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Abstract. Rain-on-snow (ROS) events occurring in the Arctic can form dense ice layers, preventing ungulates such as muskoxen
and caribou from foraging throughout the winter. Such snow conditions are known as locked pastures as the vegetation is
trapped beneath the dense ice layer. These locked pastures can have severe consequences for Arctic wildlife populations and
Indigenous communities that depend on them. This study (1) assessed how well two meteorological reanalyses, ERA5 and
the Canadian Surface Reanalysis (CaSR) v3.2, represent the meteorological conditions driving ROS events, and (2) evaluated
whether the multi-physics snowpack model Crocus can reproduce the resulting locked-pasture stratigraphy. The reanalyses
were evaluated against three local weather stations on Banks Island in the Canadian Arctic, for near-surface air tempera-
ture, wind speed, relative humidity, and precipitation. Four methods to determine the precipitation phase were also compared
against weather observations. CaSRv3.2 paired with an atmospheric-profile-based partitioning method reproduced the timing
and phase of a ROS event in 2003 most accurately and was used to drive SVS2-Crocus in an ensemble composed of four
water holding capacity equations, three snow-compaction schemes, three falling snow density representations, and three wind
packing variations. The ensemble reproduced a locked pasture consistent with reported snow conditions in 80 of 108 members
of the ensemble for the 2003—2004 winter. Sensitivity experiments that removed either the rainfall or the accompanying warm
temperatures showed that above-freezing temperatures driving melt-freeze events were the dominant driver of snowpack den-
sification, although rainfall increased the probability of a locked pasture. A 35-year (1985-2020) simulation validated against
remote sensing ROS detections identified accurately four other winters that were subject to a ROS event in late fall that re-
sulted in a dense basal snow layer. These results show that physically based snowpack models can capture and help explain the

formation of ROS-driven locked pastures once meteorological reanalysis biases are identified.
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1 Introduction

In the Arctic, rain-on-snow (ROS) events are becoming more frequent as a consequence of changing meteorological conditions
and have been linked to atmospheric rivers (Voveris, 2022; Lauer et al., 2023) and negative anomalies in sea-ice extent (Forbes
et al., 2016; Langlois et al., 2026). As the climate is warming, sea ice extent is decreasing, contributing to the enhancement of
Arctic amplification through longer ice-free sea conditions. Open water, as opposed to sea-ice, has a much lower surface albedo
that increases heat absorption and, as a consequence, increases water fluxes to the atmosphere, resulting in larger precipitation
events between September and November in the Canadian Arctic (Boisvert et al., 2023; Cast et al., 2026; Serreze et al., 2022).
The increase in autumn rainfall events overlap with early snow onset in the same region (Mudryk et al., 2020), leading to ROS
events. The latest projections from the Coupled Model Intercomparison Project 6 (CMIP6) predict increases in precipitation
with an earlier transition to a rainfall-dominated Arctic in both summer and autumn (McCrystall et al., 2021). Consequently,
ROS occurences in autumn will likely continue to increase in frequency and intensity across the Arctic (Dolant et al., 2018;
Langlois et al., 2017, 2026; Overland, 2021; Sasseville et al., 2024).

Rainfall that happen soon after the first snowfall in the autumn-winter transition can rapidly re-freeze transforming snow
surrounding the vegetation into an ice crust, hindering foraging abilities of ungulates for the rest of the winter (Johnson et al.,
2016; Miller and Gunn, 2003). Such ice crusts create a “locked pasture” scenario, which can lead to famine and death of
ungulates if the locked pasture area sufficiently overlaps the extent of their territory (Riseth et al., 2011; Larter and Nagy,
1994). In the context of this study, a locked pasture is defined by a basal layer of 20 mm of snow (Stien et al., 2010; Hansen
et al., 2011) with a density above 350 kg m~3, which is known to be sufficient to prevent foraging activities (Ouellet et al.,
2017; Vikhamar-Schuler et al., 2013). Furthermore, water freezing at the soil surface releases latent heat and contributes to
increase the temperature of the soil (Rennert et al., 2009; Woo and Heron, 1981), promoting the growth of fungi and mold in
the vegetation that affect the health of foraging animals (Kumpula et al., 2000).

In the Canadian Arctic, both muskoxen (Ovibos moschatus) and Peary caribou (Rangifer tarandus pearyi) have had severe
population declines due to ROS events (i.e. Grenfell and Putkonen, 2008; Johnson et al., 2016; Larter and Nagy, 1994; Nagy
et al., 1996). Peary caribou, an endemic species of northern Canada, was officially listed as “endangered” in 2011 as a con-
sequence of severe icing episodes that reduced the population to 28% of its original size (Governement of Canada, 2002). Its
status was revised in 2015 updating the designation to “threatened”, due to a population increase but also considering current
and future environmental pressures such as ROS events and decreased sea ice extent and thickness (COSEWIC, 2015). Both
caribou and muskoxen are important species for Inuit communities, providing essential food and raw materials that are at the
heart of Inuit diet, economy, and traditional practices (Taylor, 2005; Tomaselli et al., 2018). A better understanding of the for-
mation of locked pastures could support wildlife management decisions and, in turn, help mitigate the consequences of ROS
events for ungulate populations and the Inuit communities that rely on them for food, economy and traditional practices.

Investigating the spatial and temporal distribution of locked pastures cannot be done through direct remote sensing measure-
ments: this is why wet snow detections are often used as a proxy (Vickers et al., 2022; Dolant et al., 2016; Bartsch et al., 2010).

While this method provides a good estimation for ROS occurrences, with some methods obtaining up to 86 % accuracy (Pan
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et al., 2018), it does not represent occurrences of locked pastures, as not all ROS event lead to severe icing conditions that are
sufficient to hinder foraging (Bartsch et al., 2010; Larter and Nagy, 1994; Komarov and Stroeve, 2026). Another approach to
identifying past locked pastures uses snow models to simulate snow conditions. Vikhamar-Schuler et al. (2013); Ouellet et al.
(2017) and Martineau et al. (2022) have shown correlations between the cumulative thickness of snow layers exceeding a den-
sity of 350 kg m~? of a full winter season and ungulate counts and grazing areas. Snow simulations allow to capture different
processes that can lead to high snow density, such as wind packing, melt-refreeze or ROS events. The usage of snow models to
investigate specifically the impacts of ROS events on the snowpack is restricted to studies focusing on the resulting snowmelt
and water run-off (i.e. Bonsoms et al., 2024; Marsh and Pomeroy, 1996; Wiirzer et al., 2016). To the authors knowledge, no
study have yet focused on simulating locked pastures in the Arctic from autumn ROS events. A snow model ability to simulate
in-situ snow conditions is limited to the performance of Arctic snow physical properties representation and to the accuracy of
the driving meteorological data.

The main limitations in Arctic physical processes within snow models include the absence water-vapour fluxes schemes
(Domine et al., 2019; Menard et al., 2024) and limited wind-induced compaction (Royer et al., 2021b; Barrere et al., 2017).
Both constraints limit considerably the ability of snow models to simulate Arctic tundra snow density profiles where the
snowpack is composed of three main layers : a hard wind slab (at the surface), faceted crystals (intermediate) and low density
large depth hoar (on the ground) (Royer et al., 2021a). As a result, some multi-layer snowpack models have been parameterized
for Arctic snow, such as Crocus within the Soil, Vegetation and Snow version 2 (SVS2) land surface model (Vionnet et al.,
2012, 2025; Woolley et al., 2024), SNOWPACK (Bartelt and Lehning, 2002; Martineau et al., 2022) and SnowModel (Liston
and Elder, 2006; Pflug et al., 2019). While these parametrizations better simulate Arctic snowpacks, the use of a multiphysics
approach would allow to quantify uncertainties associated with the snowpack model and the impact on the simulation of locked
pasture.

In the case of meteorological data limitations, one of the main challenges when investigating ROS events is to identify
the phase of precipitation around the time of the event, where misidentifying the precipitation phase can be the difference
between a ROS event, snowfall or a rain-on-ground event. Precipitation partitioning methods (PPMs) are used to distinguish
between solid and liquid precipitations and rely on meteorological variables such as near-surface air temperature, humidity
and atmospheric pressure (i.e. Harder and Pomeroy, 2013; Jennings et al., 2018; Leroux et al., 2023; Wang et al., 2019). To
identify the precipitation phase, a temperature threshold can be used, based on either a theoretical value (Loeb et al., 2022)
or one calculated from in-situ measurements, where thresholds for rain can range from 0.8°C to 2.4°C (Jennings et al., 2018;
Madore et al., 2023). More complex method that integrate other meteorological variable can allow for more than only solid
and liquid precipitation. Harder and Pomeroy (2013) and Wang et al. (2019) both suggested equations to calculate the liquid
precipitation fraction based on near-surface air temperature and 2-m relative humidity, allowing for mixed precipitation that
are expected to be more realistic when temperatures are oscillating around 0°C. In the case of Bourgouin (2000), the vertical
air temperature profile is used to identify four precipitation types: snow, rain, freezing rain and ice pellets.

