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Abstract The results of meteorological measurements
carried out continuously on Mt Śnieżka in Karkonosze
mountains since 1880 well document the warming ob-
served on a global scale. Data analysis indicates warming
expressed by an increase in the mean annual air tempera-
ture of 0.8 °C/100 years. A much higher temperature in-
crease was recorded in the last two decades at the turn of
the twenty-first century. Mean decade air temperatures
increased from −0.1 to 1.5 °C. It has been shown that
there are relationships between air temperature at Mt
Śnieżka and global mechanisms of atmospheric and oce-
anic circulation. Thermal conditions of the Karkonosze
(Mt Śnieżka) accurately reflect global climate trends and
impact of the North Atlantic Oscillation (NAO) index,
macrotypes of atmospheric circulation in Europe (GWL)
and Atlantic Multidecadal Oscillation (AMO). The in-
crease in air temperature during the 1989–2012 solar
magnetic cycle may reveal a synergy effect to which as-
trophysical effects and atmospheric and oceanic circula-
tion effects contribute, modified by constantly increasing
anthropogenic factors.

1 Introduction

In the recent years, in reports on climatology, much attention
has been devoted to air temperature trends in the context of
global warming, among other things. Studies on the variability
of thermal conditions in Poland were mainly carried out on the
basis of the longest series of instrumental measurements re-
corded inWrocław (Pyka 1998, Bryś and Bryś 2010), Cracow
(Trepińska and Kowanetz 1997) and Warsaw (Lorenc 2000).
In this line of research, long and homogenous measuring se-
ries are very useful. It seems that the most favourable sites to
obtain such series are isolated, high-altitude mountain sum-
mits not affected by human impact which preserve conditions
close to those in a free atmosphere. Conditions in such loca-
tions enable us to follow air temperature changes over time
with high reliability. All the above characteristics are applica-
ble to the Mount Śnieżka Meteorological Observatory
(1603 m a.s.l.) operating since 1 July 1880. It is one of the
key stations in the Global Climate Observing System. It is also
part of the Network of European High Mountain Observato-
ries. It is worth to note that there are only a fewmeteorological
observatories in the world with such a long measurement re-
cord, located far from direct influence of anthropogenic heat
sources (Migała and Czerwiński 2004). The results of meteo-
rological measurements at Mt Śnieżka well document the
warming observed on a global scale (Głowicki 1998, 2000,
2003, 2005; Dubicka and Głowicki 2000a, b; Wibig and
Głowicki 2002). The latest study including a more than 130-
year series of measurements addresses the relationship be-
tween air temperature and solar activity (Urban and
Tomczyński 2015).

The aim of this study was to analyse the variability of air
temperature at Mt Śnieżka in the Karkonosze mountains, in a
long period from 1881 to 2010. The relationships between air
temperature and frequency of macrotypes of atmospheric
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circulation as well as indices of atmospheric (North Atlantic
Oscillation - NAO) and oceanic circulation (Atlantic
Multidecadal Oscillation - AMO) are investigated. The dis-
cussion considers the relationship between air temperature
and solar activity.

2 Study area

Mt Śnieżka is the highest culmination of the Karkonosze
(1603 m a.s.l.), a range of the Sudetes. It is a highly exposed,
not screened summit with geographical coordinates φN 50°
44′ and λE 15° 44′, situated in the zone of sub-alpine climate,
according to the Ellenberg (1978) classification. However,
according to Hess (1968), the annual sum of positive air tem-
peratures between 1000 and 1400 °C classifies this place in
the altitudinal belt of very cold climate, below the lower limit
of the periglacial zone, determined by an average annual tem-
perature of −1 °C.

