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Abstract 21 

 22 

This study explores precipitation, rain-on-snow (ROS) events and subsequent refreezing across northwestern 23 

Eurasia, and their relationship with Arctic sea ice. Daily outputs from nine CMIP6 models were analysed for 2015-24 

2100 under three emission scenarios. ROS events were detected using precipitation, temperature, and snow cover 25 

after bias correction, and refreezing was identified when sub-freezing temperatures were found within four days after 26 

ROS. We find increasing winter precipitation across northwestern Eurasia, dominated by a shift towards more 27 

rainfall. The shift from snow to rainfall is more pronounced where temperatures remain near 0°C, leading to changes 28 

in ROS frequency and timing under higher emissions. ROS events followed by refreezing occur less frequently than 29 

the total ROS events but indicate conditions favourable for ice-layer formation within the snowpack. The greatest 30 

changes occur between 55°N and 70°N, while northern regions remain less affected. ROS timing shifts from spring 31 

peaks towards later winter and early spring; at lower latitudes, the spring peak weakens as snow cover becomes less 32 

persistent. The Barents-Kara sea ice concentration anomalies are negatively correlated with accumulated 33 

precipitation and rainfall. Detrending of the correlations shows that the common long-term trend partly drives this 34 

relationship, but negative correlations between sea ice concentration anomalies and rainfall remain in several cases. 35 

Future ROS changes are driven mainly by increased rainfall rather than by total precipitation alone, while subsequent 36 

refreezing remains dependent on sub-freezing conditions following rainfall. The projected shifts in ROS timing and 37 

refreezing may affect snow conditions, socio-ecological systems, and infrastructure across northwestern Eurasia. 38 

1 Introduction 39 

 40 

The Arctic has warmed rapidly in recent decades, with warming at high latitudes exceeding the global average 41 

(Serreze and Barry, 2011; Rantanen et al., 2022). This Arctic amplification has been accompanied by widespread 42 

sea ice decline, shorter snow cover duration, and increases in precipitation and atmospheric moisture (Döscher et al., 43 

2014; Box et al., 2019; Dauginis and Brown, 2021). One consequence of this warming has been a shift in the 44 

precipitation regime. As temperatures increase, a larger fraction of cold-season precipitation falls as rain rather than 45 

snow, particularly when temperatures fluctuate around the freezing point (Bintanja and Andry, 2017; McCrystall et 46 

al., 2021). Because the precipitation phase controls snow accumulation and surface energy exchange, even small 47 

temperature changes can have disproportionate effects on hydrological processes (Adam et al., 2009; DeWalle and 48 

Rango, 2008). This shift leads to the potential for winter rain-on-snow (ROS) events, which arise when rainfall 49 
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occurs over an existing snowpack. Some ROS events may then be followed by refreezing if temperatures fall below 50 

0°C in the following days. ROS events and subsequent refreezing are frequently observed in high-latitude and 51 

maritime regions, such as Fennoscandia and northern Eurasia (Ye et al., 2008; Cohen et al., 2015; Pall et al., 2019). 52 

They are typically associated with warm-air intrusions linked to cyclonic activity, potentially followed by a return 53 

to freezing conditions (Rennert et al., 2009; Hansen et al., 2014). When rain infiltrates the snowpack and refreezes, 54 

ice layers can form within the snowpack or at its base, altering snow structure, density, and thermal properties 55 

(Putkonen and Roe, 2003; Grenfell and Putkonen, 2008). ROS events affect both hydrological and ecological 56 

systems. They can accelerate snowmelt, reduce water storage, and modify the timing and magnitude of runoff 57 

(McCabe et al., 2007; Rennert et al., 2009). The formation of ice layers can also influence ground thermal regimes 58 

and permafrost conditions (Putkonen and Roe, 2003; Romanovsky et al., 2010). Additionally, ice crusts can limit 59 

access to vegetation, contributing to large-scale mortality in reindeer and caribou populations, with widespread 60 

impacts on ecosystems and local livelihoods (Bartsch et al., 2010, 2023; Forbes et al., 2016; Serreze et al., 2021; 61 

Laptander et al., 2024). 62 

 63 

Changes in Arctic precipitation have been linked to declining sea-ice levels. The loss of sea ice exposes open water, 64 

enhancing heat and moisture fluxes to the atmosphere and increasing lower-tropospheric humidity (Screen and 65 

