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Abstract: Mountains are highly sensitive to the effects of climate change, including extreme short-
and long-term weather phenomena. Therefore, in spite of relatively high annual precipitation totals,
mountains might become endangered by droughts. The paper presents drought trends in the Polish
Carpathians located in Central Europe. Data from the period 1991–2020 from 12 meteorological
stations located in various vertical climate zones of the mountains were used to define drought
conditions using the following indices: Standardized Precipitation (SPI), Standardized Precipitation
Evapotranspiration (SPEI), Relative Precipitation (RPI) and Sielianinov. Additionally, four forest
drought indices were used in order to estimate the impact of drought on beech as a typical Carpathian
tree species, i.e., the Ellenberg (EQ), Forestry Aridity (FAI), Mayr Tetratherm (MT) and De Martonne
Aridity (AI) indices. Statistically significant but weak trends were obtained for the 6-month SPI for
four stations (indicating an increase in seasonal to mid-term precipitation), for the 1-month SPEI
for three stations, for the 3-month SPEI for four stations, and for MT for all stations (indicating an
increase in drought intensity). The analysis of dry month frequency according to particular indices
shows that at most of the stations during the last decade of the study period, the frequency of dry
months was much higher than in previous decades, especially in the cold half-year. Two zones of
the Polish Carpathians are the most prone to drought occurrence: the peak zone due to the shift
in climatic vertical zones triggered by the air temperature increase, and the forelands and foothills,
together with basins located about 200–400 m a.s.l., where the mean annual air temperature is the
highest in all the vertical profile, the annual sums of precipitation are very diversified, and the
conditions for beech are already unfavorable.

Keywords: atmospheric drought; forest drought; Carpathian Mts.; beech; vertical climate zones

1. Introduction

Drought is a phenomenon that negatively affects many economic sectors. Depending
on the duration, effects and intensity, drought can be classified into four types: meteorolog-
ical, agricultural, hydrological and socio-economic [1]. According to IPCC [2], mountains
are among the areas most endangered by climate change, and droughts have been ob-
served and are predicted in various mountain ranges, for example, in the Alps [3]. The
pan-European study showed that in the 1990s and 2000s, drought hotspots were identified
in the Mediterranean and Carpathian Regions; in the latter, drought severity and duration
were highest in Hungary and Slovakia [4]. In the period 1961–2010, the worst droughts
occurred in 1990, 2000, and 2003; less intense or prolonged droughts took place in 1964,
1970, 1973/74, 1983, 1987, 1992, and 2007 [5]. The Carpathians are located in Central Europe
where the future drought risk is estimated to be relatively high with projected increases
in hydrological, agricultural and ecological droughts at mid-century warming levels of
2 ◦C or above, regardless of greenhouse gas emission scenarios [6]. The Carpathian region
includes the Carpathian Mts. and the Pannonian Basin. Studies concerning droughts in
the whole region were based on gridded data (e.g., [5,7,8]) and showed that the region’s
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lowlands are much more endangered than the mountains. National-level studies confirmed
the results for the lowlands and revealed the complexity of the issue in the mountains.
In the lowlands of Hungary, Serbia, Romania and Slovakia, droughts have already caused
significant agricultural yield losses in recent decades ([9–11]). Studies for the Carpathian
Mts. are more limited and encompass only a few mountain ranges. For the part of the
Western Carpathians located in Slovakia, in the period 1951–2007 precipitation exceeded
potential evapotranspiration [9,12]. Those results have been confirmed for the upper Hron
region [13]. In a study for Romania, with data for the period 1961–2010, it was shown that
drought may affect areas with both low and high precipitation averages, and can occur in
mountains or lowlands. Large-scale atmospheric circulation is the major drought driver in
Romania in winter, while thermodynamic factors (such as air temperature and humidity
levels) are the major drivers in summer. The Carpathian mountain chain itself is the second
regional factor influencing drought spatial variability, triggering differences between intra-
Carpathian and extra-Carpathian regions in wintertime [14]. The Tatra Mts are the highest
range in the Carpathians, located at the border between Poland and Slovakia. For the
Slovakian part, data from the period 1961–2010 were used to show that the occurrence
of drought has a cyclic pattern over an approximately 30-year period. The core areas of
the biosphere reserve of the Tatra National Park inhabited by unique species (altitudes
over 1500 m a.s.l.) are in the relatively “drought-safe altitudinal zone”. Unfortunately,
ecosystems at lower altitudes (up to 900 m a.s.l.) could be impacted by drought due to a
lower precipitation surplus. The occurrence of drought episodes was influenced by the
precipitation shadow of the Tatra Mts range and of the surrounding mountains situated
to their north and northwest. Thus the occurrence of drought is more likely in the south
and southeastern regions of the mountains than on the windward north or northeastern
parts. In addition, another drought-prone area was indicated in the Western Tatra Mts. This
area is influenced by the Oravsk’e Beskydy and Oravsk’a Magura ranges located to the
northwest [15]. A study concerning the Polish part of the Tatra Mts was compared with a
study for the Ukrainian Carpathians for the period 1984–2015, concerning the occurrence of
dry months. At least one extremely dry month at each meteorological station was detected,
but only in November 2011 was an extreme drought at all the stations observed. That was
a month with precipitation less than 5% of the long-term average at specific meteorolog-
ical stations [16]. In Poland, atmospheric drought is observed most often from April to
September [17], and it affects mainly the lowlands where agriculture is concentrated [18,19].
The Carpathians receive much more precipitation than the rest of the country (with the
exception of the Sudeten Mts where precipitation is comparable), but long periods without
precipitation have been observed more frequently during the last few decades both on the
mountain foreland [20] and on the mountain ranges [21,22]. Such a tendency combined
with increased runoff and decreased retention (due to human activity) is a huge disadvan-
tage for water resource management, and for the functioning of ecosystems. Additionally,
an increase in hydrological drought risk has been observed in the Carpathians over the
period 1901–2002 [23]. Agricultural drought has been studied for Poland for the period
1961–2010, but mountain areas were excluded from that research. However, the study
showed that foreland areas were relatively little endangered by agricultural drought [24].

