
snow depth as low values over the refrozen lead were
included (Sturm et al., 2002a). FYI snowline sampling was
also attempted at SHEBA, but it was soon destroyed by ice
deformation. The SHEBA drift track in the central Arctic is
shown on Figure 1.

Repeated point data on sea ice thickness have been
collected traditionally using “hot wires.” Metal wires
deployed through the ice are heated and loosened from
the ice by electric currents, allowing the user to pull the
gauge up and measure changes in ice thickness (Unterstei-
ner, 1961; Perovich et al., 2003). Such installations are
limited in their spatial and temporal resolution due to the
manual nature of the measurement. No equivalents to the
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Figure 1. Drift tracks of all three MOSAIC Central Observatories (CO), N-ICE 2015 and SHEBA 1997/98. The
first CO (CO1) operated from October 2019 to May 2020. The second (CO2) and third CO (CO3) operated in June and
July, and August and September 2020, respectively. Map background color is snow depth from the Warren

Climatology (Warren et al., 1999).

former Soviet Union snowlines existed until the develop-
ment of electromagnetic induction (EM) methods (Eicken
et al., 2001). Both Magnaprobe and EM devices (described
further in Sections 2.2.1 and 2.2.2) enable fast data col-
lection over large distances, increasing both spatial cover-
age and sample density compared to drilling or stake/
hotwire transects. Both methods were developed in con-
nection to SHEBA (Eicken et al., 2001; Sturm and Holmg-
ren, 2018) but used for the first time to obtain combined
measurements of snow depth and sea ice thickness for
repeated transects during Norwegian Young Ice Expedi-
tion (N-ICE) from January to June 2015 (Roésel et al.,
2018). N-ICE transects were partially done separately over
FYI and SYI. The sampling was predominantly over level
ice on four separate ice floes, as the sampling sites were
drifting continuously into the marginal ice zone and had
to be abandoned. These transect lines were about 300 m,
with snow sampled at 1-5 m spacing. The GPS positions

from N-ICE transects were not precise enough to co-locate
snow and total ice thickness values, and ice thickness was
approximated by subtracting the means of the probability
distribution functions of both measurements. N-ICE drift
tracks are also depicted on Figure 1.

2.2. MOSAIC sampling equipment

Before describing the MOSAIC sampling techniques we
first detail the snow depth probe and the EM device used
for transect sampling at MOSAIC.

2.2.1. Magnaprobe snow depth probe

The snow depth measurements along the transects were
collected using an automated snow depth probe
(Figure 2a); i.e. Magnaprobe by SnowHydro LLC (Sturm
and Holmgren, 2018). The Magnaprobe is equipped with
a data logger that records snow depths, GPS coordinates,
measurement timestamps, and several other auxiliary
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Figure 2. Transect measurements during polar night at the first MOSAIC Central Observatory. (a) Operating the
GEM-2 and Magnaprobe (photo: Markus Beck). Magnaprobe measures snow depth by recording the distance between
a basket floating on the snow surface and the hard snow—ice interface. GEM-2 measures the strength of the secondary
magnetic field which can be used to estimate distance from the instrument to the ice—ocean interface. (b) Calibration
of GEM-2 (photo: Marcel Nicolaus). (c) All calibration curves for 18-kHz Inphase channel for the first MOSAIC CO.

data, enabling collection of about 1000—1500 point snow
depth measurements per hour. The maximum snow depth
measurable by Magnaprobes is 1.2 m. The precision of the
measurement depends on the softness of the air—snow
and snow—ice interfaces, but as a rule in winter the uncer-
tainty does not exceed 0.01 m. In melting conditions over
sea ice, melting snow and the surface scattering layer (SSL)
of melting sea ice (Light et al., 2008) are indistinguishable
in Magnaprobe measurements (Webster et al., 2022).
Therefore, they are combined into one category: snow/
SSL. During the melt season on MOSAIC (June—September
2020), the instrument was adapted to measure melt pond
depth, and the surface type was manually noted to distin-
guish between snow/SSL and melt pond measurements
(Webster et al., 2022). The Magnaprobe is standard equip-
ment widely used in terrestrial and sea ice snow data
collection and, as a direct snow depth measurement, does
not need any processing beyond quality control and
removal of erroneous data.

2.2.2. GEM-2 electromagnetic induction device

The distance from the snow surface to the ice—ocean inter-
face was measured using the electromagnetic induction
(EM) method (Figure 2a). This distance includes the com-
bined thicknesses of the sea ice and snow layers and is
commonly referred to as “total thickness” (e.g., Eicken
et al., 2001; Hunkeler et al., 2015b). On MOSAIC transects,
we used a broadband EM instrument sensor (GEM-2 by
Geophex Ltd) towed on a small sled. The instrument
includes a real-time data processing unit, including a GPS
receiver which communicates with a field PC that operates
the sensor and records the EM and GPS data streams. The
GEM-2 is a broadband sensor that can transmit multiple
configurable frequencies in the kHz range simultaneously
and record the EM response of the ocean at a sampling
rate of 20 Hz. The sensor setup during MOSAIC used 5
frequencies with approximately logarithmic spacing
throughout the frequency range of the sensor (1.525,
5.325, 18.325, 63.025, and 93.075 kHz).
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During the transect surveys, the sled with the GEM-2
was towed more than 2 m behind the surveying team to
avoid an EM response to any other electrically conductive
material than the sea ice and ocean layers. Actual GEM-2
sensor data will differ from the ideal response due to
sensor drift and specific characteristics of the GEM-2,
namely a bias introduced by passive bucking (bucking
bias) that is described in Hunkeler et al. (2015a). For this
study we used the EMPEX (empirical exponential)
approach (Pfaffling et al., 2007) to derive total thickness
from the raw frequency response data. The EMPEX method
directly relates the in-phase and quadrature components,
the real and imaginary parts of the complex EM response
to total ice thickness. While this approach can be applied
to all frequencies, we used only the 18-kHz in-phase chan-
nel in this paper to compute total thickness (Figure 2c).
The 18-kHz channel has a higher signal-to-noise ratio than
the lower frequencies due to greater sensitivity to changes
in the electrical conductivity in the sea ice layer, in addi-
tion to changes in total ice thickness. In rare cases, when
the 18-kHz in-phase channel malfunctioned, we used the
63 kHz quadrature channel, which gave similarly accurate
measurements.