Simmonds, 2010; Bintanja and Selten, 2014; Boisvert and Stroeve, 2015). These processes favour precipitation and 66 

increase the likelihood of rainfall during the cold season (Deser et al., 2010; Bintanja and Andry, 2017). Sea-ice 67 

variability is coupled to changes in atmospheric circulation (Walsh and Johnson, 1979; Vihma, 2014). Reduced 68 

winter sea ice can also influence cyclone development and cyclone-associated precipitation over the Arctic Ocean 69 

(Crawford et al., 2022). Atmospheric circulation variability, in turn, has an important influence on precipitation 70 

across Arctic Fennoscandia (Marshall et al., 2020). Northern Fennoscandia is a key region in which these processes 71 

interact. It is at the intersection between maritime and continental climate regimes and is greatly influenced by 72 

conditions in the Barents and Kara seas. Sea ice variability, combined with a complex topography, both contribute 73 

to strong spatial variability in temperature and precipitation (Smedsrud et al., 2013; Marshall et al., 2018). Time 74 

series from 1914-2013 have indicated that the region experienced significant warming, particularly in autumn and 75 

spring, together with an increase in precipitation and a shortening of the colder season (Kivinen et al., 2017). The 76 

future evolution and spatial distribution of ROS events in this region, however, remain uncertain despite more recent 77 

attention. In particular, it remains unclear how precipitation phase and snow availability will interact across latitudes, 78 

and how Barents-Kara sea ice loss relates to precipitation and ROS occurrence over northwestern Eurasia. While 79 

previous studies have highlighted links between large-scale atmospheric circulation and ROS variability (Cohen et 80 

al., 2015), the future evolution of these relationships under continued warming is unclear. This study examines future 81 

changes in ROS across northwestern Eurasia and their relationship with Barents-Kara sea ice concentration. 82 

 83 

2 Methods and data 84 

 85 

2.1 Climate model data 86 

 87 

A subset of models from the sixth phase of the Coupled Model Intercomparison Project (CMIP6; Eyring et al., 2016) 88 

were considered. These models were selected based on the availability of the variables required for the analysis. 89 

Nine models were retained: BCC-CSM2-MR, CanESM5, CMCC-ESM2, EC-Earth3-Veg, IPSL-CM6A-LR, 90 

MIROC6, MPI-ESM1-2-HR, MPI-ESM1-2-LR, and MRI-ESM2-0. To ensure comparability and avoid differences 91 

arising from ensemble size, only the first realisation (ensemble member r1i1p1f1) from each model was used in the 92 

analysis. Key variables relevant to precipitation phase and cryospheric processes were selected: total precipitation 93 

(pr), minimum (tasmin), and maximum (tasmax) near-surface air temperatures, sea ice concentration (siconc), and 94 

snow cover fraction (snc). All variables were extracted at daily resolution. This temporal resolution was used to 95 

capture the variability of mixed-phase precipitation, ROS events, and subsequent refreezing, which are frequently 96 

associated with transient synoptic conditions (Hansen et al., 2014; Serreze et al., 2021). Future projections were 97 

analysed using three Shared Socioeconomic Pathways (SSPs), representing a range of greenhouse gas emission 98 

scenarios and increases in global temperature (O’Neill et al., 2016), SSP1-2.6, SSP2-4.5, and SSP5-8.5 reflecting 99 
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low, intermediate and high emissions, respectively. The three scenarios correspond to approximately +1.4 to +1.8°C, 100 

+2.1 to +3.5°C, and +3.3 to +5.7°C global mean temperature increases by the end of the century, respectively, relative 101 

to pre-industrial levels (IPCC, 2021). Furthermore, we considered the period of 2015-2100, as this time frame allows 102 

for the assessment of long-term trends and changing variability in precipitation, temperature extremes, and sea ice. 103 

By combining multiple models and scenarios, this study captures a range of potential climate responses and robust 104 

signals in precipitation phase changes and their links to sea ice variability. 105 

 106 

2.2 Area of study 107 

 108 

The area used in terms of ROS events analysis covered the northwestern Eurasian land, defined here as the region 109 

spanning 55°N to 78°N and 0°E to 90°E. This domain includes Norway, Sweden, Finland, and parts of northwestern 110 

Russia and West Siberia, and encompasses a wide range of climatic conditions from maritime environments along 111 

the Norwegian coast to more continental regimes further inland. The region is characterised by strong gradients in 112 

temperature and precipitation, which are influenced by North Atlantic storm tracks, complex topography, and 113 

proximity to Arctic Ocean regions. 114 

 115 

 116 

 117 

Figure 1. Map of the study region together with the location of the stations (red dots) used to produce the gridded station data 118 
applied during the bias correction. On average 450 stations per year for the period 1981-2011. 119 

