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Abstract

:

This study focuses on temperature and snowfall conditions in Poland, both of which were analyzed from 1981 to 2020. A 40-year record of daily snow fraction time series values was reconstructed using a unique and global multi-source weighted-ensemble precipitation (MSWEP) product, which provided a spatially and temporally consistent reference for the assessment of meteorological conditions. The average states and trends in snow fraction and temperature were analyzed across several years, focusing on the 6-month cold season (November–April). The impact of temperature on the snow fraction pattern was assessed by introducing a snow fraction sensitivity index. To predict short-term changes in snow conditions, a proxy model was established; it incorporated historical trends in the snow fraction as well as its mean state. This study provides clear evidence that the snow fraction is principally controlled by increases in temperature. A warming climate will thus cause a decline in the snow fraction, as we observed in vast lowland areas. Given the ongoing global warming, by the 2050s, snow-dominated areas may go from covering 86% to only 30% of the country’s surface; they will be converted into transient rain–snow areas. Our results demonstrate that a decline in snow water resources has already occurred, and these resources are expected to diminish further in the near future. New insights into the sensitivity of the snow fraction to climate warming will expand our collective knowledge of the magnitude and spatial extent of snow degradation. Such widespread changes have implications for the timing and availability of soil and groundwater resources as well as the timing and likelihood of floods and droughts. Thus, these findings will provide valuable information that can inform environmental managers of the importance of changing snowfall conditions, guiding them to include this aspect in future climate adaptation strategies.
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1. Introduction


Snowfall is considered one of the most sensitive climatic indicators, reflecting the effects of climate change on global water cycles, freshwater ecosystems, and human activities [1,2,3]. Due to our warming climate, in some regions, more precipitation occurs as rain instead of snow, and snow melts earlier [4]. These changes in precipitation phases have important implications for the timing and magnitude of the soil moisture replenishment [5] and, as a consequence, the timing and magnitude of streamflow components [6,7]. Specifically, persistent snowfall keeps the hydrological system dormant, while rainfall recharges aquifers and feeds rivers. Furthermore, limited snowfall can result in spring water deficiency [8,9] and exacerbate summer low flows [10,11]. However, there is still considerable uncertainty regarding the effects of the warming climate (and its corresponding hydrometeorological impacts) on precipitation phases across the rain–snow transition zones [12]. Although several studies have focused on changes in snow phenology, many have examined mountainous or cold regions [13,14,15]. Much less attention has been paid to lower altitudes (i.e., non-alpine settings), although these are areas in which the disappearance of snow in winter may have more significant reverberations; similarly, in said regions, there will likely be greater effects on urban and rural residential areas, as these settlements are far more common at lower altitudes [16]. Thus, identifying patterns in snowfall across different regions may improve our understanding of both the climate and the water cycle. As a consequence, insights into the dynamics of snowfall may contribute to the implementation of climate adaptation policies in the water resources management sector.



A large-scale, global warming-induced reduction in the snow fraction and an increase in snowmelt in the cold season have been already reported in the middle latitudes of the Northern Hemisphere [17]. Across Europe, significant decreases in snow depth have been observed since the 1980s [18]. Across the rain–snow transition zones of Europe, fluctuations in snow cover are largely controlled by temperature [19,20]. In regions in which temperatures in the cold season are close to zero, the impact of temperature change is highly influential. In mid-latitude mountainous areas, precipitation is a more significant factor than in low-altitude areas. As temperatures increase, the initiation of snow cover is further postponed and its ending time is advanced [21]. Since global warming modifies snowfall patterns in large parts of the world, developing an increased understanding of the snow component of the water cycle is a high priority within ongoing research [22,23]. Still, there remain significant uncertainties concerning regional trends in snowfall patterns due to differences in the datasets used, the empirical functions applied to estimate the snow fraction and the spatial and temporal data resolutions selected for such investigations. Thus, regionally focused investigations may provide detailed insights into changes in snowfall patterns, thereby complementing research on a global scale.



In Poland, signs of climate change are increasing in frequency and coverage [24,25,26]. Mean annual and seasonal air temperatures have shown an increasing trend throughout the country [27]. From 1951 to 2018, increases in winter temperatures exceeded 0.3 °C per decade. The warmest winter on record was that at the turn of 2019/2020, with an average temperature of 3.1 °C; this was 1.3 °C higher than the previous warmest winter, that of 2015/2016. Twenty-first century climate projections for Poland anticipate further temperature increases and a decrease in frosty periods [28]. With reference to the period of 1971–2000, the mean annual temperature is projected to increase for the whole territory of Poland. Looking to the near future (2021–2050), increases are projected to range from 1–1.25 °C for RCP4.5 to almost 2–2.5 °C for RCP8.5. Frost is also projected to disappear gradually from the territory of Poland [28]. The number of days with temperatures below 0 °C is projected to decrease by 10–30 days a year for RCP4.5, and 20–50 days a year for RCP8.5. Annual and seasonal precipitation trends, in contrast with temperature trends, have thus far shown less conspicuous patterns [29]. In the context of snow-related indicators, research in Poland has most often focused on both the duration and depth of snow cover, metrics that have been monitored at weather stations [30]. In the years 1951–2018, the number of days with snow cover significantly decreased at most of the 58 analyzed sites [31]. Over the period 1967–2020, the depth of snow cover also decreased at most of the 40 analyzed sites [32]. During the same multi-year period, equivalent measures of snow water decreased at 42 of the analyzed locations [33]. However, the consistency and stability of snow cover have not yet undergone significant disturbance at most of the monitoring stations [34].



