Supplementary material
Weather and climate domain
We used SMHI’s publicly available climate data download service (SMHI, 2022), downloading complete lists of all weather stations active since 1970[footnoteRef:1] that had daily data on: snow depth; mean air temperature within 24 hours; min/max air temperature within 24 hours, and; precipitation within 24 hours. This provided us with 45 weather stations that included all four data sets within reindeer pasturelands in Sweden. [1:  We did this for 1960 as well but this gave us not enough stations with good data availability.] 

We then manually checked the quality of the data series for the 45 weather stations. This assessment focused on whether the weather stations had data for all years and kept had data for all days within the time period. This provided us with 14 weather stations.
The subsequent data cleaning, preparation, and analyses were implemented in the software Stata 16.0 (StataCorp, 2019). First, data was cleaned by fixing or removing incorrect, incorrectly formatted, duplicate, and incomplete data within the datasets. Short periods (one or a few days) of missing snow depth data were filled using linear interpolation of the adjacent data points. Missing mean daily air temperature values (<0.001%) were gap-filled using the mean of the maximum and the minimum temperatures of the day concerned. Then, we performed a thorough check to identify and quantify existing data gaps (number of days with missing data per station, year, and parameter). Weather stations exhibiting > two years of missing data were further excluded. This resulted in a total of 3 weather stations with “complete” time series data. Of the three remaining weather stations, Härnösand was excluded from further analysis as it is located very close to the coast, and very far south, making it less relevant for our study area.
Then, several indicators, interpreted in this paper as proxies for potential basal ice formation, were calculated for the early snow cover season (1st October – 31st January) during the entire duration of each 25-year period 1971–1996 and 1997–2021):
We used Excel to check the quality of the data series by identifying which years included missing data. Weather stations were allowed to have a maximum of two years with missing data. This provided us with 3 weather stations.
- Melt days. This indicator measures the frequency of melt events and was calculated by counting the number of days with mean Tair > 0°C and snow depth > 0 m, over the early snow cover seasons in each 25-year period. 
- Rain on snow. This indicator measures the frequency of rain on snow events and was calculated by counting the number of days with both air temperature >0 °C and precipitation >0 mm, over the early snow cover seasons in each 25-year period.
- Zero-crossing days. This indicator measures the frequency of days when above-freezing air temperatures occurred and was calculated by counting the number of days with minimum air temperature <0 °C and maximum air temperature > 0°C, over the early snow cover seasons in each 25-year period.  
- Zero crossing days with snow. This indicator measures the frequency of days when above-freezing air temperatures occurred and a snow cover was present, hence snowmelt likely occurred. It was calculated by counting the number of days with minimum air temperature <0 °C, maximum air temperature >0°C and snow depth >0 m, over the early snow cover seasons in each 25-year period.  
- Zero crossing days with precipitation on snow. This indicator measures the frequency of days when above-freezing air temperatures occurred, precipitation occurred, and a snow cover was present, hence snowmelt likely occurred and possibly rainfall. It was calculated by counting the number of days with minimum air temperature <0 °C, maximum air temperature > 0 °C and snow depth >0 m, over the early snow cover seasons in each 25-year period.    
- Above 0 and precipitation. This indicator measures the frequency of days with mean air temperature >0 °C and precipitation > 0 mm, regardless of whether a snow cover was present. It was calculated by counting the number of days with mean air temperature >0 °C and precipitation >0 mm, over the early snow cover seasons in each 25-year period.
- Above -2 and precipitation. This indicator measures the frequency of days with mean air temperature > -2 °C and precipitation > 0 mm, regardless of whether a snow cover was present. It was calculated by counting the number of days with mean air temperature > -2 °C and precipitation >0 mm, over the early snow cover seasons in each 25-year period.
- Above 0 with precipitation on snow. This indicator measures the frequency of days with mean air temperature >0 °C and precipitation > 0 mm, when a snow cover was present, which therefore received both melt and (potentially) rainwater. It was calculated by counting the number of days with mean air temperature >0 °C, precipitation >0 mm and snow depth > 0 m, over the early snow cover seasons in each 25-year period.
- Above -2 with precipitation on snow. This indicator measures the frequency of days with mean air temperature > -2 °C and precipitation > 0 mm, when a snow cover was present. It was calculated by counting the number of days with mean air temperature > -2 °C, precipitation >0 mm and snow depth > 0 m, over the early snow cover seasons in each 25-year period.
- Events (≥ 1 day) when melt and rainwater exceeded the water holding capacity of snow. This indicator measures the frequency of those events which, during their entire duration (≥ 1 day), potentially delivered sufficient amounts of melt and rainwater to exceed the snow water-holding capacity (WHC) and hence this liquid water could have potentially reached the bottom of the snowpack and could have frozen up following the event, forming basal ice. 
To calculate this indicator, we first estimated 1) the snow WHC, 2) the amount of meltwater, and 3) the amount of rainwater, during melt days. Then, we 4) calculated the cumulative melt and rainwater during the entire duration of the event (≥ 1 day), and finally 5) compared the total liquid water input during the event concerned with the snow WHC: when the former exceeded the WHC, we concluded that the event concerned likely met the requirements for basal ice formation. To implement steps 1 and 2, we adapted the methodology used in a recently developed intermediate complexity snow scheme in the widely-used ecosystem model LPJ-GUESS (Smith et al. 2001, 2014; Pongracz et al. 2021) and followed these steps: 
1) The snow water holding capacity was calculated using equation 1 below: 
		Equation 1
where SWE is the snow water equivalent, CAPmin and CAPmax are the minimum fraction of water that can be held in the snowpack (Anderson et al., 1976), dens_t is the maximum density at which snow can hold water (default value of 400 kg m-3;  D'Amboise et al., 2017), and dens_diff is the difference between dens_t and the snow density during the day concerned. To calculate the latter, a value of 100 kg m-3 was applied for the first snow (Vionnet et al., 2012) and we progressively increased the snowpack density by increasing snow density by 30 kg m-3 every month to represent snow compaction over time. 
2) The estimation of meltwater amounts during melt days involved several steps. First, we estimated the snowpack temperature (for which measurements are lacking), using the following equation which showed a nice fit to estimates computed with more sophisticated thermodynamical schemes employed such as those employed in LPJ-GUESS:
 * 0.3			Equation 2
Where Tsnow is the temperature of the snowpack,  is the mean daily air temperature, and 0.3 is an empirical constant. 