 120 

The selection of this domain was motivated by its climatic, socio-economic and ecological relevance and the 121 

availability of high-quality gridded observational datasets. Northern Fennoscandia has a relatively large station 122 

network (Fig. 1) compared with other Arctic regions, providing the observational coverage needed to produce 123 

gridded datasets for bias correction. Distribution-based bias correction relies on such observational references to 124 

adjust the statistical properties of climate model simulations (Gudmundsson et al., 2012; Chen et al., 2013). In 125 

addition to the regional land-based domain considered for ROS frequency, sea-ice conditions were included in the 126 

analysis to evaluate their potential relationship with precipitation variability. Sea ice concentration (SIC) was 127 

considered over the Barents and Kara seas. These seas are of particular interest because of their rapid warming and 128 

pronounced decrease in winter sea ice, which have been shown to influence atmospheric circulation, moisture 129 

transport, and precipitation patterns over northern Europe (Smedsrud et al., 2013; Screen and Simmonds, 2010). 130 
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 131 

2.3 Bias correction and preprocessing 132 

 133 

Climate model outputs are known to display systematic biases in key variables such as precipitation and temperature, 134 

arising from limitations in the representation of processes including convection, cloud formation, and land-135 

atmosphere interactions (Flato et al., 2013; Cannon et al., 2015). These biases can affect precipitation intensity, 136 

frequency, and phase both spatially and temporally, and therefore need to be addressed before impact-oriented 137 

analyses. Bias correction techniques are commonly applied as a post-processing step to adjust model outputs so that 138 

their statistical properties are consistent with observations while preserving the projected climate change signal 139 

(Teutschbein and Seibert, 2012). Daily precipitation and minimum/maximum near-surface temperature were bias-140 

corrected using a distribution-based approach following the semi-parametric quantile mapping (SPQM) method 141 

described in Rajulapati and Papalexiou (2023). Such methods adjust the cumulative distribution function of the 142 

model simulations to match the observations and are used because they allow to correct biases across the full range 143 

of values, including extremes (Gudmundsson et al., 2012; Cannon et al., 2015). Applying the same bias-correction 144 

framework to temperature and precipitation maintains consistency among the corrected variables, an important factor 145 

as small temperature biases around the freezing point can lead to substantial errors in partitioning rainfall and 146 

snowfall.  147 

SIC and snow cover fraction were bias-corrected using a dynamical statistical approach modified from the MARVIC 148 

bias correction method (Melia et al., 2015; Crawford and Stroeve, 2023), with a dynamic mean/variance correction 149 

after regridding to the NSIDC Polar Stereographic North projection at 25 km resolution. Sea ice concentration was 150 

adjusted to match observed climatological distributions while preserving temporal variability and long-term trends, 151 

with values constrained to the physical range of 0-100 % (Crawford and Stroeve, 2023). For snow cover, the fraction 152 

was first converted to a binary representation of snow, with grid cells considered snow-covered when the snow cover 153 

fraction exceeded 0.5. The resulting product was then bias-corrected against satellite-derived snow extent 154 

climatology for 1999-2012. This correction was used to reduce model biases in snow cover occurrence and 155 

seasonality. All variables were processed at daily temporal resolution to identify short-duration events such as 156 

rainfall on snow-covered surfaces and subsequent refreezing. The processed datasets were then all reprojected on 157 

the NSIDC Polar Stereographic North projection (25 km resolution) to ensure spatial consistency across models and 158 

variables while preserving large-scale spatial patterns. 159 

 160 

2.4 Definition of events 161 

 162 

The variables considered were used to derive the precipitation phase and identify ROS events over the study area. 163 

Daily precipitation and temperature data were analysed together to distinguish between rainfall and snowfall 164 

conditions. The mean daily air temperature was estimated as the average of the minimum and maximum near-surface 165 

temperatures. Precipitation was classified as rainfall when the mean daily temperature exceeded 0°C and as snowfall 166 

otherwise. This threshold-based approach is commonly applied in large-scale studies, although it simplifies the phase 167 

partitioning processes that depend on the vertical atmospheric structure and on sub-daily temperature variability 168 