Meteorological variables required to calculate different PPMs and to drive snowpack models are, for the most part, available

in standard weather station dataset. However, weather stations are scarce in the Arctic and are associated with limited quality
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due to the harsh environment. As a consequence, meteorological reanalyses offer a potential to drive distributed snowpack
simulations to inform about the state of the snowpack across large areas and in particular the formation of locked pasture. At-
mospheric reanalyses assimilate historical observations into a fixed numerical weather prediction model to produce consistent,
gridded records of the atmospheric state. Yet, their reliability is limited in the Arctic by a sparse and spatially biased observ-
ing network, which leaves large areas of ocean and land weakly constrained by assimilated data (Laroche and Poan, 2022;
Lawrence et al., 2019). This limitation is compounded by the difficulty models have in representing stable boundary layers,
mixed-phase clouds, and snow-atmosphere interactions, leading to persistent biases in near-surface temperature, precipitation,
and snowfall. Evaluating the accuracy of the driving reanalysis data is therefore a necessary step when modelling Arctic snow-
packs, as biases in temperature and precipitation phase can determine whether ROS events are correctly detected and, in turn,
whether locked pasture conditions are reliably identified.

To investigate ROS events in the Arctic and how they are represented within snowpack models, this study focuses on Banks
Island, located in the Canadian Arctic Archipelago, which has been the subject of multiple ROS events that led to rapid declines
in caribou and muskoxen populations in the past (Langlois et al., 2026; Larter and Nagy, 1994; Nagy et al., 1996). A major
ROS events occurred in early October 2003 on Banks Island, which formed an ice layer too thick for muskoxen to penetrate
and access vegetation for foraging, leading to the loss of about 25 % of the muskoxen population of the island (Grenfell and
Putkonen, 2008; Putkonen et al., 2009). The October 2003 ROS event is the best documented one, with reports of weather and
snow cover conditions available to validate both meteorological reanalyses and the snowpack model. A multi-year simulation
was also completed to investigate the simulation of locked pastures through different meteorological conditions. This study

aims to:
— Assess whether meteorological reanalyses can capture key elements of ROS events that lead to locked pastures.

— Evaluate the capacity of a physical snowpack model (SVS2-Crocus) to recreate locked pasture stratigraphy in Arctic

snow conditions as a result of ROS events.

Section 2 describes the study site, the configuration of the SVS2-Crocus ensemble, followed by an overview of the mete-
orological reanalyses used, measurements, observations and calculations of precipitation phase and finally the explanation of
the experimental setup. Results are presented in Section 3, where the accuracy of meteorological reanalyses and PPMs are
evaluated and the ability of SVS2-Crocus to reproduce locked pastures for the 2003 ROS event and a 35 years time-series is

assessed. Section 4 discusses the implications of these results and conclusions are presented in Section 5.
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Figure 1. Map of Banks Island showing the location of positive detections of ROS from Langlois et al. (2026) and the location of three local

weather stations from Environment and Climate Change Canada.

2 Data and methods
2.1 Study area
2.1.1 Banks Island

Banks Island is part of the Inuvialuit Settlement Region, located in the southwest of the Canadian Arctic Archipelago, and
covers an area of about 70,000 km?. The island is a lowland terrain consisting of a tundra ecosystem composed mainly of dwarf
shrubs, grasses, sedges, and flowering plants that is settled in a thin active layer of soil (between 50 and 75 cm) above continuous
permafrost (French, 2017). Sachs Harbour (Ikaahuk) is the only settlement on Banks Island, situated in the southwest of the
isle (Figure 1). It is also home to two ungulate species that are essential to traditional activities of Inuit communities: the Peary
caribou and muskoxen (Johnson et al., 2016; Davison et al., 2017; Parks Canada Agency, 2025). In the northeast, the Aulavik
National Park protects about 17 % of the island surface area (Parks Canada Agency, 2025). As shown in Figure 1, the national
park encompasses two out of the three weather station of Environment and Climate Change Canada (ECCC): Thomsen River
(lon: 119.54°W; lat: 73.23°N, alt: 28 m) and Nangmagvik Lake (lon: 119.99°W; lat: 74.14°N; alt: 19 m). The third local
weather station (LWS) is located within the community of Sachs Harbour (lon: 125.27°W; lat: 72.00°N; alt: 54 m).
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2.1.2 Local weather station (LWS) data

Meteorological reanalyses were evaluated against data from ECCC weather stations at three locations on Banks Island (see
Figure 1 for locations). The three ECCC weather stations are the only ones located on Banks Island whose data is publicly
available. 2-m relative humidity, 2-m air temperature, 10-m wind speed and direction, and surface air pressure are available at
an hourly resolution at Nangmagvik Lake since 1996, Thomsen River since 1997, and Sachs Harbour since 1955.

Sachs Harbour weather station is staffed, resulting in data being only available between 09:00 and 17:00 with two additional
entries at 05:00 and 23:00 LT, including weather conditions. Observed weather conditions provide hourly indications of precip-
itation type (i.e. rain, drizzle, ice pellets, freezing rain, etc.), precipitation intensity (i.e. heavy drizzle, moderate snow showers,
etc.), and general weather conditions (i.e. mostly clear, thunderstorm, fog, cloudy, etc.). Reported precipitation type at Sachs
Harbour was used to validate the different precipitation phase partitioning methods (PPMs) (Section 2.4.1), where mentions of
drizzle or rain (including freezing rain) were qualified as liquid precipitation and snow, ice pellets or hail were considered solid
precipitation. Within the entire database of weather conditions between 1980 and 2020, observations of mixed precipitation
occur in only 0.13 % of cases (146 out of 109 492 precipitation observations). Due to the rarity of mixed precipitation events,
they have been excluded from the dataset.

Sachs Harbour is also the only station on Banks Island where information about the precipitation gauge type is readily
available, allowing for precipitation data records to be corrected accordingly for wind-induced undercatch. Daily precipitation
amounts at Sachs Harbour were corrected for the period between 1955 and 2013 by Wang et al. (2017) in the Adjusted Daily
Rainfall and Snowfall Dataset for Canada. Corrected daily precipitation amounts were compared to total daily precipitation
from meteorological reanalyses. For the analysis, a minimum threshold of 0.2 mm for total daily precipitation was applied to
meteorological reanalyses to define a day with precipitation, based on the smallest amount of precipitation (trace) that weather

station gauges can measure (Environment and Climate Change Canada).
2.2 Snowpack model SVS2-Crocus Configuration

Crocus is a multilayer snowpack model (Brun et al., 1992; Vionnet et al., 2012; Lafaysse et al., 2026) and was integrated
within the SVS2 land surface model (Vionnet et al., 2025). Soil texture and vegetation characteristics were extracted from
the SoilGrids 2.0 database (Poggio et al., 2021) and French (2017). Since the Thomsen River is not located in an area that is
covered by shrubs, the height of Arctic vegetation has been set to 0 cm. As a consequence, the effect of Arctic vegetation on
basal snowpack properties (Royer et al., 2021b; Woolley et al., 2024) are not simulated. A complete list of options and physical
parameters used in this study can be found in Appendix B. To investigate the ability of SVS2-Crocus to recreate a locked
pasture, different schemes driving liquid water percolation and snow density were tested through an ensemble approach. Each
physical representation used in the ensemble is described in Table 1 and in the following paragraph.

In SVS2-Crocus, the water percolation scheme is a bucket approach, meaning that an input of liquid water in the snowpack
from either rainfall or snowmelt first fills the surface snow layer until it reaches its maximum water holding capacity. Excess

water then flows into the layer underneath. SVS2-Crocus has four physical processes describing maximum water holding
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Figure 2. Behaviour of different parameters of water holding capacity implemented in SVS2-Crocus as a function of snow density.

capacity representations implemented, defined in Table 1: B02, B92, SPK and O04. All equations depend on snow layer
density, as shown in Figure 2, where SPK, B92 and O04 are associated with a negative relationship between snow density and
volumetric water holding capacity, whereas B02 exhibits a positive relationship. SPK has a threshold at 747 kg m~3 where the
snow layer becomes impermeable. In the specific case of liquid precipitation at temperatures below 0°C, a modification of the
B92 percolation scheme for freezing rain is triggered, causing a rapid increase in the water holding capacity of the first 2 cm at
the surface to simulate ice impermeability (Quéno et al., 2018). This function allows the formation of an ice layer at the surface
of the snowpack, simulating the consequences of a freezing rain event.