Sensor calibrations and verifications were a routine
part of the transect observation program carried out
immediately before or after the surveys. The GEM-2 was
placed at known heights above the sea ice surface using
a wooden ladder on top of level ice with a known thick-
ness determined by five drill holes (Figure 2b). Because
sea ice conductivity changes seasonally (Figure 2c), the
closest-in-time calibration result was used when a GEM-2
survey was not accompanied by a calibration. This
approach is especially important for distance ranges
below 2 m where seasonal changes are largest. Special
care was also taken to ensure that the GEM-2 was at the
ambient temperature before starting a survey, to mini-
mize sensor drift during the survey, and whenever possi-
ble that it was placed on the same spot before and after
the transect activity to monitor any residual sensor drift.
Our EMPEX implementation can therefore be expected
to have considerably reduced the impact of sensor drift
or miscalibration, and be independent of the GEM-2
bucking bias.

Using a direct relationship between total thickness and
in-phase data is based on the assumption that the sea ice
conductivity is negligible and the ice—water interface is
constant within the GEM-2 footprint, which we approxi-
mated as 4 x the total ice thickness, after Reid and Vrban-
cich (2004). While this assumption is reasonable for level
ice, the peak thicknesses of ridges are known to be under-
estimated by as much as 50% (Pfaffling et al., 2007).
However, numerical modelling implies that the average
of thicknesses recorded across the full width of a ridge
including its flanks accurately represents the true mean
ridge thickness (Hendricks, 2009).

The total thickness from the GEM-2 calibration and
survey data was retrieved shortly after each profile. These
quicklook data were later fully quality-controlled during
the full dataset review. Here we used all GEM-2 data co-
located with Magnaprobe snow depth information.
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Additional GEM-2 data were collected during MOSAIC by
pulling the sled with a GEM-2 with a snow machine. How-
ever, without Magnaprobe data, sea ice thickness cannot
be estimated from the GEM-2 total thickness observations
and thus these GEM-2 datasets have been excluded from
this study.

2.3. MOSAIC data sampling strategies and locations

At MOSAIC, we collected snow depth by Magnaprobe and
total thickness by GEM-2 throughout a full year from
October 2019 to September 2020. The majority of the
transect lines fell within 1-km distance of the RV Polar-
stern. From December 2019 to February 2020 sampling
was done by skiing; otherwise the sampling group walked.
Our overarching strategy was to sample snow depth and
ice thickness with sufficient spatial and temporal resolu-
tion to resolve their variability. The locations of these
transects were selected using the following criteria:

1. Repeatability. Most of the data were collected
repeatedly along marked transect lines to create
time series. The frequency of repeats was governed
by expected rates of change, ambient conditions
(light, weather), and purpose of the line.

2. Representativeness. The sea ice cover sampled had
to be representative of the CO, and, if possible, of
the broader area surrounding it.

3. Co-location. The line had to be close to other mea-
surements made on the expedition, but not inter-
fere with them.

4. Safety and logistics. The surface had to allow early
initiation and continuity of the sampling. It had to
be safe for the personnel and close to the base.

Following these criteria, several transect lines were
established at the three COs of MOSAIC. In total over
87,000 Magnaprobe snow depth measurements and over
167 km of GEM-2 tracks were collected. The horizontal
spacing of measurements was typically 1-3 m, depending
on the surface and type of transect line. An overview of
transect labels, locations, timeline, snow depth sampling
spacing, and line length and line geometry is given in
Figure 3.The snow/SSL and melt pond depth of summer
transects (second and third CO) were analysed in detail by
Webster et al. (2022). Analysis of the ridge transects is
beyond the scope of this paper but will be presented in
future. All transect data with metadata are published in
PANGAEA repositories (Itkin et al., 2021; Hendricks et al.,
2022). More details on the transect lines used in this
paper and beyond are given in Text S1.

2.4. Gridding of the data

Sea ice thickness can be calculated by subtracting snow
depth (Magnaprobe measurement) from total thickness
(GEM-2 measurement). To achieve an accurate calcula-
tion, both variables need to be estimated at the same
location, and, because sea ice is usually drifting, the same
time. As the transect observations were collected repeat-
edly and are necessary for interpreting other measure-
ments in the CO, the simplest solution for this problem is
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Figure 3. Overview of locations, length and sampling spacing of the MOSAIC transect lines. (a) Maps of transects
at the first and second Central Observatories (COs). (A map of the third CO is on Figure S1.) The distance unit of the
maps is meters. The transect lines have been drift-corrected to overlay on the Polarstern’s location in January 2020. RV
Polarstern is located at the origin of the coordinate system (0,0) and is marked by a white ship contour. The ship’s
heading in October 2019 (approximately south-southwest) determines the orientation of the map. The areas
designated Met City, Remote Sensing site, Ocean City and Remotely Operated Vehicle observatory are marked by
yellow, red, blue and green circles, respectively. The start of each transect is marked by a white dot. Transects labels are
provided in the inset legend, those annotated by “*" are also called “Special” transects. The background is a Radarsat-2
SAR image from December 31, 2019 (provided by NSA/KSAT through Canadian-Norwegian Radarsat agreement). The
brighter features on the Radarsat-2 image correspond to deformed ice and second-year ice (SYI). Dark features are
level SYI and first-year ice (FYI). (b) Close-up of the Southern transect loop (Sloop). The background is quick-look of
surface elevations derived from the Airborne Laser Scanner (credit: Stefan Hendricks and Arttu Jutila, AWI). The color
of the loop track is purple, blue, and cyan for level ice, rubble and ridges, respectively. The “triangle” over level ice used
in the spatial analysis is marked by grey (original positions) and yellow (re-arranged positions) dashed lines.
(c) Transect length and (d) spacing of snow depth sampling for all three COs. The Long transect on January 23,
with a length of 5196 m, is off the axis on panel c.

to construct a local coordinate system and re-project all
measurements to it. We selected a projection with its
origin at the location of RV Polarstern with the ship's
heading in October 2019 as its vertical axis. The position
of RV Polarstern was estimated using the “FloeNavi” sys-
tem (Nicolaus et al., 2022) a network of several GPS sta-
tions deployed on the ice with known relative position to
the ship. This method worked well for the period October
2019 to May 2020. Later in the season, the relative
motion of individual ice floes in the CO was so strong
that the FloeNavi network was not serviceable, and the

position of the transects thereafter was estimated based
on the ship position only, while the rotation was esti-
mated manually. The locally re-projected transect tracks
were then used for mapping, line length, and snow depth
measurement spacing calculations like those shown in
Figure 3c and d. Sporadic failures in GPS position
recording from the Magnaprobe and GEM-2 and impre-
cise GPS positions caused unrealistic transect line lengths
in places.

