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Abstract⎯ The present paper examines the observed variability of maximum depth of 
snow cover in Poland and its projections for near (2021–2050) and far (2071-2100) 
future. The study makes use of a set of 43 time series of observation records from stations 
in Poland, from 1951 to 2013. For the future, two downscaling experiments were 
conducted with the aim of producing reliable high-resolution climate projections of 
precipitation and temperature for Poland. The results of these projections were used as the 
input data to the seNorge snow model in order to transform bias-adjusted daily 
temperature and precipitation into daily snow conditions. Observed behavior of time 
series of snow is complex and not easy to interpret. The changes (if any) are dominated 
by strong inter-winter and intra-winter variability, rendering trend detection difficult. 
Projected seasonal snow cover depth (for winter as well as spring and autumn) as 
simulated by the snow model for the near and far future show decreases. The rate of 
decreasing maximum snow depth is expected to at least double by 2071–2100.    
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1. Introduction 

In the conditions of overwhelming warming, intuitively, one can expect smaller 
snowfalls (by virtue of the increase in liquid winter precipitation due to 
warming) and, consequently, occurrence of a reduced snow cover (both shorter-
lying and thinner). Yet, there is a strong natural variability of snow cover depth, 
also between consecutive winters or consecutive intervals within a single winter. 
Snow cover is, in fact, a very sensitive variable, because its formation and 
maintenance in the landscape depends on many factors. 

In any case, thinking about global warming, one usually thinks of average 
conditions getting warmer. However it does not mean that in the future in the 
middle of a warm and snowless winter, there is no chance for one or a few frosty 
and snowy spells. In this context, it seems interesting to analyze what changes 
(if any) in the snow cover depth have been observed in past-to-present and what 
projections are developed for the future. 

2. Data and methodology 

For analyzing the present situation, the study makes use of a set of 43 time series 
of observation records from stations in Poland, from 1951 to 2013. The data was 
provided by the Polish Institute of Meteorology and Water Management - State 
Research Institute (Polish acronym: IMGW-PIB). The basic criteria for selection 
of stations were: (i) the length of the available time series of record, and (ii) the 
spatial distribution of stations with the goal of covering the whole territory of 
Poland and its climate regions, in a possibly uniform way. The studied data 
started on October 1, 1951 (38 meteorological stations) or later (5 stations) and 
continued until December 31, 2013. The meteorological stations used in the 
present study are listed in Table 1 and mapped in Fig. 1. While for the future, 
the snow projections are based on gridded snow data produced from gridded 
precipitation and temperature.  
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Fig. 1. Map of locations of meteorological stations used in the study. 

 

Table 1. List of meteorological stations used in the study 

Station Lati-
tude 

N 

Longi-
tude 

E 

Eleva-
tion 

[m.a.s.l.] 

Station Lati- 
tude 

N 

Longi- 
tude 

E 

Eleva-
tion 

[m.a.s.l.] 

Białystok 53°06‘ 23°10‘ 148 Olsztyn 53°46‘ 20°25‘ 133 
Bielsko-Biała-
Aleksandrowice 

49°48‘ 19°00‘ 398 Opole 50°40‘ 17°58‘ 176 

Częstochowa 50°49‘ 19 ° 06 ‘ 295 Płock-Trzepowo 52°35‘ 19°44‘ 106 
Elbląg-Milejewo 54°10‘ 19°26‘ 38 Poznań 52°25‘ 16°50‘ 86 
Gorzów 
Wielkopolski 