In spite of receiving the highest annual precipitation totals, in comparison to the rest
of the country, the Polish Carpathians are affected by current climate change too, and
drought has to be considered one of the potential new threats to the region. Therefore, this
paper is aimed to show whether atmospheric drought risk varies in the vertical climatic
profile of the Polish Carpathians and whether the eastern part of the mountain chain
is more endangered by drought than the western part due to more continental climatic
conditions. This aspect of the present climate has not yet been studied for that part of
the Carpathians in contrast to some other parts. The present paper shows variability and
trends in atmospheric drought occurrence in the most recent 30-year period. The middle
of the 1980s represents a turning point for all the climatic variables in the Carpathian
region [25] and shows the beginnings of presently observed climate change. The data
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from the period 1991–2020 represent the current long-term climatic period characterized
by ecosystems entering a new state of dynamic balance. The Polish Carpathians are not an
important agricultural region in the country; the main economic sector developed there
is tourism and the properties of the natural environment are one of the most important
factors in its development. The Carpathians, apart from offering picturesque landscapes,
are a European biodiversity hotspot, with rich flora and endemic plants, and including the
most extensive primeval forests across the whole of Europe; there are many different bird
species and it is home to the largest communities of carnivores and predators such as bears
and wolves [5,26]. Beech is the main species of the Dentario glandulosae-Fagetum community,
a typical element of the Carpathian environment. Therefore, forest drought indices have
also been used in the present study to estimate trends in atmospheric conditions favorable
for beech. This is one of the indicators of the long-term impact of the drought trend on the
natural environment of the Carpathians.

2. Study Area

The Polish Carpathian Mts. are part of the huge Carpathian mountain chain in Central
Europe. It is divided into the Southern Carpathians (located in Romania), the Eastern
Carpathians (Ukraine, Slovakia, Hungary, Poland), and the Western Carpathians (Poland,
Slovakia, Czech Republic, Hungary, Austria). The relief of the Carpathians varies from
undulating foothills to typical alpine landscapes in the Tatra, Rodna, Fagaras, and Retezat
mountains [27]. The highest peaks can be found in the Tatra Mts, in Slovakia: Gerlach,
2655 m a.s.l.; and in the Fagaras Mts, in Romania: Moldoveanu, 2543 m a.s.l. As much
as 88% of the Carpathian area located in Poland belongs to the Western Carpathians [28].
The climatic and hydrological conditions of the Polish Carpathians have been the subject
of many studies, for example, [29–35], but rarely in the context of atmospheric drought
as it is the region with the highest precipitation on a national scale. Most of the climatic
parameters show increasing climate continentality from the west toward the east; for exam-
ple, the mean annual air temperature range increases by 0.49 ◦C per degree of longitude
on convex landforms, and by 0.35 ◦C on concave ones [31]. Even more important are
changes in climatic conditions with altitude which are visible as vertical climate-vegetation
zones [29]. The location of zonal boundaries (i.e., altitudes where a certain mean annual air
temperature is found) depends on the scale of a particular mountain range, slopes aspect,
the main geomorphological features and the prevailing direction of air mass advection [36].
According to the original vertical zone pattern [29], the study area contains six zones from
“cold” with a mean annual air temperature from −4 to −2 ◦C, to “moderately warm” with
a mean temperature from 6 to 8 ◦C. However, one of the effects of global warming is a shift
in zonal boundaries [33] and this will be discussed further in the present study. The vertical
climate-vegetation zone that occupies the largest area in the Polish Carpathians is that of
deciduous forest, with its dominating Dentario glandulosae-Fagetum plant community [37].
European beech (Fagus sylvatica) is the main species of that community. The deciduous
forest zone is located in the mountain foothills and on medium-height mountain ranges
which are areas of intensive anthropopressure due to tourist activity. Therefore, a potential
impact of drought on beech forest conditions will be presented later in the paper.