The main physical processes affecting directly snow density in SVS2-Crocus are the snow compaction, wind packing and
falling snow density schemes. Three snow compaction schemes were tested in this study: B92, T11 and S14 . In the case of
wind-packing and falling snow density, Arctic parameterizations implemented through the work of Woolley et al. (2024) have
been used in this study (Table 1). Three representations of wind packing, R21W, R21R and R21F, increase both the rate and
the maximum density attainable through wind packing when compared to other default options available in SVS2-Crocus, and
three falling snow density equations increase the impact of wind speed by a factor of 2, 1.5 and 1.25 respectively for R21, GW1
and GW2.
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Table 1. Description of SVS2-Crocus model ensemble equations.

Source Reference name  Description
Water holding capacity
Brun et al. (1992) B92 Volumetric liquid water holding capacity corresponds to 5% of pore

volume (Eq. 9, Lafaysse et al., 2017)

Boone (2002) B02 Water retention capacity defined by a maximal liquid water mass frac-
tion (Eq. 13, Lafaysse et al., 2017).

Oleson et al. (2004) 004 Volumetric liquid water holding capacity corresponds to 3.3% of pore
volume (Eq. 7.26, Oleson et al., 2004).

Wever et al. (2014) SPK Water holding capacity as a function of snow porosity depending on the
volumetric ice content of the layer (Eq. 12, Lafaysse et al., 2017).

Snow compaction

Brun et al. (1992) B92 Viscosity defined as a function of snow density and temperature (Eq. 15,
Lafaysse et al., 2017).

Teufelsbauer (2011) T11 Viscosity defined as a function of snow density and temperature (Eq. 16,
Lafaysse et al., 2017).

Schleef et al. (2014) S14 Defined as the compaction rate integrating snow microstructure (spe-
cific surface area) within the first h after snowfall (Eq. 17, Lafaysse

et al., 2017).

wind packing

Royer et al. (2021b) R21W Triples the wind effect coefficient to account for underestimating the
effect of wind on surface snow density (Eq. 3, Woolley et al., 2024)

Barrere et al. (2017); R21R Increases the maximum density of snow impacted by wind from 350 to

Lackner et al. (2022); 600 kg m~3 (Eq. 2, Woolley et al., 2024)

Royer et al. (2021b)

Woolley et al. (2024) R21F Combination of both R21W and R21R (Egs. 2 and 3, Woolley et al.,
2024)

Falling snow density

Royer et al. (2021b) R21 Doubles the wind speed factor in the calculation of falling snow density
from 26 to 52 kg m~"/2s'/2 (Eq. 1, Woolley et al., 2024)

Woolley et al. (2024) GW1 Increases the wind speed factor in the calculation of falling snow density
from 26 to 39 kg m~"/2s'/2 (Eq. 1, Woolley et al., 2024)

Woolley et al. (2024) GW2 Increases the wind speed factor in the calculation of falling snow density
from 26 to 32.5 kg m~"/2s1/2 (Eq. 1, Woolley et al., 2024)
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2.3 Meteorological reanalyses

ERAS5 and CaSRv3.2 are meteorological reanalyses that cover the Canadian Arctic, with large temporal ranges, respec-
tively from 1940 to present and 1980 to 2025, at hourly temporal resolution, allowing for long-term comparison with LWS.
ERAS is produced by the European Centre for Medium-range Weather Forecasts (ECMWF) and has a spatial resolution of
0.25°(Hersbach et al., 2020). Graham et al. (2019) showed that ERAS performs better than other atmospheric reanalyses across
the Arctic, exhibiting better correlations with observations for temperature, wind speed, and humidity. In the context of this
study, ERAS data were extracted at the location of three LWS on Banks Island (see Figure 1) from 1980 onwards to match the
temporal range of the CaSRv3.2 dataset. ERAS data were interpolated to the station location using bilinear interpolation for
hourly 2 m air temperature and specific humidity, 10 m wind speed, longwave and shortwave radiation, and nearest neighbour
interpolation for precipitation.

CaSRv3.2 is a 10-km North American precipitation and land surface reanalysis created from the global deterministic re-
forecast system (GDRS) initialized with ERAS from 1980. Outputs from GDRS were dynamically downscaled from 0.25°to
~10 km using the regional deterministic reforecast system coupled with the Canadian Land Data Assimilation System (CaL-
DAS) and precipitation analysis (CaPA) to produce the final CaSRv3.2 product (Khedhaouiria et al., 2026). Compared to pre-
vious versions, CaSRv3.2 has been shown to have a reduced bias in data-sparse regions, like the Canadian Arctic, especially
through its representation of precipitation events (Khedhaouiria et al., 2026), which is key when investigating ROS events.
Two precipitation outputs are available for CaSRv3.2: (i) the raw precipitation forecast of the model, hereafter referred to as
CaSRv3.2-F, and (ii) the analysed precipitation of CaPA that blends surface station observations and the raw precipitation fore-
cast, hereafter referred to as CaSRv3.2-R. It is important to note that the dataset from which the surface station observations are
extracted is the Adjusted Daily Rainfall and Snowfall Dataset for Canada (Wang et al., 2017), which includes the precipitation
data from Sachs Harbour (Khedhaouiria et al., 2026). Therefore, comparison of CaSRv3.2-R precipitation amounts and timing
with Sachs Harbour is not independent. However, both precipitation outputs are considered in this study due to the scarcity and
limited reliability of in-situ precipitation data in the Arctic (Laroche and Poan, 2022; Lawrence et al., 2019). CaSRv3.2 data
were extracted at the location of all three LWS on Banks Island (see Figure 1) from 1980 onwards.

Relative humidity with respect to liquid water over the full range of temperature, 2-m air temperature and 10 m wind speed
from meteorological reanalyses were compared against LWS measurements due to their relevance in determining precipitation
phase (see Section 2.4.1) and in driving the forcing for snowpack simulations (see Section 2.2). Biases and root mean square
differences (RMSD) were calculated at all three LWS for each reanalysis over the complete dataset and for near-freezing pe-
riods, when the temperature recorded at the LWS ranged between —5 and 5°C. For wind speed and relative humidity during
near-freezing periods, a maximum difference of 5°C was tolerated between the observed and the reanalysis surface air tem-
peratures. The focus on near-freezing periods aims to refine the dataset to only periods where ROS events could potentially
happen.

The Frequency Bias Index (FBI), Equitable Threat Score (ETS) and proportion of correctly detected events (PC) were

calculated from a 2x2 contingency table of presence/absence of daily precipitation for each meteorological reanalysis at Sachs



210

215

220

225

230

235

https://doi.org/10.5194/egusphere-2026-6730
Preprint. Discussion started: 5 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Harbour. FBI is the ratio of predicted events over total observed occurrences, while ETS quantifies true predicted events after
accounting for occurrences expected by random chance. Further details about the calculation of the FBI, ETS and PC can be

found in Appendix A.
2.4 Precipitation Phase
2.4.1 Phase Partitioning Methods (PPMs)

Meteorological data used as an input to snowpack models like SVS2-Crocus require the specification of the phase of precipi-
tation (solid or liquid). Different PPMs were used to derive the liquid and solid precipitation rates from the total precipitation
available in the different reanalyses. A total of four different PPMs (Table 2) were tested: (a) three ground-based PPMs, which
only rely on near-surface temperature and humidity, and (b) one atmospheric-based PPM, which accounts for the vertical
profile of upper-air temperature and is specific to CaSR3.2. PPMs were evaluated against Sachs Harbour precipitation phase
observations to determine their suitability to identify ROS events.

The first method used a spatially variable near-surface air temperature threshold extracted from the work of Jennings et al.
(2018), hereafter referred to as “J18”. Air temperature threshold for Sachs Harbour was 1.22°C , where precipitation above
the threshold was considered liquid and below was considered solid. More complex methods such as those using the wet-bulb
temperature (W19, Wang et al., 2019), which corresponds to the lowest temperature attainable through evaporative cooling, and
the hydrometeor temperature method (HP13, Harder and Pomeroy, 2013), were also analysed. Both W19 and HP13 generate a
liquid fraction between 0 and 1. For the purpose of this study, because mixed precipitation was removed from the analysis, liquid
fractions greater than 0.5 were considered liquid and those below 0.5, solid. All three ground-based PPMs, J18, W19 and HP13,
were applied to the two reanalysis products. The remaining atmospheric-based PPM is based on Bourgouin (2000) (B00) and
used vertical profiles of air temperature to identify four different precipitation types: rain, freezing rain, snow and ice pellets.
A summary of PPM methodology can be found in Table 2. By default, the outputs of BOO are only available for CaSRv3.2-F
at an hourly time scale. In the context of this study, they have reprocessed to provide a phase separation that matches the total
precipitation amount of CaSRv3.2-R. The comparison with precipitation phase observations focused on near-freezing periods
where air temperatures recorded at Sachs Harbour were between —5°C and 5°C and the modelled air temperature was within
5°C of the LWS measurement. Skill scores (FBI, ETS and PC, defined in Section 2.3) were calculated for each precipitation
phase when both observations and the compared model-PPM pairing agreed on the presence of precipitation. The percentage
of correctly detected events was also calculated to help identify which model-PPM pairing was the most appropriate.

