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Abstract On the basis of temperature observations at 60 me-
teorological stations in Poland, changes in the indices associ-
ated with the presence of extremely high air temperatures were
examined. Indices associated with heat waves, such as the
number of hot days (Tj.x =30 °C) in the summer months
(June, July, August) and beyond the summer months (May,
September), the number of extremely hot days (71, =35 °C),
the duration of the longest hot spell in the year, as well as the
number of tropical nights (7,;, <20 °C) were calculated.
Spatial distribution of change rate in days per decade for the
studied indices as well as the significance level of the ob-
served trends is illustrated. Also current values of the studied
indices (for 1991-2013) are examined and compared with the
reference period, 1961-1990. For eight of 11 analysed index-
es, increase has been detected in last decades with the help of
the Mann-Kendall test at a significance level >0.05 or better,
for a large group of stations. Statistically significant increases
of the number of hot days in summer, the number of tropical
nights in a year, and duration of the longest hot spell in sum-
mer were found for more than half of the stations. Distinct
changes in the duration of heat waves were also noted. In
1961-1990, the longest hot spell lasted for 10 days while in
1991-2013, there were many hot spells longer than that, while
the longest hot spell recorded in this period lasted for 17 days.
Beyond summer, changes in the number of hot days were
smaller. In May, a statistically significant increase was
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recorded for only three stations, while in September the down-
ward trend was dominating and for eight stations it was statis-
tically significant.

1 Introduction

Global warming has manifested itself in an increase of mean
air temperature at various spatial scales, ranging from local to
national, regional, continental, hemispheric, and global
(Kundzewicz and Huang 2010, Stanistawska et al. 2013,
IPCC 2013). The globally averaged combined land and ocean
surface temperature increased by about 0.85 [0.65 to 1.06] °C,
over the period 1880 to 2012 (IPCC 2013). A similar value of
0.8 °C was calculated for the area of Poland in the second half
of the twentieth century (cf. Fortuniak et al. 2001;
Kozuchowski and Zmudzka 2001). Changes of air tempera-
ture have considerable impacts, e.g. for agriculture (Graczyk
and Kundzewicz 2015). The changes in daily mean air tem-
perature are accompanied by an increase of maximum and
minimum values of air temperature for the whole globe esti-
mated in the period 1979-2004 as about 0.30 °C/decade for
Tmin and about 0.29 °C/decade for T, (Vose et al. 2005).
Similar values (increase of i, by 0.20-0.30 °C/decade and
of Tihax by 0.26 °C/decade) were found by Kejna et al. (2009)
for some regions of Poland in the period 1951-2005. As sum-
marized in [PCC (2013), the number of warm days and nights
has increased on the global scale, while the frequency of heat
waves has increased in many regions, therein large parts of
Europe. Since the end of the nineteenth century, the length of
summer heat waves over Western Europe has doubled and the
frequency of hot days has almost trebled (Della-Marta et al.
2007). Changes in hot indices have large impacts; hence their
shifts raise considerable interest. Increase in the frequency of
upcrossing of high temperature thresholds may adversely
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affect the environment, population, and economy. Hence, im-
proving the insight and understanding of such changes is of
considerable societal importance. In Poland, since the early
1990s, an increase in the number of hot days as well as ageing
of the society (hence increase in its sensitivity to “hot” ex-
tremes) have been observed. Poland did not suffer much dur-
ing the two most severe recent summer heat waves in Europe
(in 2003 in Western Europe and in 2010 in Eastern Europe).
During both of these summers, when regional and continental
temperature records were broken, Poland was beyond the area
of highest temperature. The present paper examines changes
in indices of hot extremes in Poland in 1951-2013. Hot ex-
tremes are measured by such indices as the number of hot and
extremely hot days in a year, duration of the longest hot spell
in a year, and the number of tropical nights. Spatial distribu-
tion of changes in hot extremes in Poland and of amplitude
and significance of these changes is presented.