While the above-mentioned studies have investigated the characteristics of snow across Poland based on observations at synoptic weather stations, none of these studies considered the countrywide, warming-induced snowfall indicators using spatially continuous estimates of snowfall and air temperature. Thus, the spatial–temporal assessment of snow metrics is an ongoing challenge for regional-scale investigations. Undertaking such an assessment may help to bridge this gap in the literature and improve our understanding of current climate-induced changes throughout Poland. There are still some key unknowns, which include (1) the extent of the snow fraction in the cold season, as evaluated in a spatially contiguous domain; (2) the magnitude of trends in the snow fraction in recent decades; and (3) the sensitivity of the snow fraction to rates of climate warming.



Various metrics have been introduced to quantify snowfall conditions. Commonly studied snow indicators include the depth and extent of snow and the length of the snow season. The snow fraction (the percentage of precipitation that falls in the form of snow) is frequently utilized as an indicator of climate change. Similarly, the snow water equivalent at the end of winter and into spring is a commonly applied metric that describes the depth of water stored for the spring and summer runoff season [2,35]. The sensitivity of the seasonal snowfall to varying temperatures can be assessed by examining the relationship between seasonal variations in the snow water equivalent and temperature [36,37]. The slope of the best-fit snowfall–temperature regression therefore provides the sensitivity of snow water to the air temperature and further information on how temperature causes variability in snowfall. Another approach to calculating thermal snow sensitivity uses the ratio of the domain-averaged difference between the mean snow fraction in cold and warm winters to the corresponding difference in mean temperature [38]. As such, it is considered to represent retrospective snow fraction sensitivity. Another technique enables the analysis of snow’s sensitivity to temperature and precipitation using a delta change methodology that can be applied to mountainous locations [39]. The coupling of snow–temperature within a sensitivity indicator may also be achieved by regressing the temperature trends on snow metric trends for a given ensemble; this has been undertaken on both hemispheric and regional scales using the extent of snow cover [40].



In this work, unlike the methods mentioned above, the concept of elasticity [41] was employed to define the sensitivity of the snow fraction to air temperature over the middle-latitude, lowland-dominated territory of Poland. New insights into the deficiency of snow in the cold season were acquired by introducing a seasonal snow metric on a 6-month time scale. Generally, the index applied here follows the approach proposed by Mudryk et al. [40], although instead of the extent of snow cover, we used the snow fraction. Thus far, such an approach has not been given sufficient attention in Poland. Apart from the above-mentioned investigations based on monitoring stations, quantitative long-term studies linking multi-year trends in temperature and snow in a sensitivity index have not been reported. The scientific novelty of this study additionally lies in our attempt to apply and interpret the sensitivity index in the spatial domain using gridded climatic datasets.



The key scientific questions that need to be answered in this study are as follows:




	(1)

	
Over the last four decades, has Poland undergone widespread changes in the contribution of snow to overall precipitation due to our warming climate?




	(2)

	
How might we describe the spatial differentiation of the snow fraction sensitivity index across the country?




	(3)

	
If warming trends continue at their current pace, what degree of change in the snow fraction during the cold season will we witness by the middle of the twenty-first century?









In order to address the above research questions, this study proceeded through four main steps taken after validation and adjustment of the snow fraction data (Figure 1). Firstly, multi-year averages and trends in the snow fraction (Sf) were quantified to detect spatial–temporal changes over the cold seasons each year from 1981 to 2020. A complementary stage of the study involved identifying trends in air temperature from the same time period. Secondly, we conducted a correlation analysis of the air temperature and the snow fraction to identify the nature of their relationship. Thirdly, using snow fraction and temperature metrics, a sensitivity index was introduced. In the fourth and final step, we established a proxy model for the reduction in the snow fraction. We hypothesized that cold-season temperatures have decreased the snow fraction of overall precipitation remarkably over the past four decades. We also hypothesized that the interactions between the snow fraction and air temperature can be represented by the sensitivity index, thereby providing a proxy measure of changing snowfall conditions. The results of this study will expand our understanding of the relationships between changes in climate and the response of snow in the middle-latitude lowland-dominated regions of Poland. The resulting knowledge may support various environmental studies by identifying the zones of the country most heavily affected by decreases in snow.