The climate in the Karkonosze is formed under the influ-
ence of general processes involving energy and water cycles
in a zone of temperate latitude, and it is primarily influenced
by Icelandic Low and Azores High atmospheric pressure cen-
tres. The local climate character is strongly modified by the
influence of altitude and relief. The study area is located

1000 km from the Atlantic Ocean and about 350 km from
the Baltic Sea. Due to the geographical location of the
Karkonosze mountains in Central Europe, course of the main
mountain ridge from WNW to ESE and relatively high abso-
lute altitude, the mountains form a significant orographic bar-
rier for different types of air masses. This is mostly because
64 % of the year the Karkonosze are influenced by humid
polar maritime air masses from the North Atlantic, relatively
warm during the cold half-year but relatively colder in the
warm season (Sobik et al. 2013).

3 Data and methods

Source data used in this paper include monthly and annual
mean maximum and minimum values of air temperatures re-
corded at the Śnieżka HighMountain Meteorological Observa-
tory in the 1881–2010 period. The data were retrieved from the
archives of Deutscher Wetterdienst (DWD) and the Institute of
Meteorology and Water Management-National Research Insti-
tute (IMGW-PIB) in Poland. The time series homogeneity of
temperature measurements was tested and described by Urban
and Tomczyński (2015). Relocation of thermometers and
changes of measurement methods did not affect data series
homogeneity during a long history of the Observatory.
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Fig. 1 Annual mean (Tavg), mean
of maximum (Tmax) and
minimum (Tmin) and linear trends
of air temperature at Mt Śnieżka
in the period 1881–2010

Table 1 Mean monthly air temperature values (Tmax, Tavg and Tmin) and their standard deviations (δ) at Mt Śnieżka in 1881–2010

Parameter I II III IV V VI VII VIII IX X XI XII Year

Tmax −4.4 −4.4 −2.5 1.3 6.6 9.6 11.5 11.2 8.0 4.1 −0.3 −3.1 3.1

δ 2.49 2.55 2.15 2.10 1.97 1.76 1.75 1.64 2.00 2.22 1.87 2.02 0.78

Tavg −7.0 −7.0 −5.0 −1.3 3.8 6.8 8.8 8.5 5.5 1.6 −2.8 −5.6 0.5

δ 2.47 2.58 2.18 2.02 1.81 1.59 1.55 1.49 1.83 2.13 1.81 2.02 0.80

Tmin −9.6 −9.5 −7.6 −3.9 1.0 4.0 6.1 5.9 3.0 −0.9 −5.2 −8.1 −2.1

δ 2.49 2.66 2.28 2.03 1.74 1.51 1.45 1.44 1.72 2.09 1.82 2.09 0.87
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Based on monthly and annual mean maxima and mean
minima, monthly mean and annual mean temperatures were
calculated as arithmetic means of corresponding mean ex-
tremes using the formula (Tmax+Tmin)/2. This equation is
commonly used to calculate daily air temperatures in North
America, Australia and several European countries e.g. Spain
and Great Britain (Urban 2010). Consequently, a methodolog-
ically homogenous series of monthly and annual mean air
temperature values were obtained. The series are free from
potential differences resulting from the application of various
methods for calculating daily mean values during the analysed
period, and consequently free from differences in calculations
of monthly and annual mean air temperature values based on
measurements taken several to 24 times a day (Lorenc and
Suwalska-Bogucka 1995; Urban 2010). Moreover, the
adapted calculation method for mean air temperature is reli-
able for long (e.g. annual) time intervals (Urban 2010, 2013).

The verified time series of air temperatures (monthly mean
values with mean maxima and minima) were characterised by
descriptive statistics. Among the others, the number of months
in temperature categories (t) for Tavg, Tmax and Tmin at Mt
Śnieżka in 1881–2010 have been described based on the

thresholds set by the differences between mean values and
their standard deviations (σ) : very warm: t>T+1.5σ; warm:
T+1.5σ≥t>T+0.5σ; normal: T+0.5σ≥t≥T−0.5σ; cold: T−
0.5σ>t≥T−1.5σ; very cold: t<T−1.5σ.

A trend for the number of days with mean daily air tem-
perature above 0 °C was determined. Periodicity of air tem-
perature changes was defined, and its relationship with the
mechanisms of atmospheric and oceanic circulation was
found.