2 Data

Although instrumental temperature measurements in Poland,
like in other European countries, started around the end of the
eighteenth century (Bry$ and Bry$ 2010), due to historical
reasons (armed conflicts, long lasting lack of independent
state, and major changes of national boundaries before
1945), records of good quality daily meteorological data in
Poland are shorter than in many European countries with more
stable history. Polish Meteorological and Hydrological
Service (the Institute of Meteorology and Water
Management - State Research Institute, Polish acronym:
IMGW-PIB) provided the CHASE-PL Project with time se-
ries of daily air temperature (mean, maximum, and minimum
values) for meteorological stations in Poland. The basic
criteria for selection of stations were (i) the length and com-
pleteness of the available time series of records and (ii) the
spatial distribution of stations with the goal of covering the
whole territory of Poland and its climate regions, in a possibly
uniform way. Data were used only from stations with no gaps
in observation series for the months of May—September, or
else from stations with only a few gaps that could be supple-
mented with data from the archives of synoptic messages and
meteorological yearbooks. This procedure of infilling the data
was used only for gaps occurring for no more than 10 daysin a
year. The stations for which gaps extended to longer periods
were abandoned even at the expense of worse coverage, e.g. in
the north-eastern Poland.

The database consists of air temperature records at 60’
stations in Poland, therein 53 for the time period 1951-2013.

! Some of the analysed indices are not present at all examined meteoro-
logical stations (e.g. days with temperature >35 °C occurred at 55 of 60
available stations).
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Further eight stations have slightly shorter records, all ending
in 2013 and starting, respectively, in 1952 (Rzeszow-
Jasionka), 1954 (Nowy Sacz, Przemysl), 1956 (Terespol),
1957 (Lesko), 1958 (Leszno-Strzyzewice), and 1961
(Krzyz). The spatial distribution of meteorological stations
used in the present study is mapped in Fig. 1. Precise infor-
mation on the location of the mentioned stations can be found
in Appendix 1.

Monthly means of maximum and minimum daily temper-
atures for each of the analysed stations were examined for
homogeneity. Four standard tests were used, namely standard
normal homogeneity test (SNHT) (Alexandersson 1986),
Pettitt’s test (Pettitt 1979), Buishand’s test (Buishand 1981),
and the Von Neumann ratio test (Von Neumann 1941). Used
tests and their interpretation were similar to those in
Wijingaard et al. (2003). It was acceptable to reject the null
hypothesis of homogeneity (at the 0.05 level) only for one of
the four used tests.

3 Methodology

In the analysis of air temperature extremes, among the most
frequently used thresholds are values of 90th and 95th percen-
tile of daily maximum temperature (c.f. Moberg and Jones
2005, Nemec et al. 2013, Alexander et al. 2006, Erlat and
Tiirkes 2013) or arbitrarily defined values. In this study, def-
inition of air temperature extremes was based upon an arbi-
trary assumption of thresholds for hot days and extremely hot
days at the levels corresponding to the common understanding
of'these terms in the context of Polish climate: daily maximum
temperatures of 30 and 35 °C, respectively. Tropical nights
were defined as those with minimum daily temperature in
excess of 20 °C. When selecting the indices, the authors con-
sidered various air temperature thresholds that had been used
in previous climate research in Poland (cf. Kozminski and
Michalska 2011, Kossowska-Cezak and Skrzypczuk 2011,
Cebulak and Limanowka 2007, Graczyk and Kundzewicz
2014).

Based on the thresholds defined above, four groups of in-
dices of hot extremes were examined, namely as follows:

— Group of indices representing the number of hot days
(with maximum temperature greater than or equal to
30 °C). This group of indices can be subdivided season-
ally, into the number of hot days in summer (for the whole
summer: June to August; and for each of individual sum-
mer months: June, July, and August) and in non-summer
months (May, September).

—  Group of indices describing hot spells (heat waves). One
index is the number of days in a year occurring in a hot
spell (of minimum three consecutive hot days).



The heat goes on—changes in indices of hot extremes in Poland

461

teba
Ustka Hel
Kolobrzeg Lebork dans _
Swinoujscie Koszalin ® Suwatki®
Elblag
¢ Resko Y
o Olsztyn
#®Szczecin Chojnicp
Torun &
® * '
®Krzy? Ostroteka Biatystok
Gorzow S.zamotutyG : ° ®Pultusk
Wielkopolski @Gniezno -\
Spbea P Poznan Poswigtne Siedics
V\ﬁellchgwo @Kornik & Kolo e
. (ods. ... ® Warszawa Terespol
Zielona L @ Skierniewice
Géra Leszno Kal S ctsrad
alisz ieradz
- Pulawy ® Wiodawa
egnica
. @ Wielur L.bl'
/f=Jelepia Gora il Kieloe Hosh 3
opolgzesg)chowa ® S‘amdomierz ngosc
Ktodzko Py
o . o
Katowice R ) omagzow
. Tarnéw zgszow Lubélski
~®Raciborz @
{ | ®Bielsko-Biala 5 rzemysl|
®Nowy Sgcz
akopans
® Lesko

Fig. 1 Location of meteorological stations used in this work

Alternatively, the highest number of consecutive hot days
in a year is examined.

