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Abstract This paper analyses winter severity and snow con-
ditions in the Karkonosze Mountains and Jizera Mountains
and examines their long-term trends. The analysis used mod-
ified comprehensive winter snowiness (WSW) and winter se-
verity (WOW) indices as defined by Paczos (1982). An at-
tempt was alsomade to determine the relationship between the
WSW and WOW indices. Measurement data were obtained
from eight stations operated by the Institute of Meteorology
and Water Management – National Research Institute
(IMGW–PIB), from eight stations operated by the Czech
Hydrological and Meteorological Institute (CHMI) and also

from the Meteorological Observatory of the University of
Wrocław (UWr) on Mount Szrenica. Essentially, the study
covered the period from 1961 to 2015. In some cases, howev-
er, the period analysed was shorter due to the limited avail-
ability of data, which was conditioned, inter alia, by the peri-
od of operation of the station in question, and its type.

Viewed on a macroscale, snow conditions in the
Karkonosze Mountains and Jizera Mountains (in similar alti-
tude zones) are clearly more favourable on southern slopes
than on northern ones. In the study area, negative trends have
been observed with respect to both the WSW and WOW in-
dices—winters have become less snowy and warmer. The
correlation between the WOW and WSW indices is positive.
At stations with northern macroexposure, WOW and WSW
show greater correlation than at ones with southern
macroexposure. This relationship is the weakest for stations
that are situated in the upper ranges (Mount Śnieżka and
Mount Szrenica).

1 Introduction

Among the basic research problems in modern climatology is
that of establishing climate trends and variability, including in
the winter period, through the analysis of winter severity and
snowiness. Snow cover and its multiannual trends are the
result of the direct or indirect simultaneous impact of multiple
climate components and factors and of their changes in sub-
sequent years (Foster et al. 1983; Falarz 2004). Any changes
in snow cover thickness and retention time may have long-
lasting environmental and economic implications (Beniston
1997, 2000; Beniston et al. 2003). Economic losses related
to snow cover deficits are of particular importance in moun-
tain areas where a significant proportion of tourism income is
derived from winter sports (Beniston 2000). The climate
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changes predicted to take place until 2050, i.e. progressive
warming, will cause a gradual decrease in the surface area of
glaciers and in snow cover; the snow line and vegetation zones
will move upwards and northwards (IPCC 2001, 2013;
Migała 2005). It is estimated that in mountain regions, an
average increase in air temperatures of 1 °C may be accom-
panied by an upward shift in the snow line of around 150 m
(Haeberli and Beniston 1998). The results of snow cover stud-
ies confirm its high sensitivity to climate change and to indi-
vidual climate components (Cayan 1996; Bednorz 2004;
Stewart et al. 2005) as well as to progressive warming (Karl
et al. 1993; Dettinger and Cayan 1995; Stewart et al. 2004;
Hidalgo et al. 2009).

This topic is particularly salient, because the increase in
mean annual air temperatures is most affected by the temper-
ature of winter months (Hess 1974; Trepińska 1976; Wibig
and Głowicki 2002; Piotrowicz 2006; Rebetez and Reinhard
2008; Kliegrová et al. 2009). The progressive warming results
in shorter winters and earlier spring thaws (Bednorz 2004;
Migała et al. 2016). The phenomenon of snowy or severe
winters is of interest to many people and institutions, e.g. in
connection with the considerable damage these can wreak in
many economies (Beniston et al. 2003; Bednorz 2008, 2013;
Kulasová and Bubeníčková 2009).

The issue of winter snowiness and severity is a complex
one, and it is insufficient to apply just a single criterion to its
assessment (Piasecki 1995; Piotrowicz 2004; Mayes
Boustead et al. 2015). Hence, several criteria are usually
used simultaneously to classify and assess winters
(Domonkos and Piotrowicz 1998; Piotrowicz 2006). The
overwhelming majority of research deals with the severity
of winters in terms of temperature (Obrębka-Starklowa
et al. 1995; Piotrowicz 1997; Twardosz and Kossowska-
Cezak 2016), and to a lesser extent with winter snowiness
and snow cover variability in the mountains (Jackson 1977;
Piasecki 1995; Falarz 2000-2001; Lapin et al. 2007;
Príbullová et al. 2009; Urban 2016). Far fewer articles dis-
cuss winter temperatures and snow conditions at the same
time (Paczos 1982, 1985; Niedźwiecki 1998; Janasz 2000;
Majewski et al. 2011). Describing the winter characteristics
in the Karkonosze Mountains and Jizera Mountains is a dif-
ficult task due to the considerable variability of weather con-
ditions in the temperate transitional climate zone in which
both mountain ranges are located. Hence, there is consider-
able intraseasonal and long-term variability between winters
(Majewski et al. 2011). In turn of interseasonal variability of
weather conditions is a typical feature of the Karkonosze
Mountains climate and is determined primarily by the zonal
atmospheric circulation that forms over the North Atlantic.
This is clearly illustrated by the fact that temperature condi-
tions on Mount Śnieżka are dependent on the North Atlantic
Oscillation (NAO) index (Sobik et al. 2014; Migała et al.
2016).

The purpose of this study is to analyse the severity and
snowiness of winters and to examine their long-term trends
in the Karkonosze Mountains and Jizera Mountains on the
Polish and Czech sides of both mountain ranges.
Additionally, attempts have been made to determine the rela-
tionship between winter severity and snowiness. Among the
motivations for conducting research on this theme was the fact
that to date, literature on the subject lacks a comprehensive,
methodologically uniform study that would cover such a long
period and use a larger number of stations in the Western
Sudetes on both sides of the Polish-Czech border. The studies
already published have concerned the comparison of snow
conditions on both sides of the border in the context of skiing
opportunities (Urban and Richterová 2010) or were case stud-
ies (Ojrzyńska et al. 2010; Urban et al. 2011), but no analysis
of long-term trends or assessment of winter conditions was
offered.

2 Source data and methods

The measurement data used in this paper were obtained from
meteorological stations of the Institute of Meteorology and
Water Management – National Research Institute (IMGW–
PIB), from the Czech Hydrological and Meteorological
Institute (CHMI) and from the Meteorological Observatory
of the University of Wrocław (UWr) on Mount Szrenica
(Fig. 1; Table 1). The source material consisted of daily mean,
minimum, and maximum air temperature values, and daily
depths of snow cover on the ground at 06.00 UTC. The basic
research period included 55 consecutive winter seasons
(winters) from the 1961/1962–2015/2016 multiannual period.
In some cases, the period analysed was shorter (Table 1). This
resulted from the availability of data, which was conditioned
by, inter alia, the operation of the station in question, changes
in station type (climatological, rain gauge) and thus the num-
ber of meteorological parameters measured. The choice of
stations was primarily guided by their suitability for assem-
bling long data series and the completeness of their measure-
ment sequences. In addition, the stations were selected so that
there were no significant changes in their locations and so that
they represented the different altitude zones present in the
Karkonosze Mountains and Jizera Mountains.

The authors wanted to document the distinct snow and
temperature conditions on the southern and northern slopes
of the Karkonosze Mountains and Jizera Mountains as
reflected by winter severity and snowiness as accurately as
possible. For this reason, all the reliable materials available
have been used, starting from 1961. Nevertheless, winter se-
verity and snowiness indices were calculated for a uniform
period consisting of the 30 consecutive seasons from
1981/1982 to 2010/2011, and measurements from fewer sta-
tions were used. It is worth stressing that the results obtained
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Fig. 1 Locations of the measurement stations used in the study. Station name abbreviations as per Table 1
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were similar to those for the periods of different lengths (from
15 to 55 years) described in Table 1. The calculations included
9 out of 13 stations in the case of the winter severity index and
11 out of 16 stations in the case of the winter snowiness index.
Studies covering 30-year periods form the basis for determin-
ing the climate characteristics of individual areas, and the
1981–2010 multiannual period is currently recommended
for analysis purposes by the World Meteorological
Organisation and is the so-called standard or reference period
(WMO 2011). A similar approach, using data series of differ-
ent lengths, was applied to snow cover studies in Austria
(Hantel et al. 2000) and in the mountains of Bulgaria
(Brown and Petkova 2007).