The dates at which the average temperature exceeded 0 °C
and, consequently, the annual number of days with air tem-
peratures above and below 0 °Cwere interpolated on the basis
of monthly mean air temperatures, according to a method
proposed by Conrad and Pollak (1950).

A cross-correlation function and Fourier analysis of time
series, implemented in the Statistica v.10 software package,
were used in addition to standard descriptive statistics
methods.

Air temperature fluctuations were analysed in a context of
air pressure pattern changes over Europe and the northern part
of Atlantic Ocean, and two variables were applied: (1)
macrotypes of atmospheric circulation and (2) NAO index.

Table 3 Mean air temperature
trends [°C/10 years] with
correlation coefficient (R) for 10-
year periods at Mt Śnieżka in
1881-2010

Period Tavg Tmax Tmin Tamplitude

Trend R Trend R Trend R Trend R

Year (I–XII) 0.104 0.90 0.062 0.69 0.145 0.96 −0.083 0.88

Warm half-year (V–X) 0.102 0.78 0.055 0.46 0.149 0.92 −0.094 0.86

Cold half-year (XI–IV) 0.103 0.77 0.069 0.61 0.136 0.84 −0.067 0.88

Spring (III–V) 0.111 0.78 0.064 0.52 0.158 0.87 −0.094 0.78

Summer (VI–VIII) 0.112 0.70 0.057 0.37 0.167 0.87 −0.111 0.84

Autumn (IX–XI) 0.094 0.65 0.059 0.44 0.128 0.79 −0.069 0.89

Winter (XII–II) 0.094 0.53 0.064 0.39 0.124 0.65 −0.060 0.89

January (I) 0.095 0.41 0.074 0.31 0.116 0.50 −0.042 0.76

February (II) 0.087 0.41 0.049 0.24 0.126 0.55 −0.076 0.80

March (III) 0.107 0.73 0.061 0.58 0.153 0.77 −0.092 0.74

April (IV) 0.134 0.60 0.088 0.41 0.181 0.73 −0.093 0.76

May (V) 0.093 0.57 0.043 0.26 0.142 0.77 −0.099 0.75

June (VI) 0.089 0.53 0.030 0.17 0.148 0.77 −0.118 0.83

July (VII) 0.864 0.48 0.030 0.15 0.143 0.75 −0.114 0.76

August (VIII) 0.160 0.79 0.110 0.60 0.210 0.89 −0.100 0.83

September (IX) 0.042 0.30 −0.005 0.03 0.090 0.62 −0.095 0.88

October (X) 0.143 0.61 0.123 0.54 0.161 0.68 −0.037 0.65

November (XI) 0.096 0.52 0.059 0.32 0.132 0.68 −0.073 0.74

December (XII) 0.101 0.49 0.074 0.39 0.128 0.57 −0.054 0.75

Table 2 Average air temperatures at Mt Śnieżka in the decades of the period 1881-2010

Decade 1881–90 1891–00 1901–10 1911–20 1921–30 1931–40 1941–50 1951–60 1961–70 1971–80 1981–90 1991–00 2001–10

T[°C] 0.0 0.3 −0.1 0.4 0.3 0.4 0.5 0.5 0.6 0.5 0.8 1.2 1.5

Long-term air temperature variation in the Karkonosze mountains 339
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Fig. 2 Number of months in the
classes of temperature (t) for Tmax

(a), Tavg (b) and Tmin (c) at Mt
Śnieżka in the period 1881–2010.
Explanation: very warm: t>T+
1.5σ; warm: T+1.5σ≥t>T+0.5σ;
normal: T+0.5σ≥t≥T−0.5σ;
cold: T−0.5σ>t≥T−1.5σ and
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Changes in air pressure patterns were defined by macrotypes of
atmospheric circulation according to a classification of Hess
and Brezowsky (1952). Time series data of atmospheric circu-
lation macrotypes (German: Katalog der Grosswetterlagen)
were compiled on the basis of a calendar updated by Werner
and Gerstengarbe (2010). The NAO index based on the nor-
malised difference of sea level pressure between Lisbon and
Reykjavik was defined by Hurrell (1995), and the data were
retrieved from Hurrell and National Center for Atmospheric
Research Staff (2013). The impact of oceanic water circulation
on weather conditions in the Karkonosze mountains was tested
on the basis of the Atlantic Multidecadal Oscillation index.