—  Number of very hot days in a year (with maximum tem-
perature greater than or equal to 35 °C).

—  Number of tropical nights in a year (with minimum tem-
perature greater than or equal to 20 °C).

Time series of annual values of records of the above
indices were analysed for each station for the complete
time interval of records, in order to detect existing
trends with the help of the Hydrospect 2.0 software
(Radziejewski and Kundzewicz 2004). The non-
parametric Mann-Kendall test examined the rank statis-
tics and was used to determine the significance level.
Sign of the statistics of this test represents the direction

of the trend; positive (upward) trend is marked on the
maps in red and the negative (downward) trend is
marked in blue.

The following threshold values of the significance level
were used:

—  Statistically significant trend at the level of 0.01

—  Statistically significant trend at the level of 0.05

—  Weaker trend at the significance level of 0.1

—  Weak, statistically insignificant trend, at the level of 0.25

— Lack of even a weak tendency, with significance level
>0.25.

Apart from trend detection in the complete data re-
cords, differences between values of indices in two
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Fig. 2 Annual number of hot
days (Tmax > 30 °C) in Poland in 146

1951-2013 (arithmetical averages
calculated from all stations)
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compared intervals, 1961-1990 and 1991-2013, were
determined. A 30-year period (such as 1961-1990) has
been broadly recognized as a climatological norm and
frequently used as a reference period in much of climate
change literature. However, since the next 30-year cli-
matological norm, 1991-2020 is now ongoing, there are
two possibilities—either to consider a more recent 30-
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year period 1981-2010 with partial overlap (1981-1990)
with the reference period 1961-1990 or to take a
shorter interval, 1991-2013, without overlap. The latter
option is assumed here. The maps depicting the index
values and the differences between the analysed periods
were created with the help of ordinary kriging. This
interpolation method is known as the best linear
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Fig. 3 Spatial distribution of the number of hot days (7},,.x > 30 °C) during 5 years with hottest summers
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Fig. 4 Mean number of days (a) (b)

with maximum temperature in

excess of 30 °C in summer, in B
Poland, a 1991-2013; b changes Egi
of the mean number of hot days 045
between 1991-2013 and 1961 =

1990

unbiased estimator (B.L.U.E.) because it creates a mean
residual or error that is equal to zero and, as well,

Fig. 5 Distribution of statistical
significance of trend in the
number of hot days

(Tmax = 30 °C) in Poland, for all
years of records, starting in 1951—
1961 and ending in 2013; a whole
summer; b June; ¢ July; d August;
e May; f September. The blue and
red colours indicate a downward
and an upward trend, respectively
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Fig. 6 Rate of change (per
decade) in the number of hot days
(Tinax = 30 °C) calculated for the
linear regression; a for the whole
summer and for months b June, ¢
July, d August, e May, and f
September. The blue and red
colours indicate a downward and
an upward trend, respectively

weighted sum of known observations to estimate an
unknown value. The observations were selected from a

Fig. 7 Number of days in a year
with maximum temperature
greater than or equal to 30 °C
occurring in heat waves a 1991—
2013; b difference between 1991
and 2013 and 1961-1990.
Attention: Figs. 7a and b have
different colour scales
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Fig. 8 Spatial distribution of (a) (b)
characteristics relevant to the
number of days in a year with * >025 . 010

i 0.10-0.25 * 010025
maximum temperature greater ® 0.05-0.10 ® 025050

. -JO-U. @ 050075

than or equal to 30 °C, occurring @ 0.01-0.05 @ 075100

in a hot spell (of minimum three
consecutive hot days). a
Statistical significance of trend. b
Rate of change (in days per
decade)

sample points, respectively. Even if ordinary kriging
may underestimate high values and overestimate low
values, if the overall distribution of temperature is of
interest, kriging is an optimal predictor.