(Knowles et al., 2006; Harpold et al., 2017). In particular, the use of daily data does not resolve diurnal phase changes, 169 

and short periods of rainfall or refreezing within a day may be missed. However, daily data were used because they 170 

are available consistently across the CMIP6 models and scenarios analysed here, and because they allow ROS events 171 

to be identified over long time periods using the same criteria for all models. The snow cover conditions were derived 172 

from the snow cover fraction variable. For this analysis, snow presence was defined using a binary method, where a 173 

grid cell was considered snow-covered when the snow cover fraction exceeded 50%, allowing for consistent 174 

identification of snow-covered conditions across models. ROS events were defined based on three conditions 175 

simultaneously met: (i) daily precipitation occurred (pr > 0), (ii) mean daily temperature exceeded 0°C, and (iii) 176 

snow was present at the surface, allowing rainfall on an existing snowpack. Furthermore, ROS events followed by 177 

refreezing were identified as the subset of ROS events for which mean daily air temperature fell below 0°C on at 178 

least one of the next four days, with potential formation of an ice layer within the snowpack. Daily event frequency 179 

within latitude bands was calculated as the fraction of land grid cells meeting the ROS event (and followed by 180 

refreezing) criteria on each winter day and then averaged across the winters in each selected period. 181 
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 182 

SIC was analysed separately to investigate its relationship with precipitation variability. Regional SIC averages were 183 

calculated over the Barents and Kara seas while land-mean accumulated precipitation and rainfall were averaged 184 

over all land grid cells within the full study area (see Sect. 2.2). Additionally, SIC anomalies were calculated as the 185 

difference between the projected SIC and reference climatology for the period 1981-2010, derived from satellite 186 

observations, allowing us to assess variations from the baseline conditions as well as comparisons across models and 187 

scenarios. 188 

 189 

2.5 Statistical analysis 190 

 191 

Extreme precipitation and rainfall events were defined using the 95th-percentile thresholds per grid cell for each 192 

scenario over all complete winters from 2015 to 2099. For total precipitation, the percentile was calculated based on 193 

all winter days over land, including days without precipitation while for rainfall, the percentile was calculated from 194 

rainy days only, defined as days with precipitation > 0 and mean daily temperature > 0°C. This accounts for spatial 195 

differences in the precipitation distribution and provides a relative measure of extremes that is comparable across 196 

regions with different initial conditions (Alexander et al., 2006; Donat et al., 2013), defined as the number of extreme 197 

event days for each winter season. The winter period was defined as the extended cold season from 1 October to 30 198 

April, encompassing both the core winter months and transitional months when temperatures frequently fluctuate 199 

around the freezing point. This extended season is particularly relevant for analysing rainfall, ROS and ROS followed 200 

by refreezing processes, which are more likely to occur during the shoulder months. Temporal changes in the 201 

frequency of extreme precipitation and rainfall events were assessed by calculating linear trends in the annual number 202 

of event days over the full analysis period for each scenario. Trends were estimated using ordinary least squares 203 

regression and expressed as changes in the number of event days per winter per decade. Correlations between 204 

precipitation/rainfall and SIC anomalies were calculated first. We then repeated the analysis after removing the linear 205 

trend from each time series to assess how much of the relationship remained after detrending. For each scenario, and 206 

for the full winter season and individual shoulder months, linear trends were fitted to and removed from the Barents-207 

Kara SIC anomaly, land-mean accumulated precipitation, and land-mean accumulated rainfall time series. Pearson 208 

correlations were calculated from the resulting residuals. These correlations were used as a sensitivity analysis and 209 

were not interpreted as evidence of causality. 210 

 211 

3 Results 212 

 213 

3.1 Future changes in precipitation and rainfall 214 

 215 

Across all scenarios, winter precipitation increases over the study region, with the magnitude of change tied to the 216 

emissions pathway. Trends in extreme precipitation (above the 95th percentile) show a consistent increase over most 217 

of the area of interest (Fig. 2). These increases remain relatively small and spatially uniform under SSP1-2.6, but 218 

intensify under SSP2-4.5, adding between 1 and 2 extreme precipitation events per winter per decade across nearly 219 

the entire study region. SSP5-8.5 produces the largest changes, with the number of extreme precipitation days 220 

increasing across almost the entire region and reaching up to 3 additional events per winter per decade over land 221 

adjacent to the Barents and Kara seas. Trends in extreme rainfall days are smaller in magnitude but follow a similar 222 

spatial pattern, with limited changes under SSP1-2.6 and more widespread increases under SSP2-4.5 and especially 223 

SSP5-8.5. Under SSP5-8.5, extreme rainfall day frequency increases across coastal Fennoscandia and western 224 

Russia, exceeding 1.5 additional days per winter per decade in some areas. 225 

 226 
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 227 

 228 

Figure 2. Spatial trends in extreme precipitation (top row) and extreme rainfall (bottom row) days per winter per decade, 229 
computed for the period 2015–2100. Three SSPs are depicted: SSP1-2.6 (left column), SSP2-4.5 (middle column), and SSP5-230 
8.5 (right column). 231 

