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Report overview

We have analyzed and integrated a diverse set of fielthodel, and remote sensing observations from
contrasting inland (Nordenskitld Land) and coastal sites (Ny Alesund) in Svalbard. These include a
previously unanalyzed decadal temperature data set for the snowpackround interface, in-situ ground

ice and meteorologcal observations, multi-layer snowpack model simulations, high resolution regional
reanalysis (CARRA) and a remote sensing wet snow dataset. The long time series provided by gridded
data has allowed us to quantify how the timing, frequency, extent, intenty, and duration of ROS events
has changed over climaterelevant timescales.

Our initial correlation and trend analysis showed significant and positive trends in the bottorof-
snowpack temperature at NyAlesund and across Nordenskiéld Land sites between 1991 and 2023 while
only ROS duration was found to have significant and positivtrend since 1991 at all of the NyAlesund
sites studied. Such trends add to knowledge on diverging Svalbard reindeer population trends from
differences in climate impacts in the two core study regions. ROS event frequency and duration exhibited
positive and significant correlations with bottom-of-snowpack temperature and were also the variables
found to be most influential and consistently amongst the highest scoring models for explaining the
variability in the snowpack variables. We also found strong anslignificant positive correlations between
ROS total precipitation and intensity and ground ice thickness. Snowpack temperature and ground
temperature were found to follow each other very closely but exhibit a nonlinear relationship. This
suggests that fadors influencing variations in the bottomof-snowpack temperature will likely influence
variations in ground temperature Lastly, our analysis of a singlelownscaled global climate projection
indicates that from 2030 to 2070, the greatest changes relative to present day conditions in all ROS
characteristics are expected in the mountainous and glaciated areas in the north and northeast of the
archipelago, while low lying western coastal areas will experience a decrease in all characteristics, most
likely attributable to the result of fewer days with snow and thus a shorter period when rain can fall on a
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months, but most substantially in April for the 20562070 period, a month which currently experiences
very few, if any, ROS events. This shift in ROS timing towards the end of the winter may have a cascade
of impacts for both terrestrial and marine ecosystems that are dependent on snow and timing of
snowmelt for accessing forage resources.
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Pref ace

Rain-on-snow (ROS) events are gaining attention in research worldwide due to their wide
ranging impacts during the seasons with snow cover and climatic zones. CHORUS was
originally motivated by anecdotal evidence of changing ROS characteristics in Svalbamising
guestions about potential spatially heterogeneous consequences for Svalbard reindeer
populations. Moreover, most ROS studies until now have typically utilized singlgource
datasets, despite ROS being a multidisciplinary research topic. This hiighted the need for
collaboration across disciplines to address the questions: how are the spatiotemporal
characteristics of ROS events in Svalbard changing, and what aspect(s) of ROS is, or are most
influential for changes in the cryosphere?

CHORUS is a multidisciplinary collaboration consisting of a team of atmospheric physicists,
cryosphere and remote sensing experts and wildlife population ecologists, each providing a
unique perspective on ROS. NORCE led the study, with contributions front@ogy experts at

the James Hutton Institute, Norwegian University for Life Sciences (NMBU), the Norwegian
Polar Institute (NPI), the Norwegian Institute for Nature Research (NINA), the University Centre
in Svalbard (UNIS) and senior researchers from thedlvegian Meteorological Institute (MET
Norway). The objectives of CHORUS are twofold; first, to improve the quantification of ROS
characteristics and address how these characteristics have changed in response to a warming
climate and second, to address thespatial heterogeneity of ROS impacts on the cryosphere
and on reindeer. Moreover, it is of equal importance to advance our understanding of how these
characteristics are likely to change in the coming decades, as changes in ROS characteristics
will also to a large degree determine the severity of their impact on snowpack stratigraphy and
properties, and therefore their impacts on ecosystems. Such knowledge can be utilized by
decision makers that can plan for measures that will minimize the impacts of ROShanature

and society. Determining possible future changes to ROS climatology across Svalbard has
become feasible due to recent advances in climate modelling and higherformance
computing that allow climate models to run at convectionpermitting (hereafter, km) scales.
These scales are important for Svalbard as its climate has a large spatial variability arising from
its complex topography, coastlines, fjords, glaciers, and surrounding sea ice.
CHORUS has generated knowledge on which areas are most impacted by ROS in the present
and future climate, and quantify how their timing, frequency, extent, intensity, and duration
have changed over climate relevant timescales. This new understanding of how2 ¢ G H¢ | T kKt LW
rapidly changing climate is impacting the natural evironment of Svalbard, including terrestrial
DEYL U quUGt WeUT Whzdqel ¢OWEN Ragec NIIAWRY We Wt 13! WGI RYI
in turn benefit the management of harvested species, such as reindeer populations, protection
of cultural heritage sites and inhabited areas exposed to avalanche risk, amongst others.
CHORUS is related to an earlier project funded by SMF led by NINA partner Brage Hansen
(VINTERREGN; Hansen et al. (2015), VINTERREGN 2; Le Moullec et al., 2019a).
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Summary