AMO explains the periodicity of sea surface temperature
(SST). AMO values smoothed from Kaplan SST V2 (2013)
were retrieved from the NOAA/OAR/ESRL PSD website.

4 Results

4.1 Thermal conditions and trends in air temperature

at Mt Śnieżka in the period 1881–2010

The mean annual air temperature at Mt Śnieżka in the entire
130-year period is +0.5 °C. The lowest annual mean temper-
ature of −1.2 °C was noted in 1941; the highest value of +
2.3 °C was recorded in 2000 and 2006 (Fig. 1). January or
February is the coldest with a mean temperature of −7.0 °C;
the warmest is July with a mean monthly air temperature of
8.8 °C.

The most thermally stable month is August, with the lowest
standard deviation values (δ) in every temperature category.
February has the highest air temperature variability as evi-
denced by the high value of standard deviation (Table 1).

Table 4 Number of very warm (VW) and very cold (VC) months with the temperatures Tavg, Tmax and Tmin at Mt Śnieżka in respective decades in
1881–2010

Decade 1881–90 1891–00 1901–10 1911–20 1921–30 1931–40 1941–50 1951–60 1961–70 1971–80 1981–90 1991–00 2001–10

Tmax VW 7 4 1 6 6 8 9 7 6 8 8 10 19

VC 6 5 9 11 12 12 8 6 8 8 9 4 3

Tavg VW 2 6 1 7 6 8 8 4 8 6 9 13 20

VC 9 6 13 11 9 13 8 8 7 5 9 3 2

Tmin VW 2 3 1 4 7 7 5 4 8 6 8 14 20

VC 12 9 13 11 11 12 6 8 3 3 8 2 2

Very warm (VW) and very cold (VC) months have been described based on the thresholds set by the differences between mean values and their standard
deviations (σ): very warm: t>T+1.5σ; very cold: t<T−1.5σ

Table 5 Slopes of regression line equations for the number of very
warm (VW) and very cold (VC) months according to 10-year sums at
Mt Śnieżka in 1881-2010

Parameter VW and P value VC and P value

Tmax +0.74 0.01 −0.25 0.3

Tavg +0.95 0.005 −0.55 0.02

Tmin +1.08 0.001 −0.87 0.001

y = 0.1619x - 128.2

y = -0.1619x + 493.2
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Long-term air temperature variation in the Karkonosze mountains 341



Urban and Tomczyński (2015) indicate that the annual
mean temperature trend at Mt Śnieżka in 1881–2010 is
0.104 °C/10 years. The twice as high increase rate of Tmin

(0.145 °C/10 years) than the increase rate of Tmax (0.062 °C/
10 years) determined the observed trend. Consequently, a de-
creasing trend of the annual mean air temperature amplitude is
noted, i.e. −0.083 °C/10 years, which indicates a higher oce-
anic impact and frequency of Atlantic air masses. A number of
the authors give similar values of air temperature trends in the
Northern Hemisphere in the twentieth century (Obrębska-
Starklowa et al. 1994; Schönwiese and Rapp 1997; Auer
et al. 2001; Jurkovic et al. 2011; IPCC 2013).