3. Materials and Methods

The data used in the present study come from 12 meteorological stations located in
the Polish Carpathians (Figure 1 and Table 1). The stations represent the highest parts of
the Carpathians, that is, the peaks of the Tatra Mts (Kasprowy Wierch) and the neighboring
basin (Zakopane), the Beskidy ranges which are medium-height mountains (Limanowa,
Nowy Sącz, Krynica, Lesko and Komańcza), the foothills (Gaik-Brzezowa, Łazy and
Bielsko-Biała), and the foreland (Kraków and Katowice). The stations in Gaik-Brzezowa
and Łazy belong to the Institute of Geography and Spatial Management, Jagiellonian
University, Kraków, while the others are administered by the Institute of Meteorology and
Water Management—National Research Institute. The spatial distribution of the stations
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allows drought occurrence to be studied in the Polish Carpathians both vertically and from
west to east. %clearpage

Figure 1. Location of the meteorological stations used in the study numbers as in Table 1.

Table 1. Coordinates and altitude of the meteorological stations used in the study numbers as in
Figure 1. TPZ concept is explained in Section 4.1.

No. Station Name Latitude
(ϕ)

Longitude
(λ)

Altitude
m a.s.l TPZ

1 Bielsko-Biała 49◦48′26′′ N 19◦00′01′′ E 396 4
2 Katowice 50◦14′26′′ N 19◦01′58′′ E 278 4
3 Kraków 50◦04′40′′ N 19◦47′42′′ E 237 4
4 Łazy 49◦57′55′′ N 20◦29′43′′ E 245 4
5 Gaik- Brzezowa 49◦52′00′′ N 20◦05′00′′ E 303 4
6 Nowy Sącz 49◦37′38′′ N 20◦41′19′′ E 292 4
7 Limanowa 49◦41′37′′ N 20◦25′06′′ E 515 3
8 Lesko 49◦27′59′′ N 22◦20′30′′ E 420 3
9 Krynica-Zdrój 49◦24′28′′ N 20◦57′39′′ E 582 2
10 Komańcza 49◦20′21′′ N 22◦03′48′′ E 478 2
11 Zakopane 49◦17′38′′ N 19◦57′37′′ E 855 2
12 Kasprowy Wierch 49◦13′57′′ N 19◦58′55′′ E 1991 1

The data used come from the 30-year period 1991–2020 (while for Gaik-Brzezowa the
data cover that of 1991–2019) and consist of mean monthly air temperatures and monthly
precipitation totals. The choice of study period is linked to data availability and to the
fact that since the 1990s, a significant change in climatic conditions has begun on both
global and regional scales [38]. Therefore, the analyses presented show the contemporary
situation and trends which are the effect of the present climate drivers. The data were used
first to determine the variability of air temperature and precipitation in the study period
and to distinguish areas with different air temperature and precipitation patterns.

Then the data were used to calculate indices widely used to determine the occurrence
of drought (see also Appendix A):

1. SPI (Standardized Precipitation Index) [39]: it is based on the probability of precipita-
tion which is the only input parameter. SPI was calculated for 1-, 3- and 6- monthly
timescales for each station: SPI ≤−2.0—extreme drought, −1.99 < SPI ≤ −1.50—strong
drought, −1.49 < SPI ≤ −1.00—moderate drought, −0.99 < SPI < 0.99 near normal
conditions, 1.0 < SPI < 1.49 moderately wet, 1.5 < SPI < 1.99 very wet.
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2. RPI (Relative Precipitation Index) is the ratio of precipitation sum for the given period
and the long-term average for the same period expressed in percent [40]. It was calcu-
lated for each month and station; the values for particular months were interpreted
following the intensity scale: <25%—extremely dry, 25–50%—very dry, 51–75%—dry,
76–125%—normal, 126–150%—wet, 151–200%—very wet, >200%—extremely wet.