2. Materials and Methods


2.1. Study Area


This study concerns the territory of Poland, which stretches from 54.83° N to 49.00° N and from 14.18° E to 24.15° E; it covers an area of 311,888 km2 (Figure 2a). The average height of the country is 173 m a.s.l. (Figure 2b). The lowest point (−1.8 m a.s.l.) is located on the Baltic Sea coast in northern Poland, and the highest peak is in the Tatras Mountains (2499 m a.s.l.). Some 91% of Poland’s area is covered by lowlands (0–300 m a.s.l.), 6% is covered by uplands (300–500 m a.s.l), and only 3% is covered by mountains (above 500 m a.s.l.). Most of the territory, around 97%, is within the Middle European Plain, and only the southern parts reach the elevations of the peaks of the Carpathian and Sudetes Mountains [42]. Poland’s types of land use are majority agricultural (60%) and forest-based (33%), while the rest of the territory is covered by artificial surfaces (6%) and other categories of land use (1%). A humid, temperate climate (Cfb) prevails in the country and occurs from the 14th to approximately the 19th and 20th meridians [43]. Continuing eastwards and southwards toward the mountains, these areas feature a snowy humid climate (Dfb) with a warm summer. The four climatic seasons—spring (March–May), summer (June–August), fall (September–November), and winter (December–February) follow one another regularly. However, ongoing climate warming has led to the prolongation of thermal summers and the shortening of thermal winters [44]. The duration of the thermal spring has lengthened, while autumn and winter have been delayed. The highest level of annual precipitation (over 1000 mm/y) occurs in the mountains in the south, while the lowest level (~500 mm/y) occurs in the lowland part of the country. The spatial average of the annual precipitation is 627 mm, while for the 6-month season (November–April), it amounts to 236 mm.




2.2. Air Temperature and Precipitation Datasets


This study is based on daily meteorological data collected from quality-controlled, gridded climate datasets. This research concerned the cold seasons of 1981–2020. All snow metrics were calculated for a 6-month time scale. The 6-month cold season starts in November and lasts until April in the next calendar year (NDJFMA). This approach followed the convention of the water year, which was designated in Poland as a 12-month period (November–October) that consists of a 6-month cold season followed by a 6-month warm season. Thus, our analysis focused on the full snow season, as defined by Choi et al. [45].



This study employed an air temperature dataset from version 25.0 e of the station-based E-OBS gridded dataset (https://www.ecad.eu; accessed on 19 June 2022), available from the European Climate Assessment and Dataset Project [46]. It comprised daily air temperature values acquired from a regular latitude/longitude grid of 0.1° × 0.1°. For the territory of Poland, the data subset was extracted as a 3D-gridded dataset with dimensions of 60 × 110 × 14,610, which correspond to 60 latitude grid cells, 110 longitude grid cells, and 14,610 daily solutions. Using the daily gridded values, the average values for the months over November–April were prepared to represent typical conditions in the cold season. Furthermore, the 3D time series of the temperature and snow fraction were examined for the presence of correlation, as described in Section 2.4.



This study employed the precipitation dataset from version 2.8 of the Multi-Source Weighted-Ensemble Precipitation (MSWEP) dataset (https://www.gloh2o.org/mswep/; accessed on 23 March 2023), which is a fully global dataset with a 0.1° × 0.1° resolution derived by optimally merging a range of gauge, satellite, and reanalysis estimates [47]. This database contains daily precipitation values (mm/d) stored in NetCDF files, which were downloaded from shared Google Drive folders. Data covering the area of Poland were selected from the global domain to create a 3D-gridded dataset with dimensions of 60 × 110 × 14,610. For the analysis of spatial–temporal snowfall patterns, the air-temperature threshold approach was applied to partition the precipitation into rain and snow fractions [48]. Since the MSWEP data did not differentiate between rain and snow, it was assumed that all precipitation falls as snow if the air temperature is equal to or below the rain–snow temperature threshold and as rain if the air temperature is above said threshold. Observationally based estimates of the rain–snow threshold were acquired from Jennings et al. [48] within a 2D-gridded spatial domain. The original threshold data were prepared at a resolution of 0.5° × 0.625° (latitude × longitude) based on snowfall data from meteorological stations across the globe. This threshold is near the upper bound of the transition temperature, and for the Northern Hemisphere, it varies from −0.4 to 2.4 °C, averaging 1.0 °C for 95% of the stations. Across the country, the air-temperature threshold varies from 1.1 to 1.4 °C.



The spatial resolution of the air temperature threshold data was coarser than that of the MSWEP and E-OBS datasets; thus, resampling to a common resolution of 0.1° × 0.1° was necessary to keep the information from the finest layers. Using the 3D-gridded air-temperature dataset with dimensions of 60 × 110 × 14,610, a binary mask was prepared; grids with a temperature above the threshold were set to zero, while the remaining grids received a value of 1. This binary representation of the occurrence of snowfall was used as a mask to differentiate between snow and rain in daily precipitation data stored in the 3D matrix with dimensions of 60 × 110 × 14,610. Moreover, the daily snowfall values were accumulated into seasonal values for the NDJFMA season; thereby, the snow fraction of the total precipitation was found.



In this study, the snow fraction derived from threshold values (themselves adopted from Jennings et al. [48]) was validated against the snow fraction acquired from synoptic weather stations (Figure 2b, Table 1). The data from 42 synoptic weather stations were collected from a database of the Institute of Meteorology and Water Management in Poland (https://danepubliczne.imgw.pl/data/; accessed on 25 March 2024). Daily precipitation data contain information about the type of precipitation occurring during a given day, distinguishing between rain and snow (which were coded “W” and “S”, respectively). Snow-type precipitation as a term encompasses snow and mixed snow–rain precipitation; both are coded “S”. Their values were the result of daily data accumulated into 6-month sums for NDJFMA, and a multi-year mean snow fraction (Sf-station) for the period from 1981 to 2020 was calculated for each station. From gridded data, multi-year mean values (Sf-threshold) were extracted at pixels at which synoptic stations were located. Then, given two data series with 42 values each, a linear regression model was developed showing the relationship between observed data (O) and gridded data (G). Using the established linear equation, the gridded data were corrected to approximate the observed values. The accuracy of the corrected gridded data compared with the observed data was assessed via the coefficient of determination (    r   2    ):


    r   2   =         ∑  i   n        O   i   −   O  ¯        G   i   −   G  ¯           ∑  i   n          O   i   −   O  ¯      2           ∑  i   n        G   i   −   G  ¯        2          2    



