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Combining observational data and numerical models to obtain a
seamless high temporal resolution seasonal cycle of snow and ice
mass balance at the MOSAIC Central Observatory
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Abstract. Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) observations span an entire annual
cycle of Arctic snow and sea ice cover. However, the measurements of atmospheric and ocean forcing, as well as distributed
measurements of snow and ice properties were occasionally interrupted for logistical reasons. The most prolonged interruption
happened during onset of the summer melt season. Here we introduce and apply a novel data-model fusion system that can
assimilate relevant observational data in a collection of modeling tools (SnowModel-L.G and HIGHTSI) to provide continuous
high temporal resolution (3-hourly) time series of snow and sea ice parameters over the entire annual cycle. We used this
system to analyze differences between the three main ice types found in the MOSAIC Central Observatory: relatively deformed
second year ice, second year ice with extensive smooth refrozen melt pond surfaces, and first year ice. Since SnowModel-LG
and HIGHTSI were used in a 1-D configuration, we used a sea ice dynamics term D to parameterize the redistribution of
snow to newly created ridges and leads. D correlated highly with the sea ice deformation (R?=59%, N=33) in the vicinity of
the observatory and was-at-times-as-high-deformation appears to explain as much as 10% of all winter snowfallsnow water
equivalent. In addition, we show, in separate simulations for level ice, that snow bedforms with thin snow in the bedform
troughs largely control the ice growth. Here, mean snow depth minus one standard deviation was required to simulate realistic
sea ice thickness using HIGHTSI; we surmise that this is accounting for the control of relatively thin snow on local ice growth.
Despite different initial sea ice thickness and freeze-up dates, sea ice thickness of level ice across all ice types became similar
by early winter. Our simulations suggest that the mean (spatially distributed) MOSAiC snow melt onset began in late May, but
was interrupted by a snowfall event and was delayed by 3 weeks until mid June. The level ice started to melt in the last week

of June. Depending on the sea ice topography, the ice was snow-free by late June and early July.
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1 Introduction

Sea ice is an important regulator of the Arctic Ocean energy budget. Sea ice limits the transfer of energy (McPhee, 2012) and
light (Arrigo et al., 2012) from the atmosphere to the ocean, and constrains the transfer of heat from ocean to atmosphere
(Maykut and Untersteiner, 1971). A strongly controlling component of this flux-dampening effect of sea ice is associated with
presence, quantity, and physical properties of snow that may cover it. Snow on sea ice is a-primary-the main regulator of level
sea ice thickness (Sturm et al., 2002b; Perovich et al., 2011; Itkin et al., 2023). Snow has an order of magnitude lower thermal
conductivity than sea ice and, in winter, inhibits ice growth by insulating it from the relatively cold atmosphere (Maykut
and Untersteiner, 1971; Sturm et al., 2002b). In summer, snow slows down sea ice melting by increasing the albedo (Perovich
etal., 2011). These roles of snow governing sea ice evolution kas-have become more evident with the general ice cover thinning
taking place in association with recent climate change (Meredith et al., 2019). Now, both first-year ice (FYI) and second-year
ice (SYI) can reach similar thicknesses at the end of the winter ice-growth season (Itkin et al., 2023), and can reach similar
melt pond distributions in summer (Webster et al., 2022).

Since the density and thermal properties of sea ice and snow are so different, both need to be accounted for in order to
understand the state of the coupled snow-sea ice system. This remains one of the major challenges of satellite remote sensing
of snow and sea ice in polar regions and, consequently, impacts the validation of climate models that rely on these data (Gerland
et al., 2019). The drift of the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC) s-in 2019-2020
(Figure 1), was the largest research expedition to the Arctic Ocean to datetFigure—+). It was implemented to help fulfill this
need and others, and had a key goal of collecting data relevant for climate process studies across the entire snow and sea ice
annual cycle, and to do so with a special focus on the less-studied winter period (Nicolaus et al., 2022).

MOSAIC collected an unprecedented quantity of high spatial resolution snow and sea ice property data over snow and ice
covers of various ages (Macfarlane et al., 2023b; Itkin et al., 2023; Oggier et al., 2023b,a; Raphael et al., 2024). Sea ice thickness
and snow depth measurements were collected along transect lines approximately 1-kilometer long with measurements made
approximately every 7 days during the entire annual cycle of Arctic sea ice cover from freeze up, through winter, and until the
end of melt (Itkin et al., 2023). In addition, a system of distributed snow pit measurements were used to measure snow density
and other snow properties approximately every 7 days throughout the year (Macfarlane et al., 2023b). While the measurements
were generally collected once a week, early-fal-HMOSAiC-late ship arrival, late freeze up of the melt ponds and FYI, speradie
weather—crew exchanges and sporadic weather and sea ice deformation events, erew-exchanges;-and-summer-ship-departure;
caused discontinuities in the observation time series of up to 2.5 months. These discontinuities in the observation data time
series (generally summarized as late onset, winter and spring fragmentation, and early truncation), limits its use for process
studies and upscaling for satellite remote sensing and numerical model applications.