3. Selianinov index describes humidity conditions in relation to the needs of the envi-
ronment; the volume of precipitation is determined together with the potential for
its use by plants, depending on the thermal conditions [41]. According to its formula
(Appendix A), it was calculated for those months only when mean daily air tempera-
ture exceeded 10 ◦C; then the months were classified as follows: <0.4—extremely dry,
0.4–0.7—very dry, 0.8–1.0—dry, 1.1–1.3—moderately dry, 1.4–1.6—optimal, 1.7–2.0—
moderately wet, 2.1–2.5—wet, 2.6–3.0—very wet, >3.0—extremely wet.

4. SPEI (Standardized Precipitation Evapotranspiration Index) is a standardized
monthly climatic balance computed as the difference between the cumulative pre-
cipitation and the potential evapotranspiration [42]. It was calculated for 1-, 3- and
6-each monthly timescales and for each station. The following drought classes were
applied: ≥2—exceptionally wet, 1.6–1.99—extremely wet, 1.3–1.59—severely wet,
0.8–1.29—moderately wet, 0.5–0.79—slightly wet, 0.49 to −0.49—normal, −0.5 to
−0.79—slightly dry,−0.8 to−1.29—moderate drought,−1.3 to−1.59—severe drought,
−1.6 to −1.99—extreme drought, ≤−2—exceptional drought.

In order to estimate the impact of drought on beech, the following indices of forest
drought were used and calculated for each year and station:

1. EQ (Ellenberg index) [43]; the values optimal for beech are <30 while at EQ > 40, beech
cannot survive.

2. FAI (Forestry Aridity Index) [44]; the values optimal for beech are at FAI < 4.75.
3. MT (Mayr Tetratherm Index) [45]; the values optimal for beech are 13–18 ◦C [46]
4. AI (De Martonne Aridy Index) [47]; the values optimal for beech are 35–40 [46].

The SPI index was calculated with SPI Generator software [48], SPEI was calculated
with the Package ‘SPEI’ software (https://cran.r-project.org/web/packages/SPEI/SPEI.
pdf, accessed on 20 August 2021) and other indices were calculated with MS Excel, with
the formulas listed in Appendix A and provided in the publications mentioned above.

In the calculation of SPI and RPI, only precipitation data are taken into consideration,
while the Selianinov index and SPEI include also air temperature data. The forest drought
indices are not only based on data for air temperature and precipitation but are calculated
at various temporal resolutions, which allows different aspects of the phenomenon to
be observed.

The series of air temperature, precipitation and index values were tested using re-
gression analysis; linear trends were determined together with their equations, R2 and p
level with Statistica software (https://www.statsoft.pl/, accessed on 1 August 2021). Then
the data series were additionally tested for the presence of trends by the Mann–Kendall
test [49–51] using XLSTAT software (https://www.xlstat.com/en/, accessed on 5 August
2021). That software was also used to calculate standard errors for mean values. For each
data series, the variability coefficient was calculated with MS Excel following the formula:

Vc = (σ/m) × 100 (1)

where:
Vc—variability coefficient (in %)
σ—standard deviation
m—mean value

The values of the coefficient calculated were interpreted in the following way:
<25%—low variability, 25–45%—mean variability, 46–100%—high variability, >100%—

very high variability.

https://cran.r-project.org/web/packages/SPEI/SPEI.pdf
https://cran.r-project.org/web/packages/SPEI/SPEI.pdf
https://www.statsoft.pl/
https://www.xlstat.com/en/
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The drought occurrence estimation was based on a comparison of the SPI, SPEI, RPI
and Selianinov index outcomes, that is, the number of dry months defined as SPI ≤ −1.00,
SPEI ≤ −0.8, RPI ≤ 75%, Selianinov index < 1.4. The frequency of dry months was
presented for specific decades of the study period, for the whole year, the warm half-year
(May–October) and the cold half-year (November–April). The forest drought indices can
be calculated with only an annual resolution so the number of years with conditions
unfavorable for beech in specific decades has been shown.