This approach is consistent with the accepted view that
even mean 10-year values of individual meteorological pa-
rameters can be used to capture the spatial diversity of climate
and make it possible to detect general patterns that govern the
phenomenon in question (Hess 1965; Hess et al. 1980). Other
authors report that the optimal period for reliably determining
mean air temperature for a station that has a data series signif-
icantly shorter than 30 years ranges from 5 to 15 years (Huang
et al. 1996) or from 5 to 20 years for extreme temperature

values (Srivastava et al. 2003). Huang et al. (1996) stated that
if mean values are to be determined, the exact length of the
period adopted for this purpose within the 10–30 year range is
not significant. In turn, Sansom and Tait (2004) believe that
using shorter data series in local studies of temperature and
precipitation fields significantly improves the quality of the
results obtained for the study area compared to the use of
simple spatial interpolation. Using the example of stations
located on the northern and southern slopes of the Alps,
Marty (2008) demonstrated that when analysing long-term
mean values, there is considerable similarity between snow
cover characteristics at stations located at comparable alti-
tudes. This is present despite the possible lack of homogeneity
caused by the changes in station locations and the different
characteristics of their locations.

In the case of snow cover, there are unlikely to be any
breaks in the homogeneity of the multiannual measurement
series. This is due to the simplicity of the measurement and the
fact that observation timing and methods have not changed
sinceWorldWar II (Falarz 2006). A change in station location
appears to be the only threat to the homogeneity of such series
(Falarz 2006). The snow cover measurement methodology
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was uniform at all the stations analysed and was in line with
the guidelines for the National Hydrological and
Meteorological Service of the Institute of Meteorology and
Water Management (IMGW) (Janiszewski 1988). A similar
measurement methodology is used at the CHMI (Lipina
et al. 2014). In the paper, stations whose location changed
significantly were treated as stations with two separate mea-
surement series and were labelled accordingly, e.g. Karpacz_1
and Karpacz_2 or Benecko_1 and Benecko_2 (Table 1).
Therefore, the snow cover data series used should be consid-
ered homogeneous. Small gaps in data series that were present
for some stations were eliminated using the arithmetic means
method on the basis of measurement data from the nearest
stations that represented similar climatic and morphological
conditions.

Since IMGW–PIB and CHMI calculate mean daily air tem-
peratures in different fashions, a uniform method was used.
Namely, the mean daily temperature (T) was determined for
all stations according to the following formula: T = (Tmax +
Tmin)/2, where:

Tmax maximum daily air temperature [°C];
Tmin minimum daily air temperature [°C].

This method was used successfully in previous studies of
trends in air temperature (Migała et al. 2016; Urban and
Tomczyński 2017). The characteristics of various methods
for determining mean air temperatures, and the differences
between them were presented by Urban (2010, 2013).

In the study, winter was assumed to last from 1 November
to 30 April of the following year. This definition of winter
stemmed from the fact that during the aforementionedmonths,
weather conditions typical of this season, i.e. snow cover and
negative air temperatures, are present in the mountains, as well
as from the method adopted for defining winter. The only
exception was that analyses of the start and end dates for snow
cover were performed from 1 August of year X to 31 July of
year X + 1. This was due to the fact that in the upper range of
the Karkonosze Mountains (Mount Śnieżka—1603 m a.s.l.;
Mount Szrenica—1331 m a.s.l.), snow cover on the ground
sometimes even occurs in summer months. This approach has
already been applied before (Falarz 2000-2001; Urban 2015,
2016).

A day with snow cover was assumed to be a day on
which snow depth measured at 6.00 UTC was not less than
1 cm and snow covered at least 50% of the area. This
limitation made it possible to eliminate days on which
snow fell but conditions were not conducive to snow cover
forming. This condition mainly applies to the period of
snow cover formation and disappearance. The adoption
of this assumption made it possible to clearly define char-
acteristic periods (number of days with snow cover and
potential period) and their start and end dates.

Winter temperature and snowiness have been described in
terms of the fundamental climatological characteristics of
these meteorological parameters. A synthesis of those
characteristics was presented by Paczos (1982) for the climatic
conditions prevailing in Poland, including in mountain areas,
in the form of indices describing winter severity and snowi-
ness (from December to March). These indices have been
used in this paper with minor modifications.

The winter severity index (WOW) formula developed by
Paczos (1982) has the following form:

WOW ¼ 1−0:25� Twð Þ � 0:8325þ 0:0144� NDw

þ0:0087� NDf þ 0:0045� NDvf −0:0026� ST

where:

WOW winter severity index;
Tw mean winter air temperature (°C);
NDw number of winter days (with mean daily temperature

≤ 0 °C);
NDf number of ice days (with maximum temperature

< 0 °C);
NDvf number of very frosty days (with minimum

temperature < − 10 °C);
ST sum of mean daily temperature values < 0 °C.

Values of the winter severity index range from 0 to 10,
where 0 denotes the mildest winter and 10 the coldest one.
In the formula above, the modification proposed by Janasz
(2000) was introduced. The modification of Paczos’s (1982)
formula consisted of defining very frosty days as days with a
maximum temperature (rather than minimum temperature as
suggested by Paczos) below − 10 °C. Majewski et al. (2011)
had previously made a similar decision. In addition, a winter
day was assumed to be a day with a mean temperature lower
than 0 °C rather than lower than or equal to 0 °C (as proposed
by Paczos). The changes adopted are in line with the current
definition of a very frosty day and of a winter day
(Niedźwiedź et al. 2003; ČMeS 2016).

The winter snowiness index (WSW) was also calculated
using a formula proposed by Paczos (1982):

WSW ¼ 0:0328� NDSC þ 0:0246� NDSC20þ 0:00012� SSC

where:

WSW winter snowiness index ranging from 0 to 10;
NDSC number of days with snow cover ≥ 1 cm deep;
NDSC20 number of days with snow cover > 20 cm deep;
SSC sum of snow cover depths in cm.

In the formula above, a modification was introduced to
change the sign before the threshold value from > 20 to
≥ 20 cm. Whereas in the winter severity formula, the assump-
tion that winter lasts from November to April rather than from
December to March as in the original (Paczos 1982) does not

Winter severity and snowiness and their multiannual variability in the Karkonosze Mountains and Jizera... 225



change the number of classes (0–10), this is not the case with
the snowiness formula. Namely, extending the original winter
period by 2months increases the number of classes to 15. This
results from the fact that the winter snowiness formula con-
tains the sum of snow cover thickness (depth) during the pe-
riod analysed. Therefore, the addition of two more months
(November and April) results in an increase in the number
of classes by 50%.

Using average multiannual values of the winter severity
(WOWavg) and snowiness (WSWavg) indices and their stan-
dard deviations (δ), three groups of winters have been distin-
guished both in terms of severity and snowiness. From the
point of view of their severity, winters have been divided into:

1. frosty (WOW ≥ WOWavg + δ);
2. moderately frosty (WOWavg−δ<WOW<WOWavg+δ);
3. mild (WOW ≤ WOWavg − δ),

while from the point of view of snowiness, they have been
divided into:

1. snowy (WSW ≥ WSWavg + δ);
2. moderately snowy (WSWavg − δ < WSW < WSWavg +

δ);
3. with little snow (WSW ≤ WSWavg − δ).

The boundaries between the groups have been determined
separately for each station (see Tables 2 and 4).

The division presented made it possible to transform an
absolute classification into a relative one. Thus, it enabled a
comparison to be made between individual winters at a single
measurement station throughout the entire period. A similar
approach to winter classification based on average
multiannual values of these indices and their standard devia-
tions was used in earlier work (Paczos 1982; Janasz 2000;
Majewski et al. 2011; Twardosz and Kossowska-Cezak
2016). For stations with at least a 30-year measurement data
series, trends in winter severity, and snowiness were also de-
termined. Student’s t test was used to verify the statistical
significance of those trends at the p < 0.05 significance level.

A comprehensive index that combined, inter alia, air tem-
perature, total snowfall, snow cover depth, and the duration of
the winter season has been successfully applied in studies of
winter severity and associated trends in the US (Mayes
Boustead et al. 2015).

