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Editorial on the Research Topic
Pan-Arctic snow research

Snowpacks are a key component of the Earth’s environment and play a fundamental role
in regulating both the Earth’s energy budget and the Arctic hydrological cycle (Bolibar et al.,
2022). Polar snowpacks constitute the largest interface between the atmosphere and the
Earth’s surface during winter (Bennett et al., 2022) and cover between 40% and 50% of the
land surface during winter in the northern hemisphere (excluding the snow over sea ice).
Although the seasonal snow cover represents a crucial component of the cryosphere (van
Pelt et al., 2019), it is also the most variable and short-lived. Snow deposited on land or ice
surfaces is thermodynamically unstable and is in constant change due to snow
metamorphism, which is mainly controlled by temperature gradients (Pinzer and
Schneebeli, 2009; Gallet et al., 2018; Domine et al., 2019). Snowpack affects the
hydrological cycle by acting as a water reservoir during the wintertime while it
contributes to the replenishment of water tables and rivers during the spring and
summer melt periods (Bennett et al., 2022). The annual snowpacks are also critical for
the mass balance of glaciers, providing them with water mass input (in the solid form)
required for their growth, or at least helping to decelerate the speed at which they are
disappearing by protecting the ice surface from solar radiation and melting (Bolibar et al.,
2022). Snowpacks are not only reservoirs, but they are also ecosystems too, harboring a
variety of microorganisms, such as prokaryotes, fungi, algae, protists, and viruses, that vary
in abundance, physiological characteristics, community composition and diversity
depending on both season and location (Maccario et al., 2015). These snow microbial
communities are not only active at temperatures below 0°C, but also dynamic and interact
with their chemical environment (Maccario et al., 2015). Therefore, the biotic compartment
of snow in the Arctic has a crucial role in the production, degradation, and transformation of
contaminants and nutrients and is a key player in biogeochemical cycles.

The main Research Topic of this Research Topic was to collect research proposing new
and improved methodologies and techniques for physical, chemical, and biological
snowpack observations. Since the snowpack is the most dynamic portion of the
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cryosphere, understanding and monitoring its evolution through
space and time has become critical to disentangle the interplay of
processes affecting the rapidly changing Arctic region.

The widespread coverage of the seasonal snow cover in the
Northern Hemisphere and specifically in the Arctic region during
the winter, make the study of its spatial evolution and dynamics
difficult, largely due to the scattered nature of measurements and
their location generally around accessible places nearby towns or
research infrastructure. These measurements provide local
information but do not always give the spatial and temporal
resolution needed to understand how snow cover dynamics,
timing, spatial variability, and properties change and evolve over
the season and over larger spatial scales. To overcome this, new
techniques for snowpack measurements emerged in the last decade
and are presented in the papers by Vickers et al.; Messerli et al.

The paper by Vickers et al. proposed a method based on the
Synthetic Aperture Radar based method for long termmonitoring of
seasonal snowmelt and wintertime Rain-On-Snow (ROS) events in
Svalbard. The occurrence of wintertime ROS events is expected to
increase in frequency and intensity across the Arctic because of
climate change. ROS events can dramatically alter snow cover
characteristics, by saturating the snowpack, changing its density
profile, and enhancing surface runoff, as well as causing the
widespread formation of basal ice and preferential flow paths,
which impact ecosystems as well as infrastructure. Their
approach is based on the usage of the C-band Synthetic Aperture
Radar (SAR) observations to produce a 17-year dataset (2004–2020)
about snowmelting for Svalbard, from where a method for detecting
and mapping both spring melt onset and ROS frequency has been
developed. Thanks to the development of the above-mentioned
methods, Vickers et al. found a general asymmetry in the timing
of spring melt onset across the archipelago, with the earliest dates of
onset taking place in the south and west of Svalbard and the latest
melt onset in the north and east. Satellite measurements are enabling
a new generation of techniques for monitoring the spatial evolution
of the snowpack through time in locations where field
measurements are rare.

Another remote technique that is now used to estimate the
evolution of the snowpack is the terrestrial time-lapse
photogrammetry. The use of this approach is limited in space
compared to satellites but can produce a much higher resolution
dataset of snow cover. In the original research submitted to this
Research Topic, Messerli et al. proposed an innovative study for
evaluating the snow cover evolution at Qasigiannguit Glacier,
southwest Greenland using a comparison of time-lapse imagery
and mass balance data. Using a manual snowline extraction method
coupled with terrestrial time-lapse photogrammetry, they determine
the snowlines at daily to sub-weekly timescales on the Qasigiannguit
glacier in Kobbefjord, Nuuk. The dataset was used to produce a time
series of maximum snowline elevations using a high-resolution
Digital Elevation Model (DEM) and the extent of snow and bare
ice during the 2020–2021 melt seasons. The measurements were
validated using concurrent automatic weather station (AWS) and
surface mass balance measurements and, the result obtained,
supports a good agreement between the snowline elevation from
the time-lapse data and the stake mass balance data. The study of
Messerli et al. underlines the necessity for testing and developing
new measurement techniques of snow cover and its properties that

integrate field measurements from operators and automatic
measuring stations. This is important since remote measurement
techniques have limitations; some of the main snowpack parameters
are difficult to retrieve using such approaches, for example, snow
depth and snow water equivalent (SWE).