(1)




where O—observed values, G —gridded values,     O  ¯    and     G  ¯   —mean values, and   n  —number of comparisons (herein equal to number of synoptic stations used in the analysis). The value of     r   2     represents an estimation of combined dispersion versus the single dispersion of the observed data and gridded data series. The strength of the Pearson’s correlation is qualified herein on the basis that the magnitude of   r   is either very weak (  r   < 0.20), weak (0.20 ≤   r   ≤ 0.39), moderate (0.40 ≤   r   ≤ 0.59), strong (0.60 ≤   r   ≤ 0.79), or very strong (0.80 ≤   r   ≤ 1) [49]. Additionally, the accuracy of the gridded data in relation to the observed data was tested using the normalized root mean square error (  n R M S E  ) and relative mean bias error (  r M B E  ):


  n R M S E =     100     O  ¯         ∑  i = 1   n            G   i   −   O   i       2     n       



(2)






  r M B E =     100     O  ¯      ×     ∑  i = 1   n    (   G   i     −   O   i   )   n    



(3)







These accuracy measures were formerly used for comparisons of simulated and observed variables [50,51]. The   n R M S E   is a measure of absolute error. The accuracy is assumed to be perfect if the   n R M S E   is below 10%, good if the   n R M S E   ranges from 10 to 20%, fair if the   n R M S E   varies between 20 and 30%, and unreliable if it is over 30% [51]. The   r M B E   was used to estimate the underestimation (or overestimation).



Finally, forty-element time series of the air temperature (T) and corrected snow fraction were prepared to test our hypothesis on the presence of trends, as described in Section 2.3. The results were then used in the sensitivity analysis, as described in Section 2.5.




2.3. Detecting Cold-Season Trends in Air Temperature and Snow Fraction


A pixel-based trend analysis was applied to the time series of the temperature and snow fraction in the analyzed 3D spatial–temporal domain. The non-parametric, rank-based Mann–Kendall (MK) test was employed to detect trends in the 6-month cold seasons (NDJFMAs) of multiple years from 1981 to 2020. The MK test is commonly used for detecting monotonic trends in a hydrometeorological series of data [52]. The Climate Data Toolbox (CDT) for MATLAB [53] was used to calculate the significance of trends using the MK test statistic. Trends were tested against a significance threshold of 0.05. Subsequently, computation of the magnitude of said trends (i.e., the trend rate) was carried out separately and derived via ordinary least squares calculations; we used the “trend” function in the CDT, which was designed for analyses of 3D datasets. The trend rate was assumed to be equal to the slope of the trend line. As a result, trend rates for the temperature (  Δ T  , °C/decade) and snow fraction (  Δ S f  , %/decade) were determined in order to reveal multi-year changes. When the p-value fell above the significance threshold, the magnitude of the change was referred to as the tendency rate.




2.4. Identifying Snow Fraction–Temperature Correlation


Variations in the snowfall characteristics depend on the climate, atmospheric circulation, and meteorological and terrestrial conditions. However, over the transiently snowy regions of Europe, snow cover fluctuations are largely determined by temperature [19], which is also the case in the lowland-dominated environment of Poland. To reveal the dependence of snow fraction on air temperature over several years from 1981 to 2020, the non-parametric Spearman’s rank-order correlation coefficient (  r h o  ) was calculated and evaluated at a significance level of alpha = 0.05. This metric serves to elucidate the relationship between two variables (rank values) without making any assumptions about the frequency distribution of the variables. The strength of the Spearman’s correlation is qualified herein on the basis that the magnitude of   r h o   is either very weak (  r h o < 0.20  ), weak (  0.20 ≤ r h o ≤ 0.39  ), moderate (  0.40 ≤ r h o ≤ 0.59  ), strong (  0.60 ≤ r h o ≤ 0.79  ), or very strong (  0.80 ≤ r h o ≤ 1  ) [54]. A Spearman’s correlation analysis was performed on a grid-cell scale for a given snow fraction and temperature. The calculations were performed in the MATLAB R2023 environment.




2.5. Defining the Snow Fraction Sensitivity Index


A common approach to investigating the response of water resources to climate change is the application of the elasticity concept [55]. Here, it was used to reveal the sensitivity of the interaction between changes in the air temperature and the snow fraction. Following the approach proposed by Andréassian et al. [56], the snow-fraction sensitivity index,     e   S f / T    , is defined here as


    e   S f / T   = Δ S f / Δ T  



(4)




where Sf is the snow fraction of total precipitation,   Δ S f   is the trend rate of the snow fraction expressed as percentage per decade (%/decade),   Δ T   is the trend rate of the air temperature expressed in degrees Celsius per decade (°C/decade), and     e   S f / T     is expressed as a percentage per degrees Celsius (%/°C). The trend rate of snow fraction and the trend rate of temperature are calculated as a slope of a line fitted to the time series described in Section 2.3. Said metrics allowed us to quantify the responsiveness of the snow fraction to changes in air temperature. In the case of a decreasing trend in snow fraction and an increasing trend in temperature, values of snow fraction sensitivity will be negative. When an increase in the snow fraction is associated with an increase in temperature, values of snow fraction sensitivity will be positive.