3 Results and discussion

3.1 Winter severity

Average values of theWOWwinter severity index in the study
area range from about 6–7 (moderate winters) in the upper

ranges of the Karkonosze Mountains (Mount Śnieżka,
Mount Szrenica) to around 2 (winters with little snow) at the
foot of the Jizera Mountains (Hejnice). As concerns extreme
values, the WOW index at all the stations analysed ranged
from 0.0 (for the 2006/2007 season in Hejnice) to 9.2 (for
the 1969/1970 season on Mount Śnieżka). In general, the dis-
tribution of WOW index values correlates with the absolute
altitude of each station and is directly proportional to it (Fig.
2). The higher the WOW index value, the more severe the
winter in temperature terms. However, there are some devia-
tions from this general pattern that result from the local land-
form and the location of the station in question. An example is
the Jelenia Góra station, which is located in a large mid-
mountain basin and is characterised by frequent and intense
air temperature inversions (Głowicki 1970; Hess et al. 1980).
On 10 February 1956, in a Stevenson screen situated 2 m
above ground level at that station, the absolute minimum air
temperature recorded at meteorological stations in Poland in
the post-World War II period was measured at − 36.9 °C
(Kuziemska 1983). This is the reason why the WOW index
for that station is significantly higher than indicated by its
altitude above sea level (Figs. 2-3). The WOW value for
Jelenia Góra is close to WOW values for stations situated
200 to 300 m higher (Świeradów Zdrój, Karpacz_2, or
Szklarska Poręba). This means that in this case, the change
in air temperature as a function of altitude above sea level is
considerably distorted at locations that are situated close to
one another. In this case, thermal conditions at the station in
question are affected more by the landform than by its expo-
sure to the sun (or lack thereof).

The influence of solar radiation and exposure and also
of the landform on air temperatures in the Polish Sudetes
as reflected by different values of vertical temperature
gradient in different seasons was described by Schmuck
(1969). This issue was also noted in later studies that
described the topoclimate of the Jizera Mountains (Sobik
and Urban 2000; Urban 2002) or the climate of the
Karkonosze Mountains (Sobik et al. 2014). Also of note
are the relatively higher WOW index values at CHMI
stations that are situated around 670 m a.s.l. (Harrachov,
Vysoké nad Jizerou) when compared to the stations situ-
ated on the northern (Polish) side of the mountains at
similar altitudes (Szklarska Poręba). The difference in fa-
vour of CHMI stations amounts to approximately one
WOW class on average (Figs. 2-3). In this case, the dif-
ferentiating factor is the exposure of the station in ques-
tion to the advections of air masses from the south, south-
west, and west that prevail in winter (S, SW, and W
macroexposure). For example, the share of winds from
the S, SW, and W directions for the November–April pe-
riod in the years 1961–1990 on Mount Śnieżka (the
highest peak in the Sudetes) was 55.4% in total (12.3,
23.0, and 20.1%, respectively) (Głowicki 1995).
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Slope exposure to circulation from the aforementioned di-
rections, which prevails in winter, exerts a clear influence on
determining the winter temperature and precipitation field on
the Karkonosze Mountains, as demonstrated by Sobik et al.

(2014). Apart from atmospheric circulation, the orientation of
the main ridge of the Karkonosze Mountains (along the
WNW-ESE axis) is a secondary factor affecting the thermal
characteristics of air masses around this massif. During

Table 2 Values of the winter severity index and its standard deviation (δ), coefficient of variation (CV), and frequency of severe and mild winters (N)

8.1 6.0 4.6
9.2 8.2 6.2 6.7 7.4 5.9 5.4 5.6

5.6 5.1 4.6 4.0
8.1

5.5 5.6 5.5 5.0 3.8
9.2 8.0 6.1 6.3 6.3 5.7 5.4 3.9 4.6

8.2 7.5 5.9

5.4
8.1 5.8 5.4

8.2
8.2 5.9 5.6 4.9 3.5 3.5 2.9 3.8
8.4 7.3 5.7 3.5 3.6 2.9 3.6
8.1 5.7 5.8 5.6 5.4 5.1 3.8 3.9 3.2 3.8

8.1 7.1 6.3 6.3 5.1 4.8 4.6 4.0 5.0

3.6

6.4 5.8 6.0 3.9 3.8 3.7 2.9 3.9

3.3

4.2 3.4 3.5 2.9

Winter
Śnieżka 

[1603 m]
Szrenica 
[1331 m]

Benecko_1 
[880 m]

Jakuszyce 
[860 m]

Bedřichov
[777 m]

Desná–
Souš 

[772 m]

Harrachov 
[675 m]

Vysoké 
nad 

Jizerou 
[670 m]

Szklarska 
Poręba 
[645 m]

Karpacz_2 
[580 m]

Świeradów 
Zdrój 

[543 m]

Hejnice 
[396 m]

Jelenia 
Góra 

[342 m]

1961/62 7.1 5.1 5.3 4.1 3.2
1962/63
1963/64 7.1 6.4 5.2 5.2
1964/65 7.1 4.8 4.6 4.9 4.1 4.0 3.3
1965/66 7.7 6.7 4.2 4.3 4.5 3.7 3.6 2.8
1966/67 7.8 6.8 4.7 4.6 4.5 3.5 3.2 2.0
1967/68 7.8 6.7 4.7 4.7 4.7 3.8 3.3 2.6
1968/69 7.6 6.6 4.5
1969/70
1970/71 7.3 6.3 4.2 4.3 4.1 3.7 3.3 2.0 2.8
1971/72 6.9 5.7 3.6 3.4 3.1 2.8 2.6 1.4 1.8
1972/73 7.1 6.2 4.1 5.2 4.6 4.3 3.2 3.4 1.4 1.8
1973/74 6.7 5.7 3.4 4.3 3.5 3.6 2.6 2.5 0.8 1.4
1974/75 6.5 5.5 2.9 3.6 3.0 2.8 2.4 1.8 0.4 0.7
1975/76 5.2 5.2 4.8 4.3 3.9 2.3 2.9
1976/77 7.3 6.3 3.8 4.4 4.0 4.0 3.5 3.2 1.5 2.1
1977/78 7.4 6.6 4.7 5.1 4.5 4.4 3.7 3.7 1.5 2.1
1978/79 7.5 6.7 4.6 5.4 4.9 4.7 4.1 3.9 2.4 3.1
1979/80 7.7 6.7 4.6 5.2 4.5 4.4 3.6 1.7 2.4
1980/81 7.9 6.9 5.5 4.8 4.7 4.2 2.3 2.8
1981/82 7.1 4.9 5.3 4.5 2.9 2.4 3.0
1982/83 6.7 5.7 3.3 3.9 3.5 3.3 2.6 1.6 0.9 1.6
1983/84 7.0 5.0 5.6 5.3 4.8 4.4 3.0 2.8 1.8 2.7
1984/85 7.1 5.3 5.3
1985/86 5.1 5.0 4.8 4.5
1986/87 7.0
1987/88 7.2 5.9 4.4 4.1 3.7 3.7 3.0 1.5 1.9 1.0 1.3
1988/89 5.7 4.8 3.9 3.5 3.1 3.1 2.8 1.0 0.9 0.7 1.1
1989/90 5.4 4.1 2.8 3.2 2.6 2.7 2.6 0.9 1.0 0.6 1.3
1990/91 7.3 6.1 4.2 4.6 4.0 3.9 3.5 2.4 2.5 1.7 2.2
1991/92 6.7 5.6 3.8 4.2 3.6 3.6 2.8 1.7 2.0 1.3 1.7
1992/93 6.6 5.4 4.2 4.7 4.1 4.2 3.2 2.1 2.3 1.6 2.4
1993/94 7.2 6.1 4.5 4.1 3.5 3.6 2.6 1.8 1.9 1.4 1.8
1994/95 6.8 5.7 3.7 3.1 3.2 2.3 1.3 1.4 0.9 1.4
1995/96 7.0
1996/97 7.0 6.0 5.2 4.8 4.7 4.3 2.8 3.0 2.3 3.3
1997/98 6.1 4.9 3.6 2.8 2.9 2.5 1.4 1.4 0.9 1.5
1998/99 7.0 6.0 4.7 3.8 3.9 3.5 2.2 2.2 1.9 2.4
1999/00 7.4 6.3 4.5 3.9 4.0 3.3 1.6 1.8 1.1 1.7
2000/01 6.2 5.1 3.6 3.2 3.4 2.8 1.5 1.6 1.1 1.7
2001/02 6.8 4.3 3.9 3.8 3.2 2.5 2.1 2.1 1.8 2.2
2002/03 7.1 5.5 5.3 4.8 4.0 3.3 3.2 3.1 2.5
2003/04 6.9 4.5 4.7 4.1 3.3 2.4 2.3 2.3 1.6 2.2
2004/05 7.1 5.0 4.5 4.7 3.9 3.1 2.7 2.3 2.0 2.6
2005/06 7.7 4.4
2006/07 5.0 1.9 1.5 1.6 0.8 0.4 0.1 0.3 0.0 0.2
2007/08 6.5 3.7 3.3 3.4 2.4 1.1 1.3 1.7 0.9 1.3
2008/09 6.6 4.2 3.8 4.0 2.7 2.1 1.9 1.9 1.5 2.0
2009/10 7.4 4.9 4.5 4.7 3.9 3.4 3.1 2.5 3.3
2010/11 6.8 5.0 4.4 4.5 3.7 3.1 2.7 2.8 2.4 3.3
2011/12 6.6 4.5 3.6 3.9 3.0 2.6 2.0 1.9 1.6 2.2
2012/13 7.6 5.6 4.8 4.9 4.4 3.3
2013/14 4.9 2.2 1.8 1.9 1.4 0.7 0.3 0.5 0.2 0.6
2014/15 6.1 3.5 2.8 2.7 2.1 1.7 1.3 1.3 0.8 1.0
2015/16 5.7 3.2 2.6 2.5 1.9 1.2 0.8 1.0 0.6 1.0
Average 7.2 6.3 4.5 4.6 4.3 4.3 3.5 3.7 2.4 2.2 2.2 1.7 2.5