Then, the heat capacity of snow (csnow; J m3 K1) was estimated using equation 2 below: 
 	Equation 3
where 0.185 and 0.689 are empirical constants (Fukusako, 1990), 273.15 is for converting degrees Kelvin to Celsius, Tsnow is the temperature of snow, 0.01 is for unit conversion, dens is the density of snow, and 1000 is to convert KJ to J. 
Then, we estimated the amount of energy needed to warm up the snowpack to 0 °C (energy_to_zero; J m3) according to equations 3 and 4 below: 
				Equation 4
  		Equation 5
where Tsnow_to_zero is the difference in °C between 0 and the temperature of the snowpack, and snowdepth is the snowpack depth in cm. 
Subsequently, the available energy to melt snow (energy_melt; J m3) was calculated using equation 5:
				Equation 6
where Cp_water is the heat capacity of water (4180000 J m3 K1; Bonan, 2002), and Tairmean is the daily mean air temperature. Then, we were able to calculate how much energy was left after warming the snowpack to 0 °C (energy_melt_after_zero; J m3) using equation 6: 
		Equation 7
Finally, the fraction of the snowpack that could be melted with the remaining energy (fraction_melt) was calculated according to equation 7, and this fraction was then converted into mm of liquid water (mm_melt) using equation 8: 
 				Equation 8
 			Equation 9
where Lheat is the latent heat of fusion (Granberg et al. 1999; J m3).

3) The amount of rainwater during melt days equals the precipitation amounts (mm) fallen during the melt day concerned.

4)  The cumulative melt and rainwater was calculated by adding both the daily rain and meltwater for all consecutive melt days.

5) An event was considered likely to have caused basal ice formation when WHC < cumulative melt and rainwater: this indicator counted the occurrence of such conditions over the early snow cover seasons in each 25-year period.