 232 

3.2 Changes in ROS seasonality and latitudinal variability 233 

 234 

The seasonal distribution of ROS changes over the century, with the clearest changes under SSP2-4.5 and SSP5-8.5 235 

(Figs. 3–5, left panels). In 2025-2035, ROS events are concentrated mainly during spring between 55° N and 70°N, 236 

with low frequency during December-February. Under SSP5-8.5, the spring ROS frequency peaks at 0.37 at 55-237 

60°N, 0.37 at 60-65°N and 0.31 at 65-70°N. By 2089-2099, ROS events occur over a larger part of winter and the 238 

spring maximum is lower and occurs earlier. At 55-60°N under SSP5-8.5, the 0.35 April peak evident in 2025-2035 239 

is replaced by lower frequencies spread across January-March. At 60-65°N, the SSP5-8.5 frequency reaches 0.16 in 240 

mid-March by the end of the century, while the mid-April frequency falls from 0.36 in 2025-2035 to 0.02 in 2089-241 

2099. A similar change occurs at 65-70° N, where the late-spring maximum of 0.31 in the early period is replaced 242 

by a broader March-April period, reaching 0.18 in late March under SSP5-8.5.  243 

The same redistribution is present under SSP2-4.5, although it is weaker than under SSP5-8.5. At 55-60°N, the ROS 244 

frequency on 1 April decreases from 0.28 in 2025-2035 to 0.07 in 2089-2099, while the January frequency increases 245 

from values close to zero to 0.02. At 60-65°N, the frequency on 15 April decreases from 0.31 to 0.09 between the 246 

early and late periods, and ROS events become more frequent during March. At 65-70°N, the early-period spring 247 

maximum of 0.28 falls to 0.12 by the end of the century and occurs earlier in the season. Changes under SSP1-2.6 248 

are smaller and the spring concentration remains more evident. North of 70°N, ROS frequencies remain low 249 

throughout the three periods. The contrast is strongest at 70-75°N, where events are mainly restricted to autumn, 250 

while mean frequencies at 75-78°N remain close to zero during most of the cold season. 251 

ROS events followed by refreezing (Figs. 3-5, right panels) show a similar seasonal change, but at lower frequencies. 252 

At 55-60°N under SSP5-8.5, the maximum frequency decreases from 0.08 in late March in 2025-2035 to 0.04 in 253 

early January in 2089-2099, indicating both a reduction in the seasonal maximum and a shift away from the spring 254 

peak. At 60-65°N, the early-period maximum is 0.12 under SSP5-8.5 and 0.14 under SSP2-4.5; by 2089-2099 the 255 

corresponding maxima are 0.05 for both pathways, with events spread more broadly from winter into early spring. 256 

The same behaviour is visible at 65-70°N, although the spring signal persists for longer than at the lower latitudes. 257 

Overall, both ROS and ROS followed by refreezing shift from pronounced spring peaks towards a broader winter 258 

occurrence, while spring frequencies decrease at the lower latitudes. 259 

 260 
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 261 

 262 

Figure 3. ROS events (left column) and ROS followed by refreezing (right column) for the period 2025-2035. Frequency is 263 
defined as the fraction of land grid cells within each latitude band experiencing the event on a given winter day, averaged across 264 
the winters in the period. Lines are calculated from ensemble-mean input fields, and the shaded envelope spans frequencies 265 
obtained from input fields corresponding to the ensemble mean plus or minus one standard deviation. Results are shown for 266 
SSP1-2.6 (blue), SSP2-4.5 (green), and SSP5-8.5 (orange), and for five latitude bands from top to bottom: 55°-60°N, 60°-65°N, 267 
65°-70°N, 70°-75°N, and 75°-78°N. 268 

 269 
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 270 

 271 

Figure 4. Same as Figure 3, for the period 2049-2059. 272 

 273 
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 274 

 275 

Figure 5. Same as Figure 3 and 4, for the period 2089-2099. 276 

 277 

3.3 Evolution of accumulated precipitation/rainfall and relationship with sea ice concentration 278 

 279 

Throughout the century, land-mean winter precipitation and rainfall increase, ranging from modest gains under 280 