δ 0.89 0.85 0.84 1.05 1.11 1.13 1.04 0.92 1.17 1.09 1.01 0.91 1.12

CV [%] 12.5 13.4 18.5 22.8 26.0 26.5 29.3 24.9 49.1 49.8 45.1 53.3 45.4

N_Severe 
winters [%]

20.0 10.0 15.2 15.9 12.7 16.4 14.5 16.7 13.3 21.2 17.1 14.9 18.2

N_Mild 
winters [%]

14.5 15.0 15.2 20.5 16.4 16.4 14.5 16.7 26.7 15.2 14.3 17.0 16.4

Explanations:
a blue field indicates a severe (cold) winter (WOW WOWavg+δ);
a red field indicates a mild (warm) winter (WOW≤WOWavg-δ);
a white field indicates a moderate winter in terms of temperature (WOWavg-δ<WOW<WOWavg+δ).

The blue field indicates a severe (cold) winter (WOW ≥WOWavg + δ). The red field indicates a mild (warm) winter (WOW ≤WOWavg − δ). The white
field indicates a moderate winter in terms of temperature (WOWavg − δ < WOW < WOWavg + δ)
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advection from the southwest or southern directions, the sta-
tions located on the Polish (leeward) side of the Karkonosze
Mountains are subject to the warming effect of catabatic foehn
winds (Kwiatkowski 1972, 1975, 1979). The air moving
downslope on the leeward side of the mountains is heated
adiabatically. Thus, the foehn contributes, inter alia, to raising

mean winter temperatures at stations on leeward (northern)
slopes compared to stations on the windward (southern)
slopes at the same altitudes. During the winter months, at
altitudes ranging from 600 to 800 m a.s.l., the northern slopes
of the Karkonosze Mountains and Jizera Mountains are
around 0.5–1.0 °C warmer than the southern slopes (Sobik

0

1

2

3

4

5

6

7

8

9

10

Śn
ie

żk
a 

[1
60

3 
m

]

Sz
re

ni
ca

 [1
33

1 
m

]

Be
ne

ck
o_

1 
[8

80
 m

]

Ja
ku

sz
yc

e 
[8

60
 m

]

Be
dř

ic
ho

v 
[7

77
 m

]

D
es

ná
-S

ou
š 

[7
72

 m
]

Ka
rp

ac
z_

1 
[7

20
 m

]

H
ar

ra
ch

ov
 [6

75
 m

]

Vy
so

ké
 n

ad
 J

iz
er

ou
 [6

70
 m

]

Sz
kl

ar
sk

a 
Po

rę
ba

 [6
45

 m
]

Ka
rp

ac
z_

2 
[5

80
 m

]

Św
ie

ra
dó

w
 Z

dr
ój

 [5
43

 m
]

H
ej

ni
ce

 [3
96

 m
]

Je
le

ni
a 

G
ór

a 
[3

42
 m

]

station

W
O

W

Max Avg Min

Fig. 2 Average (Avg), maximum
(Max), and minimum (Min)
values of the winter severity index
(WOW) at the stations analysed
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et al. 2009). The difference in mean air temperatures in winter
between stations on opposite sides of the mountain ridge in-
creases together with the difference in altitude between the
ridge and the station in question. Owing to the influence of
foehn winds and its location at the bottom of a large basin,
Jelenia Góra experiences alternating waves of freezing and
thawing of varying durations and exhibiting thermal anoma-
lies to various degrees (Głowicki 1993).

The relationships observed for various periods at the sta-
tions analysed, which have been described above and present-
ed graphically (Figs. 2-3), are confirmed by the results obtain-
ed for the 1981–2010 period at selected stations (methodolog-
ical justification presented in Chapter 2). The average WOW
index values (illustrating climate patterns) at stations for the
period 1981–2010 are almost identical with those for the pe-
riods presented in Table 1. The same is true for minimum
index values as those occurred in the 2001–2010 period at
most stations. Only in a few cases were the maximum
WOW values for the 1961–2015 period slightly higher than
that for 1981–2010, since the maximum values were recorded
in the 1960s (Fig. 4).

3.1.1 Temporal and spatial differences and trends

The winter severity calendar, developed on the basis of
multiannual severity index averages (WOWavg) and standard
deviations, demonstrates that moderately frosty winters pre-
dominated at all the stations analysed. In addition, since the
late 1980s, the winters’ thermal characteristics have changed
compared to earlier decades of the twentieth century. The
prevalence of mild winters has increased, while frosty winters
have become less frequent. The pattern found is consistent
with the results obtained for Europe, where in the second half
of the 1951–2010 period, an increase in the frequency of

exceptionally mild winters was observed at the expense of
exceptionally cold ones (Twardosz and Kossowska-Cezak
2016). In the last two or three decades, an increase in the
frequency of warm winters has also been recorded in the
Swiss Alps (Scherrer et al. 2004; Marty 2008) and the USA
(Mayes Boustead et al. 2015).

In the last 10 years, frosty winters were virtually absent
(except for a few locations with northern exposure). The
warmest winters within the altitude profile found in the
Karkonosze Mountains and Jizera Mountains were
1988/1989–1989/1990, 2006/2007, and 2013/2014–2015/
2016 (Table 2). The winter of 2006/2007 was extremely
warm, with the WOW index reaching its lowest values at all
stations (WOW ≤WOWavg – 2 × δ)—from around 0.0 at the
foot of the mountains to just 5.0 in the upper ranges of the
Karkonosze Mountains. The winter of 2006/2007 was excep-
tionally warm in most parts of Europe (Luterbacher et al.
2007; Twardosz and Kossowska-Cezak 2016). Winters with
high WOW indices at most stations were 1962/1963,
1968/1969–1969/1970, 1984/1985–1986/1987, 1995/1996,
and 2005/2006. The highest WOW values noted in those win-
ters (from 4.0 in Hejnice to 9.2 on Mount Śnieżka) were re-
corded in 1962/1963 and 1995/1996. During those winters,
the highest WOW values for the multiannual period analysed
were observed at all individual stations (Table 2). HighWOW
index values were present in the winter of 1995/1996 at most
stations in Poland (Olba-Zięty and Grabowski 2007), whereas
the winter of 1962/1963 was exceptionally cold in most of
Europe (Twardosz and Kossowska-Cezak 2016).