The trends are more pronounced for 10-year periods. The
temperature increase is marked in consecutive decades, the

last of which (2001–2010) was the warmest with a mean air
temperature of +1.5 °C (Table 2). Positive trends, with the
exception of mid-annual values, are also noticeable for 10-
year periods (Table 3). The most evident is the twice as higher
increase rate of Tmin than the increase rate of Tmax and decreas-
ing trend of the air temperature amplitudes. Among the sea-
sonal mean values, the highest increase rate occurs for sum-
mer and spring (0.112 °C/10 years and 0.111 °C/10 years,
respectively). The cold season (Nov–Apr) and warm season
(May–Oct) have air temperature increase rates almost similar
to that of the annual rate, ca. 0.1 °C/10 years. Higher variabil-
ity of the air temperature increase rate at Mt Śnieżka in 1881–
2010 is noted for the mean monthly values, from 0.042 °C/
10 years in September to 0.160 °C/10 years in August. A high

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

N
A

O
 i

n
d

e
x

T
 -

a
ir

 t
e

m
p

e
ra

tu
re

 [
o
C

]

years

NAO T

Fig. 4 Annual values of NAO
index and mean air temperature
(T) at Mt Śnieżka in the years
1881–2010

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

-5 -4 -3 -2 -1 0 1 2 3 4 5

S
E

 -
s

ta
n

d
a

rd
 e

rr
o

r

-
c

o
rr

e
la

ti
o

n
 c

o
e

ff
ic

ie
n

t

lag (year)

+1SE

+2SE

-1SE

-2SE

Fig. 5 Cross-correlation function
between annual values of the
NAO index and air temperature at
Mt Śnieżka for the period 1881–
2010

342 K. Migala et al.



increase rate is also noted for April and October: 0.134 °C/
10 years and 0.143 °C/year, respectively (Table 3).

Since the 1970s, a systematic increase of 10-year air tem-
perature averages from +0.5 to +1.5 °C has been seen
(Table 2). Furthermore, since the early 1990s, a marked in-
crease in the frequency of very warm and warm months has
been seen, with a reduced number of very cold and cold
months. This is noticeable both with respect to average and
extreme temperatures, and more significant for monthly Tmin

averages than for monthly Tmax averages (Fig. 2a–c, Tables 4
and 5).

A significant dispersion over respective decades is found,
especially in the number of very warm (VW) or very cold
(VC) months. It is between 1 (1901–1910) and 19–20
(2001–2010) for VWmonths in all the temperature categories
analysed and between 13 (1901–1910) and 2 (2001–2010) for
VC months (Tavg and Tmin, Table 4). Most months considered

very warm for Tmax, Tavg and Tmin occurred in the last two
decades of the period under study. A particularly high number
of very warm months for each temperature category (five) are
noted for 2006. The years with the highest frequency (3–4
instances) of very cold months are 1912, 1919, 1922, 1940,
1941, 1965 and 1985.

All the air temperature categories show positive tendencies
in very warm months and negative tendencies in very cold
months. Tmin has the highest increase rates for the number of
VW months and the highest decrease rates for the number of
VC months according to 10-year sums of +1.08 month/
10 years and −0.87 month/10 years, respectively. Further-
more, a much lower (more than 3-fold) rate of decrease in
the number of VC months for Tmax than for Tmin is noted
(Table 5).

This is confirmed by the tendency in dates when average
daily air temperatures cross the 0 °C value. In the 1881–2010
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period, the average length of periods with T>0 °C was
187 days, σ=8 (130 days in 1912 to 233 days in 2009). The
length of the T<0 °C period (thermal winter) was 178 on
average, σ=8 (132 days in 2009 to 235 days in 1912). The
progressing warming leads to shorter winters with a decreas-
ing tendency of −16 days/100 years, earlier spring thaw and
longer periods with above-zero temperatures (Fig. 3).

4.2 Air temperature at Mt Śnieżka and mechanisms

of atmospheric and oceanic circulation

The attribute of climate in the Karkonosze mountains is rela-
tively high interannual variability due to interactions between
Icelandic Low and Azores High atmospheric pressure centres.
The NAO index describes these relations (Fig. 4).