In addition, the ability of each PPM to reproduce liquid precipitation for the ROS event of October 2003 at Thomsen River
was assessed by comparing the timing of liquid precipitation and the near-surface air temperature to positive ROS detections
from Langlois et al. (2026) (Section 2.4.2). The combination of meteorological reanalysis and PPM that showed the best fit

with precipitation phase and timing was subsequently used as meteorological forcing for SVS2-Crocus.
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Table 2. Description of precipitation phase partitioning methods.

Source (reference  Description Output Meteorological re-
name) analysis

Jennings et al. (2018) Spatially distributed near-surface rain-snow tempera- Rain (liquid); CaSRv3.2;

J18) ture threshold. Snow (solid) ERAS

Sachs Harbour: 1.22°C
Wang et al. (2019) Index (f,) calculated from the near-surface wet-bulb  Liquid precipita- CaSRv3.2;

(W19) temperature (1w ): tion fraction (0-1)  ERAS
fT - 1+ aeb(Tw+C)
a=6.99x107°
b=20K*
c=397TK

Harder and Pomeroy Index calculated from hydrometeor temperature (7;):  Liquid precipita- CaSRv3.2;

(2013) (HP13) fr= ﬁm tion fraction (0-1)  ERAS

a = 2.50286

B =0.125006
Bourgouin (2000)  Distinction of precipitation phase based on vertical Rain (liquid); CaSRv3.2
(B0O0) temperature profile and the thickness of atmospheric =~ Freezing rain (lig-

layers. uid); Snow (solid);

Ice pellets (solid)

2.4.2 Remote sensing detection

Langlois et al. (2026) developed a high resolution (3.125 km) dataset of ROS detection for Banks Island from 1987 to 2023
based on passive microwave satellite measurements at 19 and 37 GHz. The passive microwave algorithm triggers a positive
detection when enough water is present near the surface of the snowpack (Dolant et al., 2017). The minimum amount of water
at the surface of the snowpack required to obtain a positive wet snow detection varies based on the threshold of the polarized
gradient ratio (GRP) used in the analysis, although no direct quantity of water is associated with GRPs. In the case of Langlois
et al. (2026), the GRP used was —2, which is more sensitive to wet snow than previous works from Dolant et al. (2017) and
Sasseville et al. (2024), both using a GRP of —10. To increase the accuracy of the remote sensing dataset, Langlois et al. (2026)
validated the results of the wet snow detections with the presence of snow cover using National Oceanic and Atmospheric
Administration (NOAA) snow cover maps (Robinson et al., 2012). Finally, a cluster analysis was done in Langlois et al. (2026)
to identify only major events that would have had negative impacts on the local fauna.

The remote sensing ROS detection dataset of Langlois et al. (2026) was used in this study to validate when and where ROS

events happened on Banks Island, indicating potential locked pastures within the snowpack. To evaluate whether the snowpack
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model was able to recreate a locked pasture from a ROS event, the major ROS event of October 2003, which caused the death
of more than 20 000 muskoxen, was used as a case study due to the availability of in-situ observations. A large number of
positive detections of ROS were measured on Banks Island between 19 September 2003 and 12 October 2003 (Langlois et al.,
2026). Positive detections of ROS happened at Thomsen River in four instances of satellite passages (one in the morning and
one in the evening) between 2 and 5 October 2003, shown in red in Figure 1. Then, the number of positive ROS detections
was counted for each winter from 1987 to 2020, at the location of the Thomsen River again and compared to a long-term
simulation of the snowpack at this location. For the historical count of ROS detections at Thomsen River, a GRP of —2 was
used and the snow cover was validated with the NOAA snow cover maps, but no cluster analysis was carried out, allowing all

positive detections for this specific location to be retained for comparison with the snowpack model.
2.4.3 In-situ observations

Community members of Sachs Harbour provided evidence of the snow conditions during and after the ROS event of 2003
on Banks Island. According to Rennert et al. (2009), hunters reported that about 15 cm of new snow had accumulated on the
island before “a week of intermittent [drizzly] rains and a rapid return to subfreezing temperatures” formed a “thick sheet of
ground-fast ice on the northern two-thirds of the island”. The described conditions indicate that the amount of precipitation was
low since the ROS event corresponded to intermittent drizzly rain. From the depiction of the events, it is possible to interpret
that the ~15 cm of fresh snow filled with liquid water throughout the week of drizzly rain, after which it re-froze completely,
creating a thick and potentially dense layer of melt forms on the soil surface. The resulting icy basal snow layer is considered

to be a locked pasture.
2.5 Experimental setup

Altogether, the four water holding capacity equations, three snow compaction schemes, three wind packing representations,
and three falling snow density variations available in SVS2-Crocus form a 108-member ensemble. Ensemble simulations were
run at Thomsen River from July 1998 to June 2004, forced by the meteorological reanalysis with the lowest error in capturing
the ROS event. A 5-year spin-up was run by using the forcing between 1998-2003 to correctly initialize the soil conditions at
the beginning of the simulation period. Analysis of the modelled density and stratigraphy of the snowpack for the 2003-2004
winter was completed to provide an estimate of the model’s capacity to recreate locked pastures, through comparison with
conditions reported by hunters from Sachs Harbour in Rennert et al. (2009) (Section 2.4.3. Simulation of a locked pasture is
identified where a 20 mm layer at the base of the snowpack exceeds 350 kg m~3 (Vikhamar-Schuler et al., 2013; Ouellet et al.,
2017).

An additional two simulations using the 108-member ensemble approach for the same period were completed to better
understand the processes that lead to the formation of a locked pasture. Changes in the meteorological driving data were made
between 19 September 2003 and 12 October 2003, which represents the entire length of the ROS event of 2003 on Banks
Island. In the first scenario, hereafter referred to as the cold simulation, maximum surface air temperatures were set to —0.5°C

between 19 September 2003 and 12 October 2003 to limit snowmelt from interfering with the formation of the locked pasture.
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The precipitation phase was maintained to promote freezing rain. In the second scenario, hereafter referred to as the no-rain
simulation, all liquid precipitation was turned into snowfall between 19 September 2003 and 12 October 2003, allowing the
impacts of snowmelt on the formation of a locked pasture to be isolated.

To verify that the snowpack model can simulate locked pastures in different ROS conditions, a long-term simulation was
also completed from 1980 to 2020 at Thomsen River, using the same 108-members ensemble as before. Once again, the first 5
years of the simulation were used to spin up the model, producing results only for the period between 1985 and 2020. Densities
above 350 kg m~3 were extracted for 31 October of every year, as no ROS were detected after this date by Langlois et al.
(2026) and allowing a few days after the ROS event for the water to settle (Woo and Heron, 1981), capturing only locked
pastures caused by early snow season melt or ROS events. Snow stratigraphy was then evaluated against historical positive
ROS detections at the location of Thomsen River, extracted from the work of Langlois et al. (2026). Furthermore, to confirm
potential locked pastures, five years with reported ROS events associated with ungulate die-offs on Banks Island (1987, 1988,
1990, 1993 and 2003 from Table 3 of Langlois et al., 2026) are verified against the model’s snow stratigraphy.

3 Results

This section first focuses on the accuracy of meteorological reanalyses, which includes both near-surface variables and PPM
performances. The meteorological reanalysis and PPM pairing that captured best the precipitation phase and timing is identi-
fied and results of the snowpack model ensemble simulations are presented, followed by the historical assessment of locked

pastures.
3.1 Accuracy of meteorological reanalyses
3.1.1 Air temperature, wind speed and relative humidity

For the full dataset, ERAS outperformed CaSRv3.2 for air temperature at all three LWS, with biases closer to 0 (from -0.11
to 0.53°C for ERAS, compared with 1.10 to 1.55°C for CaSRv3.2) and lower RMSDs (2.32 to 2.95°C and 3.29 to 3.37°C,
respectively). Air temperature was the only variable with a high correlation (R? > 0.8) for both reanalyses, with values between
0.94 and 0.98 across all LWS. Near-freezing periods represented between 21 and 27 % of the full dataset, depending on the
LWS and the reanalysis considered (see Appendix C for exact numbers). In these periods, RMSDs were lower than for the
full dataset for both reanalyses, from an average of 3.34 to 1.67°C for CaSRv3.2 and from 2.54 to 1.22°C for ERAS, and
ERAS, again, showed the lowest RMSDs at all LWS. ERAS also had overall higher correlation coefficients than CaSRv3.2
in near-freezing periods (see Table 3). No systematic pattern was identified in air temperature bias, although positive biases
(overestimation) were more frequent across the sample, mostly driven by CaSRv3.2, which overestimated air temperature at
all LWS for the full dataset.