52°45‘ 15°17‘ 72 
Racibórz-
Studzienna 

50°05‘ 18°13‘ 190 

Hel 54°36‘ 18°49‘ 1 Rzeszów-Jasionka 50°06‘ 22°03‘ 200 
Jelenia Góra 50°54‘ 15°48‘ 342 Sandomierz 50°42‘ 21°43‘ 217 
Kalisz 51°44‘ 18°05‘ 140 Siedlce 52°11‘ 22°16‘ 146 
Kasprowy Wierch 49°14‘ 19°59‘ 1991 Słubice 52°21‘ 14°36‘ 21 
Katowice 50°29‘ 19°05‘ 317 Suwałki 54°08‘ 22°57‘ 184 
Kielce-Suków 50°51‘ 20°37‘ 268 Szczecin-Dąbie 53°24‘ 14°37‘ 1 
Kłodzko 50°26‘ 16°39‘ 316 Śnieżka 50°44‘ 15°44‘ 1603 
Koło 52°12‘ 18°40‘ 116 Świnoujście 53°55‘ 14°14‘ 6 
Koszalin 54°12‘ 16°09‘ 33 Tarnów 50°02‘ 20°59‘ 209 
Kraków-Balice 50°05‘ 19°48‘ 237 Terespol 52°04‘ 23°37‘ 133 
Legnica 51°13‘ 16°10‘ 122 Toruń 53°03‘ 18°35‘ 69 
Lesko 49°28‘ 22°20‘ 386 Ustka 54°35‘ 16°52‘ 6 
Leszno-Strzyżewice 51°50‘ 16°32‘ 91 Wieluń 51°13‘ 18°35‘ 195 
Lublin-Radawiec 51°13‘ 22°24‘ 238 Wrocław 51°06‘ 16°53‘ 120 
Łeba 54°45‘ 17°32‘ 2 Zakopane 49°18‘ 19°57‘ 857 
Łódź-Lublinek 51°44‘ 18°24‘ 187 Zielona Góra 51°56‘ 15°30‘ 180 
Nowy Sącz 49°37‘ 20°42‘ 292       
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For the present two characteristics, namely: (i) mean value of snow cover 
depth for winter (December-January-February), in cm, where the mean value is 
computed for all days in the given period, including days with no snow cover, 
and (ii) maximum value of snow cover depth for winter (December-January-
February), in cm, were extracted from the time series of daily depth of snow 
cover. 

To describe the observed temporal changes in snow cover characteristics 
for every station, the rate of change per year for the whole analyzed period was 
calculated, using linear regression, and the Mann-Kendall statistic. In order to 
detect existing changes/trends in time series of snow cover data, the Hydrospect 
2.0 software was used (Radziejewski and Kundzewicz, 2000).  

Few studies have been carried out for Poland based on the newest 
generation of climate model simulations, i.e., the fifth generation of the 
Coupled Model Intercomparison Project (CMIP5) and the European domain of 
the Coordinated Downscaling Experiment Initiative (Euro-CORDEX). In this 
paper a set of regional climate model simulations (Table 2) from the Euro-
CORDEX experiment (Jacob et al., 2014) was selected to provide climate 
projections. These projections can be seen as an update of old scenarios. With 
the aim of producing reliable high-resolution climate projections of 
precipitation and temperature for Poland, the output of the projections were 
bias-adjusted and downscaled to 5 km. They were then used as input data to 
the snow model in order to transform daily temperature and precipitation into 
daily snow conditions. More details on these bias-adjusted climate projections 
are given in Mezghani et al. (2016). The data is publicly available at 
http://dx.doi.org/10.4121/uuid:e940ec1a-71a0-449e-bbe3-29217f2ba31d.  

Projected seasonal snow cover depth (for winter as well as spring and 
autumn) was simulated by the snow model for the near (2021–2050) and far 
(2071–2100) future horizon. In order to produce unbiased snow cover 
projections across Poland, two experiments assumed to the two targeted 
radiative forcing values of +4.5 Wm-2 and +8.5 Wm-2 in 2100 (RCP4.5 and 
RCP8.5) relative to pre-industrial values were used. 
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Table 2. List of available GCM-run-RCM combinations composing the multi-model 
ensemble, based on EURO-CORDEX, used in determination of projections  

GCM RCM 

CNRM-CERFACS-CNRM-CM5 CLMcom-CCLM4-8-17 

CNRM-CERFACS-CNRM-CM5 SMHI-RCA4 

ICHEC-EC-EARTH CLMcom-CCLM4-8-17 

ICHEC-EC-EARTH SMHI-RCA4 

ICHEC-EC-EARTH KNMI-RACMO22E 

ICHEC-EC-EARTH DMI-HIRHAM5 

IPSL-IPSL-CM5A-MR SMHI-RCA4 

MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17 

MPI-M-MPI-ESM-LR SMHI-RCA4 

 
 