The area is directly influenced by the zonal circulation of
maritime air masses from the North Atlantic, which is illus-
trated by a strong relation between thermal conditions at Mt
Śnieżka and the NAO index. This relationship is evident in the
level of mean annual air temperature. This is confirmed by a
statistical test in which the cross-correlation coefficient (ρ) is
more than twice as high as its standard error value (SE)
(Fig. 5). The relationship strongly depends on geographical
location—the closer to the ocean, the higher correlation
(Luterbacher et al. 1999; Marsz 1999). Much weaker correla-
tions are observed in the area of the Carpathians and the Alps
(Migała 2005).

Observed are 2–3 and 7–8-year cycles of air temperature
fluctuations, which is indicated by the spectral analysis of Mt
Śnieżka mean annual air temperatures. The analysis shows
similar periodicity of the NAO index. Both analyses also re-
veal a long-term cycle of 65 years (Fig. 6).

The long-term cycle of 65 years, recognised in the period-
icity of air temperature in the Karkonosze mountains, can be

identified as the impact of AMO (Atlantic Multidecadal Os-
cillation, Fig. 7). AMO explains the periodicity of sea surface
temperature (SST) connected with a mechanism of deep ocean
thermohaline circulation (Schlesinger and Ramankutty 1994;
Enfield et al. 2001).

4.3 Relations between macrotypes of atmospheric

circulation and air temperature

The influence of pressure fields over Europe and the North
Atlantic on air temperature in the Karkonosze mountains was
evaluated on the basis of atmospheric circulation macrotypes
(German: Großwetterlagen) according to the classification of
Hess and Brezowsky (1952, 1977) and Werner and
Gerstengarbe (2010). Among the 29 circulation types distin-
guished by Hess and Brezowsky (1952, 1977), only eight in
half of the cases (53.9 %) determined meteorological condi-
tions in Central Europe (Table 6).

The four of the eight most frequent air circulation
macrotypes Hochdruckbrücke Mitteleuropa (BM), Trog
Mitteleuropa (TRM), Trog Westeuropa (TRW) and also
South-Western cyclonic (SWc) have shown a marked increase
in their frequency in the last decades of the twentieth century.
The anticyclonic type BHM^ with a centre over Central Europe
reveals a downward trend (Fig. 8). Although the frequency of
the dominant circulation BWc^ has not changed, there has been
a change in the share from summer to winter. Such a modifica-
tion of air pressure patterns over Europe had an impact on the
climate conditions that prevailed at the end of the twentieth
century and in the following decade (Kysely and Huth 2006).

Changes in the frequency of macrotypes of atmospheric
circulation caused not only warming throughout the year but
higher frequency of dry springs and summers. On one hand,
this resulted in earlier vegetation, but on the other, it caused a
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higher risk of drought in summer. Moreover, the reduced fre-
quency of anticyclonic patterns in winter lowered the number
of icing days, with an effect on the increase of mean air tem-
perature in that season.

To describe the time dependence structure between the
two time series, a cross-correlation function has been
used. To decide whether the estimated correlations are
statistically significant, their doubled standard errors
(±2SE) were estimated as the intervals, which limits the
confidence level to 0.95. This made it possible to indicate
the types of atmospheric circulation whose relationship
with air temperature at Mt Śnieżka determines the cross-
correlation coefficient (ρ) which exceeds more than twice
its standard error value. The evaluation results are shown
in Figs. 9, 10, 11 and 12.

In the spring quarter (March–May), the type of atmospheric
circulation (SWc and BM) determined higher minimum

temperatures, while the TRW type determined higher maxi-
mum temperature values (Fig. 9).

The SWc circulation type determined higher summer tem-
peratures. The cross-correlation coefficient (ϱ) in the statisti-
cal evaluation of both the maximum and minimum tempera-
tures is above the standard error (SE) (Fig. 10).

Three circulation types (SWc, TRW (Tmax, Tmin) and HM
(Tmax)) determined the increased extreme temperatures in the
autumn quarter. In the second half of the twentieth century, the
last type (HM) was markedly less frequent (by more than a
half) from 9.8 to 12.1 % in the first half of the century to 4.9–
5.2 % in 1971–2010 (Fig. 11).