Further, heat waves in particularly hot summers (1963,
1992, 1994, 2006, 2010) are reviewed in more detail.

4 Results

Figure 2 illustrates the increasing trend in the spatial mean
value of the number of hot days in a year (at all stations and
for all intervals for which uninterrupted data sets are available,
1.e. 60 stations in 1961-2013, 59 stations in 1958-1960, 58
stations in 19561957, 55 stations in 1954—-1955, 54 stations
in 1952-1953, and 53 stations in 1951). Five of the 6 years
with the highest number of hot days appeared after 1990. A
period of about 20 years (1970s and 1980s) with less frequent
occurrence of hot days is also clearly visible. The values of
significance levels of the Mann-Kendall test were, respective-
ly, 0.0062 for all stations and 0.0070 for the stations with the
complete observation period, 1951-2013. Hence, for both
cases, the changes were statistically significant at o = 0.01
level.

Figure 3 illustrates the spatial distribution of the
number of hot days (with Tmax >30 °C) in 5 years

Fig. 9 Spatial distribution of (a)
characteristics relevant to the
length of the longest hot spell in a
year. a Statistical significance of
trend. b Rate of change (in days
per decade). The blue and red
colours indicate a downward and
an upward trend, respectively
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with hottest summers. The hottest summer in the whole
country scale occurred in 1994, when almost in the
whole country more than 16 hot days were recorded,
while in the south-western Poland the number of hot
days exceeded 20. The year 2006 gave the way slightly,
as more than 16 hot days were observed on a smaller
area, but in a part of the Wielkopolska region even 26
hot days were observed. More than 20 hot days were
also observed in 1992, on a small area though. During
the heat waves of 2010 and 1963, the highest number
of hot days was observed in the east of Poland, but
then the number of days did not exceed 18. Due to a
lack of data, the hot summer of 2015 (with hottest
August on record for much of Poland) could not be
included.

4.1 Changes in frequency of hot days

Figure 4a maps the long-term mean of the number of
hot days (Tjnax = 30 °C) in summer (JJA) for the time
period 1991-2013. The range extends from less than
one to more than 10 days per year. The lowest numbers
were observed in Zakopane (at the foothills of the high
Tatra Mountains) and in the Baltic Sea coast, while the
highest numbers were observed in the south and in the
west of the country.
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Fig. 10 The frequency of hot 0:08

spells within the intervals of their  1961-1990 07

duration 0.07 m1991-2013

0.06

0.05

frequency of hot spells

o

o

Figure 4b illustrates the difference between the num-
ber of hot days (T = 30 °C) in summer, in 1991—
2013 and in 1961-1990. After 1990, a large increase of
the number of hot days was noted. The frequency has
doubled for almost half of the stations, including nearly
every station in the southern and eastern parts of the
country.

Figure S5a illustrates the spatial distribution of statis-
tical significance of trend (Mann-Kendall test) for the
whole summer. Most stations (36 of 60) show a statis-
tically significant upward trend, indicating increase of
the number of hot days. There are no stations with
decreasing trends. When analysing particular months,
20 stations showed statistically significant increases in
July (less so in August and June). The number of hot
days in May and September is low and does not exceed
1 day in a year, on average. In May (Fig. 5e), there are
increases at 44 stations and decreasing tendency at some

Fig. 11 Mean number of (a)
extremely hot days (7},,.x > 35 °C)
inayear, in Poland, a 1991-2013;

b difference between 1991 and

2013 and 1961-1990
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stations, but there are statistically significant increases
only in three cases. In contrast, in September (Fig. 5f),
there are 39 decreases, therein eight are statistically
significant.

For some indices, a statistically significant upward
trend comes together with a large rate of change of
the value of indices per decade (Fig. 6). For 40 stations,
the number of hot days in summer (Fig. 6a) increased
in the analysed period at a rate above 0.5 day per de-
cade and for 12 stations at a rate exceeding 1 day per
decade. For the summer months (Fig. 6b—d), changes
were less visible for June, exceeding the value of
0.2 day per decade for only eight stations. The number
of hot days in July increased much faster, exceeding
0.5 day per decade for 20 stations and 0.4 day per
decade for another 17 stations. The number of hot days
in August grew fast for most stations (31) with a rate of
0.1-0.3 day per decade. In the non-summer months
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Fig. 12 Spatial distribution of

characteristics relevant to the

number of extremely hot days * 5025 Y OB

(Thax =>35°C)ina year. a 0.10-0.25 * 0.000-0025
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decade). The blue and red colours
indicate a downward and an
upward trend, respectively

(Fig. 6e—f), the rate of the upward trend for May and
the downward trend for September exceeded 0.1 day per
decade only for a few stations.