 

 
The seNorge snow model has been developed since 2004 at the Norwegian 

Water Resources and Energy Directorate (NVE), in cooperation with the 
Norwegian Meteorological Institute (MET Norway), and the Norwegian 
Mapping Authority (Engeset et al., 2004; Saloranta, 2014). It simulates different 
snow-related variables, such as snow water equivalent, snow depth, bulk snow 
density, and the amount of liquid water in the snow-pack. No optimization of the 
seNorge snow model was made for the Polish conditions, so the default set of 
model parameters (the same as for Norway) was used. The description of the 
seNorge model and a statistical evaluation of simulating snow maps for Norway 
in Saloranta (2012) showed that a first model version generally overestimated 
the snow water equivalent and the snow bulk density. In this work, we are using 
an updated model version (v1.1.1), where the significant biases in snow water 
equivalent and bulk density have been removed (Saloranta, 2014, 2016). 
However, only the snow depth is analyzed in this study and a separate validation 
based on observed snow depth in Poland is carried out. 

3. Validation 

For validation purposes, the snow model was used to simulate past snow depth 
across Poland, based on daily mean temperature and precipitation. The mean 
daily temperature values were calculated as the average of the daily minimum 
and maximum temperatures.  
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Figs. 2a and 2b show the average and the total winter maximum snow 
depth over Poland taken from the gridded observational data set CPLFD-GDPT5 
(Mezghani et al., 2016). The patterns and values  agree with observation-based 
data for the time period 1948–49 to 1997–98 given in Falarz (2004) with the 
lowest average maximum depths in western Poland (≤ 15 cm), growing towards 
the northeast to 30 cm, and exceeding 150 cm in the Tatra Mountains. The 
absolute simulated maximum winter snow depth ranges from below 40 cm in the 
west (and around Legnica) to more than 80 cm in the northeast, and finally, to 
more than 200 cm in the high mountains. Again, these values are in good 
agreement with those given in Falarz (2004) and Szwed et al. (2017). 

 
 
 
 

CPLFD-GDPT5 time avg CPLFD-GDPT5 time max 

 
Snow depth [cm] 

Fig. 2. Winter maximum of snow depth [cm] modeled by the seNorge model with input 
from the gridded CHASE-PL data set for the historical period. a) shows the time 
averages, while b) depicts the maximum values over all winters.  

 
 
 
 
The seNorge snow model was also used with bias-adjusted precipitation 

and temperature values from all nine historical GCM/RCM (General Circulation 
Models, Regional Climate Models) runs (Table 2). Figs. 3a and 3b show the 
average and the total winter maximum snow depth over Poland for the resulting 
multi-model ensemble mean for 1971–2000. For the average maximum depths, 
the patterns and values agree again with the observation-based data shown in 
Fig. 2 and in Falarz (2004). The absolute maximum winter snow depth in the 
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multi-model ensemble mean shows values below 40 cm in the west and above 
200 cm in the Tatra Mountains as well, but has a less pronounced increase 
towards the northeast. However, using the mean of several climate models is 
expected to smooth out some of the local gradients, which can be clearly seen 
for a single model (not shown). As expected, the mean pattern resembles the 
results from the CPLFD-GDPT5-driven snow model, as the same data has been 
used to bias-adjust temperatures and precipitation in the model data. However, 
the agreement of the simulations of past conditions via RCM and the 
observation-driven snow depth provide a simple test for physically-consistent 
sequences of precipitation and temperature data in the bias-adjusted RCM data, 
since non-physical combinations are expected to yield unrealistic snow depths. 
This also demonstrates that the dependency between precipitation and 
temperature has been well captured by the simulations (e.g., sequence of 
consecutive warm dry days and cold wet days that may have a strong influence 
on the snow simulations) and not critically altered by the bias-adjustment 
methods used. 