In this study, we use atmosphere, ocean, ice, and snow measurements from the MOSAIiC Central Observatory (Itkin et al.,
2023; Cox et al., 2023; Matrosov et al., 2022; Macfarlane et al., 2023b), and autonomous instrument measurements in the
surrounding MOSAIC Distributed Network (Lei et al., 2022; Benjamin Rabe, 2024), as forcing and assimilation data to drive

a collection of one-dimensional, physics-based, data assimilation, mass balance, and thermodynamic snow and sea ice models
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Figure 1. The drift of the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) from October 2019 through July
2020. The first observatory (CO1) lasted from October to breakup in May. The second observatory (CO2) was established in June and July.
Autonomous buoys (i.e., drifters) recorded the entire drift. The drift path was extended back to August 2019 using 25-km spatial resolution

ice motion vectors from the National Snow and Ice Data Center.

as part of a process we call data-model fusion (sensu Boelman et al., 2019; Reinking et al., 2022). This data-model fusion
methodology was used to fill in multi-week gaps in the MOSAIiC snow and ice data time series and increase their observational
data frequency from weekly to temporally continuous (3-hour time step) covering the full annual cycle.

In addition, previous analyses of MOSAIC snow depth data (Itkin et al., 2023) showed that snow depth on level ice accumu-
lated slower than on deformed ice, and that occasional decreases in mean snow depth were observed over all sea ice types. The
snow and sea ice thicknesses over various ice ages at MOSAIC were similar at the end of the winter. Here, we use physics-
based snow and ice models to explain this snow and ice mass balance evolution during the winter snow and ice accumulation
period and those during the spring and summer snow and ice melt period.

The two basic assumptions of this work are 1) that the spatially and temporally distributed data collected at MOSAIC are of
excellent quality and represent the general annual snow and sea ice cycles, and 2) that the numerical modeling tools are able to

simulate all of the important first-order climate processes.
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2 MOSAIC observation summary
2.1 Seaice types at MOSAIC

The sea ice cover in the MOSAIC Central Observatory, surrourfdWéolarsternwas mainly composed of three ice types:

1. Predominantlgleformed SYIthat survived the summer melt. This ice type had very few level ice surfaces. The deformed
ice (rubble and ridges) was consolidated during the summer melt period into hummocks and old ridges. The ponds that

developed on this ice type over summer, remained fresh and were not connected to the sea water.

2. Predominantly level angonded SYI. At the beginning of October, this ice had very little snow cover and bare surfaces
of refrozen melt ponds were visibl&his-impliesthatne-shewhadaceumulatednit-during-summerMany of the

refrozen melt ponds had previously been connected to the ocean and had a salty surface (Macfarlane et al.n2023b).

3. Predominantlyevel FYI that was still forming throughout October (Itkin et al., 2023). As the thinnest and most level
ice type, this ice underwent frequent deformation and was challenging to sample.

The exact spatial distribution of these three ice types is not known, but based on the ground measurements, visual observa
tions, airborne maps, and satellite images, we reconstructed the ice chart of the MOSAIC observatory shown in Figure 2.

2.2 Observation transects

Snow depth and sea ice thickness data collected along repeated transect lines at MOSAIC were designed to cover diverse ic
surfaces that represented large areas of different snow and ice characteristics (Itkin et al., 2023). These repeated, long transe
measurements provided statistically signi cant snow and ice property datasets over each of the three main MOSAIC ice types,
and were speci cally prioritized over point-wise, but temporally continuous, sampling provided by individual or clusters of
autonomous instruments as in, e.g., Lei et al. (2022), Perovich et al. (2023), Raphael et al. (2024), and Salganik et al. (2023b).
sea ice, can be sporadic, and cannot distinguish between snow and sea ice thickness (von Albedyll et al., 2022).

The transects were sampled over all three ice types listed in the section above. These transects are called Nloop, Sloop, an
Runway (Figure 2):

1. Nloop: representing predominanttieformed SYI. This transect was approximately 1.5 km long and sampled between
the second half of October 2019 and the beginning of May 2020.

2. Sloop representing predominantly level apdnded SYI. This transect was approximately 1.5 km long and sampled
between the end of October 2019 and the beginning of May 2020.

3. Runway: representindevel FYI. This transect was approximately 1.0 km long. This transect was sampled only three
times in January and February 2020. Afterwards it was not accessible and partially destroyed by ice motion.