Wind speed was underestimated by both reanalyses at all LWS, over the full dataset as well as in near-freezing periods. Over

the full dataset, the negative bias was smaller for ERA5 (-0.57 to -0.21 m s~ 1) than for CaSRv3.2 (-1.10 to -0.86 m s—!), and
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Table 3. Bias (RMSD) for surface air temperature, wind speed and relative humidity for the two reanalysis at all three LWS on Banks Island
over (i) the complete dataset and (ii) near-freezing periods only. Asterisks identify strong correlations, where one () corresponds to R? > 0.5

and two (**) corresponds to R?*>0.8.

Variable Reanalysis Sachs Harbour Nangmagvik Lake Thomsen River
(i) Full dataset

Air temperature (°C) ERA5 0.35 (2.32)*" 0.53 (2.95)*" —0.11 (2.35)*"
CaSRv3.2 1.23 (3.36)*" 1.10 (3.29)*" 1.55 (3.37)*"

Wind speed (m s~ 1) ERAS —0.57 (2.10)" —0.21 (2.03)" —0.28 (2.16)"
CaSRv3.2 —1.03 2.3D)* —1.10 (2.26)" —0.86 (2.18)"

Relative humidity (%) ERAS —2.80(8.27) —0.96 (7.45)" —1.26 (7.37)"
CaSRv3.2 —4.12 (9.30) —2.93 (7.86)" —3.73 (8.32)"

(ii) Near-freezing periods

2 m Air temperature (°C) ERAS 0.65 (1.27)** —0.27 (1.21)*" —0.53 (1.18)*"
CaSRv3.2 0.88 (1.74)* —0.06 (1.61)" 0.62 (1.65)"

Wind speed (m s~ ') ERAS —0.80 (2.00)* —0.77 (1.83)" —0.91 (1.86)"
CaSRv3.2 —0.84 (2.00)* —1.23 2.07)" —0.92 (1.83)"

Relative humidity (%) ERAS —5.40 (8.78) —3.87(7.83) —5.04 (8.45)
CaSRv3.2 —7.28 (10.50) —5.93 (9.22) —7.39 (1041)

ERAS also had the lower RMSDs (2.03 to 2.16 m s~!, compared with 2.18 to 2.31 m s~! for CaSRv3.2). Correlations were
moderate for both products (R? > 0.5) but never exceeded 0.8 (see Table 3). In near-freezing periods, RMSDs were lower than
for the full dataset (1.83 to 2.00 m s~' for ERAS5 and 1.83 to 2.07 m s~! for CaSRv3.2). Figure 3 shows that both reanalyses
followed a similar pattern at all LWS. Wind speed was slightly overestimated during periods of measured calm, more so for
ERAS, and the modelled quantiles progressively fell below the 1:1 line as measured wind speed increased. This underestimation
of the upper quantiles was weakest at Sachs Harbour, where the highest modelled quantiles reached 11.5 m s~! for measured
values of about 13.5 m s~!, while at Thomsen River and Nangmagvik Lake, modelled quantiles did not exceed 10 m s~! for
similar measured wind speeds, indicating that stronger wind events were not captured.

In the case of relative humidity, both reanalyses display much larger biases and RMSD than for air temperature and wind
speed. Both ERAS and CaSRv3.2 produced a negative bias at all LWS and in both periods, indicating that modelled air was
systematically drier than observed. Over the full dataset, ERAS5 biases ranged from -2.80 to -0.96 % and RMSDs from 7.37 to
8.27 %, while CaSRv3.2 showed larger biases (-4.12 to -2.93 %) and RMSDs (7.86 to 9.30 %). Correlations were also weak:
R? exceeded 0.5 only at Nangmagvik Lake and Thomsen River (see Table 3), and remained below this threshold at Sachs
Harbour. The performance of both reanalyses decreased during near-freezing periods: biases increased considerably (from -
1.67 to -4.77 % on average for ERA5 and from -3.59 to -6.87 % for CaSRv3.2) and R? fell below 0.5 at all LWS. Despite a
poorer performance in near-freezing periods, ERAS still has the lower bias and RMSD at all LWS in both periods.
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Figure 3. Quantile-quantile plots of wind speed (m s™') comparing observations to reanalyses for the full dataset. See Figure 1 for the

locations of weather stations.

3.1.2 Total precipitation

The daily occurrence of precipitation in the three products considered in this study (CaSRv3.2-F, CaSRv3.2-R and ERAS5)
was compared with observations from Sachs Harbour. Results presented in Table 4 showed that CaSRv3.2-F, CaSRv3.2-R and
ERAS all underestimated the frequency of precipitation occurrence, with FBIs smaller than 1. ERAS had the largest number of
missed precipitation days, missing 25 %, compared to 19 % for CaSRv3.2-F and 16 % for CaSRv3.2-R. CaSRv3.2-R had the
highest ETS (0.38) and PC (77.5 %).

Total annual precipitation was evaluated using eight years of continuously recorded precipitation. Figure 4a illustrates the
results: the average annual precipitation at Sachs Harbour, at 217 mm, was between the ERAS annual precipitation of 207 mm
and the CaSRv3.2-F and CaSRv3.2-R values of 263 and 244 mm, respectively. The comparison highlighted ERAS5’s underes-
timation of total precipitation, where the minimum total annual precipitation predicted by the reanalysis was 162 mm for the

year 2000, as opposed to 224 mm measured at the LWS for the same year.
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Table 4. Skill scores for daily precipitation occurence: Frequency Bias Index (FBI), Equitable Threat Score (ETS) and proportion of correctly
detected events (PC).

ERAS5 CaSRv3.2-R  CaSRv3.2-F

FBI  0.719 0.819 0.882
ETS  0.208 0.383 0.221
PC 0.663 0.775 0.681

Precipitation seasonality was assessed at Sachs Harbour. Corrected daily precipitation data from the LWS were used, cover-
ing 33 complete months for each month, represented in Figure 4b. Findings indicated that most precipitation was observed by
the LWS between July and October, whereas the distribution of ERAS precipitation throughout the year was shifted a month
earlier, with most precipitation occurring between June and September. CaSRv3.2-R monthly precipitation seemed to capture
the seasonality of precipitation observed at the LWS better, while CaSRv3.2-F overestimated precipitation and also presented a
shift in precipitation timing similar to ERAS5, although smaller in magnitude. The closer agreement between CaSRv3.2-R and
Sachs Harbour should be interpreted with caution: precipitation observations from the LWS are assimilated into CaSRv3.2-R,
meaning that both dataset are not independent. Additionally, all meteorological reanalyses captured the low accumulation of

precipitation between December and April, where the monthly average cumulative precipitation ranged only from 5 to 8 mm.
3.2 Phase Partitioning Methods

All four PPMs, regardless of the meteorological reanalysis with which each was paired, tended to underestimate liquid pre-
cipitation (FBI < 1) and overestimate solid precipitation (FBI > 1) in near-freezing periods, as shown in Figure 5. ETS are
also very similar between all reanalysis-PPM combinations, where scores range from 0.40, for CaSRv3.2-F with J18, to 0.54,
for ERAS with HP13. While ERAS consistently produced the highest ETS, B0O led to the largest ETS for a given reanalysis,
followed by HP13. Table 5 summarizes the proportion of correctly detected precipitation phase for each pair of meteorological
reanalysis and PPM. J18, the only PPM that relies solely on near-surface air temperature, had the lowest proportion of correctly
detected events when compared to other PPMs for the same meteorological reanalysis. ERAS showed the highest proportion
of correctly detected precipitation phase across all PPMs, with its highest PC at 0.86 when paired with HP13. In the case of
CaSRv3.2-F and CaSRv3.2-R, B0O was the PPM that led to the largest agreement with observed precipitation phase, with 0.83
and 0.84 of correctly detected phases, respectively. Lower skill scores for W19 and HP13 can be attributed to the underestima-
tion of relative humidity, which increased evaporative cooling and contributed to decreasing the resulting liquid precipitation
fraction, promoting solid precipitation.

An evaluation of BOO freezing rain predictions at Sachs Harbour revealed that in more than 99 % of freezing rain predictions
for CaSRv3.2-R, and on average 98.5 % for CaSRv3.2-F, the same precipitation event was identified as solid for pairings
with any other PPM, both through the whole dataset and for near-freezing periods. When validating against LWS weather
observations, only 20 % for CaSRv3.2-R (41 events out of 203), and 26 % for CaSRv3.2-F (68 events out of 267), of all freezing
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(n per year: 8) and (b) the average of monthly precipitation accumulation (n per month: 33).
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Table 5. Proportion of correctly detected (PC) precipitation phase in near-freezing periods at Sachs Harbour.