The variability of the WOW index as expressed by its stan-
dard deviation ranges from approx. 0.8–0.9 at the stations
situated at the highest altitudes above sea level to approx.
1.1–1.2 in the lower zones. The dispersion of WOW values
is much better illustrated by the coefficient of variation (CV),

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5

10.0

Śn
ie

żk
a

[1
60

3
m

]

Ja
ku

sz
yc

e
[8

60
m

]

Be
dř

ic
ho

v
[7

77
m

]

De
sn

á–
So

uš
[7

72
m

]

Ha
rr

ac
ho

v
[6

75
m

]

Ka
rp

ac
z_

2
[5

80
m

]

Św
ie

ra
dó

w
Zd

ró
j[

54
3

m
]

He
jn

ic
e

[3
96

m
]

Je
le

ni
a

Gó
ra

[3
42

m
]

W
O
W

sta�on

WOWavg (1981-2010) WOWmax (1981-2010)
WOWmin (1981-2010) WOWavg_period according to Table 1
WOWmax_period according to Table 1 WOWmin_period according to Table 1

Fig. 4 Average (Avg), maximum
(Max), and minimum (Min)
values of the winter severity index
(WOW) at selected stations

Winter severity and snowiness and their multiannual variability in the Karkonosze Mountains and Jizera... 229



which is the ratio of the standard deviation to the mean
expressed as a percentage. CV values indicate that the greatest
variation in theWOW index is present at the foot of the moun-
tains and the smallest in their upper ranges. CV is inversely
proportional to a station’s absolute altitude (Table 2). The
upper ranges of the KarkonoszeMountains have thermal char-
acteristics that are more similar to an oceanic climate com-
pared to the lower zones; this manifests itself in smaller air
temperature amplitudes in individual months of the year
(Sobik et al. 2014), which in turn translates into lower vari-
ability of the WOW index. Trends in the WOW index calcu-
lated for all stations analysed in the Karkonosze Mountains
and Jizera Mountains are negative (Table 3). This means that
WOW values gradually declined, thus indicating a progres-
sive increase in air temperatures and in individual thermal
indicators (WOW components), and consequently, climate
warming. Rates of decline of the WOW index ranged from
approx. − 0.1/10 years in Hejnice to approx. − 0.4/10 years on
Mount Szrenica. The average WOW decline rate for all sta-
tions amounted to − 0.27/10 years. WOW trends are statisti-
cally significant at the 0.05 significance level for 7 out of the
11 stations selected for the purposes of analysing thermal con-
ditions (Table 3). Similar negative trends, which are mostly
statistically insignificant at the 0.05 level, have been observed
for many thermal characteristics of the cold season in Central
Europe (Domonkos and Piotrowicz 1998). In the period
1881–2010 in the upper ranges of the Karkonosze
Mountains, a decline was observed in the annual number of
days with mean daily air temperatures below 0.0 °C and also
in the number of extremely cold months, with a simultaneous
increase in the number of very warm months in individual
decades. This has been especially noticeable since the early

1990s (Migała et al. 2016). The higher frequency of mild
winters may be related to the change in atmospheric circula-
tion macrotypes over the North Atlantic. In the last decades of
the twentieth century, an increase in cyclonic zonal circulation
from the southwest was observed (Migała 2005; Migała et al.
2016). In Western and Central Europe, this type of circulation
generates an extensive zone of weather fronts with heavy
clouds, and also brings warming in the cold season and
precipitation.

3.2 Winter snowiness

Average values of the WSW in the Karkonosze Mountains
and Jizera Mountains range from approx. 2.5–3.0 (winters
with little snow) in the lowest locations to approx. 10.0–10.5
(moderately snowywinters) in the upper ranges.With extreme
values, the situation is similar. The lowest values of approx.
0.6 are observed in the locations with the lowest altitudes
above sea level (Jelenia Góra, Hejnice), and the highest ones
of approx. 13.0 at the stations situated at the highest altitudes
(Mount Śnieżka, Mount Szrenica).

The significant difference in altitude, exceeding 1250 m
(from Jelenia Góra, which lies in a basin, to the highest
peak—Mount Śnieżka), and the variety of landforms and sta-
tion exposures result in a clear spatial variation ofWSW index
values. The average WSW index values show greater varia-
tion (Figs. 4-5) than average WOW index values (Fig. 2).

The spatial variability of snowiness in winter results from
multiple factors, including altitude above sea level and the
orographic deformation of the field through which air masses
flow that shape precipitation and air temperatures. As a result
of this deformation, there is a clear contrast in snow conditions

Table 3 Trend magnitude, correlation coefficient (R), and statistical significance of the WOWand WSW indices

Station Tendency/10 years R Number of seasons Significant statistic at the 0.05 significance level

WOW WSW WOW WSW WOW WSW WOW WSW

Śnieżka − 0.312 − 0.042 0.559 0.047 55 55 Yes No

Szrenica − 0.367 − 0.235 0.506 0.169 40 42 Yes No

Benecko_1 − 0.258 − 0.324 0.297 0.187 33 33 No No

Jakuszyce − 0.253 − 0.382 0.310 0.312 44 51 Yes Yes

Bedřichov − 0.302 − 0.354 0.437 0.292 55 55 Yes Yes

Desná–Souš − 0.307 − 0.279 0.436 0.235 55 55 Yes No

Harrachov − 0.303 − 0.182 0.468 0.153 55 51 Yes No

Przesieka – − 0.156 – 0.161 – 55 – No

Karpacz_2 − 0.265 − 0.197 0.236 0.128 33 33 No No

Horní Maršov – − 0.502 – 0.392 – 55 – Yes

Świeradów Zdrój − 0.241 − 0.333 0.245 0.359 33 55 No Yes

Hejnice − 0.099 − 0.108 0.149 0.157 47 55 No No

Jelenia Góra − 0.229 − 0.156 0.328 0.211 55 55 Yes No
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between the catchment of the Elbe River (S, SW, and W
macroexposure) relative to the catchment of the Odra River
(NE and N macroexposure). Areas with SW and W
macroexposures are characterised by longer snow cover reten-
tion times and greater snow cover depths. On average, the
snow conditions prevailing in the slope zone in the Elbe

River catchment are assessed at around 2–3 WSW classes
higher than those on the northern slope of the mountains in
the Odra River catchment. This contrast is especially clear
within the 500–900 m a.s.l. range, which is evidenced, inter
alia, by average WSW index values for the following stations:
Harrachov versus Szklarska Poręba, Przesieka or Horní
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Fig. 5 Average (Avg), maximum
(Max), and minimum (Min)
values of the winter snowiness
index (WSW) at the stations
analysed
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Maršov versus Karpacz_2 (Figs. 5-6). The difference in winter
snowiness between slopes with southern macroexposure com-
pared to slopes with northern macroexposure corresponds to
an altitude difference of around 250 m. Thus, the snow con-
ditions typical of the slope zone in the Elbe River catchment
are present in the Odra River catchment at altitudes that are
approx. 250 m higher. This result is consistent with the earlier
studies of snow cover in the Western Sudetes (Sobik et al.
2009; Urban and Richterová 2010) and of temperature and
precipitation variations in the Karkonosze Mountains (Sobik
et al. 2014). In upper mountain ranges, the differences are
blurred owing to the frequent alternating movement of snow,
which is carried by the wind from one side of the massif to the
other.

The fact that the main differences in precipitation at com-
parable absolute altitudes in the Karkonosze Mountains are
not present in the east-west direction but rather between the
southern and northern sides of the mountains was noted by
Sobik et al. (2014). Sobik emphasised the increase in winter
precipitation in the upper catchment of the Kamienna River in
the western part of the Polish Karkonosze. This effect is
caused by the weakness of descending air currents during
southern circulation, which results from the relatively low
altitude of the Main Ridge of the Karkonosze Mountains to
the west of Mount Szrenica and the presence of the only
slightly lower Upper Ridge of the Jizera Mountains that lies
parallel to the Karkonosze Mountains and hinders the flow of
foehn currents (Kwiatkowski 1985). Similarly, Falarz (2002)
demonstrated a greater effect of the meridional component of
atmospheric circulation as compared to the zonal one and also
the significant role of the foehn effect in the determining of
nival conditions and their variability in the Polish Tatra
Mountains. The decrease in the number of days with snow
cover observed at stations below 1300 m a.s.l. in the Swiss
Alps at the end of the twentieth century was also due to the
increase in air temperature and macrocirculation associated
with the North Atlantic Oscillation (NAO). NAO is the factor
that accounts for the difference in numbers of days with snow
cover between the northern and southern slopes of the Alps
(Scherrer et al. 2004).