We implemented two different approaches to explore and determine the relationship between
different ROS characteristics and their impacts on the ground and snowpack temperature and
ground ice thickness at seven selected sites across Nordenskiold Land andlase to Ny
Alesund. The first approach acted as an exploratory exercise by looking at simple correlations
between the ROS and snowpack and ground variables as well as their trends. In the second
approach we utilized the knowledge from the exploratory exeise to model the relationships
statistically and thereafter identify which ROS characteristics are most influential on the
snowpack and ground variables and checked whether the models agree with the relationships
found in the simple variable correlations.Our initial correlation and trend analysis showed
significant and positive trends in the bottomof-snowpack temperature at NyAlesund and
across Nordenskiold Land sites between 1991 and 2023 while only ROS duration was found to
have significant and positive trend since 1991 at all of the NyAlesund sites studied. Such
trends add to knowledge on diverging Svalbard reindeer population trends from differences in
climate impacts in the two core study regions, as described by Hansen et al. (2019).
ROS event frequency and duration exhibited positive and significant correlations with bottom
of-snowpack temperature and based on a partial least squares (PLS) regression model, were
also the variables found to be most influential and consistently amongsthe models exhibiting
highest R values, where the Rscore indicates how well the model explained the variability in
the snowpack variables. Overall, models for predicting snow temperature based on
combinations of ROS characteristics performed slightly wese compared to the models for ice
thickness, indicating that other factors are important for explaining the bottorrof-snowpack
temperature. On the other hand, the simple correlation analysis found strong and significant
positive correlations between ROS dtal precipitation and intensity and ground ice thickness,
whereas the partial least squares regression models indicated that the most influential
predictor variables of ground ice thickness were in fact the ROS frequency, duration, and total
precipitation. The disagreement may be attributed to the fact that a shorter time series of
ground ice estimates had been used in the correlation analysis, but a longer time series of
ground ice predictions (based on field measurements and wsitu meteorological data) was
used in the PLS regression. Snowpack temperature and ground temperature were found to
follow each other very closely but exhibit a nonlinear relationship. This suggests that factors
influencing variations in the bottom-of-snowpack temperature will likely influence variations in
ground temperature. On the other hand, we observed that pronounced increases in snowpack
density can occur following the first ROS event of the winter, but may be unaffected by
subsequent ROS events, thereby producing a less cleacorrelation between mean snow
density at the bottom of the snowpack and ROS characteristics.

Lastly, analyses of the trends in all variables showed significant and positive trends in all
characteristics but these trends were spatially heterogeneous; the significant and positive
trends were confined mainly to areas around the lowlying parts of Nodaustlandet and some
areas in the east of the archipelago, while southern and western areas that typically exhibit
greatest values in all characteristics but were not found to exhibit significant trends since 1991.
Moreover, our analysis indicates that ROShave been increasing most in November and
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February since 1991, but in contrasting areas of the archipelago. While ROS have increased
most in the eastern and northeastern parts of Svalbard in November, areas that are typically
sensitive to sea ice concentration, it is primarily the western and sotern parts of Spitsbergen
that have experienced significant increases in ROS frequency in Februafysingle downscaled
global climate projection indicates that from 2030 to 2070, the greatest changes relative to
present day conditions in all ROS charactastics are expected in the mountainous and
glaciated areas in the north and northeast of the archipelago, while low lying western coastal
areas will experience a decrease in all characteristics, most likely attributable to the result of
fewer days with snav and thus a shorter period when rain can fall on a snowpack.

The correlations between specific ROS characteristics and ground ice thickness results,
together with the future climate projections highlight areas of the Svalbard archipelago which
could experience increased ground ice thickness in the future. Weotind that the largest
increases in ROS total precipitation and intensity are projected to occur on the east coast and
high elevation areas in northwest of Spitsbergen, suggesting that these areas could be
particularly vulnerable to increased chance of icingn the future. On the other hand, areas that
are at present important for reindeer populations, such as Nordenskiold Land and Ny Alesund,
are projected to experience a reduction in ROS intensity and total precipitation in the future,
even though the overall fequency of ROS is projected to increase. This indicates that ground
ice, a typical barrier to winter grazing for reindeer, may be less of a problem in the future in
these areas. However, the increased frequency of ROS may overall contribute to a warmer
snowpack and ground conditions, which may have consequences for soil moisture and
nutrients stored in the ground.Finally, 8§ D WGI YTUHqRY Ut WYNWE2c¢GHC! T kt Wn
increase in ROS events across all months, but most substantially in April for the 20570
period, a month which currently experiences very few, if any, ROS events. This shift in ROS
timing towards the end of the winter may have a cascade of impacts for both terrestrial and
marine ecosystems that are dependent on snow and timing ofr@wmelt for accessing forage
resources after the winter.
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1l ntroducti on