The co-location of snow depth and total thickness mea-
surements included several steps:
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Figure 4. Transect track matching for data from October to May. (a) Original tracks in local coordinate system,
(b) translated and rotated tracks, and (c) tracks adjusted to account for the relative motion by sea ice deformation. The
transect tracks were manually translated laterally to obtain the closest match to a reference date in mid-January. Most
of the discrepancies were due to absolute location errors, which caused lateral shifts and rotation inside the
coordinate system. In addition, deformation of sea ice cover had to be reconstructed by careful adjustment of

unaffected track pieces.

1. Co-location of snow depth and total thickness data
for individual transect lines. Magnaprobe GPS tracks
have relatively large absolute bias in location com-
pared to the GEM-2 GPS tracks. Both measurements
were normally done near-simultaneously with some
10 m or 20 s offset. The shapes of both tracks were
very similar, but the Magnaprobe track location was
less stable in week-by-week comparison than the
GEM-2 track. The reason for this “random walk” is
likely a reduced quality of the Magnaprobe GPS
antenna compared to the GEM-2 one. To address
this issue we visually inspected and laterally trans-
lated all Magnaprobe tracks, so that they would bet-
ter correspond to the GEM-2 track. The shift was
typically 0-10 m (up to 30 m in summer) and was
different for each transect.

2. Gridding of the data and sea ice thickness estimation.
A grid of 1-m horizontal spacing was created for the
CO area, and values of snow depth and total thick-
ness were estimated for individual grid cells using
nearest neighbor interpolation. The estimation was
done only for the grid cells up to 2 m away from the
track. The rest of the cells were not assigned any
value. Sea ice thickness was then obtained by simple
subtraction of snow depth from total thickness. As
the GEM-2 footprint corresponds roughly to 4x total
ice thickness (Reid and Vrbancich, 2004), the transect
data will necessarily be over-sampled and smoothed
over distances shorter than the footprint.

3. Co-location of transect lines in time. To be able to
compare the change in time over the same ice cover
regardless of drift, positioning error, and deforma-
tion, the locations of all repeated transects were
additionally examined and adjusted (Figure 4a and
b). A reference date for each transect line was
selected. The coordinates of the fixed transect lines
changed due to errors in the FloeNavi positioning
and more significantly due to sea ice deformation or

relative motion of ice floes inside the CO. The for-
mer was minor and typically on the order of 0-10
m. As an example for the latter, Sloop drifted by
approximately 500 m relative to RV Polarstern in
mid-November and again by approximately 450 m
in April. Additionally there was deformation inside
the transect loops themselves, again most notably in
the Sloop in November. To co-locate the level parts of
the loops throughout the season, sections of the lines
were translated and rotated manually to best match
their original shapes (Figure 4c).

Such procedure accounts for the variable sampling spac-
ing by Magnaprobe (Figure 3) and for the data accumu-
lated over the same or very close locations (which typically
occurred if the GEM-2 sled was moving very slowly or
stopped while measuring). The nearest neighbor interpola-
tion to the grid was selected as the one introducing the
fewest artificial values, as the original sampling spacing (1-
3 m) was relatively close to the grid spacing of 1 m. Despite
large absolute positioning error (e.g., 0—10 m for the GEM-2
track in the local coordinate system), the preservation of
the shapes of the transect lines points to very small relative
positioning errors in the range of grid spacing.

2.5, Transect profiles

The gridded and co-located sea ice thickness and snow
depth were constructed into profiles (cross sections). For
data visualization we estimated ice freeboard £, the height
of sea ice and snow interface over water surface, from sea
ice thickness 4;, snow thickness 4, and their respective
densities p, (882 kg m?) and p, (313 kg m ), with both
constants taken from literature values in King et al. (2018),
following the hydrostatic equilibrium equation as in For-
sstrom et al. (2011):

Puw = Pi P
fi=hte T B
Puw Puw
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Figure 5. Sea ice and snow transect data represented as profiles for various lines from January—February
2020. Data profiles for the transects (a) Dark FYI, (b) Dark SYI, (c) Long, (d) Event, (e) Snow1, (f) Nloop, (g) Sloop, and
(h) Runway. Level ice thickness (h; level) was estimated by the statistical mode of the sea ice thickness distribution.
Note that transects are of diverse lengths, which affects the visual impression of ice roughness. Vertical axis displays
snow depth as positive and sea ice thickness as negative values, with water level as zero. Horizontal axis represents
distance along the transects. The start of each transect is marked on Figure 3a.

While such freeboard estimates tend to have a local
bias, they give a satisfactory impression of the surface
roughness on the plots so that level ice can be distin-
guished clearly from deformed ice and leads. Level ice
thickness has been determined previously as the statistical
mode of the ice thickness distribution (Haas et al., 2017).
In our study, we estimated the mode by binning sea ice
thickness values between 0 and 2 m into 6-cm-wide bins.
We did not find level ice exceeding 2-m thickness in any of

the COs. Visual comparison of the transect profiles and
such statistical mode and level ice thickness estimates
gave satisfactory results (e.g., Figure 5).

2.6. Spatial heterogeneity analysis

Previous publications demonstrate that late winter and
spring snow depth over level ice are typically auto-
correlated at spatial length scales ranging from approxi-
mately 5 to 20 m (lacozza and Barber, 1999; Polashenski
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et al., 2012; Liston et al., 2018). Snow dunes are not cir-
cular features, but rather elliptical, with axis alignment
coinciding with the prevailing wind direction (lacozza and
Barber, 1999; Liston et al., 2018). Consequently, their spa-
tial correlation lengths are anisotropic and depend on the
angle at which a transect line intersects such a shape.
Samples of length more than 100 m should be sufficient
to contain several snow dunes. Here, we analyzed the
seasonality of snow depth and ice thickness spatial pat-
terns and used the advantage of co-located data to exam-
ine if any potential spatial length scales correspond.

Sloop, which was one of most long-lived winter trans-
ects and included substantial level ice surfaces, was
selected for this analysis. The total length of the contin-
uous level ice segment in Sloop was 700 m. This segment
was not a straight line, and if re-organized in space,
formed a right-angle triangle with sides 260 m, 180 m
and 260 m long (see triangle with yellow sides on
Figure 3b). For simplicity we named the triangle sides
according to their orientation in relation to the ship
heading: parallel, perpendicular and diagonal. While
these level ice transect and segments are relatively short,
they are substantially longer than previously documen-
ted lines by lacozza and Barber (1999), Sturm et al.
(2002a) and Liston et al. (2018), where individual
straight segments were even shorter, at 100 m (lacozza
and Barber, 1999; Sturm et al., 2002a; Liston et al., 2018),
or the snow sampling distance was large, at several
meters (Sturm et al., 2002a).