4.2 Heat wave indices

The mean number of hot days (with maximum temper-
ature greater than or equal to 30 °C) occurring in a heat
wave, also called hot spell (of minimum three consecu-
tive hot days), in a year from the interval 1991-2013
range from 0.5 per year at the Baltic coast and in
Zakopane to more than five in the south and west
(Fig. 7a). A mean value below 3 days can be
interpreted that the frequency of heat waves is, on av-
erage, less than once a year. The difference between
1991-2013 and 1961-1990 is positive at all stations,
mostly exceeding 1 day per year and for half of sta-
tions, reaching 2 days per year or more (Fig. 7b). For
stations in the south and the east, there were cases of
trebling the number of consecutive hot days. Before
1990, at stations located at the Baltic coast, a series of
three consecutive hot days had not occurred.

Fig. 13 Mean number of tropical (a)
nights (T, > 20 °C) in a year, in

Poland, a 1991-2013; b

difference between 1991 and

2013 and 1961-1990

® 0.01-0.05
® 0.05-0.10
¢ 0.10-0.25
* >025

The statistical significance of trend (Mann-Kendall
test) of the number of hot days occurring in a hot spell
(of minimum three consecutive hot days) for the whole
record shows upward trends for 56 of 57 stations. In 22
cases, this trend is statistically significant at least at the
0.05 level (Fig. 8a). The rate of change of this index,
measured by linear trend exceeded 0.5 day per decade
for almost half of the analysed stations (29) including
stations for which Mann-Kendall test indicate statistical
significance of changes (Fig. 8b). For further 15 loca-
tions, the change was in the range of 0.25-0.5 per
decade.

For a large group of stations, a statistically significant
increasing trend was detected in the duration of the
longest interval of consecutive hot days in a year
(Fig. 9a). For 30 stations, the increasing trend was sta-
tistically significant at the level of o < 0.05, including
10 stations with o < 0.01. For almost 2/3 of stations,
the longest period of hot days in a year increased at a
rate higher than 0.25 day per decade (Fig. 9b).

Figure 10 illustrates the frequency of heat waves of
varying lengths for both analysed multi-year intervals.
When comparing histograms of distribution of duration
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Fig. 14 Spatial distribution of
characteristics relevant to the
number of tropical nights

(Tnin = 20 °C) in a year, in
Poland. a Statistical significance
oftrend. b Rate of change (in days
per decade). The blue and red
colours indicate a downward and
an upward trend, respectively

(a)

of heat waves in 1991-2013 vs 1961-1990, one can see
that the frequency has shifted towards the longer dura-
tions. The contributions of hot spells of duration of
3 days (as well as of duration of 7 days) have de-
creased, while there is a higher frequency for all other
durations. Despite the smaller number of years in the
period 1991-2013, the absolute number of heat waves
is greater for all classes of heat wave duration. In the
years 1961-1990, the duration of the longest heat wave
reached 10 days, while after 1990 the longest hot spell
lasted for 17 days.

4.3 Changes in the number of extremely hot days
The number of extremely hot days (with maximum tem-

perature greater than or equal to 35 °C) refers to a
rarely occurring phenomenon. For 13 of the analysed

(b)
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stations, there is, on average, less than one occurrence
per decade, while for 21 stations, such a temperature
threshold is exceeded more than once in 2 years and
for one station more than once per year (Fig. 11a).

The value of this index has increased between 1961—
1990 and 1991-2013 in the whole country. Even if the
absolute increase (in days) is not high, the frequency
has considerably increased (Fig. 11b).

Analysis of statistical significance of the trend
(Mann-Kendall test) for the whole record shows upward
trends for 43 stations; therein, for 13 stations located
mainly in the south-western part of the country, trends
are statistically significant at the 0.05 level (Fig. 12a).
Due to the rare occurrence of extremely hot days, even
for stations where the change was statistically signifi-
cant, the rate of decadal changes in the value of the
index (Fig. 12b) reached 0.1-0.2 per decade.