- Amount of melt and rainwater that exceeded the water holding capacity of snow during such events. This indicator measures the intensity of those events which, during their entire duration (≥ 1 day), potentially delivered sufficient amounts of melt and rainwater to exceed the snow WHC and hence this liquid water could have potentially reached the bottom of the snowpack and could have frozen up following the event, forming basal ice. For the indicator above, we already calculated the melt and rainwater amounts delivered to the snowpack during the entire duration of each event. To calculate this indicator, the snow WHC was deducted from the previously calculated cumulative melt and rainwater during the event concerned, and the remaining water amounts, the surplus water, were interpreted as a proxy for the potential thickness of the basal ice formed. This indicator summed the surplus water delivered over the early snow cover seasons in each 25-year period.
While some of the indicators examined in this study have been already used in the literature as proxies for potential basal ice formation (e.g., Rasmus et al. 2018), we designed a novel approach that combines environmental observations with physical representations of snowpack properties and processes to estimate with higher accuracy the frequency and the intensity of winter events that very likely led to basal ice formation. Both the “basic” and the “more complex” indicators include a number of limitations which, even though do not compromise the quality of the results and the purpose they serve, should be taken into consideration: 

1. The weather stations included in the study are those presenting the most continuous and long-enough records of environmental observations. However Forse station is located >2° south of the Maskaure area, which likely results in slightly milder climatic conditions and hence a higher frequency and intensity of winter warm events. 

2. Mean air temperature (00:00-23:59), max/min (18:00-18:00), precipitation (07.00-07.00), and snow depth (06.00) measurements were taken at different times, which could to a small extent affect some of the indicators calculated in this study.  

3. The data contains some (even if small) data gaps, most of which were adjusted as described in the methods section. 

4. We extrapolate the station data to the adjacent terrain, which may sometimes be inaccurate: the snow cover may disappear during warm events in some areas, and not in others, depending in the local topography, land cover, etc. 

5. The climate-induced reduction in snow cover period results in a decrease in some snow-related indicators and hence these reductions should not be misinterpreted.

6. Due to the lack of data, we used different default values which approximate the real values. Examples are snow density and snow temperature. 

7. When estimating snow melt, we are omitting energy delivered by rainwater. We did so to balance computational efficiency and the need for detail, as the energy delivered by rainwater plays a minor role. 
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Ecosystem and environment domain
Focus area:
Step 1: We created a polygon layer of the Maskaure RHC’s coastal winter pasturelands using data from the Sámi parliament (ref.). This layer was colored transparent.
Step 2: We created a polygon of land categorized as forest land within the data set land cover data from the GSD-Sweden maps within Maskaure’s coastal winter pasturelands (Lantmäteriet, 2022a). This layer was colored white.
Proxy continuity forest
Step 3: Within the focus area, we created raster layer for proxy continuity forest (PCF) from a raster data set on “areas of probable and potential continuity forest” published by the Environmental Protection Agency and most recently updated for the Västerbotten region in 2018 (Naturvårdsverket, 2022). We used “class 1” in the data set, which refers to “probable continuity forest (2016-2019)”. This class was colored black.
Step 4: We removed two types of areas from the PCF layer: (A) “roads”, and (B) “completed harvests”.
A: We used a layer of roads with data from the GSD road maps (Lantmäteriet, 2022b). The width of this line-based polygon layer was set to 8 metres. This layer was colored white.
B: We used data from Swedish Forest Protection Agency on “completed harvests” in the region, 2022-02-28 (Skogsvårdsstyrelsen, 2022). This layer was colored white.
Step 5: We created a “new PCF on forest land” raster layer by using the “Convert map to raster” function in QGIS using the following layer order (top to bottom): roads (white), completed harvests (white), PCF (black), focus area (white).
Step 6: We created polygons out of “the new PCF on forest land” raster layer using the “Polygonize (raster to vector)” function in QGIS. Black colored areas were polygonised into a polygon layer titled as “PCF”, and white colored areas were polygonised into a polygon layer titled as “non-PCF”.
Calculations 1
Step 7: Using the attribute table-function in QGIS, we calculated the area size of each PCF polygon, the total number of PCF polygons, the mean size of all PCF polygons, the median size of all PCF polygons.
Core area 100 m
Step 8: We created a white stroke line (solid line) with a 100 m stroke width on the “non-PCF” layer. 
Step 9: We created a “100 m core area” raster layer by using the “Convert map to raster” function in QGIS using the following layer order (top to bottom): non-PCF (white, with a white stroke line with a 100 m stroke width), PCF (black).
Step 10: We created polygons out of “100 m core area” raster layer using the “Polygonize (raster to vector)” function in QGIS. Black colored areas were polygonised into a polygon layer titled as “100 m core area”, and white colored areas were polygonised into a polygon layer titled as “non-PCF”.
Calculations 2
Step 11: Using the attribute table-function in QGIS, we calculated the area size of each “100 m core area”, the total number of “100 m core area” polygons, the mean size of all “100 m core area” polygons, the median size of all “100 m core area” polygons.
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