To evaluate the spatial heterogeneity of snow depth
and ice thickness in level ice segments of the transects,
we applied discrete Fourier transform (DFT) to the gridded
transect data. We argue that DFT is a more suitable
method than the semi-variograms previously used for
such analysis (lacozza and Barber, 1999; Liston et al.,
2018), as it can indicate more than one correlation length
peak and provides a simple statistical confidence test. The
DFT was applied using python-scipy package Fast Fourier
Transform (Cooley and Tukey, 1965; Virtanen et al., 2020).
The data in the real part of the spatial frequency domain
were then used to determine the correlation length scales
of the data. To avoid edge effects, all segments were con-
tinuous and the analysis frequency corresponded to the
shortest segment length. To estimate the statistical signif-
icance of peaks in the Fourier power spectrum we tested
the null hypothesis that our data differ from white and red
noise. While the power of white noise is constant, at red
noise the power decreases with frequency (increases with
wavelength) and is typically used to estimate confidence
levels in geophysical time series that are auto-correlated.
Here we used a simple univariate lag-1 auto-regressive
AR(1) process following Torrence and Compo (1998). After
a DFT all frequency values were converted to wavelength
to allow the interpretation of the spatial length scales. To
construct the statistical confidence levels for the entire
season, all sampling time steps per triangle side were
accumulated. As snow depth and ice thickness both
increase through the season, we subtracted the means at
each time step. Only then were the AR(1) properties
extracted.
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The transect data also covered pressure ridges and
other deformed ice (cracks, lead edges, ice rubble). Sam-
ples of these features in the transect data were too small
to derive their geometrical characteristics statistically.
Instead, we estimated from qualitative field observations
that a rough ice surface impacts snow accumulation over
a distance of approximately 50 m. This estimation means
that snow drifts caused by a ridge sail extended approxi-
mately 25 m to each side of the sail crest.

3. Results and discussion

3.1. Similarities between ice types

The data presented in this paper were collected predom-
inantly over SYI. Because sea ice in the Arctic, and espe-
cially in the Transpolar Drift, is now composed mainly of
FYI (Kwok, 2018; Stroeve and Notz, 2018), a different sam-
pling strategy would have been desirable to acquire rep-
resentative data. Collecting data over FYI at MOSAIC,
however, was difficult due to two reasons: (1) newly grown
FYI was too thin to ensure a safe working platform during
freeze-up; and (2) even after freeze-up, FYI remained
weaker than surrounding older ice and was undergoing
frequent deformation that made repeat transects difficult.
All transect lines on FYI that were started in January were
destroyed by sea ice deformation in February and March.
For a short period in January and early February, however,
when sampling conditions were most stable, we sampled
over various ice types in the first CO and its vicinity. The
resulting comparison is presented in Figure 5.

Regardless of ice age, by January the level sea ice thick-
ness on all transects was very similar at around 1 m
(between 0.99 m and 1.23 m). That period had stable
freezing temperatures and high ice growth rates (Katlein
et al., 2020), so the level sea ice thickness steadily
increased throughout the month at all locations that were
remeasured (see multiple level ice thicknesses on
Figure 5e—g). The Runway transect profile (Figure 5h)
also gives clear evidence that under thin snow, sea ice
grew thicker. This transect was sampled along both sides
of the emergency runway, where one side (distances
greater than 400 m on the figure) had very little snow
(on average less than 5 cm). This side had the thickest level
ice of all transects in February. Because the thermal con-
ductivity of snow is an order of magnitude smaller than
that of sea ice, modeling studies (e.g., Notz, 2009) have
suggested that FYI, which tends to have thinner snow
cover due to a shorter accumulation period than SYI,
should grow to a similar thickness as SYI covered by much
thicker snow by the end of winter. Such relationship was
observed before (Rosel et al., 2018), but not this early in
the season. The Long transect is an example of a transect
over mixed ice ages (Figures 3 and 5c) where the level ice
thickness is similar over the whole transect length (except
over the refrozen lead) despite differing ice ages.

The difference in snow depth between FYI and SYI
transects persisted beyond February, but was very similar
at the end of the growth season. The FYI transect Runway
was unfortunately lost in deformation events in March,
making continuous comparison of snow accumulation
on different ice ages impossible. The initial surveys on
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Figure 6. Snow depth probability density functions for winter and spring transects at MOSAIC. Transects in
(a) January—February and (b) June 2020 over first-year ice (FYI) and second-year ice (SYI). The bin width in histograms
is 2 cm. The division between SYI and FYI for June roughly follows Webster et al. (2022). Data sample size for the June
transect was 1184, where 498 measurements were taken over FYI and 686 over SYI.

June 17 sampled the second CO after rapid snow melt had
begun. That survey closely resembled the later established
repeat transect at the second CO over predominantly
deformed SYI and FYI. Based on Webster et al. (2022)
we split the initial survey into predominantly SYI and FYI
parts and found no difference in the FYI and SYI modal
snow depth or statistical distribution (Figure 6b). The
modal snow depth (just below 0.2 m) resembled the
modal snow depth on the Nloop transect in January. As
this second CO transect was predominantly on deformed
sea ice, further study, e.g. by numerical models (Liston
et al,, 2018), is needed to confirm that snow depth was
similar across all ice types at the end of the accumulation
season.

3.2. Seasonal time series

Although continuous sampling over the same ice cover
was not possible for the whole duration of MOSAIC, the
sea ice transects sampled at each of the three COs are
comparable in snow depth and sea ice thickness and can
be stitched into a seasonal cycle. The first CO covers most
of the ice growth and accumulation period from October
2019 to May 2020. The second CO from June to July 2020
covers the melt period and early summer. The third CO
from August to September 2020 covers the transition
from summer melt into fall freeze-up. Even though the
third CO data were collected last, they represent the log-
ical start of the sea ice and snow life cycle.