Automatic measuring stations and, more specifically, automated
nivometric stations (ANS) can be defined as devices able to host
different instrumentation and sensors for continuous measurements
of the snowpack. The ANS can produce long-term continuous
records of snowpack physical properties and can be equipped, for
example, with cameras to measure the fractional snow-cover area
(fSCA) using NIR (Near infrared) images, snow depth (SD), internal
snow temperature and liquid water content (LWC) profiles at
different depths with a 10 min time resolution and snow water
equivalent with high precision. The ANS presented in Scoto et al.
describes in detail the advantage of the usage of this device, the
installation set-up, and the future possible implementation to extend
the range of instruments\sensors installed on the station and hence
enhance the possible snowpack continuous observation. The data
from the ANS are useful to produce a long-term monitoring of the
snowpack conditions and provide background data to validate snow
physical models and satellite measurements. A limitation of these
types of automatic measuring stations is the energy supply required
to run them making their use usually limited to areas near research
stations. The first attempt to overcome this Research Topic was
presented in Filhol et al. where they proposed a new approach to
meteorological observations on remote polar glaciers. Thanks to the
availability of Internet-of-Things (IoT) technologies and low-cost
electronics, they were able to assemble a snowpack monitoring
system collecting spatially distributed, in situ data with real-time
connectivity to online servers for immediate and long-term usage at
costs comparable to those of a single autonomous weather station.
The snowpack monitoring system integrates commercial and
custom-built sensors connected to a node (main device) that
manages power, data, and radio communication. Data is
automatically sent to a server enabling a controlled and
systematic handling and storage procedure. The proposed system
collected reliable data and had sufficient power resources to survive
4–5 months of darkness during the polar night, partially overcoming
the challenges to retrieve continuous snowpack data all year round
from remote areas accessible only in specific seasons.

Automatic nivometric stations can be assembled for continuous
measurement of snowpack properties. However, as underlined by
Scoto et al.; Filhol et al. and in the introduction of this editorial,
attention must be given to the history of the meteorological
conditions in the selected study areas. Snowpack evolution is
dependent on the meteorological conditions such as temperature,
wind, relative humidity, and precipitation and on the specific
weather events occurring at the study site. The solid precipitation
amount is fundamental to building the snowpack and it is a
fundamental parameter to be considered for studying the
snowpack evolution during the Arctic winter season. During the
winter period, the Arctic region is experiencing more frequent liquid
precipitation (rain) that has a strong impact on the snowpack and, in
general, on the whole Arctic ecosystem. A specific case study has
been considered by Schot et al. where they analyze the precipitation
trends (1958–2021) of Ammassalik island, south-east Greenland. To
assess past changes in air temperature and precipitation, output
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from a regional polar climate model (RACMO2.3p2) was evaluated
together with measurements from automatic weather stations in
Tasiilaq and on Mittivakkat glacier. In addition, RACMO2.3p2 was
used to assess past seasonal changes in air temperature, precipitation
amount, precipitation phase and the altitude of the rain/snow
boundary. The proposed approach contributed to an increased
understanding of precipitation and temperature changes on
Ammassalik island and suggests that air temperature has been
increasing on Ammassalik island since 1958 with a trend that
becomes more pronounced in the 1990–2019 subperiod. The
total precipitation (solid and liquid) did not increase significantly
for the investigated periods however, due to trends in precipitation
as well as air temperature, the liquid to total precipitation ratio on
Ammassalik island is increasing in the summer. Schot et al.
suggested that higher elevated regions on the Ammassalik island
have recently received more liquid precipitation combined with an
upwardmigration of the rain-to-snow boundary altitude. Amonthly
increase in the altitude of the rain-to-snow boundary of +25, +23,
+20 m/decade in July, August, and September respectively has been
calculated.