SSP1-2.6 to stronger trends under SSP2-4.5 and the largest increases under SSP5-8.5 (Fig. 6). Near the start of the 281 

projections, land-mean total winter precipitation is approximately 100 mm and rainfall about 25-30 mm across the 282 

three scenarios. By the 2090s, total precipitation reaches roughly 110 mm under SSP1-2.6, 115 mm under SSP2-4.5, 283 

and 145 mm under SSP5-8.5; corresponding rainfall amounts are about 30 mm, 40-45 mm, and 75-80 mm. Overall, 284 

rainfall increases faster than total precipitation, indicating a shift from snowfall to rainfall. By the end of the century, 285 

this shift is particularly pronounced under SSP5-8.5, where rainfall accounts for a larger share of winter precipitation, 286 

increasing from ~30% early in the century to ~53% in the 2090s. Over the same period, winter Barents-Kara SIC 287 

anomalies become increasingly negative, reaching roughly -45%, -50%, and -65% by the 2090s under SSP1-2.6, 288 

SSP2-4.5, and SSP5-8.5, respectively. The correlations between SIC anomaly and winter precipitation are -0.69, -289 

0.84, and -0.94, while the correlations with rainfall are stronger at -0.80, -0.91, and -0.95, respectively for each 290 

scenario. 291 

The monthly analysis focuses on October, November, March and April, which represent the shoulder months, when 292 

changes in precipitation phase are particularly relevant to ROS occurrence (Fig. 7). In October and November, 293 

accumulated precipitation and rainfall increase with time, although rainfall shows consequent interannual variability. 294 

These changes are more pronounced in March and April, particularly under SSP2-4.5 and SSP5-8.5, when rainfall 295 

increases more strongly than total precipitation. The SIC anomaly is negatively correlated with total precipitation in 296 

all four months, showing sea ice loss together with an increase in precipitation. Under SSP1-2.6, the correlations 297 

https://doi.org/10.5194/egusphere-2026-5279
Preprint. Discussion started: 3 September 2026
c© Author(s) 2026. CC BY 4.0 License.



10 

range from -0.36 in March to -0.47 in April; under SSP2-4.5, from -0.49 in October to -0.62 in November; and under 298 

SSP5-8.5, from -0.60 in October to -0.81 in April. The relationship is stronger for rainfall in most cases. Correlations 299 

range from -0.52 in November to -0.64 in April under SSP1-2.6, from -0.66 in October to -0.79 in March under 300 

SSP2-4.5, and from -0.68 in October to -0.92 in both March and April under SSP5-8.5. 301 

Detrending weakens the correlations, showing that part of the relationship with Barents-Kara SIC is associated with 302 

the shared long-term trends (Fig. 8). In some cases, the negative relationship is no longer present, particularly for 303 

total precipitation under SSP5-8.5 and for several autumn correlations. However, the relationship remains more 304 

evident for rainfall. For the full winter, detrended rainfall correlations remain at -0.44 under SSP1-2.6 and -0.42 305 

under SSP2-4.5. Negative correlations are also retained in March and April under all three scenarios, reaching -0.35 306 

in April under SSP1-2.6, -0.42 in April under SSP2-4.5, and -0.34 in March under SSP5-8.5. The persistence of these 307 

negative correlations, particularly during the late-winter and spring shoulder period, indicates that the association 308 

between lower Barents-Kara SIC and higher rainfall is not solely due to their common long-term trends. 309 

 310 

 311 

 312 

Figure 6. Land-mean accumulated precipitation (top) and rainfall (bottom) over the winter season, with standard deviation 313 
shown by the shaded area, and Barents-Kara sea ice concentration (SIC) anomaly shown by dotted lines for the three SSPs 314 
(blue: ssp126, green: ssp245, and orange: ssp585). The correlation coefficients between precipitation/rainfall and Barents-Kara 315 
SIC anomalies for all scenarios are given above the panels. 316 

 317 
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 318 

 319 

Figure 7. Same as Figure 6 for October, November, March, and April. 320 

 321 

 322 

 323 

Figure 8. Raw and detrended Pearson correlations between Barents-Kara SIC anomalies and land-mean accumulated 324 
precipitation/rainfall. The correlations are shown separately for each scenario (by panels), and for the full winter season, 325 
October, November, March, and April (y-axis). Open circles show the raw correlations, while filled circles show correlations 326 
after removing the linear trend from both the SIC anomaly and precipitation/rainfall time series. Negative values indicate that 327 
lower SIC is associated with higher land-mean accumulated precipitation or rainfall; positive detrended values indicate a 328 
reversal of this relationship after linear trend removal. 329 

 330 

4 Discussion 331 

 332 

4.1 Changes in ROS occurrence and seasonality 333 

 334 

The projected changes in ROS are closely linked to the increasing proportion of winter precipitation falling as rain. 335 

Total precipitation increases in all three scenarios, but the increase in rainfall is much stronger, particularly under 336 

SSP5-8.5. As winter temperatures rise, precipitation is more likely to fall as rain when temperatures are close to 0°C 337 