The MOSAIC seasonal cycle of snow (Figure 7a) shows
how a snow cover begins to accumulate in September on
remnant FYI (now SYI). These measurements were made at
high latitudes (north of 85°N; Figure 1), whereas further

south, snow may not accumulate until later in the season
due to differences in radiation, air temperatures, and pre-
cipitation phase. The late summer/early autumn snow
cover is unstable and may vanish with warm air intrusions
and rain, but by the start of the first CO in October air
temperatures were stably below the freezing point and
snow had started to accumulate. By the beginning of Octo-
ber, all SYI except refrozen melt ponds was covered by
snow (Figure 8b). After October 8, melt ponds were also
snow-covered (Figure 8c). During this late freeze-up time
new FYI continued to grow in large leads that opened
inside the pack ice (Figure 8d). There, snow started accu-
mulating only in November. End of October snow cover
accumulation, however, was slow on all ice types, averag-
ing 0.01, 0.05 and 0.01 m month~' on transects Nloop,
Sloop and Snow1, respectively. Assuming snow accumula-
tion on transect Runway in the beginning of October,
snow accumulation there was 0.03 m month™". After-
wards, the first noticeable increase in snow cover depth
occurred in February. The increase was especially notice-
able for level ice on the Snow1 transect (0.10 m month™")
where the standard deviation also rose abruptly. At that
time, FYI transects became inaccessible and there were no
further measurements over FYI. However, because Snow1
and Runway transects were both predominantly level ice
and very close in mean and standard deviations at the
beginning of February, they very likely remained so at end
of February. Therefore this February snow depth increase
was very likely the event that evened the snow depth
across all ice types. At the same time, mean snow depth
and standard deviation reached their peak values at or just
shy of 0.3 m and 0.12-0.2 m, respectively, then remained
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Figure 7. The seasonal cycle of snow depth and ice thickness constructed from Central Observatory transects.
The means, standard deviations and modes of gridded repeat transects from the first, second and third MOSAIC
Central Observatories constructed into seasonal cycles of (a) snow depth and (b) ice thickness. Note that the beginning
of the annual cycle was collected last (third Central Observatory) and that there are three separately sampled
but similar ice surfaces used to construct the full annual time series. Data sample sizes can be estimated from
Figure 3c and d. Snow data from previous expeditions (SHEBA, N-ICE) and climatology are also shown (with

standard deviations as wide grey belts). Sea ice transect

data were collected only at N-ICE. Where N-ICE data is

double, both FYI and SYI data were collected. The thinner of these two datasets was collected over FYI.

around these values until the last measurements in the
first week of May.

The last measurements at the first CO were followed by
over a month-long gap in observations due to vacating the
floe for a personnel rotation. The melt onset began in late
May, followed by freezing conditions and substantial
snowfall in early June (Webster et al., 2022). The first
measurements at the second CO showed the same snow
depth over both SYI and FYI (Figure 6b). We did not
capture snow melt onset, but captured the gradual decline
in snow depth and melt pond evolution in late June
and July. The melt rates between June 17 and 30 were
—0.29 m month™". By late July, the average snow/SSL
depth fell below 0.05 (+0.04) m, which is within the
thickness range of the uppermost part of the melting ice
layer, also called “the surface scattering layer” (Light et al.,
2008). The majority of snow had melted away by early-to-
mid-July, with the remaining snow being remnants of
snow drifts by ridges (Webster et al., 2022).

We compared the MOSAIC snow annual cycle from
various transects to historical observations. The climato-
logical monthly means (Warren et al., 1999) and SHEBA

annual cycle (Sturm et al., 2002a) both outline the most
rapid accumulation phases in the beginning of winter and
in spring. Here we note that the SHEBA snow line
included a refrozen lead with thin snow cover from Janu-
ary onward (Sturm et al., 2002a). The very large snow
depth recorded at N-ICE (Rosel et al., 2018) also accumu-
lated in the early winter (Liston et al., 2018). Across all
datasets, the deepest snow cover occurred in May. MOSAiC
and N-ICE were both conducted on ice in the Transpolar
Drift, while SHEBA was collected on predominantly MYI in
the Beaufort Gyre (Figure 1). The climatology was col-
lected primarily in the central Arctic. The standard devia-
tion for SHEBA and inter-annual variability of the
climatology, however, overlay with the MOSAIC SYI tran-
sect line annual cycle, while the MOSAIC FYI snow depth is
lower than in any other recorded seasonal cycle.

The MOSAIC seasonal cycle of sea ice thickness
(Figure 7b) shows a large spread in mean and modal sea
ice thickness in late summer (third CO). Some of this sea
ice can survive the summer melt and develop into distinc-
tive types of SYI also found at the first CO along the
transects Nloop and Sloop. These two ice type subgroups
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Figure 8. Panoramic photographs of the first Central Observatory in October 2019. Photos of approximate areas
of the transects (a) Runway, (b) Sloop, and (c) Nloop in October when sea ice on the Runway was still forming and the
Sloop area still had large surfaces of bare ice, where dark features are refrozen melt ponds. The ice surface of Nloop
was ridged (“the Fortress”) and is visibly brighter due to newly fallen snow. Panels (a), (b) and (c) are extracted from
(d) the Panomax panoramic photo from October 5, 2019 at 4 UTC, and marked by boxes of corresponding colors.
(e) Panomax panoramic photo from October 9, 2019 at 4 UTC right after a major snowfall on October 8. Here the
contrast between ice types is less visible. (f) Panomax panoramic photo from October 16, 2019 at 4 UTC after a lead
opening and ridging. The ice surface in the first Central Observatory continued to deform and new leads and ridges
occurred throughout October. The first transect sampling started at end of October. The installations visible on
October 16 from left to right are: the Remotely Operated Vehicle observatory hut (relocated to the starting point
of Sloop at the end of October), MetCity, Remote Sensing site (relocated closer to MetCity in November) and Ocean
City. Panomax panoramic pictures give an approximately 180-degree view from RV Polarstern (Nicolaus et al., 2021).

After mid-October Panomax pictures are too dark to display.

had contrasting ice growth. The thicker deformed ice of
Nloop hardly gained any mean sea ice thickness in winter
(growth rate of 0.004 m month™' from November to May)
and experienced a gradual decrease in standard deviation
(from approximately 2 to 1.2 m). However, the second
group, with thinner and more level sea ice types, had
growth rates of 0.4, 0.15 and 0.3 m month ™' on transects
Sloop, Snow1 and Runway, respectively. The large mean
growth recorded for Sloop was caused by pressure ridge
formation. This difference is also noticeable in the stan-
dard deviation, where Sloop had values around 0.6 m
compared to about 0.1 m in the level transects (Snow1
and Runway). After an April ridging event in Snow1, stan-
dard deviation there increased to 0.2 m. The statistical
modes that represent level ice thickness converge to about
1.2 m by the second half of January (as detailed in the
previous section and Figure 5), when the modes for

Nloop, Sloop, Snow1 and Runway were 1.29, 1.23, 1.17
and 1.41 m, respectively. The seasonal growth calculated
from the modes was about 0.2, 0.24, 0.17 and 0.33 m
month™". Based on photos of thin ice cover (Figure 8a)
we assume that FYI was formed approximately on October
1, 2019.