The type and amount of precipitation constitute fundamental
controls on snowpack evolution through the winter season and have
the capacity to transfer impurities from the atmosphere into the
snowpack (Spolaor et al., 2021). Fresh snow contains impurities that
can accumulate and be preserved over time in the snowpack
(Barbaro et al., 2021). The presence and abundance of elements,
ionic compounds, organic compounds (natural and anthropogenic)
black carbon and dust in the snowpack can be studied to understand
specific transport events from the mid-latitude to the Arctic and
evaluate the presence of possible contamination. There are multiple
studies investigating the chemical content of the annual snowpack in
different regions of the Arctic, providing important information on
atmospheric processes, transport events, forest fire frequency, and
local versus long range transport, but an emerging question that is
still under investigation is the microbiological composition of the
snowpack (Keuschnig et al., 2023). Much of the recent work on
measuring the impact of microbial communities in the cryosphere is
based on DNA and RNA analyses. However, the preservation of
nucleic acids for high-throughput sequencing is an ongoing
challenge for field scientists. The DNA molecules can be
extracted from samples to evaluate both the composition and
functional potential of communities, while the RNA, which is a
less stable molecule, can be used to infer which members of the
community are active at the time of sampling and which genes are
being transcribed. Many different preservation techniques have been
proposed to extract these molecules and in Trivedi et al. several of
these were compared to assess their effectiveness on low biomass
samples collected in Iceland. Snow and ice samples were melted and
filtered upon Research Topic, and filters were preserved using: 1)
liquid nitrogen flash freezing, 2) storage in RNAlater (a
commercially available chemical stabilization reagent), or 3)
storage in Zymo DNA/RNA Shield. Comparative statistics
covering nucleic acid recovery, sequencing library preparation,
genome assembly, and taxonomic diversity were used to
determine best practices for the preservation of DNA and RNA
samples from these environments. The results revealed that
microbial community composition based on DNA was
comparable across preservation types. However, when

considering extracted RNA, the taxonomic composition of the
active community was primarily driven by the filtered sample
volume (i.e., biomass content). Overall, all three methods
provided comparable results both for DNA and RNA, but the
main factor to consider is collecting a sufficiently high quantity
of biomass from snow and ice samples to environmentally relevant
microbial community data.

Pigmented algae inhabiting glacier and ice sheet surfaces are part of
the light absorbing particles present on snow and ice surfaces. Such
particulates have been shown to decrease surface albedo and increase
surface melt rates of both snow and bare ice surfaces. The study of
Winkel et al. focused on the Seasonality of Glacial Snow and Ice
Microbial Communities by assessing the microbial community
composition and nutrient variations of glacier surface ice and snow
habitats on various Icelandic glaciers using Illumina sequencing of the
16S rRNA, 18S rRNA, and ITSmarker genes and correlating themwith
geochemical signals in the snow and ice. Winkel et al. show a clear shift
in the microbial community structure and corresponding geochemical
environmental characteristics from the summer to the winter season.
Summer periods were characterized by a higher availability of
microbially derived DOC and low nutrient concentrations, whereas
winter was characterized by lower DOC and high nutrient
concentrations. The summer eukaryotic algae inhabiting the glacier
surface ice and snow were distinct and were closely associated with a
diverse community of heterotrophic bacteria likely relying on algal-
delivered DOC. Winter microbial communities contained bacteria
resembling communities typically found in air and snow and lacked
eukaryotic algae. The results from this study highlight the potential role
of microorganisms in biogeochemical cycling as well as the impact of
seasonality on these processes.

Different approaches, based on in situ and/or remote
observations, can contribute to the description of the snow
seasonality in Arctic areas. Snowpack observations performed
directly in the field by operators or ANS are the most reliable,
however, this type of data can only be collected from specific
accessible regions and periods throughout the winter season.
Should be noted that the technological improvement proposed by
Filhol et al. is partially minimizing this problem; yet the ambition of
covering the entire Arctic with ground ANS remains a major
challenge. However, automatic acquisition systems (both the
automatic weather station and the automated nivometric station)
are essential for producing long-term datasets that can be used to
establish in which way and how fast the Arctic is changing in recent
decades as well as test the accuracy of the climate andmeteorological
models. The remote sensing approach can overcome the limitation
of pointed field measurements with low spatial representativity and,
by validating satellite and terrestrial time-lapse photogrammetry
with ground measurements, it is possible to widen and expand the
area where the snowpack is observed and studied and explore the
consequence of specific meteorological events (such as the Rain-on-
snow) on the snowpack properties. In addition, the impurities
present in the snow contribute to the snowpack’s ability to
absorb light and modify its physical characteristics. The presence
of microorganisms in the snowpack is still a little-studied Research
Topic, but studies that are coming out suggest a non-negligible role
of the microbiological community in the evolution and
biogeochemistry of snowpacks, highlighting the need for
interdisciplinary studies over longer time scales.
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The advances in snowpack monitoring shown in the research
papers presented in this Research Topic demonstrate the attention
that the Research Topic has been receiving in the past decade. From
this article Research Topic it has become apparent that there is an
increasing attention to improve and develop automatic measuring
system, data logging, and telemetry (IoT) for real-time monitoring
of snowpack properties and glacier mass balance dynamics.
Similarly, the focus on modeling is likely to continue, particularly
on the development of more automated community data collection-
modeling to help increase model forecast capabilities regarding
snowpack dynamics, glacier evolution, and impacts of climate
change.
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