The relationships observed for various periods at the sta-
tions analysed, which have been described above and present-
ed graphically (Figs. 5-6), are confirmed by the results obtain-
ed for the 1981–2010 period at selected stations (methodolog-
ical justification presented in Chapter 2). The average WSW
index values (illustrating climate patterns) noted for stations
for the 1981–2010 period are, just as in the case of the WOW
index, almost identical with those for the periods presented in
Table 1. Only in a few cases were the maximum andminimum
WSW index values for the period presented in Table 1 slightly
higher or lower, respectively, than in the 1981–2010 period,
since the maximum values were recorded in the 1960s and the
minimum ones in the years 2001–2010 (Fig. 7).

3.2.1 Temporal and spatial differences and trends
of the winter snowiness index

The winter snowiness calendar developed on the basis of the
multiannual snowiness index averages (WSWavg) and stan-
dard deviations demonstrates that moderately snowy winters
predominated at all the stations analysed. In addition, the win-
ters’ thermal characteristics have changed since the late 1980s
and early 1990s. The prevalence of winters with little snow
has increased everywhere except for Mount Śnieżka while
snowy winters have become less frequent. This was particu-
larly pronounced in the last 10 years when virtually no snowy
winters were present. Winters with little snow in the
Karkonosze Mountains and Jizera Mountains were
1989/1990–1990/1991, 1997/1998, 2000/2001, 2006/2007,
and 2013/2014–2015/2016 (Table 4). During the winter of
2006/2007, extremely little snow was present, with the
WSW index reaching the lowest values at nearly all stations
(WSW ≤WSWavg – 2 × δ)—from around 0.6–0.7 at the foot
of the mountains to 8.7 in the upper ranges of the Karkonosze
Mountains. The conditions were very similar during the win-
ters of 2013/2014 and 2015/2016, which at the same time
were also exceptionally warm winters. The decrease in depth
of snow cover and its retention time since the late 1980s has
also been characteristic of stations situated at lower altitudes in
the Alps (Laternser and Schneebeli 2003; Scherrer et al. 2004;
Marty 2011). That trend was noticeable at stations both on the
northern and southern slopes of the Swiss Alps (Marty 2008).
The decline could have been associated with extremely warm
winters in the last two or three decades (Scherrer et al. 2004;
Marty 2008), some of which, as with the 2006/2007 winter,
appear to have been unique in Europe in the last 500 years
(Luterbacher et al. 2007).

Winters with high WSW indices (snowy winters) at most
stations were 1966/1967, 1969/1970, 1975/1976, 1981/1982,
1995/1996, and 2004/2005–2005/2006. Among the afore-
mentioned winters, the highest WSW values (from 4.0–
5.0 at the foot of the mountains to approx. 12.0 on Mount
Śnieżka) were recorded in 1995/1996 and 2005/2006.
During those winters, the highest WSW values for the
multiannual period analysed were observed at nearly all indi-
vidual stations (Table 4). High WSW index values were pres-
ent in the winter of 1995/1996 at most stations in Poland
(Olba-Zięty and Grabowski 2007) as well as in the
Czech Republic (Němec and Zusková 2005). Occasionally,
snowy winters only occur in the upper part of the altitude
profile (1974/1975) or only in its bottom part (1962/1963).

Except for the lowes t s ta t ions wi th nor thern
macroexposure, the winter of 1978/1979, which is referred
to in Poland as Bthe winter of the century ,̂ did not make its
mark (Majewski et al. 2011).

The variability of the WSW index as expressed by its stan-
dard deviation ranges from approx. 1.0–1.1 at the stations
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situated at the lowest altitudes above sea level through approx.
1.4–1.7 in the upper ranges of the mountains to approx. 1.9–
2.1 at slope stations. The dispersion of WSW values is better
illustrated by the CVexpressed as a percentage. It also allows
for WSW comparisons to be made within a time series and
also between stations. The smallest values (approx. 15%) are
present in the upper ranges, i.e. snow cover is the most stable
there. The highest values of CV (approx. 45%) are present at
the lowest stations located at the foot of the mountains
(Table 4). Thus, the coefficient of variation for the WSW
index is inversely proportional to altitude above sea level.
This result is consistent with earlier conclusions concerning
the coefficient of variation of snow cover parameters in the
Polish Tatras (Falarz 2000-2001) and in the Polish Sudetes
(Urban 2015, 2016). Nevertheless, considerable differences
in CV values for the WSW index are present within the broad
slope zone. This is particularly pronounced in the 600–700 m
a.s.l. zone where stations with southern macroeconomic expo-
sure (Harrachov, Vysoké nad Jizerou) exhibit significantly
lower WSW variability (approx. 25%) than stations with
northern macroeconomic exposure (Szklarska Poręba,
Przesieka) (approx. 40%).

Trends in the WSW index calculated for all stations
analysed in the Karkonosze Mountains and Jizera
Mountains are negative, just like those for the WOW index
(Table 3). This means that WSW values decreased steadily,
pointing to reduced snow cover retention times and depths
(both parameters are components of WSW) during subse-
quent winters. This confirms the results of earlier studies
on snow cover on Mount Śnieżka in the 1901–2000 period
(Głowicki 2005) and in the Polish Sudetes together with

their foreland in the 1951–2007 period (Urban 2015,
2016). Rates of decline of the WSW index ranged from
approx. − 0.04/10 years on Mount Śnieżka to approx.
− 0.38/10 years in Jakuszyce. The average decline rate
for all stations amounted to − 0.25/10 years. WSW trends
are statistically significant at the 0.05 significance level for
just 4 out of the 13 stations selected for the purposes of
analysing snowiness (Table 3). In the second half of the
twentieth century, a slight downward trend in snow cover
parameters was observed in most of Poland. Changes in
snow cover are related to changes in atmospheric circula-
tion, and in particular to the increased prevalence of advec-
tion of air masses from the western sector (Falarz 2004).
Similarly, recent research from the Swiss Alps demon-
strates that there was a downward trend in all snow cover
parameters in the 1970–2015 period irrespective of the
location of the station. For example, the downward trend
in retention time averaged 8.9 days/10 years, and with re-
spect to maximum thickness, it amounted to 10%/10 years
on average. The shortened retention of snow cover in that
area results primarily from its earlier disappearance (during
spring thaws caused by higher spring temperatures) rather
than its later appearance (Klein et al. 2016).

The direct cause of the decrease in the number of days
with snow cover is the long-term change in air tempera-
ture and precipitation (Falarz 2004; Marty 2008). This
mechanism may be confirmed in the first place by the
pronounced upward trends in air temperatures in winter,
both in Poland (Kożuchowski and Żmudzka 2001; Wibig
and Głowicki 2002) and in Europe (Schönwiese and Rapp
1997). This fact is closely linked to the increase in the
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frequency of western circulation over Poland (Ustrnul
1998). The increase in winter temperatures may reduce
the share of snowfall in overall precipitation, which

exhibited an upward trend in the cold half of the year in
most regions of Poland in the period from 1930 to 1980
(Kożuchowski 1985).