We do not have sufficient measurements in the tran-
sect dataset in the early melt season to detect the onset of
sea ice melt. Late April and May transect data from Nloop
and Sloop indicate that keels of the ridges had started to
melt. While a short-lived surface melt event occurred in
late May, and continuous surface melt began in mid-June
(Webster et al., 2022), level ice started to thin continu-
ously from July 10 on, with melt rates of —1.74 m
month~" when comparing means and —2.63 m month™"
when comparing modes. These melt rates are preliminary
as the GEM-2 data for the melt period have not yet been
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calibrated for changes in sea ice conductivity. The GEM-2
thickness data, however, are indirect measurements, and
measurements over deformed ice especially can be subject
to bias. Values in the Nloop have some small transient
increases, which we attribute to large local variability and
inaccurate retrievals due to inclination of the instrument
inside the sled (Hunkeler et al.,, 2015b) while traveling
over heavily deformed ice in the Nloop.

MOSAIC transect measurements have given the first
values for spatially distributed ground truth sea ice thick-
ness for the entire seasonal cycle. Measurements by pre-
vious expeditions covered only part of the season (N-ICE),
or sea ice thickness was measured only at more spatially
confined areas (SHEBA). Because winter air temperatures
were comparably low for all three drifting stations (Cohen
et al,, 2017; Persson et al., 2017; Figure 9) and snow at
MOSAIC was relatively thin, we would expect sea ice at
MOSAIC to be correspondingly thick. At N-ICE, which had
over 0.4 m of snow on mixed ice type, modal sea ice
thickness remained at about 1 m at the end of the growth
season. The hot wire data from SHEBA, from both MYI and
FYI locations, show that the mean level sea ice thickness in
May was 2.05 and 1.31 m, respectively (Perovich et al.,
2003). The SYI modal thickness for Nloop and Sloop of
1.71 m is similar to these values.

3.3. Interaction of winter snow and ice

3.3.1. Spatial scales of correlation of snow and ice
The snow and ice transect data over level ice show a devel-
opment of spatial self-similarity through the winter season
(Figure 10).The entire 700-m-long triangular segment over
level ice in Sloop (between 0 and 700 m on Figure 5g)
shows spectral peaks in sea ice thickness spatial correlation
length scales (SCLS) concentrated between 20 and 40 m
wavelengths, and again between 60 and 90 m wavelengths.
Spectral peaks in snow depth SCLS occur at many different
wavelengths (Figure 10b). These anisotropic signals in ice
and snow transects develop or vanish through the season
and were analysed in detail separately for each segment of
three different directions (see Figure 3b).

At the beginning of the winter, the parallel side of the
triangle (between 440 and 700 m on Figure 5g) had
a distinctive spectral peak in sea ice thickness SCLS
between 60 and 70 m (Figure 10c). This peak vanished
in January, when a peak between 20 and 30 m strength-
ened and persisted until the end of the winter. The signals
in snow were less distinct, with most persistent peaks
between 20 and 30 m (Figure 10d). A large January peak
at approximately 70 m was caused by the artificial snow
dunes that formed behind the Remotely Operated Vehicle
observatory hut. These subsided after the hut was
removed, but similar features returned in February as
new ridges formed. These new ridges were not part of
the transect, but ran parallel to this side of the triangle
(at about 20 m distance) and influenced snow accumula-
tion on this part of the transect line. This side of the
triangle had high standard deviation and consequently
high confidence levels based on the white and red noise,
despite high power spectrum.
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The perpendicular side of the triangle (between 440
and 700 m on Figure 5g) remained level during the entire
winter. Here, sea ice thickness SCLS had a spectral peak at
60 m at the beginning of the winter (Figure 10e). This
peak gradually degraded by mid-January. There was a new
mid-winter peak in sea ice thickness SCLS at approxi-
mately 35 m, but it also faded by March. The signals in
snow SCLS were first transient, but established between
20 and 40 m by March (Figure 10e).

The diagonal side of the triangle, 260 m in length, was
a completely level segment (between 440 and 700 m on
Figure 5g) with the lowest snow depth in Sloop. It had no
significant spectral peak in sea ice thickness SCLS in the
beginning of winter, but transient peaks developed
between 15 and 25 m and 35 to 90 m during the second
half of the winter (Figure 10e). Snow had a number of
similar transient peaks during the same period, but also
a strong peak between 80 and 90 m that developed from
February onward (Figure 10f).

Our results show that sea ice thickness had strongest
self-similarity SCLS signals in the beginning of winter.
These signals were anisotropic and strongest in the per-
pendicular and parallel directions. Because the Sloop tran-
sect was established on previously ponded SYI, these
signals clearly originated from the refrozen melt ponds.
As the strongest signals in the analysis, they demonstrate
the impact of melt ponds on sea ice thickness during the
subsequent winter season. Existence of melt ponds can be
confirmed by qualitative analysis of the Panomax pictures
(Figure 8). Another illustration of how the melt ponds can
create a repetitive pattern in sea ice cover is visible from
an orthophoto map at the third CO (Figure S1).

The signals in snow SCLS were clearly anisotropic. They
developed at the end of February, and their geometry did
not change afterwards. They were short at perpendicular
side (20 to 40 m) and long at diagonal side (80 to 90 m).
These lengths were larger than the typical previously
observed values for the long and short elliptical axes of
snow dunes of between 12 and 50 m (lacozza and Barber,
1999; Liston et al,, 2018), where transect line segments
were limited to a 100-m distance or had sampling intervals
longer than 1 m (Sturm et al., 2002a). The February storm
seemed to be the most critical weather event for the devel-
opment of the snow cover. The prevailing wind direction at
the peak velocities was then northeast (Figure 9). In con-
trast, all other major events that winter had predominantly
strong southeasterly winds. The February storm was also
the first storm after a prolonged calm period and it brought
mild temperatures close to —10°C (compared to more typ-
ical winter temperatures of about —30°C). By the time of
the February storm the first CO rotated by about 40 degrees
and the northeast direction was approximately aligned with
the north arrow on Figure 3. This rotation made the ori-
entation of the perpendicular and diagonal sides of the
triangle approximately across-wind and along-wind, respec-
tively. The short and long snow dune axes therefore corre-
spond with an elliptical geometry.