4. Results

All the indices used in the study are based on data concerning air temperature,
precipitation or both. Therefore, the spatial and temporal variability of air temperature
and precipitation is presented first in order to provide background for the analysis of
drought indices.

4.1. Air Temperature and Precipitation Variability

For all stations included in the study, an increase in mean annual air temperature
has been observed; the regression analysis showed that it was statistically significant at
p < 0.05. The rate of increase varied from 0.5 to 0.7 ◦C per 10 years (R2 from 0.34 to 0.47).
The Mann-Kendall test confirmed statistically significant positive trends for all stations,
and Sen’s slope values confirmed the rate of increase described above (Appendix B). The
variability coefficient for all series is <25%, which means a relatively low variability of
mean annual air temperature in the study area. Figure 2 shows that the mean decadal air
temperature has been gradually increasing at all stations, too. The most striking increase
is observed for Kasprowy Wierch, one of the highest peaks of the Tatra Mts, where mean
annual air temperature has exceeded 0 ◦C which means a shift from the ”moderately cold”
vertical climatic zone (i.e., from mean annual air temperature from −2 to 0 ◦C) to “very
cool” (0 to 2 ◦C). Such a shift can also be observed for Zakopane (from “moderately cool”
to “moderately warm”). Lesko and Limanowa shifted from “moderately warm” to a mean
annual air temperatures above 8 ◦C, not included in the original scheme described in [29].

Figure 2. Mean annual air temperature (◦C, black horizontal marks inside the boxes) in specific
decades at the stations studied. Boxes mark the first and the third quartile, and the whiskers show the
highest and the lowest value in a certain decade. Standard errors for the mean values are provided in
Appendix C. Stations are ordered following the concept of TPZ explained in Section 4.1.
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In the case of precipitation, there are no statistically significant changes for annual
totals (according to regression analysis and the Mann–Kendall test; see Appendix B). The
comparison of mean annual totals in specific decades confirms this fact (Figure 3); the
highest values were noted in the second decade. The values of the variability coefficient
for annual totals are below 25% which means low variability. However, the values for
particular months reveal that for Kasprowy Wierch, Bielsko-Biała, Limanowa and Kraków,
for all months the coefficient values are >45%, which means high variability. For Zakopane,
Katowice, Łazy, Nowy Sącz, Gaik-Brezowa and Krynica, from 1 to 3 months show mean
variability (25–45%) but for all other months, the coefficient exceeds 45%. For Lesko and
Komańcza, 4–5 months show mean variability while all other months have high variability.
Additionally, there is no clear dependency between precipitation and altitude (except
Kasprowy Wierch) or precipitation and longitude, and this is linked to the strong local
impacts of landforms in the mountains on spatial patterns of precipitation.

Figure 3. Mean annual total of precipitation (mm, black horizontal marks inside the boxes) in specific
decades at the stations studied. Boxes mark the first and the third quartile, and the whiskers show the
highest and the lowest value in a certain decade, except the outliers which are shown with black dots.
Standard errors for the mean values are provided in Appendix C. Stations are ordered following the
concept of TPZ explained in Section 4.1.

Both air temperature and precipitation are key factors controlling drought occurrence
and Figure 4 shows their combination for the stations included in the study. The stations
can be then assigned to the following temperature-precipitation zones (TPZ):

1. TPZ 1: The highest parts of the Carpathians, located above 1500 m a.s.l., represented
by Kasprowy Wierch, where mean annual air temperature is lowest (around 0 ◦C), and
mean annual precipitation is highest (about 1800 mm); therefore, potential drought
risk is the lowest.

2. TPZ 2: The Carpathian basins and large valleys located at about 500–900 m a.s.l.,
represented by Zakopane, Krynica and Komańcza, where annual precipitation exceeds
800 mm, and mean annual air temperature is about 6–7 ◦C, which allows potential
drought risk to be considered as relatively low.

3. TPZ 3: The Carpathian basins and large valleys located at about 400–500 m a.s.l.,
represented by Lesko and Limanowa, with a mean annual air temperature of 8.2 ◦C
and precipitation above 800 mm. Here the potential drought risk is medium.

4. TPZ 4: The Carpathian foreland and foothills, together with basins located about
200–400 m a.s.l., represented by Bielsko-Biała, Gaik-Brzezowa, Nowy Sącz, Łazy,
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Kraków and Katowice, where the mean annual air temperature is the highest in
the vertical profile (8.9–9.0 ◦C), and annual precipitation totals are very diversified,
from 670 to 1000 mm, so the potential drought risk is high.