Rain-on-snow (ROS) events have become increasingly common across the Arctic due to
climate change. In Svalbard, exceptional observed warming (e.g., Isaksen et al., 2022) and
predicted continued temperature rise is expected to result in a threefold increasen the
frequency of winter warming events by 2100 (HansseBauer et al., 2019). This leads to
changes in wintertime rainfall, melting and refreezing with subsequent impacts on land and
glaciers (Schuler et al.,, 2025). Changes in the frequency, intensitguration, and spatial
distribution of ROS are important to understand and quantify due to their wideanging impacts
on the physical environment, ecological dynamics, and society. ROS can result in increased
snow avalanche risk (e.g., Abermann et al., 2031%¥ckerstorfer and Christiansen et al., 2012),
which affects not only communities and infrastructure in areas exposed to avalanches but also
recreational use of mountain areas, amongst which tourism in Svalbard is playing an
increasingly significant role. ROS events increase ground temperature, which may lead to
permafrost degradation (Westermann et al., 2011) with knoclon consequences not only for
the stability of buildings but also important cultural heritage sites. Layers of ice may form at the
ground-snow interface after a ROS event, which can both damage vegetation and restrict
access to forage by reindeer, which has in some years led to large starvatimduced die-offs
(Hansen et al., 2011; Hansen et al., 2013, 2014). Changes in the wintertime clireatf Svalbard
therefore poses a significant threat to human infrastructure and safety, natural ecosystems,
and wildlife. However, to understand which areas are most vulnerable to ROS impacts at
present and in the future, reliable datasets describing the sgtial and temporal variations of
ROS characteristics are crucial.

ROS events are notoriously difficult to quantify and their impacts in time and space are
challenging to characterize since different disciplines may use different datasets to define and
guantify ROS, often leading to inconsistencies in the outcome. Untilaw, most studies of ROS
have utilized single source datasets (e.g., data obtained from a meteorological station)
compared against a limited set of ground observations for validation. ROS events can be
detected using gridded meteorological data (e.g., Pakt al., 2019, Vickers et al., 2024), but
these datasets are highly thresholddependent and can give widely differing results depending
on the thresholds applied. ROS impacts, such as snowmelt on the other hand, can be observed
over large areas and at regak intervals using satellite remote sensing methods such as
Synthetic Aperture Radar (SAR) (Vickers et al., 2022), but these types of observations lack the
capability to distinguish the cause of snowmelt. Inasitu measurements of ground ice provide
direct measurements of the ROS impacts on the snowpack but are limited in spatial extent.

A lack of integration of ROS data sources across disciplines hinders a more comprehensive
understanding of their characteristics and associated impacts on terrestrial ecosystems.
Modelled estimates of ground ice occurrence in Svalbard showed that before 88 ground ice
occurred once in every 34 years, but at a rate of nearly every year in the subsequent years,
indicating an increase in ROS frequency (Peeters et al.,, 2019). At the same time, data on
reindeer population abundance across central Spitsbergen Isow a rapid increase, despite an
increase in ROS. In contrast, coastal reindeer populations in northwest Spitsbergen have not
increased in the same way (Hansen et al.,, 20190n the other hand, remote sensing
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observations of ROS for the last two decades suggests that ROS events have decreased in
frequency over parts of central Spitsbergen, but not in the northwest. These contrasting
reindeer population dynamics and conflicting trends in the frequency of ROS deomstrate a
need to assess in greater depth how the characteristics of ROS, specifically their timing,
intensity and duration have changed in different regions and moreover compile observations of
both ROS and its impacts to resolve ambiguities between datets.

In the last decade, improved research infrastructure and environmental monitoring on
Svalbard facilitated by the Climateecological Observatory for Arctic Tundra (coat.no) and the
Svalbard Integrated Arctic Earth Observing System (siesvalbard.org) and oher research
infrastructure projects has enabled an escalation in the number and diversity of datasets. This
places Svalbard in a unique position for multidisciplinary data analyses with respect to
cryosphere research. We have analyzed and integrated a énse set of field, model, and
remote sensing observations from contrasting inland (Nordenskitld Land) and coastal sites
(Ny Alesund) in Svalbard. These include a previously unanalyzed decadal temperature data set
for the snowpack-ground interface, in-situ ground ice and meteorological observations, mult
layer snowpack model simulations, high resolution regional reanalysis (CARRA) and a remote
sensing wet snow dataset. The long time series provided by gridded data has allowed us to
guantify how the timing,frequency, extent, intensity, and duration of ROS events has changed
over climate-relevant timescales. A description of the datasets and methods used in the study
are provided in chapter 3.