At the diagonal side that stayed predominantly level
and had thin snow during the entire winter, there were
spectral peaks in snow depth SCLS matched by peaks in
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Figure 10. Discrete Fourier transform of ice thickness and snow depth for the level ice of Sloop. Discrete
Fourier transform of sea ice and snow for (a, b) entire level ice section (triangle); (c, d) parallel side of the triangle; (e, f)
perpendicular side; and (g, h) diagonal side. Only the real part of the transform is shown. The triangle sides are named
in relation to the ship heading direction as shown on Figure 3b. The grey and black dash lines are the 95%
confidence levels for white noise and red-noise AR(1) processes (see Section 2.5).

ice thickness SCLS at end of winter. While this connection
was less conclusive at the other two sides, most of the
snow and ice segments often show two clusters of spectral
peaks that correspond roughly with the long and short
elliptical axes of snow dunes. This correspondence sug-
gests that snow depth is the main modulator of sea ice
growth and that the patchy snow blanket likely leads to
a corresponding geometry in the ice cover.

As described in Section 2.3, GEM-2 data have a large
footprint and over-sample the sea ice thickness. Such

smoothing has no constraints for our findings, as we
found no signals in snow SCLS shorter than 8 m
(a GEM-2 footprint corresponding to 2-m level sea ice
thickness in May). The 700-m-long section divided into
180- to 260-m-long segments of transect data over level
ice is, however, a relatively small sample. All described
spatial patterns differ significantly from red noise at
95% confidence levels, although only two features of
length scale 90 m fit into a 200-m-long segment. While
auto-correlation in snow cover is a visible surface
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phenomena that has been documented previously
(lacozza and Barber, 1999; Sturm et al., 2002a; Polashenski
et al., 2012; Liston et al., 2018), the periodic features in ice
need further investigation by more extensive data or by
numerical modeling. We further explore the available
MOSAIC data in Section 3.3.3 “Snow accumulation and
ice growth.”

3.3.2. Sea ice roughness and snow distribution

Data from transects Nloop, Sloop and Snow1 suggest that
ice age was not the dominant factor determining snow
cover properties at various locations in the first CO. Sloop
and Snow1 had the same ice age, but displayed different
fractions of deformed ice surface and contrasting mean
snow depth and standard deviation until the end of Feb-
ruary (Figure 7). Also, the profiles in Figure 6 show more
snow accumulation on thick, deformed ice, compared to
level ice of modal thickness. To explore this relationship
further we used a simple linear correlation of sea ice
roughness and snow depth (Figure 11). Sea ice roughness
can be estimated from the standard deviation of the sea
ice thickness over a certain distance of the transect line
(Beckers et al., 2015). Here we used a 50-m running win-
dow G50 to estimate sea ice roughness. This distance falls
in the middle range of the snow and sea ice patterns
found in spectral analysis (Figure 10). This distance also
coincides with our field observations of how far away from
the ridge crest snow depth appears to be elevated. Castel-
lani et al. (2014) found 20 to 70 m ridge spacing in their
late winter data for the Central Arctic. Roughness esti-
mated from ice thickness has deficiencies, because varia-
tion of sea ice thickness does not necessarily indicate
a rough upper surface of ice. For example, variable sea ice
thickness could correspond to ridges without sails.

Itkin et al: Sea ice and snow from transects at MOSAIC

The statistical relationship between o,50 and snow
depth developed after the first pronounced drifting snow
period and the November ridge formation (Figure 9). We
defined the drifting snow periods as times when the wind
speeds surpassed the 7.7 m s™' threshold value, after Li
and Pomeroy (1997). The square of the Pearson correlation
coefficient R>—a measure of the fraction of variability of
a dependent variable explained by an independent vari-
able, increases to about 40%. Here we call this relation-
ship the “dynamic driver” of snow distribution on sea ice.
This driver then remains high through the period without
new deformation in the loop and reaches 85% in early
April. Afterwards, this relationship weakens, likely due to
the occurrence of new cracks, leads and ridges in the
transect loop.

Field-data-constrained numerical model simulations
for the N-ICE2015 case (Liston et al., 2018) showed that
ridges captured about 22% of all snow cover. For SHEBA,
Sturm et al. (2002a) reported that only 3%—6% of snow
was in ridge drifts, but the ridge fraction in the SHEBA
snowline was small. For MOSAIC, Sloop transect surfaces
over level, rubble and ridge sea ice were approximately
evenly distributed and each roughness class took about
one third of the surface. Threshold ;5o values 0.1 m of for
rubble and 0.3 m for ridges were used to separate between
these roughness types, corresponding with the observer's
perception of these features. The amount of level ice
decreased over the season, while rubble and ridges
increased (Figure 9). These findings correspond to the
long term trends observed in the Fram Strait, which show
that about one third of sea ice exiting from the Arctic is
deformed (Hansen et al., 2013).

In environments with relatively little snow, as on
MOSAIC, relatively small roughness features can capture
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Figure 11. Scatter plots of dynamic and thermodynamic snow—ice interactions. Data for (a) snow depth versus
ice roughness and (b) ice thickness versus snow depth. All correlations are statistically significant at 95%

confidence levels.
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significant amounts of snow. For example, in the begin-
ning of April (Figure 11a), when smooth level ice (o;50 =
0.05) accumulated only 0.14 m of snow, the ice surfaces
with 6,50 = 0.2 m (rubble and lead edges) captured double
that amount (0.27 m), and ice surfaces with 6,50 = 0.6 m
(large ridges) accumulated on average nearly five times the
snow depth as level ice (0.63 m).

The MOSAIC time series of mean snow depth and its
standard deviation for separate classes of level ice, rubble
and ridges (Figure 9) show that ridges especially contin-
ued to accumulate snow on a weekly basis, while the
mean snow depth on level ice increased more slowly and
even decreased in periods with strong winds and little
precipitation. These findings indicate that snow was
eroded from level ice and deposited in ridges. There are
periods, however, when snow depth decreased in rubble
and in ridges. These periods in January and March wit-
nessed strong deformation and lead opening in the vicin-
ity of the first CO (Nicolaus et al., 2022) and some of the
snow was likely removed into those leads and newly
formed ridges. At the end of April, on the last complete
sampling of Sloop, level ice occupied 31% of surface and
captured only 18% of snow volume (Figure 9). Rubble
and ridge roughness classes in turn occupied 41% and
27% of the transect line, and accumulated 45% and
36% of the snow volume, respectively. Using a different
approach Webster et al. (2022) found that, on average,
snow drifts on deformed ice covered about 16% of the
transect at the third CO and contained 33% of the sur-
veyed snow by mid-July.