2.6. Predicting Patterns in the Snow Fraction in the Middle of the Twenty-First Century


As this study sets out to detect the spatial–temporal response of the snow fraction to changing temperature on a national scale, we propose a proxy for the detection of future snow patterns. Assuming that the snow fraction will continue to change in accordance with warming at the current pace, the reduction in the snow fraction is estimated in the short term as the snow fraction trend rate multiplied by the number of decades into the future for which the prediction is made. Two scenarios are assumed: the first scenario is based on the 1981–2020 Sf average, and the second scenario uses the Sf average of the last 10 years (2011–2020) as its starting condition. Hence, the predicted snow fraction for the first scenario can be calculated as follows:


    s c e n 1 _ S f   p r e d i c t e d   =     S f  ¯    1981 − 2020   − Δ S f × X ,  



(5)




where       S f  ¯    1981 − 2020     is the average snow fraction in a particular cold season within the 1981–2020 period expressed as a percentage (%);   Δ S f   is the trend rate of the snow fraction over the years 1981–2020, which is expressed as a percentage per decade (%/decade); and   X   is the number of decades into the future for which the prediction is made (in this case,   X = 3 )  . Similarly, the snow fraction in the second scenario can be estimated using the following equation:


    s c e n 2 _ S f   p r e d i c t e d   =     S f  ¯    2011 − 2020   − Δ S f × X .  



(6)







The projections were prepared for a 6-month period (i.e., for the NDJFMA season). Then, the predicted spatial patterns were compared with historical records from 1981–2020 and 2011–2020. The areas within the country were defined either as rain-dominated, transitional, or snow-dominated based on classification criteria applied by Elsner et al. [57]. Rain-dominated areas were assumed to have a snow fraction of less than 0.1, transient rain–snow areas to have a snow fraction of 0.1–0.4, and snow-dominated areas to have a snow fraction greater than 0.4. Alterations in snow fraction patterns were revealed after accounting for changes in areas divided into these three categories.





3. Results


3.1. Validation of Gridded Snow Fraction Data


To initiate the analysis (Figure 1), we compared the snow fraction calculated via the threshold approach (Sf-threshold) with the snow fraction data acquired at synoptic stations (Sf-station). From gridded data, Sf-threshold-derived values were extracted at station’s pixels and compared with Sf-station data. Multi-year mean values of the Sf from 1981 to 2020 were compared (Figure 3a), and the coefficient of determination (    r   2    ) was found to be high (0.87). The Pearson’s correlation coefficient (  r  ) was 0.93, indicating a very strong correlation. However, the   n R M S E   and   r M B E   values indicated a mismatch between gridded data and station data; the calculated values were 34% and −32%, respectively. Thus, the threshold-derived data fell shy of the station-derived data; therefore, a corrective procedure was applied to the threshold-derived data. The corrected, gridded values were calculated from the following equation: Sf-corrected = 0.918 × Sf-gridded + 18.5 (Figure 3a). Subsequently, the accuracy of the corrected data was reassessed (Figure 3b). The coefficient of determination remained high, while error metrics improved; the   n R M S E   and   r M B E   decreased significantly to 10% and −2.2%, respectively. After excluding mountainous stations at high elevations (Table 1: Kasprowy Wierch, Śnieżka and Zakopane), the accuracy measures slightly improved; the   n R M S E   and   r M B E   equaled 8% and −1.6%, respectively. Thus, our correction significantly reduced discrepancies between the multi-year mean Sf values of gridded- and station-derived data. The next four steps of the analysis, as detailed in Figure 1, were performed with gridded data also corrected in this manner. Notably, multi-year mean values of snow fraction trend rates (ΔSf) for the 1981–2020 period were also compared (Figure 3c). The coefficient of determination shows that most of the variance in the observed trend rates can be attributed to the regression model. However, the scattering of points is broad, and no clear relationship is indicated. For this reason, no further adjustment was applied.




3.2. The Snow Fraction within the Multi-Year Period from 1981 to 2020


Figure 4a shows the climatic pattern (mean state) of the snow fraction (      S f  ¯    1981 − 2020    ) for the 6-month cold season (NDJFMA) within the multi-year period of 1981–2020. The magnitude of the snow fraction varies across the country. The snow fraction increases from values of no more than 40% in the west and northwest to values of 41–50% in central Poland, reaching 51–60% in the eastern part. The highest values of over 90% occur in the mountainous region of the south. Generally, the western area of the country has lower snow fraction values than the eastern region. Most of the country features decreasing snow fraction trends or tendencies that are marked by negative values (Figure 4b). Relatively high rates of decline are of around 5–6.5% per decade and occur fragmentarily in the north, east, and southwest. In central Poland, decrements of 2–3.9% per decade predominate. In the majority of the country (59%), we observed statistically significant and decreasing trends in the snow fraction, which are marked with black points in Figure 4b. It should be noted that only in the high parts of the mountains in the south is there a positive tendency in the snow fraction, which reached up to 1.1%/decade. However, this applies to a very limited area (Figure 4b).