Table 1  Synthesis of results
Index Number of stations with increase Number of stations with decrease
SL <001 001<SL<005 005<SL<0.1 SL<0.01 0.01<SL<0.05 0.05<SL<0.1

Number of hot days in Summer 18 18 7 0 0 0
Number of hot days in June 2 9 9 0 0 0
Number of hot days in July 10 10 16 0 0 0
Number of hot days in August 4 11 9 0 0 0
Number of hot days beyond Summer 0 2 0 0 7
Number of hot days in May 0 3 5 0 0 1
Number of hot days in September 0 0 3 5 3
Number of days in hot spells 7 15 10 0 0 0
Longest hot spell 10 20 9 0 0 0
Number of extremely hot days 3 10 0 0 0
Tropical nights 19 13 0 0 0

Italic numbers indicate statistical significance of a < 0.05
SL significance level of Mann-Kendall test
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4.4 Tropical nights

The number of tropical nights has also increased. However,
occurrence of a tropical night is still a relatively rare phenom-
enon (Fig. 13a). At stations in the east, tropical nights do not
occur more frequently than once per decade. Most frequently,
tropical nights occur in Zielona Géra (on average 2.7 nights
per year).

For all stations, the value of the index increased after 1990
(i. e. when compared between 1961 and 1990 and 1991—
2013). The highest increase was observed at stations where
the number of tropical nights is the highest (Fig. 13b).

For 55 out of 56 stations, the Mann-Kendall test indicated
existence of an upward trend, while for 32 stations the trend
was statistically significant at least at the 0.05 level (Fig. 14a).
Despite the existence of a statistically significant upward trend
for more than half of the stations, due to rare occurrence of
tropical nights, for no station the increase exceeds 0.4 nights
per decade and only for 10 stations it is greater than the 0.2
nights per decade (Fig. 14b).

5 Synthesis

Table 1 presents the synthesis of results, illustrating the num-
ber of stations with changes at significance levels of 0.01,
0.05, and 0.1. Most persuading results have been observed
for the number of hot days in summer (36 increases at a sig-
nificance level of o < 0.05), for the number of tropical nights
(32 increases at a significance level of a < 0.05), and for the
longest hot spell (30 increases at a significance level of
a <0.05). Statistically significant decreasing trends were ob-
served only for the number of hot days in September (eight
stations).

6 Discussions and conclusions

Analysis of changes in occurrence of hot air temperature ex-
tremes in Poland showed visible changes in the frequency of
their occurrence in recent decades for eight of 11 examined
indices presented in Table 1.

For a large number of stations, the observed changes in the
number of hot days (with 7j,,x > 30 °C) were confirmed by
Mann-Kendall test, most frequently in relation to annual or to
seasonal (summer) data, and less frequently for individual
months.

Relatively large changes were found for the rare extremes
that occur with frequency of once per year or less, such as the
number of tropical nights (with 7,;, > 20 °C) and the number
of extremely hot days (with 7},,x > 35 °C). For numerous
stations over the whole area of research, Mann-Kendall test
confirms statistically significant changes in the number of

tropical nights between the periods 1961-1990 and 1991—
2013. Statistically significant increasing trend of the number
of extremely hot days was confirmed only for about a quarter
of stations located mostly in south-west of Poland.

There are still no clear changes in occurrence of hot days in
non-summer months. In May, one can spot an increasing track
(but statistical significance holds for a single station only), but
in September, a statistically significant decreasing trend is
detected for eight stations.

Presented results are in line with previously pub-
lished research indicating an increase of “hot” extremes
for the whole Europe (Yan et al. 2002), as well as for
regions and particular countries (Croitoru and Piticar
2012, El Kenawy et al. 2011, Hundecha and Bardossy
2005). These studies dealt with time series of records
commencing in the mid-twentieth century (Klein Tank
and Konnen 2003, Nemec et al. 2013) and earlier
(Moberg and Jones 2005). Some records began in the
nineteenth century (Della-Marta 2007, Yan et al. 2002).