Table 4 Values of the winter snowiness index and its standard deviation (δ), coefficient of variation (CV), and frequency of snowy winters andwinters
with little snow (N)

6.8 8.0 6.8 5.1 5.4

12.0
10.4 11.4 10.1 10.8 10.3 8.4 8.7

9.9

10.3 10.5 10.7 11.0 10.5 9.2 8.6 9.7 7.9 5.2 6.1

12.6 13.3
11.7 9.8 10.6 10.4 10.5 9.6 8.8 7.7

12.1
10.0 5.7 8.3

5.9 4.6 4.2

12.0 9.7 10.7 11.2 10.7 9.5 7.7

6.1 5.4 8.1 6.5 4.3

12.1 12.0 11.2 9.8

12.6

12.1 11.5 10.4 10.8 10.7 10.2 7.9 6.8 9.0 7.4 4.3 4.9

12.0 8.7

12.4 11.7

12.6 11.0 8.8 10.1 9.5 3.9
11.1 10.2 11.5 11.4 10.4 7.9 8.6 7.5 8.2 7.2 5.4 4.9

3.8

5.6

Winter
Śnieżka 

[1603 m]
Szrenica 
[1331 m]

Benecko
_1 [880 

m]

Jakuszyc
e [860 

m]

Benecko
_2 [790 

m]

Bedřicho
v

[777 m]

Desná–
Souš

[772 m]

Harracho
v [675 

m]

Vysoké 
n. 

Jizerou
[670 m]

Przesiek
a [650 

m]

Szklarsk
a Poręba
[645 m]

Karpacz
_2 [580 

m]

Horní 
Maršov 
[565 m]

Świerad
ów Zdrój
[543 m]

Hejnice 
[396 m]

Jelenia 
Góra

[342 m]

1961/62 9.3 9.1 7.3 7.6 8.2 7.3 5.8 4.9 6.3 4.9 2.9 2.6
1962/63 10.8 9.9 9.1 9.2 9.3 8.3 8.2
1963/64 6.5 6.9 5.2 5.9 6.2 6.0 5.2 3.4 3.9 4.0 2.2 2.0
1964/65 11.1 10.9 8.8 8.2 8.6 7.8 6.8 4.4 7.0 4.7 3.5 3.6
1965/66 11.2 8.2 9.9 8.9 9.7 8.8 6.5 3.8 7.5 3.9 3.3 3.4
1966/67 11.4 11.3 3.8 5.1 2.2 2.3
1967/68 10.9 10.4 8.8 9.4 9.4 8.5 8.1 3.4 7.4 5.0 3.0 2.8
1968/69 9.1 9.6 7.3 8.6 7.6 8.3 7.6 7.0 4.1 6.2 5.2 2.3 2.7
1969/70 11.5 11.0
1970/71 10.6 10.1 6.4 8.3 7.5 7.2 6.7 4.5 4.1 4.3 3.8 3.2 3.1
1971/72 10.2 10.7 3.8 5.1 4.4 3.4 3.3 3.2 2.7 3.3 2.4 1.7 1.9
1972/73 9.9 9.3 5.7 9.8 8.9 7.6 5.2 5.1 3.1 3.9 3.9 1.9 1.4
1973/74 11.4 11.2 8.2 8.9 8.4 8.6 8.4 7.4 2.6 7.3 3.3 1.3 1.3
1974/75 7.3 10.0 7.5 8.6 8.1 5.5 2.1 3.4 2.4 0.9 0.7
1975/76 11.6 4.8 4.4 2.5 2.1
1976/77 11.2 7.8 9.3 9.4 8.4 7.5 6.3 3.8 4.6 4.1 3.2 3.0
1977/78 11.2 11.6 8.8 9.6 9.4 8.7 7.7 5.0 2.7 1.7
1978/79 10.4 10.7 7.3 8.8 9.2 8.1 7.3 6.7 5.1 6.5
1979/80 10.8 10.7 8.0 9.3 8.9 8.9 7.4 4.4 6.5 4.5 3.0 2.3
1980/81 8.0 9.0 6.8 7.9 7.3 7.5 7.2 3.7 5.8 4.7 3.7 3.4
1981/82 11.2 3.8 4.4 3.8 2.5
1982/83 9.7 9.6 6.4 8.6 7.0 7.4 7.0 3.4 4.3 3.0 2.3 2.2
1983/84 9.1 10.1 7.5 8.7 8.8 8.3 7.8 4.2 2.8 6.6 4.5 2.3 1.4
1984/85 9.1 8.4 7.0 7.8 7.5 7.1 6.7 4.5 4.0 5.7 4.4 3.6 2.8
1985/86 10.3 10.3 8.3 9.0 8.6 8.6 7.8 4.7 3.9 6.5 4.2 3.3 3.0
1986/87 10.5 10.4 8.4 9.4 9.1 9.2 8.6 3.3
1987/88 10.8 9.8 6.6 7.3 6.7 7.1 6.3 3.8 3.5 4.3 3.9 2.7 1.7
1988/89 11.7 10.9 7.6 9.7 7.8 7.9 7.8 2.0 1.4 4.2 1.6 1.1 1.0
1989/90 6.1 4.7 3.5 4.3 3.7 3.5 3.6 1.4 1.2 2.3 1.7 1.1 0.7
1990/91 10.8 8.2 4.8 6.9 5.2 6.1 5.4 2.9 2.8 3.0 3.0 2.4 2.1
1991/92 8.8 9.8 9.1 4.4 3.8 7.2 4.3 2.4 2.4
1992/93 10.5 9.0 6.8 7.7 6.8 7.6 6.5 4.0 3.7 5.1 4.1 3.1 2.8
1993/94 11.2 8.8 8.6 7.0 8.6 7.9 3.4 2.9 7.5 3.6 2.4 2.0
1994/95 10.5 9.0 7.8 6.8 6.7 7.8 6.3 2.9 2.8 5.4 3.3 2.4 2.0
1995/96 11.6
1996/97 9.1 7.4 8.8 7.1 7.8 7.8 7.1 4.8 4.1 5.1 4.3 2.6 2.7
1997/98 9.9 7.0 5.6 3.3 4.4 3.9 3.2 1.8 2.1 1.9 2.3 1.6 1.5
1998/99 11.4 10.3 8.6 9.6 8.8 3.9 3.3 6.1 3.9 2.9 2.8
1999/00 11.7 10.6 10.3 7.9 8.5 9.0 8.5 4.1 3.3 6.2 4.1 2.6 1.9
2000/01 9.3 7.8 7.1 3.6 5.4 6.6 5.4 2.4 2.4 3.4 3.3 1.5 1.7
2001/02 9.7 6.2 7.7 8.6 7.9 3.8 4.8 3.6 5.7 4.1 3.0 2.7
2002/03 10.5 8.5 6.7 7.6 7.2 6.4 3.7 3.6 3.2 5.3 3.6 2.4 2.6
2003/04 11.1 8.4 6.3 7.2 8.0 7.2 5.0 5.7 4.4 5.8 4.9 3.1 2.5
2004/05 9.6 5.2 6.4 4.6 5.5 4.6 3.2
2005/06 11.8
2006/07 8.7 5.5 3.7 4.2 4.5 3.7 1.8 2.5 1.2 1.5 1.2 0.7 0.6
2007/08 11.4 8.4 6.4 7.3 8.6 5.1 2.4 3.8 2.0 2.3 2.1 1.8 1.6
2008/09 10.8 9.2 7.7 9.5 9.2 7.8 4.6 6.2 3.3 3.7 3.3 3.0 2.5
2009/10 9.9 6.6 6.3 6.5 6.8 6.0 4.7 6.0 4.0 5.7 4.0 3.6
2010/11 8.8 8.4 7.1 8.0 7.9 7.4 3.7 5.6 3.6 5.5 4.3 3.4 3.5
2011/12 10.0 9.0 7.7 8.0 9.0 8.4 4.2 5.7 3.2 6.6 3.6 3.0 1.7
2012/13 10.8 9.1 7.9 8.9 8.4 6.7 4.6 5.9 4.7 3.8 3.6
2013/14 9.2 3.9 3.5 2.7 3.2 1.1 1.2 0.7 1.7 0.7 0.6 0.7
2014/15 9.4 6.7 6.2 5.7 6.2 2.0 3.1 1.5 3.4 2.3 1.4 1.0
2015/16 8.3 5.2 3.2 4.7 5.6 2.5 2.9 1.8 1.4 1.5 1.3 1.0
Average 10.5 10.1 7.6 8.6 6.6 7.8 8.0 7.4 6.7 4.0 4.9 3.3 5.5 4.0 2.8 2.5