(Berghuijs et al., 2014; Harpold et al., 2017). This is particularly important between about 60°N and 70°N, where 338 

snow remains on the ground for much of the winter but rainfall becomes increasingly frequent. Relatively small 339 

changes in temperature can produce a noticeable change in precipitation phase in such regions (Barnett et al., 2005). 340 

Further north, temperatures remain low enough for snowfall to dominate for longer, and ROS frequencies remain 341 

comparatively small even though total precipitation increases.  342 
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The changes are not simply an increase in ROS throughout the cold season. Early in the century, most events between 343 

55°N and 70°N occur in spring, whereas later in the century ROS occurs over a larger part of winter. This is clearest 344 

under SSP2-4.5 and SSP5-8.5. The increase in rainfall during March and April is consistent with this shift, since 345 

snow is still present over much of the region at this time. At the lower latitudes, however, the spring peak becomes 346 

smaller towards the end of the century. Here, further warming begins to shorten the snow season sufficiently that 347 

increasing rainfall no longer produces a corresponding increase in ROS. The timing of ROS therefore depends on 348 

when rainfall and snow cover coincide, and this period of overlap changes as the climate warms (Peng et al., 2013; 349 

López-Moreno et al., 2021). 350 

This also explains some of the differences between the emission pathways. Changes remain relatively small under 351 

SSP1-2.6, while SSP2-4.5 shows a clearer extension of ROS into late winter. Under SSP5-8.5, rainfall increases 352 

most strongly and the redistribution within the winter season is more pronounced. Yet the high-emission response is 353 

not an increase everywhere. The loss of the spring ROS peak at 55-60°N and 60-65°N shows that snow availability 354 

becomes a limiting factor in the warmer parts of the study region. Around 65-70°N, snow persists for longer and the 355 

late-winter and early-spring signal remains stronger. ROS occurrence is therefore controlled not only by how much 356 

rain falls, but also by whether a snowpack is still present when it falls (Cohen et al., 2015). ROS followed by 357 

refreezing follows much the same seasonal evolution, although the frequencies are lower. This is expected because 358 

the event requires temperatures to fall below 0°C again after rainfall. The reduction in spring events at some latitudes 359 

may therefore reflect both earlier snow loss and a decreasing likelihood of freezing conditions following rainfall. 360 

This distinction matters for the impacts of ROS: rainfall on snow does not necessarily produce an ice layer, whereas 361 

the refreezing subset identifies conditions more directly associated with ice-crust formation. 362 

 363 

4.2 Influence of Barents-Kara sea-ice decline 364 

 365 

The strong negative correlations between Barents-Kara SIC and precipitation, particularly rainfall, point to a 366 

connection between changes over the nearby Arctic seas and winter conditions over land. Declining sea ice exposes 367 

larger areas of open water, which can increase heat and moisture exchange with the atmosphere (Vihma, 2014). The 368 

strongest rainfall correlations occur during March and April, when precipitation phase is particularly sensitive to 369 

temperature, and ROS remains possible over much of the study region. The stronger relationship with rainfall than 370 

with total precipitation suggests that changes in precipitation phase may be an important part of this association. 371 

Reduced sea ice may also contribute to warmer and more humid air masses reaching northern Fennoscandia, although 372 

the pathway linking local ocean conditions to precipitation over land is likely to involve several processes (Ye et al., 373 

2008; Gimeno-Sotelo et al., 2018; Marshall et al., 2020). 374 

The detrended analysis shows that the strong raw correlations partly reflect the long-term changes occurring in both 375 

sea ice and precipitation. They do not, however, disappear in all cases. Negative rainfall correlations persist 376 

throughout the winter under SSP1-2.6 and SSP2-4.5, and during March and April under all three scenarios. These 377 

remaining correlations are weaker, but their persistence during late winter and spring suggests that the shared linear 378 

trends do not entirely explain the association. Current and future changes in atmospheric circulation may also 379 

contribute to this relationship; Crawford et al. (2023) projected faster and more zonal winter extratropical cyclones 380 

over northern Europe under continued warming, which could favour the transport of marine air farther inland. Such 381 

changes could occur alongside the increasing open-water area in the Barents and Kara seas and influence winter 382 

moisture transport and rainfall. We have not tested this mechanism directly, and temperature, circulation, moisture 383 

transport and sea ice are all changing at the same time. The correlations therefore cannot be taken as evidence that 384 

sea-ice loss alone drives the precipitation changes over land. Testing this mechanism would require an explicit 385 

analysis of atmospheric circulation and moisture transport. 386 

 387 

5 Implications 388 

 389 
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5.1 Ecosystem impacts 390 