J18 HP13 W19 B00 Average PC

ERAS 0.83 0.86 0.85 - 0.85
CaSRv3.2-R 080 082 0.81 0.84 0.82
CaSRv3.2-F 080 082 0.80 0.83 0.81

Average PC 0.81 0.83 0.82 0.84 -

rain observations were predicted correctly in near-freezing periods. These predictions happened in 4.7 % of occurrences of all
liquid precipitation within near-freezing periods with CaSRv3.2-R, and 5.2 % with CaSRv3.2-F.

The assessment of PPM performance then focused on the ROS event of October 2003 on Banks Island, specifically at
Thomsen River, for the period when liquid precipitation is expected near ROS detections. Figure 6a illustrates the precipitation
phase partitioning for each meteorological reanalysis paired with the PPM that provided the highest PC. It shows that all
reanalyses predicted precipitation between 2 and 6 October, but only BOO partitioned 4.2 mm of it as liquid precipitation.
The only difference between CaSRv3.2-F and CaSRv3.2-R was the amount of solid precipitation between 26 September
and 10 October 2003, where CaSRv3.2-F predicted 0.9 mm more solid precipitation, consistent with previous results shown
in Section 3.1.2 indicating its tendency to overestimate precipitation amounts. As opposed to B0O, J18 did not yield any
significant amount of liquid precipitation around the 2003 ROS event, while HP13 and W19 captured very small amounts of
rainfall (additional results are avaible in Appendix D).

Focusing on the output of BOO in Figure 6b, some of the liquid precipitation was identified as freezing rain and occurred
at sub-zero temperatures: the average surface air temperature of CaSRv3.2-R for the freezing rain detection in that window
was —0.9°C. Liquid precipitation from CaSRv3.2-R paired with BOO also overlapped with both periods of ROS detection. The
second period of ROS detection aligned with rainfall rather than freezing rain, which was driven by above-zero air temperatures

at the surface. Above-zero surface air temperatures lasted from October 3 to 5, reaching a maximum of 1.8°C.
3.3 Snowpack modelling

Due to the similarity in performance between ERAS and CaSRv3.2 for air temperature, wind speed and relative humidity,
precipitation quality led the choice for the selected meteorological reanalysis. CaSRv3.2-R had the best fit with the seasonality
of precipitation and monthly cumulative precipitation. When paired with B0O, it provided a high proportion of correctly de-
tected occurrence of precipitation events and was able to predict liquid precipitation aligned with the positive ROS detections
from remote sensing at Thomsen River in October 2003. CasRv3.2-R coupled with BOO detected a total of 4.16 mm of rainfall
between 19 September and 10 October 2003 at Thomsen River, accompanied by above-zero temperatures. As a result, this

combination was selected to run the snowpack model.
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Figure 5. FBI and ETS for near-freezing period precipitation phase detection skill of each meteorological reanalysis and PPM pairing.
Perfect scores for both FBI and ETS is 1. The ETS is shown only for solid precipitation because the ratio is the same for both solid and liquid

precipitation.

3.3.1 SVS2-Crocus ensemble

The output of the ensemble run for the ROS event of 2003 at Thomsen River revealed that 80 out of the 108 simulations had
created a locked pasture by the end of October 2003, as shown in Figure 7. Across those 80 simulated locked pastures, the
average density of the locked pasture snow layers was 398 kg m~3 (ranging from 353 to 459 kg m—3), with an average thickness
of 4.1 cm (ranging from 3.3 to 4.3 cm). Figure 8§ illustrates the distribution of density of the basal 20 mm of the snowpack.
The driving parameter of locked pasture simulation was the water holding capacity, where basal density distributions have
smaller ranges and each option yields different results. SPK and B92 consistently led to locked pastures, regardless of their
combination with other parameters due to their ability to hold more water than BO2 and O04. Beyond water holding capacity,
other parametrizations that most frequently resulted in locked pastures were those that increased the effect of wind speed: R21F
(wind packing), which integrated both an increase in maximum snow density and an enhanced wind effect, R21 (falling snow
density), which corresponds to the highest increase in the effect of wind speed, and S14 (snow compaction), which increases
densification within the first 48-h after snowfall.

A closer look at one of the snowpack simulation that formed a locked pasture for the winter of 2003-2004 (water holding

capacity: B92, snow compaction: S14, falling snow density: R21 and wind packing: R21F, shown in Figure 9) revealed that
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Figure 6. Comparison of solid and liquid precipitation accumulation around the rain-on-snow event of October 2003 at Thomsen River. (a)
Phase partitioning coupling ERAS with HP13 and BOO with both CaSRv3.2-R and CaSRv3.2-F. (b) CaSRv3.2-R paired with BOO precipita-
tion phase partition around the ROS event of October 2003. See Appendix D for all reanalysis-PPM pairing precipitation phase partitioning
around the ROS event.
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freezing rain occurred around the first ROS detection, creating a thin ice layer on the surface of the snowpack, which then
melted over the second detection of ROS. The melt event was identified in the insets of Figure 9 through the decrease in snow
depth, but also because of the presence of liquid water and close-to-zero temperatures through the entire snowpack, indicating
a short ripening of the snow cover. Liquid precipitation also contributed to the ripening of the snowpack during the warm event.
Cold weather then refroze the snowpack, creating a 4 cm thick basal layer of 447 kg m~3 composed of melt forms and faceted
crystals of high strength Fierz et al. (2009) that would have prevented ungulates from foraging until May 2004 (Figure 9).

The cold simulation in Figure 10a, isolating the freezing rain event, prevented the ripening of the snowpack. Out of 108 runs
of the cold ensemble, only one produced a locked pasture, with an average basal density of 358 kg m~3 and a thickness of
6.9 cm. The only combination of parameters that led to the formation of a locked pasture was B02 (water holding capacity),
S14 (snow compaction), R21 (falling snow density) and R21F (wind packing). In the vast majority of simulations, freezing
rain created an ice crust at the surface of the snowpack, which then appeared to merge with surrounding snow layers before
quickly disappearing (Figure 10a).

ROS events only occurs if the air temperature is warm enough for precipitation particles to melt, which means that ROS
events are often paired with above-zero temperatures that contribute to melting the snowpack. The no-rain simulations allowed
to isolate the warm event and led to the formation of a locked pasture in 55.6 % of the runs (Figure 10b). On average, the
recreated locked pasture had a density of 383 kg m~3 and a thickness of 4 cm. Similar patterns in parametrizations were
observed both in the ensemble and the no-rain simulations: common parametrizations that simulated a locked pasture included
the water holding capacity B92 and SPK, wind packing R21F, snow compaction S14 and falling snow density R21. Results of
the no-rain simulation displayed in Figure 10b indicated two important melt events (1 and 4 October 2003) that contributed
to the densification of the basal layer of the snowpack, which could be identified through a sudden increase in dense snow

probability that spanned from the surface of the snowpack to underlying layers.
3.3.2 Historical locked pastures

A long-term snow ensemble simulation at Thomsen River revealed a stratigraphy in which historical locked pastures were
identified (Figure 11). In 2003 and 2008, 73 and 58 % of simulations respectively agreed on a basal snow layer denser than
350 kg m ~2 and thicker than 20 mm by the end of October. Both events overlapped with freezing rain, according to CaSRv3.2-
R, with a total of 3.3 mm of freezing rain in 2003 between the first snow accumulation in SVS2-Crocus on 13 September and
31 October and 6.0 mm for the 2008 event between 22 September and 31 October. Both potential locked pastures overlapped
with four and one detections of ROS at Thomsen River for 2003 and 2008 respectively.

In the case of the snow stratigraphy in 1988, 1990 and 1998, the probability of a locked pasture formation is lower, between
27 and 40 %, but each instance overlaps with either remote sensing detections of ROS (for 1988 and 1998) or severe ROS
conditions on Banks Island that led to ungulate die-offs (for 1990). Focusing on 1988, all simulations of the ensemble formed
a locked pasture around the ROS detection, which aligned with liquid precipitation, but due to snow layers merging within the
model, the dense basal layer was lost in a majority of simulations. For 1998, the ROS detection happened eight days before the

snow onset in SVS2-Crocus and the high density layer that we observe in the output is due to other physical processes, such
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Figure 7. Location of snow layers with densities above 350 kg m~2 for all 108 SVS2-Crocus ensemble simulations, normalized across

average winter snow depth. Highlighted in red are the positive detections of ROS (Langlois et al., 2026)

as snow compaction, that increased the density of the basal snow layer past the 350 kg m —3 threshold. Finally, in 1990, no
ROS was remotely detected, but CaSRv3.2-R predicted a total of 1.1 mm of liquid precipitation between 22 and 25 September,
as well as above-freezing temperatures reaching up to 2.5°C, while the snowpack was still very shallow (3.5 cm), forming a
denser basal layer that increased in density through snow compaction. It is important to note that the severe ROS events linked
to die-offs are reported across Banks Island, not specifically at Thomsen River, and therefore are not intended to explain the
stratigraphy presented in Figure 11.