Figure 4. Comparison of mean annual air temperature and precipitation totals for the period 1991–2020 for the stations
studied. The value for Nowy Sącz is not visible in the figure as it is almost identical to the value for Katowice and the
symbols overlap each other.

4.2. Drought Frequency and Trends in the Polish Carpathians

Drought occurrence was determined by SPI, SPEI, RPI and the Selianinov index. For
SPI and SPEI, the percentages of dry months (i.e., with SPI ≤ –1.00, SPEI ≤ −0.8) for the
whole year and for the subperiods May–October and November–April were calculated.
All data series show very high variability, that is, the values of Vc exceed 100%.

SPI values for the 1-month time scale vary from 3.74 to −4.28, for the 3-month scale
from 3.81 to −3.13, and for the 6-month scale from 3.62 to −2.78. None of the SPI 1- and
3-monthly series shows any statistically significant trend; the results of the Mann–Kendall
test are presented in Appendix B. In the case of SPI 6-monthly series for Zakopane, Krynica,
Komańcza (TPZ 2) and Gaik-Brzezowa (TPZ 4), the p-values indicate statistically significant
increasing trends, but Sen’s slope values are as low as 0.001, and low tau values indicate that
the trends are weak (Appendix B). A 1-month SPI reflects short-term conditions, related
closely to meteorological drought along with short-term soil moisture and crop stress,
while a 3-month SPI reflects short- and medium-term moisture conditions and provides a
seasonal estimate of precipitation, and a 6-month SPI indicates seasonal to medium-term
trends in precipitation [39]. Figure 5 presents the data for the decades and it shows that
in a short-term perspective, a clear increase in the frequency of dry months in the cold
subperiod can be seen in the last decade in comparison to the previous ones (except Gaik-
Brzezowa; Figure 5c). This is also the reason for the increase of dry-month frequency at an
annual scale (Figure 5a). The increase is observed throughout the whole study area. In the
decade 2011–2020, the frequency of dry months according to SPI reached about 15% on an
annual scale at all stations. For medium-term and seasonal perspectives (Figure 5, data for
3- and 6-monthly timescales), there are no clear spatial or temporal patterns.
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Figure 5. Percentages of dry months according to SPI (SPI≤ −1.0) for 1-, 3- and 6-monthly timescales,
for the whole year (a) and for the subperiods May–October (b) and November–April (c) in the decades
of the study period. Stations are ordered following the concept of TPZ explained in Section 4.1.
Explanation of numbers on axis x: 1—1991–2000, 1 month; 2—2001–2010, 1 month; 3—2011–2020,
1 month; 4—1991–2000, 3 months; 5—2001–2010, 3 months; 6—2011–2020, 3 months; 7—1991–2000,
6 months; 8—2001–2010, 6 months; 9—2011–2020, 6 months.

For annual values of RPI, the Mann–Kendall test by definition gives the same results as
for annual precipitation totals (Appendix B). For the test’s results for particular months and
particular stations, all p-values exceeded 0.05, so none of the series shows any statistically
significant trend. Tau values varied from −0.264 to 0.209. Figure 6 shows that in the decade
2011–2020, for most of the stations, a large increase in the number of dry months per year
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can be seen which is mainly the effect of the increase in the frequency of such months in
the cold half-year. In the last decade of the study period, according to RPI, from 35 to 45%
of months per year were dry.

Figure 6. Percentage of dry months according to RPI (RPI ≤ 75%-for the whole year) and for the
subperiods May-October and November-April in the decades of the study period. Stations are
ordered following the concept of TPZ explained in Section 4.1. Explanation of numbers on axis x:
1—1991–2000, year; 2—2001–2010, year; 3—2011–2020, year; 4—1991–2000, May–Oct; 5—2001–2010,
May–Oct; 6—2011–2020, May–Oct; 7—1991–2000, Nov–Apr; 8—2001–2010, Nov–Apr; 9—2011–2020,
Nov–Apr.