 
 
 
 
 

Ens time mean Ens time max 

 
Snow depth [cm] 

 

Fig. 3. Winter maximum of snow depth [cm] modeled by the seNorge model with input 
from the nine DD models for the historical period. Only the multi-model ensemble mean 
is shown. a) depicts the time averages, while b) shows the maximum values over all 
winters. 
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4. Present parameters of snow cover 

Strong inter-winter and intra-winter variability of snow cover is typical for the 
Polish climate. A single year can make a real difference. This statement is 
correct for the average snow cover, but for the maximum cover it is even more 
expressed. The graphs of mean and maximum depth of snow cover in winter 
(DJF) in Toruń, Poland (Fig. 4 and 5) can serve as interesting examples. The 
difference between the lowest and the highest value in the time series of 
maximum snow cover depth is almost twice higher than for the time series of 
average depth of snow cover. 

In the period of 1952–2013, the spatial variability of the maximum depth of 
snow cover in DJF in Poland changed on the east-west axis, generally increasing 
from the west to the east (northeast). The maximum depth of snow cover in 
winter (DJF) in the period 1952–2013 in Poland varied from 34 cm in Poznań 
and Słubice to 85 cm in Kraków (while in mountain areas, the maximum depth 
of snow cover exceeded 300 cm). 

 
 
 
 
 

 

 

Fig. 4. Mean depth of snow cover in winter (DJF) in Toruń in the period 1952–2013. 
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Fig. 5. Maximum depth of snow cover in winter (DJF) in Toruń in the period 1952–2013. 

 

 

 

 

Observed behavior of time series of snow cover depth is complex and not 
easy to interpret. All tendencies are overshadowed by strong natural inter-annual 
variability, making trend detection unlikely. Indeed, no significant trend on the 
0.05 level was detected for all part of the country (based on Mann-Kendall test). 
The weak tendencies in the snow-cover depth are location-specific, the value of 
change per year is positive at some locations, while negative at others. However, 
as expected in the warming climate, there are many more locations with a 
negative tendency (25) than with a positive one (15). In general, after 1990, a 
cluster of years with shallow snow cover have occurred. Nevertheless, more 
snowy winters (with higher depth of mean and maximum snow cover) have also 
appeared more recently. The winter of 1963 and 1979 (i.e., December 1962 - 
February 1963, and December 1978 - February 1979, respectively) are the 
absolute record holders. In these years, maximum of snow cover depth occurred 
for 13 and 12 stations (of 43), respectively. Temporal changes in maximum 
depth of snow cover in winter (DJF) in the period 1952–2013, expressed by the 
rate of change per year and the statistical significance level are presented in Fig. 6.  
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Fig. 6. Temporal changes in maximum depth of snow cover in winter (DJF) in the period 
1952–2013 expressed by the rate of change per year and the statistical significance level.  

 

5. Projection of snow cover 

Table 3 summarizes the projected seasonal snow depth (for winter DJF as well 
as spring MAM and autumn SON) as simulated by the seNorge snow model by 
using the bias-adjusted daily projections in the near (NF) and far (FF) future. As 
an indicator of snow change conditions, the maximum seasonal snow depth is 
used and analyzed hereafter. 
 
 

Table 3. Relative changes in maximum seasonal snow depth (%) from snow modeling 
based on bias-corrected RCM data. The corresponding ensemble mean absolute values in 
centimeters are also given. Confidence limits are presented in parentheses.  

RCP Future horizon DJF MAM SON 

RCP4.5 

NF 
2021-2050 

-15; -10 cm -14; -9 cm -25; -5 cm 

(-27; 5) (-33; 9) (-37; -11) 

FF 
2071-2100 

-28; -18 cm -34; -21 cm -18; -4 cm 

(-44; -13) (-56; -15) (-50; 10) 

RCP8.5 

NF 
2021-2050 

-20; -12 cm -21; -13 cm -20; -4 cm 

(-33;-9) (-45; -1) (-47; 3) 

FF 
2071-2100 

-44; -27 cm -60; -37 cm -48; -10 cm 

(-64; -24) (-87; -33) (-81; -23) 
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Fig. 7 shows the maximum annual snow depth projections by the two 
future horizons: NF 2021–2050 and FF 2071–2100 (rows) in comparison to the 
reference interval 1971–2000, following two RCPs (representative concentration 
pathways) 4.5 and 8.5 (columns). Projections suggest that the maximum snow 
depth is expected to decrease by the two future horizons and following two 
RCPs. This decreasing rate is expected to be about 15% and about 20%, under 
RCP4.5 and RCP8.5 by 2021–2050, respectively.  