Thermal conditions of the winter season (XII–II) at Mt
Śnieżka were clearly shaped by Western cyclonic (Wc type)
and South-Western cyclonic (SWc) circulation (Fig. 12). Fur-
thermore, the higher maximum temperatures were associated
with anticyclonic circulation with a high centre in Central
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Fig. 8 Average frequency of the
selected macrotypes of
atmospheric circulation in the
decades of the period 1881–2010
according to Hess and Brezowsky
classification

Table 6 Macrotypes of
atmospheric circulation
prevailing in 1881–2010

Type Description Share
[%]

Wc Western cyclonic 15.7

HM Anticyclonic with centre over Central Europe (Hoch Mitteleuropa) 8.9

BM latitudinal anticyclonic ridge over Central Europe (Hochdruckbrücke Mitteleuropa) 7.9

Wa Western anticyclonic 5.8

NWc North-Western cyclonic 4.8

TRM Cyclonic with meridional trough of low pressure over Central Europe (TrogMitteleuropa) 4.5

TRW Cyclonic with meridional trough of low pressure over Western Europe blocked by high-
pressure systems located over Central Atlantic and Western Russia (Trog Westeuropa)

3.6

SWc South-Western cyclonic 2.7

Total 53.9
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Europe (HM type); in such conditions, air settles in free atmo-
sphere and temperature inversion occurs. For the winter sea-
son, the type had lower frequency from 12.6 % in the first half
of the twentieth century to 7.1 % in 1971–2010; however, in
respective seasons, the HM type contributed to higher temper-
atures in high mountain areas.

5 Discussion

The higher rate of minimum air temperature increase than for
maximum temperature at Mt Śnieżka which led to reduced
temperature amplitudes has been observed in a number of
locations worldwide (Karl et al. 1993; Głowicki 2003). This
tendency is yet to be accounted for in the literature. It may be
associated with the intensified greenhouse effect in which
greenhouse gases slow down the cooling of the ground which

emits heat as infrared radiation. Therefore, night temperatures
rise more quickly than day temperatures. If the global
warming were caused by the sun only, a higher rate of
warming during the day would be expected (Alexander et al.
2006).

The periodicity of 2–3 and 7–8 years detected both in the
fluctuations of annual air temperature values in the
Karkonosze mountains and in the NAO index changes could
be directly associated with the rate of the El Niño Southern
Oscillation (ENSO) mechanism. The comparable cycles sug-
gest that ENSO force circulation (with a periodicity of 2–3 and
7–8 years) had an effect on the Hadley Cell responsible i.e. for
the position and strength of the Azores High impacting weath-
er in Europe. The concept was confirmed in the studies carried
out by Quan et al. (2004), but according toMitas and Clement
(2005), the upward tendency of Hadley Cell strength cannot
be attributed to increased ENSO frequency.
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According to Urban and Tomczyński (2015), air tem-
peratures at Mt Śnieżka were strongly correlated (correla-
tion coefficient close to 1.0) with the average Wolf num-
ber for 22-year cycles of solar magnetic variability. The
impact of solar activity and cosmic radiation on global
climate is clear (Svensmark and Friis-Christensen 1997;
Lockwood 2012; Harvey 2013). However, in the recent
decades, air temperatures have markedly increased, while
solar activity has fluctuated only with a downward trend
(Lockwood 2008). However, for the 1989–2012 cycle,
highly increased air temperatures were seen with lower
average Wolf numbers at the same time. This suggests
that no significant tendency occurred for total solar radi-
ation, UV and cosmic radiation in the last 30 years; there-
fore, at least the last warming event must have a different
origin (Usoskin et al. 2005). Scafetta and West (2006)
note that as of 1975, the global warming accelerated much
more than expected based on solar effects only. It is con-
cluded, then, that higher temperatures for the 1989–2012

cycle of solar magnetic variability may reveal a synergy
effect to which astrophysical effects and atmospheric and
oceanic circulation effects contribute, modified by con-
stantly increasing anthropogenic factors.