3.3. Air Temperature in the Multi-Year Period of 1981–2020


Figure 5a shows the climatic pattern (mean state) of the temperature within the 6-month cold season (NDJFMA) in the multi-year period from 1981 to 2020. There are clear differences between the eastern and western parts of Poland. The temperature decreases from the west, through central Poland, to the east and northeast. The prevailing temperatures are in the range of 1.6–3.5 °C. The lowest values, those below –2.5 °C, occur within a very limited area in the mountains. The whole country has experienced climate warming from 0.3 to 0.7 °C/decade (Figure 5b). The dominant trend rate is within the range of 0.51–0.6 °C/decade, and the spatial average of this increase is 0.5 °C/decade. Statistically significant changes at α = 0.05 have occurred for almost all of the country.




3.4. Diminishing Snow as Marked by the Snow Fraction Sensitivity Index


Figure 6a shows the Spearman’s correlation coefficient (  r h o  ) calculated for a 40-element time series of air temperature and snow fraction during the cold seasons (NDJFMA) of the multi-year period from 1981 to 2020. The correlation coefficient,   r h o  , is negative for the whole country, revealing that higher temperatures are accompanied by a lower snow fraction. The correlation is significant at α = 0.05 across the whole territory of Poland, as indicated by the black hatches in Figure 6a. Very strong and strong correlations are present in 99% of the country’s territory, while only 1% of the total area indicates a moderate correlation. Generally, there is a strong relationship between snow fraction and temperature. Thus, these two metrics can be linked in the snow fraction sensitivity index shown in Figure 6b.



The snow fraction sensitivity index varies significantly among regions (Figure 6b). In most of the country, this index has negative values, indicating how the snow fraction decreases when the temperature increases. When utilizing a relatively minimally spatially differentiated temperature trend rate (Figure 5b), the index follows the pattern revealed by the snow fraction trend rate (Figure 4b). The highest decreases were within the range of 7 to more than 13%/°C and extended along a strip in the north, northeast, and east (Figure 6b). Values toward the top end of this range appeared fragmentarily in the southwest. Most of the country experienced a decrease of 3 to 6.9%/°C. Only locally in the high mountains did the index have positive values, showing a tendency of the snow fraction to increase alongside temperature; this applied to a very limited mountainous area.




3.5. Predicted Changes in Snow Fraction


The potential impacts of climate warming on the snow fraction were predicted in the short term using the snow fraction trend rate calculated for 1981–2020 (Figure 7). With an average countrywide temperature increase of ~0.5 °C/decade over the past 40 years, Sf decreased at a rate of ~3%/decade in the cold season (NDJFMA). Projected changes in Sf for the middle of the twenty-first century are summarized in Table 2. The projections indicate that, by the 2050s, in the assumed scenarios 1 and 2, we will witness significant changes in the spatial patterns of Sf. From 1981 to 2020, 86% of the country’s area could be described as having snow-dominated conditions (Figure 7a), while over the last 10 years (2011–2020), these snow-dominated areas have decreased to cover only 48% of the country (Figure 7c). Using the 40-year Sf averages as a starting point, we can estimate a reduction in snow-dominated areas from 86% to 30% (scenario 1, Figure 7b).



Using the average conditions of the last 10 years (2011–2020) as a starting point indicates that the proportion of snow-dominated areas in Poland may be even lower than projected, at just 6% (Figure 7d). In addition to the disappearance of snow-dominated areas, there may be a significant increase in the proportion of land occupied by transitional regions (up to 70% (scenario 1, Figure 7b) and up to 94% (scenario 2, Figure 7d)). The emergence of rain-dominated regions with an Sf of up to 10% has not yet been predicted.





4. Discussion


Our 40-year historical record of daily snow accumulation, aggregated for the cold season (NDJFMA), shows that snow makes up ~32–91% of the total precipitation. Under the influence of the observed ongoing warming, the 10-year sub-period from 2011 to 2020 was an average of ~0.9 °C warmer than the period from 1981 to 2020, and the snow fraction was within the much lower range of  ~28–89%. The spatial averages for these two time periods are 47% and 39%, respectively. Typically, higher fractions are associated with higher altitudes. However, across Poland, which is dominated by lowlands, there is a clear longitudinal division; the warmer western part is characterized by a relatively low share of snow, unlike the eastern and northeastern parts. This finding is consistent with previous climatic works in which the meridian of 19°E is conventionally accepted as the boundary between the warm western zone and the cooler eastern zone [44]. This is attributed to the dominant influence of maritime and continental air masses above Poland, which shape thermal seasons and the transient character of the climate. Maritime air masses flowing from the Atlantic Ocean most frequently bring warming in winter, while dry polar continental air masses coming from the east bring frost. The average cold-season temperatures in the northwest are above 2.5 °C, while they drop to almost 0 °C in the northeast (Figure 5a). In summary, this thermal pattern shows a typical east–west gradient, which is similarly expressed in the zonal distribution of the snow fraction values contained in this work.