This rate of decreasing maximum snow depth is expected to double by 
2071–2100, regardless the RCP, and may go down to more than 40% under 
RCP8.5, compared to reference values. Nevertheless, even if most areas in 
Poland are expected to get affected, changes in central areas are less 
pronounced. This may be explained by the convergence of different physical 
processes influencing the snow conditions in those areas. In addition, small 
areas of increases may also occur in the near future, mainly in high mountainous 
regions. This is understandable in the light of increased precipitation in the 
warming climate. This can mean more snow fall if the increased temperature 
does not substantially exceed 0 °C. 

 
 

RCP4.5    RCP8.5 

 

Fig. 7. Maximum snow depth projections for two horizons:NF 2021–2050  and FF 2071–
2100 (in the rows) under two RCPs: 4.5 and 8.5 (in the columns). 

NF 

 

 

 

 
 

 

FF 



498 

6. Conclusions 

Observed variability of maximum depth of snow cover in Poland, based on a set 
of 43 time series of station records, as well as projections for two future 
horizons were examined. Snow projections were obtained with the help of the 
seNorge snow model, fed with high-resolution climate (precipitation and 
temperature) projections.  

Even if decrease of total annual snowfall and snow cover depth are 
expected in the warming climate, observed behavior of time series of records is 
complex and not easy to interpret. Eventual tendencies are overshadowed by the 
strong natural inter-annual variability, making significant trend detection 
unlikely. There were some winters with very high or very low snow cover depth. 
For instance, winter of 1963 and 1979 (i.e., December 1962 - February 1963 and 
December 1978 - February 1979, respectively) are the absolute record holders, 
because maximum of snow cover depth occurred there for 13 and 12 stations, 
respectively.   

There are weak and location-specific tendencies in snow-cover depth, but 
no significant trend on the 0.05 level was detected for all part of the country 
(based on Mann-Kendal test). However, as expected in the warming climate, 
there are many more locations with a negative tendency than with a positive one. 
This corresponds with many other research studies concerning Europe, which 
report large variability between individual seasons, and the lack of distinct, 
statistically significant trends, e.g., for Estonia (Jaagus, 1997) or Slovakia 
(Brown and Petkova, 2007). A slight decreasing trend of snow cover depth was 
observed in most areas of Poland during the second half of the 20th century, but 
no change was distinguished for the longer periods (Falarz 2004; Nowosad and 
Bartoszek 2007; Czarnecka 2012). 

Maximum depth of snow cover in winter (DJF) in the Polish high 
mountains is going to decrease. Lapin and Fasko (2005) reveal for a decrease in 
snow cover conditions in the Little Carpatians after 1990. Similar conclusions 
were reached by Brown and Petkova (2007) for Bulgarian mountainous regions. 
Research for central and north Tyrol identifies a minor decreasing snow depth 
trend during 1895–1991 (Fliri and Baumkirchen, 1991), while Beniston (1997) 
confirms a considerable decrease of snow cover since the mid-1980s in the 
Swiss Alps. Falarz (2004) quotes that an increasing trend in snow cover has 
been noted during the second half of the 20th century in Polish mountainous 
regions. 

Projected seasonal snow cover depth, as simulated by the seNorge snow 
model show ubiquitous decreases for both the near and far future. The rate of 
decreasing maximum snow depth is expected to at least double by 2071–2100. 

However, small areas of increases of snow cover depth may still occur in 
near future in high mountainous areas in the south part of Poland, accompanying 
precipitation increase in the warming climate. If the increased temperature does 
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not substantially exceed 0 °C, snow can be the essential component of increased 
winter precipitation. 
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