3.3.3. Snow accumulation and ice growth

As shown in Section 3.3.1, snow cover is uneven on level
ice and can likely cause corresponding heterogeneity in
sea ice cover. Because of thermal properties of snow (May-
kut, 1978; Sturm et al., 2002b; Persson et al., 2017; Provost
et al., 2017), the uneven snow distribution should cause
spatially heterogeneous conductive heat fluxes and ice
growth on level ice, resulting in thin sea ice under thick
snow and vice-versa (Sturm et al., 2002b). This effect can
be referred to as the “thermodynamic driver” of ice thick-
ness distribution under snow. In late summer and freeze-
up, this relationship is commonly the opposite (Lee et al.,
2011; Arndt and Nicolaus, 2014; Katlein et al., 2019). Also
at MOSAIC, in the first CO in October, snow depth and ice
thickness had a positive correlation with R? up to 66% in
the level part of the Sloop (Figures 9 and 11). This cor-
relation is a result of preferential accumulation of snow
on the rough and older non-ponded ice surfaces. While
melt pond depressions can accumulate snow after snow
redistribution events (Perovich et al., 2003; Anhaus et al.,
2021; Webster et al., 2022) such situations may be tran-
sient and snow can be removed from them again in sub-
sequent storms (Figure S1b and c).

In a calm period in December, in the absence of
drifting snow events, thinly snow-covered surfaces grew
faster and the relationship became negative, but R?
remained low until the February storm. After the late
February storm, snow distributed into dunes (Figure 10)
that likely sintered and increased in density and thermal
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conductivity after a warm spell (Figure 9). Conse-
quently, R* steadily increased to 77% by the beginning
of April. This very high fraction of explained variability
shows that snow depth was a strong governing factor for
thermodynamic ice growth at MOSAIC. In addition, it
suggests that layer-specific snow properties, like density,
hardness and grain type (Sturm et al., 2002a; Merkour-
iadi et al., 2017), were less important than snow depth
in controlling the effective snow thermal conductivity
(Sturm et al., 2002b). The importance of the snow depth
was likely intensified by the generally thin snow cover at
MOSAIC (Figure 7).

This MOSAIC transect dataset provides the first spa-
tially distributed observational data that clearly shows
the seasonal development of the thermodynamic rela-
tionship between snow and ice. Observing the spatial
distribution of snow on different sea ice thicknesses is
an acknowledged challenge in the sea ice modeling
community (Blazey et al., 2013; Castro-Morales et al.,
2014). A limitation of our transect data is, however, that
the sea ice thickness was derived by subtracting snow
depth from total thickness. These two co-located data
are not entirely independent. The findings from this
paper need confirmation from other observational data,
for example, from surface topography measured by ter-
restrial laser scanning (Clemens-Sewall et al., 2022) and
bottom topography from underwater multibeam sonar
(Nicolaus et al., 2022) or from high resolution numeri-
cal modeling.

Another limitation of our analysis is that we used a 50-
m running mean over snow depth and sea ice thickness
values along the transect tracks. This distance is in the
middle range of the snow and sea ice patterns found in
spectral analysis (Figure 10). A seasonally changing run-
ning mean length would likely result in even higher cor-
relations, but such a method is difficult to apply uniformly
on lines with different orientations to the predominant
wind direction.

4. Conclusions

This paper gives a comprehensive description and analysis
of a complete seasonal transect dataset that covers a range
of sea ice cover thicknesses and snow depths on spatial
scales of 10 km in the Eurasian part of the Arctic Ocean.
Detailed analysis of the data focuses on the winter
period of MOSAIC. The highlights of our findings and
conclusions are:

1. The MOSAIC transects had relatively thin snow
depths (approximately 0.1 to 0.3 m) and thick sea
ice (modal sea ice thickness in May was 1.7 m), but
within the ranges of the previously observed values.
Based on the thin snow, thicker sea ice was
expected.

2. At the start of the winter most of the transects
included both level and deformed ice. By the end
of the winter, ice dynamics decreased the fraction of
level ice substantially, and by June only 12% of ice
surfaces in the main transect line were level.
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3. Storms diversified ice and snow cover through
deformation and re-distribution. In the MOSAIC
transect data, we observed how the standard devia-
tion of both sea ice and snow thicknesses increased
following early winter deformation events. In Janu-
ary, February and March, strong winds removed
snow from level ice and deposited it into ice rubble
and ridges.

4. Sea ice roughness is important for enhanced snow
accumulation. A transect over previously ponded SYI
following a deformation event in November covered
roughly similar fractions of level ice, ice rubble, and
ridges; the volume of snow on these surfaces in
April was 18%, 45% and 36%, respectively. Sea ice
roughness explained up to 85% (R?) of the observed
snow depth variability over both the level and
deformed ice.

5. Winter thermodynamic processes homogenize the
ice cover. The heat fluxes through thin snow on the
remaining level ice can boost ice growth, diminish-
ing the sea ice thickness differences between SYI
and FYI. Sea ice thickness modes (representing level
sea ice thickness) between these age categories were
already similar during winter. From January onward,
a separation between SYI and FYI based on sea ice
thickness and snow depth was no longer possible. In
April, snow explained up to 77% (R?) of sea ice
thickness variability over level ice. In addition, sea
ice thickness exhibited spatial patterns similar to
snow dunes, which implies that snow depth governs
ice growth over level ice.

6. Melt ponds perpetuate their sea ice thickness and
snow accumulation spatial distribution patterns
into the winter. Preferential deposition of snow was
observed on rough non-ponded areas until Decem-
ber, and thinner ice was detected in the areas pre-
viously occupied by melt ponds until January.

Apart from the old consolidated and newly formed
ridges on the transects described in this paper, several
dedicated ridge transects were accomplished at MOSAIC.
The analysis of these transects will be the subject of sep-
arate papers.

This data description and basic analysis presented here
does not exploit the full potential of the MOSAIC transect
data. These data have already been used for calibration of
remote sensing instruments (Munoz-Martin et al., 2020;
Stroeve et al., 2020; Wagner et al., 2021) and model assess-
ment (Webster et al., 2022). They are also crucial for
upscaling studies of sea ice thickness and snow depth. The
spatially distributed values collected by transects at the
MOSAIC COs can be assessed for differences with regional
point measurements, such as those collected by autono-
mous instrument (as in, e.g., Koo et al., 2021; Lei et al.,
2022), and airborne regional total thickness measure-
ments (von Albedyll et al., 2022). Both local and regional
snow depth and sea ice thickness will be integral in the
interdisciplinary framework of MOSAIC, and a critical
resource of in situ data for numerical modeling work of
various spatial resolutions as part of and beyond MOSAIC.
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