This study demonstrated that warming temperatures have caused the seasonal snow fraction to dwindle from 1981 to 2020. This finding supports the hypothesis that higher cold-season (NDJFMA) temperatures have decreased the snow fraction remarkably over the past four decades. Only in the mountain sub-region was there an increasing tendency in the snow fraction, which followed an increase in the temperature; that said, both tendencies were not statistically significant (Figure 4b and Figure 5b). This exception concerned approximately 0.3% of the country’s territory, over which the warming rate was relatively low. Such a finding is consistent with other studies that have reported a positive correlation between snowfall and temperature in colder regions (for high latitudes or at high altitudes), which for the most part is due to their increased atmospheric water content. Higher temperatures increase atmospheric water vapor, which allows for potentially more snowfall if temperatures remain sufficiently low for snowfall to occur [13]. Across the whole territory of Poland, the snow fraction is strongly correlated with temperature, and the Sf-T correlation is negative. For this reason, the snow fraction was employed to define the snow fraction sensitivity index.



This study provides evidence that the snow fraction is principally controlled by temperature, as hypothesized. Based on this finding, we analyzed the spatial patterns of the sensitivity of snow to warming, identifying significant differences between various locations that have also been reported in other studies [58]. The regions of the highest Sf changes over the last 40 years were localized in a spatially explicit way using gridded climatic datasets. The snow fraction sensitivity index provides an estimate of the regions in which reductions in the Sf are the most pronounced after a 1 °C increase in temperature. Such an approach expresses sensitivity as the change in snow fraction per unit of temperature change and has previously been utilized by Mudryk et al. [40]; however, these authors used the fractional change in snow cover. Here, the use of the snow fraction sensitivity index revealed the locations at which the strongest negative Sf changes occurred and showed that the eastern part of the country has greater sensitivity than the western part. The applied sensitivity approach is essential to recognizing the rate of warming-induced snow water losses and detecting places with vulnerable snow water resources.



Considering ongoing climate warming, a reduction in the seasonal snow fraction was predicted by our linear trend analysis. Assuming that the current rate of Sf change continues in the near future, the snow fraction is projected to decrease in most regions of the country, excluding the high mountains in the south. This robust linear trend approach may constitute a limitation, but in the short to medium term, assuming no meaningful changes in trend rate, it may be useful for identifying locations undergoing the transition from being snow-dominated to more transient. The results of this analysis correspond well with those of large-scale studies that have reported reductions in snowfall in midlatitudes in both past and future scenarios [18,23,59].



It is worth noting that rain–snow phase partitioning based on a given temperature threshold is commonly applied for large-scale investigations, although different thresholds are applied [60]. For example, Quante et al. [13] assumed that snow occurred if the surface temperature was below 0 °C. Newton et al. [61] used a 1 °C threshold, whereas Ford et al. [62] used a 1.5 °C threshold and Liu et al. [63] used a 2 °C threshold. In this study, the initially adopted threshold temperature of ~1.2 °C turned out to be too low to approximate the snow fraction estimated at synoptic stations. In such cases, different bias corrections may be applied to obtain an improved estimate of snow fraction based on specific statistical properties [50,64]. Here, when considering the entire domain of the country, mean bias correction was introduced to adjust our multi-year mean values of snow fraction without adjusting the temperature threshold. This procedure affected our estimations of the snow fraction, increasing the initially assumed values to more closely resemble those estimated on the ground. While ground-surface measurements are treated as the primary reference, it is important to remark that a large disparity may exist between point-scale data and grid-averaged data. Topographic diversity and local geographic conditions, especially in regions with a large hypsometric gradients, may cause large differences [51]. Such a situation was observed in this study. Snow fraction values at highly elevated stations differed significantly from gridded estimates, while lowland locations produced more similar results. As the snow fraction trend rates from reconstructed gridded data were, on average, lower than those observed at synoptic stations, the rate of snow’s disappearance under future warming conditions may locally proceed even faster than indicated here. It is worth noting that our coding of precipitation phases may also have added to the uncertainty, as daily codes in synoptic messages are intended for both solid and mixed phases (without taking into account the percentage of each proportion), although they constitute the core reference for multi-year investigations.




5. Conclusions


This study presents an analysis of reconstructed snowfall conditions across the territory of Poland for the period of 1981–2020. The snow fraction sensitivity index reproduces spatially and temporally consistent patterns of decreasing snowfall in response to the gradually warming climate in the cold season of the year (NDJFMA). The elasticity approach linked highly correlated temperature and snow fraction variables. The snow fraction index introduced herein captures long-term trends in diminishing snowfall, indicating the areas that are most prone to snow degradation. Our results suggest that there are significant spatial differences in the responsiveness of the snow fraction to thermal conditions. Projected snowfall conditions for the middle of the twenty-first century suggest that further changes will occur. Thanks to the ongoing cold-season warming, snow-dominated areas may be reduced from covering 86% to covering 30% of the country’s surface; these areas will be converted into rain–snow transient areas.



Overall, the methodology applied here allows for the reconstruction of gridded snow fraction data, providing a solid basis for projections and studies of the impact of climate change. This methodology may be applied to other lowland-dominated regions in which snowfall conditions are largely controlled by temperature. Our single-threshold method, supported by a validation procedure, is capable of providing a reliable reconstruction of snowfall conditions in regionally focused studies in a fast and computationally efficient way. Here, a single-adjustment method was applied, enabling us to relay the average values of in situ data; in the future, we may incorporate an additional procedure to adjust the other statistical properties of measured data.