The Selianinov index could be calculated for all stations (except Kasprowy Wierch)
and for each year only for June, July and August; for other months the values could be
calculated only sporadically. The Mann–Kendall test for those three months showed no
statistically significant trend at any station. All p-values exceeded 0.05, tau values varied
from −0.159 to 0.062. However, the Selianinov index, unlike SPI and RPI, showed a large
spatial variability of drought occurrence in the warm part of the year (Figure 7), with a
clear increase in drought risk with decrease in altitude (i.e., from less than 10% of dry
months at Kasprowy Wierch (TPZ 1) to over 50% in Kraków, TPZ 4). Additionally, the data
show that for most stations, the share of dry months is greater in the last decade than in the
two previous ones. An increase is especially visible in the highest parts of the Carpathians.
Until 2015, the Selianinov index could be calculated for Kasprowy Wierch only once over
several years, and only for July, while later it could be calculated also for June and August,
as the index is calculated only for the months when the mean daily air temperature exceeds
10 ◦C. There is no significant difference in the W-E profile concerning drought risk, but the
data for Bielsko-Biała are worth attention as the risk is much lower than in other stations
of similar locations. Bielsko-Biała and Katowice (TPZ 4) are the westernmost points of
the study area, and both of them are exposed to moist oceanic air masses coming from
the west; however, Bielsko-Biała is located in the Carpathian foothills, that is, close to an
orographic barrier which enhances precipitation. Figure 3 shows that Bielsko-Biała has
higher precipitation sums than neighboring stations.
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Figure 7. Percentage of dry months according to the Selianinov index for the subperiod April–October
in the decades of the study period. Stations are ordered following the concept of TPZ explained in
Section 4.1.

SPEI values for the 1-monthly time scale vary from 2.54 to −3.15, for the 3-monthly
scale from 2.60 to −2.83, and for the 6-monthly scale from 2.72 to −3.44. For the 1-monthly
series, statistically significant trends were found with the Mann–Kendall test for Katowice,
Nowy Sącz and Kraków (TPZ 4), and for 3-monthly and 6-monthly series for Kasprowy
Wierch (TPZ 1), Katowice, Nowy Sącz and Kraków (TPZ 4) (Appendix D). The trends
indicate an increase in drought risk although Sen’s slope values are as low as 0.001–0.002
which indicates that the trends are weak. However, most tau values are much higher than
for SPI (Appendix B), which shows that those trends, although weak, should be consid-
ered important signals of the increasing drought risk at least in some areas of the Polish
Carpathians, mainly in foreland areas. SPEI presents combined effects of precipitation and
air temperature and concerning the results presented above, it is the increasing temperature
that is mainly contributing to those trends. Figure 8 presents the percentage of the dry
months (SPEI ≤ −0.8) for the decades and it shows that in the last decade of the study
period, there were much more dry months observed at most of the stations than previously.
Such tendency is more clear for the cold half-year than for the warm one, especially for the
1-monthly time scale.

4.3. Drought Risk for Beech in the Polish Carpathians

The forest drought indices used in the study are based on air temperature and pre-
cipitation (EQ, AI and FAI) or on air temperature only (MT). They were calculated for all
stations except Kasprowy Wierch, as that station is located far above the tree line. For EQ,
FAI and AI, no statistically significant trend in the study period was found for any sta-
tion, neither by regression analysis nor with the Mann–Kendall test (Appendix B). The
indices show high spatial and temporal variability (Figure 9). The Carpathian foreland
and foothills, together with basins located about 200–400 m a.s.l., are the areas where, in
each decade, there are years with forest drought conditions, and at some stations (i.e., in
Katowice, Kraków, Nowy Sącz—TPZ 4) an increasing tendency can be observed. In the
remaining part of the study area, drought conditions do not occur at all or they occur
only sporadically.
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Figure 8. Percentage of dry months according to SPEI (SPEI ≤ −0.8) for 1-, 3- and 6-monthly
timescales, for the whole year (a) and for the subperiods May–October (b) and November–April
(c) in the decades of the study period. Stations are ordered following the concept of TPZ explained
in Section 4.1. Explanation of numbers on axis x: 1—1991–2000, 1 month; 2—2001–2010, 1 month;
3—2011–2020, 1 month; 4—1991–2000, 3 months; 5—2001–2010, 3 months; 6—2011–2020, 3 months;
7—1991–2000, 6 months; 8—2001–2010, 6 months; 9—2011–2020 6 months.
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Figure 9. The number of years in specific decades when forest drought conditions unfavorable for
beech occurred at the stations studied: (a) EQ > 30; (b) FAI > 4.75; (c) AI < 35. Stations are ordered
following the concept of TPZ explained in Section 4.1.