We have utilized high resolution climate projections from the HCLIMVPI dataset (Landgren et
al., 2025) to firstly estimate how well specific ROS characteristics are represented in the
present climate, by comparing the results to those obtained with CARR#&nd how they can be
expected to change under an SSRB.5 warming scenario in the next four decades until 2070.
While the SSPE8.5 scenario is a more extreme scenario based on current energy trends and
socio-economic circumstances, it is nonetheless a plausble scenario and provides an upper
bound on the range of possibilities and highlights the full range of risks for policymakers, so
that they can understand what happens if mitigation measures fail. Combining knowledge from
the present climate with these hgh-resolution climate projections will thus be critical for future
GeUenNUGWUqWYNWE2¢0HE!I Tkt WRUNI ¢t ql eAqel DAWAzGqel
natural hazards.
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2Resul t s

2.Anal ysis of snowpack and ground
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2. Model s for ROS characteristics
thickness and snowpack temperat

2. 2.Partial Least Sqeueares (PLS) regre

Partial Least Squares regression is appropriate when there are several predictor variables, and
there exists multicollinearity among predictors, as in the case of the ROS characteristics
(section 3.8). We tested a PLS model based on a combination of one onore ROS
characteristics to model the variability in ground ice thickness and snow temperature at the
three sites near NyAlesund and four selected sites across Nordenski6ld Land. We assessed
the model fit using primarily two metrics; R2 provides an indition of how well the model
predicts the response variables (ground & snow temperature, ground ice thickness) and the
Variable Importance in Projection (VIP) score, which identifies the predictors that are most
important in driving the model and explaininghe response variables. Moreover, we have not
de-trended the time series before fitting the models since we are interested in modelling the
long-term relationship between the ROS characteristics and the cryosphere response
variables. We evaluated the modécombinations for both the shorter and longer period which
had more stable VIF estimates. However, due to the small sample size of the shorter time series
and risk of fitting noise instead of a real signal, and since R? can be misleadingly high in small
datasets even when predictive power is weak, we have used a Lea@ne-Out cross validation
(LOOCV) to evaluate R2. By using LOOCYV, the different models can be tested on all data points,
one at a time, to produce a reliable estimate of how well the model gemalizes. For both time
periods and all sites, we provide the LOO crossalidated R2 and mean squared error (MSE) for
the combination of predictor that produced the highest crossvalidated R2 for models
predicting ice thickness and snow temperature.

2.2.P2LS results for ice thickness predictions
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Average VIP of Models for Ice_thick_cm (Mean characteristics) 1991-2022
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2.RBRnalysis of ROS characteristics
future projected climate made u
HCL FMWP |

Characteristics of ROS events (ROS frequency, duration, intensity, and total precipitation)
derived from a reanalysis (CARRA, sect. 3.6) and climate model dataset (HCENWPI, sect. 3.7)
were compared for the overlapping period (200@2020). Both datasets hae a spatial resolution
of 2.5km. While the absolute values of the means of each characteristic were not identical in
both datasets, there was an agreement in the spatial heterogeneity of ROS characteristics
across the Svalbard archipelago. While the weste® and southern parts of the archipelago
show distinctly higher mean event frequency, duration, total event precipitation and intensity,
the more continental climate of the north and east of the archipelago exhibit much lower values
in each characteristic (Fig. 2.5 (e) to (i)). For the entire CARRA period (192020) analyzed,
the trend analysis revealed significant increases in all characteristics, but not across the entire
archipelago (Fig. 2.16(a) to (d)).
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Figure 3.2. Map of theNordenskidld Landstudy areawith the main valleysColesdalen, Semmeldalen
and Reindalen.Red dots indicate the annual latewinter in-situ snowpack monitoring (incl. iButton
ground temperature logger) locationsNumbers refer to local name for each iButton cluster used in
this study; 1=Coles Bay, 2=FaBgdalen, 3=Medalen, 4=Istjgrndalen, 5= Semmelbu, 6=Lower
Semmeldalen, 7=Lille Gangdalen (a madaip name not found on any map), 8=Gangdalen. Mapeated
by Vegard Fjeldheim Norwegian Polar Institute
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CHORUS 36