These regionally focused investigations provide more detailed insights into changes in snowfall patterns, serving to complement studies on a global scale. To optimize water management and global warming mitigation policies, improved insight into the redistribution of snow and water is vital. More studies are needed to uncover the complex feedback system in the hydrosphere to further the necessary transition to climate-resilient systems.
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Figure 1. Flowchart of the research procedure. 
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Figure 2. (a) Geographic location of the study area and (b) location of the synoptic weather stations. 
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Figure 3. (a) Relationship between multi-year mean snow fraction values at stations (Sf-station) and those produced via the threshold approach (Sf-threshold); (b) corrected relationship between Sf-station data and Sf-corrected data; and (c) relationship between snow fraction trend rates at stations (ΔSf-station) and those derived from corrected data (ΔSf-from corrected). 
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Figure 4. (a) Climatic pattern of the snow fraction and (b) the trend rate for the 6-month cold season (NDJFMA) in the multi-year period of 1981 to 2020. Black hatches indicate locations at which the trend rate is statistically significant at α = 0.05 according to the MK test. 
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Figure 5. (a) Climatic pattern of air temperature and (b) the trend rate within the 6-month cold season (NDJFMA) in the multiyear period of 1981 to 2020. Black hatches indicate locations where the temperature trend is statistically significant at α = 0.05, according to the MK test. 
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Figure 6. (a) Spearman’s correlation coefficient (  r h o  ) calculated between time series of air temperature and snow fraction values in the cold seasons (NDJFMA) of the multi-year period from 1981 to 2020; (b) snow fraction sensitivity index. 
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Figure 7. (a) Mean snow fractions in 1981–2020; (b) predicted changes from 2020 to the middle of the 21st century according to scenario 1; (c) mean snow fraction for 2011–2020; and (d) predicted changes from 2020 to the middle of the 21st century, according to scenario 2. The Sf values can be divided into those indicating transient and snow-dominated conditions. 
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Table 1. Location and elevation of synoptic weather stations used for the validation of snow fraction data.
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	No
	Station
	Longitude

(°E)
	Latitude

(°N)
	Elevation

m a.s.l.
	No
	Station
	Longitude

(°E)
	Latitude

(°N)
	Elevation

m a.s.l.





	1
	Białystok
	23°10′
	53°06′
	148
	22
	Łódź
	19°23′
	51°43′
	174



	2
	Bielsko-Biała
	19°00′
	49°48
	396
	23
	Mława
	20°22′
	53°06′
	147



	3
	Chojnice
	17°32′
	53°43′
	164
	24
	Nowy Sącz
	20°41′
	49°38′
	292



	4
	Częstochowa
	19°05′
	50°49′
	293
	25
	Opole
	17°58′
	50°38′
	163



	5
	Elbląg
	19°33′
	54°13′
	189
	26
	Piła
	16°45′
	53°08′
	72



	6
	Gorzów Wlk.
	15°17′
	52°44′
	71
	27
	Poznań
	16°50′
	52°25′
	88



	7
	Hel
	18°49′
	54°36′
	1
	28
	Rzeszów
	22°03′
	50°07′
	206



	8
	Jelenia Góra
	15°47′
	50°54′
	342
	29
	Sandomierz
	21°42′
	50°41′
	217



	9
	Kalisz
	18°05′
	51°47′
	137
	30
	Siedlce
	22°15′
	52°11′
	152



	10
	Kasprowy W.
	19°59′
	49°14′
	1990
	31
	Słubice
	14°37′
	52°21′
	53



	11
	Katowice
	19°02′
	50°14′
	278
	32
	Suwałki
	22°57′
	54°08′
	184



	12
	Kętrzyn
	21°22’
	54°04′
	107
	33
	Szczecin
	14°37′
	53°24′
	1



	13
	Kielce
	20°42′
	50°49′
	260
	34
	Śnieżka
	15°44′
	50°44′
	1603



	14
	Kłodzko
	16°37′
	50°26′
	356
	35
	Świnoujście
	14°15′
	53°55′
	4



	15
	Kołobrzeg
	15°23′
	54°10′
	4
	36
	Terespol
	23°37′
	52°05′
	133



	16
	Koszalin
	16°09′
	54°12′
	33
	37
	Toruń
	18°36′
	53°03′
	69



	17
	Kozienice
	21°33′
	51°34′
	123
	38
	Ustka
	16°51′
	54°35′
	3



	18
	Kraków
	19°48′
	50°05′
	236
	39
	Warszawa
	20°58′
	52°10′
	106



	19
	Lesko
	22°21′
	49°28′
	420
	40
	Wrocław
	16°54′
	51°06′
	120



	20
	Lublin
	22°24′
	51°13′
	238
	41
	Zakopane
	19°58′
	49°18′
	852



	21
	Łeba
	17°32′
	54°45′
	1
	42
	Zielona G.
	15°31′
	51°56′
	192










 





Table 2. Percentage of the country’s area covered by rain-dominated, transient, and snow-dominated areas in the past and in the future (i.e., by the 2050s) in scenarios 1 and 2.
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	Snow Fraction, Sf

(%)
	1981–2020

Area (%)
	Scenario 1 2050

Area (%)
	2011–2020

Area (%)
	Scenario 2 2050

Area (%)





	0–10 (rain-dominated)
	0
	0
	0
	0



	11–40 (transient)
	14
	70
	52
	94



	41–100 (snow-dominated)
	86
	30
	48
	6
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