In comparison to previous works for the area of Poland,
embracing the periods of 1986-2009 (Kozminski and
Michalska 2011) and 1951-2006 (Wibig 2012), this work
offers stronger findings. Observed changes have been statisti-
cally significant for a larger number of stations and in regions
where changes have not been statistically significant for
shorter series that ended earlier. Stronger trends for change
detection in time series of “hot” extremes in Poland that ended
in recent years are caused by more frequent occurrences of
very hot summers in last decades that are also described in
other studies at the European and regional scale (Twardosz
and Kossowska-Cezak 2013, 2015; Shevchenko et al. 2014).

A clear increase of part of indices that has not always been
rated as statistically significant by tests might be a conse-
quence of the adopted reference period (WMO standard nor-
mal) when several years had lower maximum temperatures in
summer (cf. Fig. 2). This is not a local phenomenon, because
it has also occurred in the Mediterranean region and Turkey
(Xoplaki et al. 2003, Erlat and Tiirkes 2013).

Detection of no statistically significant increasing trend in
some indices as well as detection of a significant decreasing
trend in the number of days with 7},,,x >30 °C in September in
part of the stations has been also reported in Austria (Nemec et
al. 2013) and in Germany (Hundecha and Bardossy 2005).
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Appendix 1

Table 2 List of meteorological stations used in this work

Station Latitude Longitude Elevation Station Latitude Longitude Elevation
[m. a.s.l.] [m. a.s.l]
Biatystok 53° 06 23° 10 148 Poswigtne 52038 20023’ 101
Bielsko-Biata- 49° 48’ 19° 00’ 398 Poznan 52025 16° 50 86
Aleksandrowice
Chojnice 53° 42 17° 33’ 172 Przemysl 49° 48’ 22° 46' 279
Czgstochowa 50° 49’ 19° 06’ 295 Putawy 51° 25’ 21° 58 142
Elblag-Milejewo 54° 10 19° 26’ 38 Puttusk 52° 44 21° 06’ 95
Gdynia 54° 371’ 18° 34 2 Racibérz-Studzienna 50° 05 18° 13’ 190
Gniezno 52033 17° 34 124 Resko 53° 46 15°25' 51
Gorzow Wielkopolski 52° 45 15°17 72 Rzeszow-Jasionka 50° 06 22°03' 200
Hel 54° 36’ 18° 49’ 1 Sandomierz 50° 42 21° 43’ 217
Jelenia Gora 50° 54 15° 48’ 342 Siedlce 52° 11 22° 16 146
Kalisz S51° 44 18° 05’ 140 Sieradz 51°36' 18° 44 137
Katowice 50029 19° 05’ 317 Skierniewice 51°58' 20° 10’ 129
Kielce-Sukow 50051 20° 37 268 Stubice 52021 14° 36’ 21
Klodzko 50° 26 16° 39’ 316 Suwatki 54° 08’ 22° 57 184
Koto 52012 18° 40’ 116 Szamotuty- 52035 16° 38’ 75
Baborowko
Kotlobrzeg 54° 11" 15° 35’ 3 Szczecin-Dabie 53°24' 14° 37’ 1
Koszalin 54° 12 16° 09’ 33 Swinoujécie 53° 55 14° 14 6
Kornik 52015 17° 06’ 77 Tamow 50° 02 20° 59’ 209
Krzyz 52053’ 16° 01’ 35 Terespol 52° 04 23°37 133
Legnica 51°13' 16° 10 122 Tomaszow Lubelski 50027 23925’ 273
Lesko 49° 28 22020 386 Torun 53°03' 18° 35’ 69
Leszno-Strzyzewice 51° 50 16°32' 91 Ustka 54° 35 16° 52 6
Lebork 54° 33’ 17° 45 17 Warszawa-Okgecie 52°09 20059 106
Lublin-Radawiec 51°13 22024 238 Wielichowo 52°07 16° 21’ 65
Leba 54° 45! 17° 32 2 Wielun S51°13 18° 35" 195
Lodz-Lublinek 51° 44 18° 24 187 Wiodawa 51°33 23° 33’ 175
Nowy Sacz 49° 37 20° 42’ 292 Wroctaw 51° 06 16° 53’ 120
Olsztyn 53° 46 20° 25" 133 Zakopane 49° 18’ 19° 57 857
Opole 50° 40’ 17° 58 176 Zamo$¢ 50°42' 23° 15’ 212
Ostrofgka 53° 05 21° 34 95 Zielona Gora 51°56' 15° 30’ 180
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