 391 

Changes in ROS occurrence, particularly events followed by refreezing, have direct consequences for winter snow 392 

conditions. When rain falling on snow is followed by sub-freezing temperatures, ice layers can form within the 393 

snowpack or at the ground surface and restrict access to vegetation for grazing animals (Sokolov et al., 2016; 394 

Paquotte and Baraer, 2022). As all the reindeer in northern Fennoscandia are privately owned, ROS and extreme 395 

precipitation events can be catastrophic for local communities for whom herding constitutes their main livelihood 396 

(Laptander et al., 2024). The largest changes in ROS frequency and timing occur between 55°N and 70°N, where 397 

reindeer herding is widespread. Changes in seasonality may also be important, as events occurring later in winter or 398 

early spring can affect access to forage before snowmelt (Lee et al., 2000). Farther north, where ROS remains less 399 

frequent, such impacts are expected to occur less often. The ecological consequences are therefore likely to vary 400 

considerably across the region, depending on both the frequency of ROS and whether rainfall is followed by 401 

refreezing. 402 

 403 

5.2 Implications for human activities and infrastructure 404 

 405 

Changes in ROS followed by refreezing also affect conditions relevant to transport and infrastructure. Ice formation 406 

at the snow or ground surface can alter road and airstrip conditions and create difficult winter travel conditions, 407 

particularly where temperatures fluctuate around freezing (Instanes et al., 2016). The projected redistribution of ROS 408 

across a larger part of winter means that these conditions may occur over a broader period than at present. At the 409 

same time, the increasing contribution of rainfall to winter precipitation changes snowpack properties and the timing 410 

of runoff (Serreze et al., 2021). These changes are relevant for winter transport and water management, especially in 411 

areas where seasonal snow cover becomes shorter and less persistent. 412 

 413 

5.3 Uncertainty and limitations 414 

 415 

The results depend on how well climate models represent precipitation and temperature close to the freezing point. 416 

Bias correction reduces systematic model errors, but uncertainty remains in the partitioning of precipitation into rain 417 

and snow (McCrystall et al., 2021). ROS events are identified from daily temperature, precipitation and snow-cover 418 

conditions, so short rainfall events, diurnal changes in precipitation phase and melt-refreeze cycles cannot be 419 

resolved. The use of a threshold to represent snow presence also simplifies changes within the snowpack, and the 420 

analysis does not simulate the formation or persistence of individual ice layers. 421 

The relationship between Barents-Kara sea ice and precipitation is another source of uncertainty. Detrending shows 422 

that part of the strong raw relationship reflects their common long-term trends, although negative correlations remain 423 

for rainfall in several periods, particularly in late winter and early spring. These correlations do not establish a direct 424 

causal influence of sea-ice loss on precipitation over land. Atmospheric circulation, moisture transport and 425 

temperature can affect both variables, but their individual contributions were not separated in this analysis. 426 

 427 

6 Conclusions 428 

 429 

Winter precipitation increases across the study region under all three scenarios, together with a progressively larger 430 

contribution from rainfall as temperatures rise. This change is greatest under SSP5-8.5 and is accompanied by a 431 

redistribution of ROS occurrence within the cold season. Early in the century, ROS events are concentrated mainly 432 

in spring between 55°N and 70°N, whereas later in the century they occur over a broader part of winter, particularly 433 

under SSP2-4.5 and SSP5-8.5. The response varies with latitude. Around 60-70°N, increasing winter rainfall 434 

continues to overlap with an existing snowpack, while farther north colder conditions limit ROS occurrence. At the 435 

lower latitudes, the spring ROS peak weakens as snow cover becomes less persistent, showing that increasing rainfall 436 

alone does not necessarily lead to more ROS. ROS events followed by refreezing show the same general seasonal 437 
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redistribution but remain less frequent. Barents-Kara sea ice concentration is strongly negatively correlated with land 438 

precipitation and, more consistently, with rainfall. Part of this relationship reflects the common long-term trends in 439 

sea ice and precipitation, as shown by the weaker correlations after detrending. Nevertheless, negative rainfall 440 

correlations remain for the full winter under SSP1-2.6 and SSP2-4.5 and during March and April under all three 441 

scenarios. The relationship should therefore be regarded as an association rather than evidence of a direct causal 442 

effect of sea-ice loss on precipitation over land. Overall, the results show that future ROS conditions will depend on 443 

the changing overlap between winter rainfall, snow persistence and subsequent refreezing, with consequences for 444 

snow conditions, ecosystems and human activities across northern Eurasia. 445 

 446 
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