95

100

Figure 2. Ice chart with three ice types, transect lines, and point observation sites in the MOSAIC Central Observatory. The transect lines
and point sites are all drift-corrected to overlay on the observatory location in October 2019. Transect line ice thickness is displayed in blue
shades. Individual snow pit point measurements are marked by symbols, and snow pit polygons are outlined by red dash lines. Dark site
with ice coring activities, MET City, and R¥Polarsternlocation (blue ship-shaped feature at map origin) are also marke&oR\sternis

located at the origin of the map coordinate system (0,0). The size of the map is 3.5 km by 2.0 km with distances (m) from origin marked on

the edge of the map. The ship's heading in October 2019 (approximately south-southwest) determines the map orientation. The North arrow

ice and SYI. Darker features are level SYIl and FYI.

In May the sampling along these winter-time transects was discontinued and in mid-Jund/zibé&ix transect (Figure
2) was established. Part of Nloop and the surrounding FY| were integrated into this new line, but the majority of the ice surfaces

were deformed ice. This transect was approximately 3.0 km long and represented all ice types.
2.3 Point observation sites

In addition to transects, this paper relies on ice thickness, snow depth, snow structure, sea ice deformation, ocean heat uxes
and meteorological data measured at individual point observation sites in the MOSAIC Central Observatory and surrounding
Distributed Network (Nicolaus et al., 2022; Benjamin Rabe, 2024).
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The Dark Sites (‘Dark Site SYI' and 'Dark Site FYI', Figure 2) were ice coring sites where ice thickness and snow depth
were measured regularly between October and July (Evgenii Slaganik, personal communication and Oggier et al. (2023b,a)).
The location of these sites was chosen on level SYI and FYI away from the ship to avoid any light or chemical pollution. The
FYI at the Dark Site was formed during freeze-up around 1 October and, as such, was a few weeks older than the Runway FYI.
Ice coring is a destructive measurement, so the same ice can only be sampled once and the next sample is taken a few mete
away. Although only level ice was supposed to be sampled, some samples contained deformed ice that transiently increases
the measure of sea ice thickness. At these sites, the ice surface was level and the snow depth was not affected by the vicinity o
ridges, yet the number of samples were small and exhibit some variability due to snow bedforms.

Also, repeated (non-destructive) measurements over exactly the same snow and ice were read at snow stake and ice hot wir
clusters (Raphael et al., 2024). These clusters were relatively small (approximately 10 stakes); herein we only use two stake
clusters on thdevel FYI to augment the low quantity of transect data over this ice type. The two stake sites we used were
'Ridge Ranch Stakes' deployed in January close to the Fort Ridge, and 'RunAway Stakes' deployed in February at the Runway
(Figure 2).

Inside the MOSAIC Central Observatory, as well in the Distributed Network surrounding it, 210 autonomous buoys (drifters)
were deployed (Benjamin Rabe, 2024, Bliss et al., 2023). While the majority of these buoys were deployed on level sea ice
that was stable at their deployment time in October (thick SYI), the sea ice between them was composed of all three ice types
described in the section above. A subset of these buoys, 4 buoys transmitting a GPS signal throughout October to May, anc
forming a square with sides of approximately 5 km (Figure 3), was used to estimate sea ice deformation. Also a selection of 23
buoys within the radius of about 15 km from the Rdlarstern equipped with thermistor chain measuring snow and sea ice
temperature, were used to estimate heat uxes at the ice-ocean interface (Lei et al., 2022). This network included three L-Sites
that were 10 to 20 km from the Central Observatory, where some snow pits were dug with assistance of the helicopter landings
throughout the MOSAIC drift (Macfarlane et al., 2023b).

The snow pit sampling sites at MOSAIC were distributed over all three sea ice types (Figure 2; Macfarlane et al. (2023b)).
Within these ice types, the majority of the snow pits were dug and measured on the level ice, while some sites were in ridges.
Similar to ice coring, these measurements are destructive and every next pit was dug meters away from the old one and
potentially in a different relative position inside a snow bedform. The snow pit locations representative for each of the ice types
in the section above were:

1. Deformed SYI: Nloop, Dark Site SYI, Fort Ridge, David's Ridge, Allies Ridge, and L Sites.
2. Level and ponded SYt Snow 1, Snow 2, Snow 3, and RS Sites.
3. Level FYI: Runway, Stakes 1, Dark Site FYI, and partially Optics and Radiation.

Temperature, relative humidity, and wind observations used in this paper were collected at METCity on a meteorological
tower (Figure 2) at 10 m height (Cox et al., 2023). Precipitation was measured by the precipitation radaPolaRiérn
(Matrosov et al., 2022).