The open question is: at what scale and to what extent do
the long-term data from the Karkonosze mountains and the
data from the other mountain observatories confirm the range
of human impact on climate?

6 Conclusions

Thermal conditions of the Karkonosze (Mt Śnieżka) accurate-
ly reflect the global climate trend and impact of multiscale
mechanisms of atmospheric and oceanic circulation.

The mean annual temperature trend for 1881–2010 at Mt
Śnieżka is 0.104 °C/10 years (Table 3). Higher temperatures
are seen in successive decades, of which 2000–2010 was the
warmest with a mean temperature of 1.5 °C. Since the early
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1990s, a marked increase in the frequency of very warm and
warm months has been seen, with a reduced number of very
cold and cold months. This is noticeable both with respect to
average and extreme temperatures, and more significant for
monthly Tmin averages than for monthly Tmax averages. This
tendency is determined mainly by the strong increase in daily
temperature minima (+0.145 °C/10 years), twice as high as for
daily maxima (+0.062 °C/10 years). As a result, a negative
trend for average annual air temperature amplitudes is noted of
−0.083 °C/10 years, proving the higher impact of the Ocean
and frequency of Atlantic air masses. However, the tendency
for higher mean annual temperatures (Tavg) has been recently
markedly lower with even a downward trend.

Detailed analysis indicates a complex nature of the rela-
tionship between the frequency of atmospheric circulation
macrotypes and air temperature at Mt Śnieżka. While it dem-
onstrates a direct relationship between the NAO index and the
mean annual air temperature for 1881–2010, relationships at

the annual level have not been identified for atmospheric cir-
culation macrotypes. Such relations are found only for aver-
age temperature extremes (Tmax, Tmin) in the quarterly seasons
of spring, summer, autumn and winter.

The steady increase in air temperatures is affected by the
changed frequency of circulation types and paths of air masses
over the year. The area is directly influenced by the zonal
circulation of maritime air masses from the North Atlantic,
which is illustrated by a strong relation between thermal con-
ditions at Mt Śnieżka and the NAO index. Observed are 2–3
and 7–8-year cycles of air temperature fluctuations, which is
indicated by the spectral analysis of mean annual air temper-
atures atMt Śnieżka. The analysis shows similar periodicity of
the NAO index. Both analyses also reveal a long-term cycle of
65 years. The long-term cycle of 65 years, recognised in the
periodicity of air temperature in the Karkonosze mountains,
can be identified as the impact of AMO (Atlantic
Multidecadal Oscillation).
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Four of the eight most frequent circulation types (BM,
TRM, TRW and also SWc) had markedly higher frequencies
in the last decades of the twentieth century. According to the
Hess and Brezowsky classification (Werner and Gerstengarbe
2010) the pressure systems were the following: BM, with a
latitudinal anticyclonic ridge over Central Europe; TRM, with
a meridional trough of low pressure over Central Europe;
TRW, with a meridional trough of low pressure over Western
Europe blocked by high-pressure systems located over Central
Atlantic and Western Russia; and SWc, South-Western cy-
clonic circulation. The general change in the frequency of
atmospheric circulation types caused not only annual warming
but also higher frequency of dry spring and summer periods.
This leads to an earlier growing season but on the other hand
to a risk of physiological droughts in summer. Furthermore,
the frequency of anticyclonic systems in Central Europe in
winter was lower, thus reducing the number of sub-zero days
and increasing average winter temperatures.

In accordance with the results of Urban and Tomczyński
(2015), it can be concluded that higher temperatures for the
1989–2012 cycle of solar magnetic variability may reveal a
synergy effect to which astrophysical effects and atmospheric
and oceanic circulation effects contribute, modified by con-
stantly increasing anthropogenic factors.
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