δ 1.41 1.67 1.68 1.82 2.10 1.95 1.90 1.76 1.62 1.55 1.95 1.49 2.05 1.49 1.10 1.18

CV [%] 13.5 16.6 22.2 21.1 31.8 24.9 23.7 23.8 24.1 38.8 40.3 44.9 37.0 36.9 40.0 47.4

N_Śnow
y winters

[%]
16.4 12.2 12.1 15.7 18.2 14.5 14.5 13.7 16.7 12.7 6.7 9.1 16.4 10.9 12.7 10.9

N_Little 
snow 

winters
[%]

18.2 17.1 15.2 15.7 22.7 18.2 14.5 15.7 16.7 16.4 20.0 18.2 20.0 18.2 20.0 14.5

Explanations:
a blue field indicates a snowy winter (WSW WSWavg+δ);
a red field indicates a winter with little snow (WSW≤WSWavg-δ);
a white field indicates a moderately snowy winter (WSWavg-δ<WSW<WSWavg+δ).
The blue field indicates a snowy winter (WSW ≥WSWavg + δ). The red field indicates a winter with little snow (WSW ≤WSWavg − δ). The white field
indicates a moderately snowy winter (WSWavg − δ < WSW < WSWavg + δ)
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4 Relationship between the winter severity index
and the winter snowiness index

The analysis of very similar temporal trends in the WOWand
WSW indices appears to reveal a relationship between them.
This applies to stations with both southern and northern
macroexposures (Fig. 8). On this basis, and owing to the rel-
atively high correlation coefficient (ca. 0.8), conclusions on
the relationship between the WOW and WSW indices have
been drawn in the Biebrza River valley (Olba-Zięty and
Grabowski 2007) and in Warsaw (Majewski et al. 2011).

However, when the WOW-WSW correlation is presented
in the form of an XY chart, the apparently close association is
no longer as pronounced. Depending on the station, correla-
tion coefficients range from 0.3–0.4 in the upper range of the
mountains to ca. 0.85–0.87 at low-altitude stations. There is
also a clear variation in the correlation coefficient (R) between
theWOWandWSWindices depending on the macroexposure
and altitude above sea level (Fig. 9). Namely, stations with

southern macroexposure (e.g. Bedřichov, Harrachov) exhibit
markedly lower R values than stations with northern
macroexposure (e.g. Karpacz, Świeradów Zdrój, Jelenia
Góra). Thus, at stations with northern macroexposure on the
slopes of the Karkonosze Mountains and Jizera Mountains,
WOW and WSW values are more correlated than at stations
with southernmacroexposure. This means that on the northern
slopes, an increase in WOW index values almost always re-
sults in an increase in WSW index values, while on the south-
ern slopes, this pattern is much less frequent. In addition, the
range of WSW index variability on the southern slopes is
higher than on the northern slopes. However, the correlation
is positive, and the relationship is directly proportional in both
cases. The situation is slightly different for stations that are
situated in the upper ranges (Mount Śnieżka and Mount
Szrenica) where this relationship is the weakest. This is caused
by the high prevalence of strong and very strong winds, which
blow snow from one side of the mountain massif to the other.
For example, average annual wind speeds on Mount Śnieżka
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and Mount Szrenica reach 12.2 and 9.5 m/s, respectively.
Thus, the upper ranges of the Karkonosze Mountains are
among the most windy locations in continental Europe
(Głowicki 1995; Sobik et al. 2014). The average annual prev-
alence of very strong winds (with speed of over 15 m/s) on
Mount Śnieżka is 61%, and in January, it is as high as 76%
(Głowicki 1995).

Snow cover studies in the Swiss Alps have demonstrated
that there appears to be no clear-cut relationship between snow
cover retention time and air temperature. The nature of this
relationship depends on the type of winter. Milder winters are
usually associated with higher precipitation than colder ones
(Beniston et al. 2003). Thus, in spite of the considerable var-
iability of snow cover in subsequent years and the increase in
air temperatures, average long-term climatic conditions in the
Swiss Alps in the twentieth century were conducive to long
snow cover retention times. This is due, inter alia, to the fact

that mild winters are associated with an increase in snowfall in
high locations, and rain in lower ones (Laternser and
Schneebeli 2003). Nevertheless, any change in one or both
of these factors may lead to significant changes in snow cover
retention time (Beniston et al. 2003). The indirect influence of
temperature conditions, which affect type (solid, liquid) of
precipitation, on snow cover in the Carpathians was pointed
out by Obrębka-Starklowa et al. (1995). Earlier, Bultot et al.
(1994) demonstrated that a decrease in snowfall retention time
with increase in air temperature was highest at altitudes lower
than 600 m a.s.l.

5 Summary and conclusions

The analysis of temperature and snow conditions in the
Karkonosze Mountains and Jizera Mountains, which was
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conducted on the basis of modified multicomponent formulas
proposed by Paczos (1982), enables us to put forward the
following claims:

– the orientation of the main ridge of the Karkonosze
Mountains (along the WNW-ESE axis) and of the Jizera
Mountains, which are oblique to the Karkonosze ridge, in
relation to the predominant western circulation in winter,
is an important factor affecting the thermal characteristics
of air masses around these massifs;

– Stations located on the northern side of the mountains,
below the ridge zone, are subject to the warming effect
of foehn winds during the cold season. This effect in-
creases together with the difference in altitude between
the ridge and the station in question;

– In winter, stations in the lower and middle parts of slopes
with northern macroexposure are, on average, one WOW
class warmer than stations with southern macroexposure
located at comparable altitudes above sea level;

– The spatial distribution of the average WOW index value
is related to the absolute altitude of the station both on the
northern and southern sides of the mountains;

– Trends in the WOW winter severity index calculated for
all stations analysed in the Karkonosze Mountains and
Jizera Mountains are negative. The decreasing WOW
values indicate a progressive increase in air temperatures
and in individual thermal indicators (WOWcomponents),
and consequently, climate warming.

– Moderate winters predominate, but in recent decades, the
frequency of mild winters has increased;

– Southern and western (windward) slope macroexposure
is conducive to better snow conditions than those on
slopes with northern macroexposure, which are leeward
in relation to the prevailing winter circulation from the
west and southwest;

– the spatial variability of the average WSW in the
Karkonosze Mountains and Jizera Mountains results
from multiple factors, including altitude above sea
level and the orographic deformation of the field
through which air masses flow. As a result of this
deformation, there is a clear contrast in snow condi-
tions between the catchment of the Elbe River (SW
and W macroexposure) relative to the catchment of
the Odra River (NE and N macroexposure). Areas
with SW and W macroexposures exhibit better snow
conditions. This contrast is particularly noticeable in
the 500–900 m a.s.l. range. The snow conditions typ-
ical of the slope zone in the Elbe River catchment are
present in the Odra River catchment at altitudes that
are approx. 250 m higher up. In the upper mountain
ranges, the differences are blurred owing to the fre-
quent alternating movement of snow, which is carried
by the wind from one side of the massif to the other.

– Average WSW index values exhibit much greater spatial
variability than WOW index values;

– Trends in the WSW index at all stations analysed were
negative and in most cases insignificant at the 0.05 sig-
nificance level;

– Moderately snowy winters predominate, but in recent de-
cades, the frequency of winters with little snow has
increased;

– Variation in the WOW and WSW indices is inversely
proportional to the station’s altitude;

– The meridional circulation component is much more im-
portant than the zonal one in determining the temperature
and snowiness of winters in the study area;

– The trends in winter temperature and snowiness as
expressed by theWOWandWSW indices are in line with
the trends observed in other mountain areas of Poland and
Europe as evidenced by the literature on the subject cited
in this paper;

– The correlation between the WOW and WSW indices is
positive (directly proportional);

– At stations with northern macroexposure, the WOW
and WSW indices are more strongly correlated than
at ones with southern macroexposure. This relation-
ship is the weakest at stations that are situated in the
upper ranges (Mount Śnieżka and Mount Szrenica).
This is caused by the high prevalence of very strong
winds, which blow snow from one side of the moun-
tain massif to the other.

The results of this research may provide the basis for fur-
ther studies on snow cover and on temperature conditions in
mountain areas in Poland, and are in line with the trends ob-
served in other European mountain ranges.
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