Figure 11 also shows that in 1996, ROS was detected, but no locked pasture was simulated, whilst in 2015, the opposite
happened. In 1996, the ROS detection happened during a five-day period where temperatures were oscillating around 0°C
and during which a total of 30.6 mm of liquid precipitation happened. The snowpack simulations of SVS2-Crocus featured a
complete melt of the snow cover over this period, leading to a locked pasture-free snowpack that accumulated again soon after
the liquid precipitation. For 2015, SVS2-Crocus snow onset happened on 20 September, while the NOAA snow onset was on
11 October, meaning that any polarized gradient ratio (GRP) lower than the -2 threshold between both dates was discarded in
the original dataset due to the lack of snow cover. An evaluation of the historical ROS dataset indicated that a ROS detection
was removed on 30 September 2015 (GRP = -3.93). The positive ROS detection overlapped with a small rainfall (0.2 mm)
and above-freezing temperatures up to 2.3° C that ripened the snowpack before it refroze and got compacted as a result of the

following snowfall, which created the low probability locked pasture in snowpack simulations.
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Figure 9. Details of the Crocus-SVS2 simulation at Thomsen River with CaSRv3.2 paired with BOO for the winter 2003-04. Highlighted in
red are the positive detections of ROS (Langlois et al., 2026). From left to right, top to bottom: snowpack density evolution, grain type, liquid
water content of the snowpack & temperature profile of the snowpack. Parameters of the simulation shown: B92 (water holding capacity),

S14 (snow compaction), R21 (falling snow density) and R21F (wind packing). A full description of grain types can be found in Appendix E
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Figure 10. Location of snow layers with densities above 350 kg m~* for all SVS2-Crocus ensemble simulations, normalized across average

winter snow depth, for (a) the cold simulation and (b) the no-rain simulation. Details about these simulations are given in Section 2.5
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Figure 11. Time series of snowpack density on 31 October each year between 1985 and 2020 from all SVS2-Crocus ensemble simulations,
overlaid with the number of positive ROS detections for the winter season from Langlois et al. (2026). Stars indicate years associated with

ungulate die-offs due to ROS events on Banks Island in the literature (Table 3 of Langlois et al., 2026).
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4 Discussion

Locked pastures as a result of ROS events were simulated with SVS2-Crocus, demonstrating that current snowpack models
contain physical equations are able to represent this phenomenon. 74 % of simulations recreated the locked pasture reported by
the Sachs Harbour community (Rennert et al., 2009). The ensemble approach allows challenges in Arctic snow modelling to
be tackled by taking advantage of different representations of processes and assessing the results as an indicator of probability
(Menard et al., 2024). Combining parameters responsible for water percolation and snow density therefore provides a good
estimate of locked pasture probability, and by extension, of the risk this poses to foraging ungulates.

The ensemble-approach also allows to compensate for Arctic physical snow processes that are not well captured by the
snowpack model, where various parametrizations may compensate for this bias. Several studies have shown that a limitation
of the snowpack models, when applied to Arctic environments, is the underestimation of wind-induced compaction (Barrere
et al., 2017; Royer et al., 2021b; Lackner et al., 2022). Li and Pomeroy (1997) have demonstrated that the wind speed threshold

for dry snow transport is, on average, 7.7 m s~ !

, which corresponds to the measured wind speed where the disagreement
starts to get larger between models and observations in Figure 3. Such a bias in wind speed is likely to affect the snowpack
model’s ability to densify snow as a consequence of wind speed through wind packing or falling snow density and model
outputs confirmed that locked pasture simulations were driven by Arctic schemes that increased the effect of wind packing
(Woolley et al., 2024). Additional simulations revealed that melt events, driven by above-zero surface temperatures at the
beginning of the winter without any liquid precipitation, can lead to the formation of a locked pasture, but the addition of
rainfall increases the risks considerably. Literature support this claim (Langlois et al., 2026; Vickers et al., 2022; Bartsch et al.,
2010), showcasing the reliability of the outputs of the simulation ensemble and the potential of using snowpack models to
better understand meteorological conditions leading to locked pastures.

The long term simulation correctly identified with high probability (58 to 74 %) two locked pastures that have been detected
remotely. Simulations with lower probability of locked pastures (27 to 40 %) identified three years where the snow conditions
could have prevented foraging activities, where two of those were linked to ungulate die-offs as a result of ROS events in
1988 and 1990 and the third one corresponded to a ROS detection in 1998. Detection of ROS in 1996 did not correlate with
any simulated locked pasture or die-off, but did correspond to a major ROS year on Banks Island according to Langlois et al.
(2026). While the meteorological driving data predicted a large amount of liquid precipitation around the 1996 ROS detection,
the snow cover in simulations fully melted during this period and only started accumulating after the liquid precipitation.
As for the 2015 dense basal layer (25 % probability), a ROS detection was removed from the dataset because of the date
of the snow onset within the NOAA snow cover dataset was three weeks later than the SVS2-Crocus simulations, where the
positive ROS detection overlaps with the simulated snow onset. Lower probability of locked pastures following a ROS event is
consistent with the findings of Larter and Nagy (1994), who have observed that not all ROS events lead to a locked pasture and
heterogeneity of the resulting snow stratigraphy is to be expected. In remote Arctic regions where very few LWS are located,
confirmation of the presence of a locked pasture or a ROS event are hard to obtain and make validation particularly dependent

on Inuit knowledge. Studies that leverage Inuit Knowledge to better understand changing winter conditions, extreme weather
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events and their consequences, such as Langlois et al. (2026), Rasmus et al. (2020, 2018) or Markkula et al. (2025) are crucial
to understanding the impacts of climate warming on the Arctic ecosystem.

For a meteorological reanalysis to predict rain around the freezing point, the PPM should rely on atmospheric temperature
profile rather than near-surface variables, especially in coastal areas. Pernov et al. (2024) showed that coastal locations in
the Arctic were subject to larger errors in relative humidity than sites situated further inland. PPMs are impacted by biases
in surface air temperature and humidity of the reanalysis with which it is paired. Underestimated relative humidity led both
reanalyses to overestimate solid precipitation in near-freezing conditions, reducing the chances of capturing ROS events, whilst
BO00, which relies on the vertical air profile, provided better accuracy. W19 was expected to perform better than HP13, since
the latter equation was calibrated in the Canadian Rockies, as opposed to a range of different climates across the United States
like W19 (Harder and Pomeroy, 2013; Wang et al., 2019), but similar agreement percentages were observed between both
calculation methods, which can be explained by the low accuracy in relative humidity predictions. Results suggest that J18, an
optimized temperature threshold, can be a good alternative if relative humidity is not available or accurate, as also shown by
Leroux et al. (2023). Nonetheless, BOO was the only PPM that predicted liquid precipitation within the expected timing of the
ROS event, because it relies on a vertical air temperature profile that allows for predicting liquid precipitation at low surface air
temperatures, leading to occurrences of freezing rain, as observed in October 2003 at Thomsen River. This advantage, however,
is only meaningful if the underlying meteorological reanalysis itself captures precipitation accurately, which is not guaranteed
across all products.

It is crucial for meteorological forcing data to identify ROS events in late autumn to simulate locked pasture formation. Local
reanalyses, such as CaSRv3.2, are more accurate than global reanalyses in terms of precipitation, nevertheless, in this case, it
is not true for other meteorological variables (2 m air temperature, wind speed and 2 m relative humidity). To identify ROS
events in late autumn that are responsible for locked pastures, accuracy in precipitation timing is crucial. ERAS displayed a clear
underestimation precipitation in October, which overlaps with the period where critical ROS events tend to happen (Hansen
et al., 2014; Laptander et al., 2024; Serreze et al., 2021). The precipitation seasonality bias of ERAS at Sachs Harbour agrees
with the misalignment in Arctic precipitation observed by Obarein and Lee (2025). Assimilation of corrected LWS precipitation
records in CaSRv3.2-R (Khedhaouiria et al., 2026) allowed the resulting precipitation product to better capture precipitation
timing, overcoming ERAS coastal modelling challenges (Hersbach et al., 2020). Evaluation of monthly precipitation amounts
highlighted biases in meteorological reanalyses precipitation products that would considerably limit their ability to capture

critical ROS events.

5 Conclusions

Current snowpack models contain physical equations capable of simulating locked pastures. To demonstrate this, the ability of
ERAS5 and CaSRv3.2 to capture key elements of ROS events that lead to locked pastures, defined as a basal snow layer of at

3

least 20 mm and with a density greater than 350 kg m ~°, was assessed, and the capacity of SVS2-Crocus to recreate locked

pasture stratigraphy following a ROS event was evaluated. CaSRv3.2 captured the seasonality of precipitation at Sachs Harbour
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more accurately than ERAS, highlighting that the choice of meteorological reanalysis and phase partitioning method is key
to identifying ROS in the Arctic. Validating against a well-documented ROS event and then against a long-term simulation
compared to a remote sensing record, the ensemble approach based on water percolation and density-related schemes was able
to indicate locked pasture likelihood and help identify the physical and meteorological processes driving it. Small amounts of
liquid precipitation, or even a melt event alone, can have catastrophic consequences for local fauna, and historical simulations
correctly simulated 4 of 5 past locked pastures, including two linked to ungulate die-offs.

Reported locked pastures were successfully simulated, demonstrating that the right combination between a meteorological
reanalysis and a PPM is sufficient to drive snow simulations and provide a reliable indication of snow stratigraphy across the
Canadian Arctic Archipelago. Linking meteorological drivers to the formation of locked pastures helps disentangle the contri-
bution of ROS events to past ungulate population declines of muskoxen and Peary caribou. Combined with Inuit knowledge,
the present method establishes a foundation for spatially distributed applications across the Canadian Arctic, allowing identi-
fication or even prediction of suitable winter habitats for caribou and muskoxen. Modelling of locked pastures could support
wildlife management decisions and, in turn, help mitigate the consequences of ROS events for ungulate populations and the

Inuit communities that rely on them for food, economy and traditional practices.
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Appendix A: FBI, ETS & PC precipitation scores

Table Al is the 2x2 contingency table used as a basis for the calculation of the Frequency Bias Index (FBI), the Equitable
Threat Score (ETS) and the proportion of correctly identified events (PC).

Table Al. A standard 2x2 contingency table for binary event verification.

Observations
True False
True a b
Forecast o o
(true positive) (false positive)
False c d
(false negative) (true negative)

The FBI is the ratio of the total number of forecasted events to the total number of observed events. It provides indications
of the bias of a forecast for the frequency of an event. An FBI score ranges between 0 and co, where a value lower than 1
corresponds to an underestimation of the event, a value greater than 1 indicates an overestimation and the perfect score is 1.

a+b
a+c

FBI =

(AL)

The ETS represents the skill of a forecast relative to chance. ETS ranges between —1/3 and 1, where a negative value is

interpreted as worse predictions than chance and 1 is the perfect score.

a—h
ETS= —— " — A2
a+b+c—h, (A2)
b
where h, = % represents true positives expected by chance.

The PC, proportion of correctly detected events, corresponds to the sum of true positives and true negatives, divided by the
total amount of all events. Resulting score is between 0 and 1, where 1 is the perfect score. The equation below was used to
calculate the PC throughout the analysis:

a+d

_ A3
a+btctd (A3)
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Appendix B: SVS2-Crocus parameters for Thomsen River

Table B1 describes the content of the soil layers used in SVS2-Crocus for Thomsen River. Not shown in the table are an
additional six layers of soil that have the same parameters as layer 6. The next six layers have the following thicknesses (from
layer 7 to 12): 0.40, 0.60, 1.00, 1.50, 2.50 and 3.50 m. The underlying permafrost temperature was set to 264.8 K. The polar

vegetation height was set to 0 m, but the specified canopy was identified as 100% tundra with a roughness height of 2.5 cm.

Specific snow parameters were set according to Table B2.

Table B1. Soil content description of SVS2-Crocus for Thomsen River.

Soil layer 1 2 3 4 5 6
Thickness (m) 0.05 0.05 0.10 0.10 0.20 0.30
Sand (%) 58.50 58.50 62.40 65.40 66.70 40.90
Clay (%) 12.50 12.50 12.50 10.55 10.92 19.70
Soil organic content (%) 9.60 9.60 6.20 2.48 2.44 2.93
Water volume content (m®*m—3) 0.14 0.17 0.18 0.20 0.21 0.19
Ice volume content (m3m~—2) 0.00 0.00 0.00 0.00 0.00 0.50
Soil temperature (K) 284 282 280 280 278 270

Table B2. Multilayer snowpack scheme parameters used for the SVS2-Crocus simulations. Setting descriptions can be found in Vionnet

et al. (2012), Lafaysse et al. (2017) and Woolley et al. (2024).

Variable Setting

Number of snow layers 24

Albedo evolution (days) 495

Mass loss from blowing snow  True

Metamorphism scheme B21

Radiative transfer scheme S97

Turbulent fluxes DEF

Water holding capacity SPK | B92 | BO2 | 004
Compaction scheme B92 | T11|S14
Falling snow density R21 | GW1 | GW2
wind packing scheme R21W | R21F | R21R
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Appendix C: Dataset size

EGUsphere\

Table C1 summarizes the size and range of the overlap between the LWS dataset and each meteorological reanalysis over their

full range and for the near-freezing periods sampling. Near-freezing periods correspond to the sample where the LWS surface

air temperature is located between -5 and 5°C. On average, they represent about 24.8% of the data available. The near-freezing

periods + 5°C threshold sample is issued from the near-freezing periods with an additional threshold of 5°C for the maximum

tolerated difference between the reanalysis and LWS air temperature.

Table C1. Overview of the dataset size used for assessing the performance of meteorological reanalyses at each LWS. n corresponds to the

number of hourly data that was both available at the LWS and in the meteorological reanalysis. Additional details about the table can be

found in Appendix B.

LWS Meteorological Start date End date Full dataset = Near-freezing Near-freezing
reanalysis (n) periods (n) periods + 5° C
threshold (n)
ERAS 01/09/1980  31/07/2020 143696 38653 38601
Sachs Harbour
CaSRv3.2 01/09/1980  02/07/2020 142997 38259 37859
ERAS 21/08/1996  31/07/2020 142972 37603 37560
Nangmagvik Lake
CaSRv3.2 21/08/1996  09/08/2018 142538 37334 36974
ERAS 26/07/1997  31/07/2020 149882 32116 32077
Thomsen River
CaSRv3.2 26/07/1997  02/07/2020 149193 32002 31707
Average 145213 35995 35796
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Appendix D: Meteorological reanalysis & PPM for Thomsen River

Figure D1 displays all of the reanalysis-PPM pairing for Thomsen River between 26 September and 10 October 2003.
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Figure D1. Comparison of solid and liquid precipitation 12-hours accumulation around the rain-on-snow event of October 2003 at Thomsen

River for each combination of meteorological reanalysis and PPM.
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Appendix E: Description of the snow grain types

Detailed description of the grain types classified by SVS2-Crocus as identified by their code in Figure 9, as described by Fierz
570 et al. (2009).
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Table E1. SVS2-Crocus snow grain type description as classified by Fierz et al. (2009)

EGUsphere\

Code Classification Physical process Variations
name
DF (/) Decomposing and  Precipitation particles fragmented due =~ DF,.: Partly decomposed precipitation
fragmented to wind or decomposed because of particles
precipitation reduced surface free energy. DF;: Wind-broken precipitation
particles particles
DH (N) Depth hoar Grain-to-grain vapour diffusion driven ~ DH_,,: Hollow cups
by large temperature gradient, i.e., DH,,,.: Hollow prisms
excess vapour density is well above DH_,,: Chains of depth hoar
critical value for kinetic growth. DH,,: Large striated crystals
DH,,,-: Rounding depth hoar
FC (O) Faceted crystals Grain-to-grain vapour diffusion driven =~ FCj,,: Solid faceted particles
by large enough temperature gradient, = FCj: Near surface faceted particles
i.e., excess vapour density is above FC,,: Rounding faceted particles
critical value for kinetic growth
MF (o) Melt forms Either wet snow or re-frozen snow. MF,;: Clustered rounded grains
MF,,.: Rounded polycrystals
MF,;: Slush
MF,,: Melt-freeze crust
PP (+) Precipitation Growth in atmospheric conditions of a ~ PP,,: Columns
particles specific water vapour and air PP,,4: Needles
temperature. PP,,;: Plates
PP, : Stellars, dendrites
PP;,.: Irregular crystals
PP,,: Graupel
PPy,;: Hail
PP;,: Ice pellets
PP,.,,,: Rime
RG (o) Rounded grains Decrease specific surface area from RGg,: Small rounded particles

temperature gradients or saltation by

wind.

RGg,.: Large rounded particles
RG,,p: Wind packed
RG, s: Faceted rounded particles
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Code and data availability. Codes to process the data and reproduce the figures, the modelling parameters used with SVS2-Crocus and links
to datasets used in this study are openly available at: https://github.com/erika-boisvert/Simulating-locked-pastures-in-snow-from-Arctic-rain-
events_Supplements. Due to their large size, the SVS2-Crocus simulation output files are not hosted in a public repository, but are available

from the corresponding author (erika.boisvert-vigneault@northumbria.ac.uk) upon request.
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