Atmosphere 2021, 12, 1259 14 of 22

Unlike the indices shown in Figure 9, MT has a statistically significant increasing trend
at all stations (p < 0.05) at the rate from 0.4 to 0.5 per decade; only for Limanowa did the
value reach 0.6 per 10 years. The Mann–Kendall test confirms those results (Appendix B).
The threshold value of 18 ◦C, above which the conditions for beech are estimated to
be unfavorable, was crossed for the first time in 2002 at all stations in the zone of the
Carpathian foreland and foothills, together with basins located about 200–400 m a.s.l.
(TPZ 4), except for Bielsko-Biała. In the second decade, the value was crossed in three years
in the zone mentioned, and in the third decade for five years. In 2018, in Katowice and
Kraków, the index value reached 19 ◦C (Figure 10).

Figure 10. Values of the Mayr Tetratherm Index for particular TPZs and stations in the period
1991–2020, together with linear trends. See Appendix D for regression equations and the values of R2.
Stations are ordered following the concept of TPZ explained in Section 4.1.

5. Discussion

The analyses presented above, based on the application of various indices, show that
atmospheric drought risk has increased in the study area, and the main reason is increasing
air temperature. It is recommended to study the drought issue with a variety of methods
as in many studies, solely precipitation-based indices show only minor changes in drought
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occurrence, whereas other indices that consider evapotranspiration indicate a significant
increase in the area under drought [52]. The results presented for air temperature and
precipitation series confirm earlier findings for the Polish Carpathians that there has been
significant warming in the area, particularly over recent decades. Climate change is most
evident in the foothills; however, it is the highest summits that have experienced the
most intensive increases in temperature during the recent period. Precipitation does not
demonstrate any substantial trend and has high year-to-year variability. The distribution of
annual temperature provides evidence of the upward shift of vertical climate zones in the
Polish Carpathians, reaching approximately 350 m, on average, which indicates further eco-
logical consequences [53]. The absence of statistically significant trends in precipitation is
in accordance with the results for Czechia, Slovakia and Austria [54] where the main driver
of drought is an increase in the evaporative demand of the atmosphere, driven by higher
temperatures and global radiation with limited changes to precipitation totals. However,
the observed drying trends were most pronounced there during the April−September
period and at lower elevations. Conversely, the majority of stations above 1000 m exhibited
a significant wetting trend for both the summer and winter (October−March) half-years.
The part of the Carpathians included in that study is located on the southern side of the
Western Carpathian chain, while the Polish Carpathians, considered in the present paper,
are located on the northern side. Therefore, the climatic factors, for example, atmospheric
circulation impacts are different for these regions and this is then visible in the values
for climatic elements. Conditions for areas above 1000 m a.s.l. can be estimated on the
northern side with the data from Kasprowy Wierch only, and they do not show a wetting
trend but an increase in drought risk. For stations located at lower altitudes, according to
indices based on precipitation only, drought frequency was highest in the warm half-year
in the first decade only, while in the last decade it was most frequent in the cold half-year.
However, the Selianinov index, based on both air temperature and precipitation, and
calculated for the warm half-year, showed that the last decade experienced drought much
more often than previous decades, which is in accordance with the results presented in [54].
SPEI is also based on both air temperature and precipitation, but it has been calculated for
the whole year, and as shown in Figure 8, the frequency of dry months increased a lot in
the last decade all over the study area. The increase was larger in the cold half-year than
in the warm one; at some stations, it was more than double in comparison to previous
decades. In the study for the whole Carpathian region [5], there are no differences among
the mountains and lowlands shown but the general trend confirms an increase in drought
frequency. For the Alpine region [55], drought impacts were studied and turned out to be
most pronounced in the warm half-year, while the high-altitude region showed this effect
the most. The Polish Carpathians can also be compared to the remainder of Poland. Areas
classified as dry increased their surface area from 13% in the period 1931–1960 to 20% in
the 30-year period of 1971–2000, and 46% in the 30-year period of 1981–2010. However,
the northern and western regions of Poland are more endangered by drought than the
mountains where the precipitation is always higher [56].

It can be concluded that the present paper shows the frequency and trends of drought
in the Polish Carpathians in the most recent 30 years, that is, in the period marked by
global warming. The results obtained are in accordance with the outcomes of other studies
concerning drought in Central Europe and in the Central European mountains, but they
also show some new aspects which have not been analyzed so far. There is no drought
frequency variability in the W-E profile. The stations representing the easternmost part
of the Polish Carpathians, Komańcza and Lesko, belong to two different TPZs (2 and 3,
respectively), and the indices values obtained show that drought risk in that region is
similar to that in the remaining part of the study area. However, there is a high impact of
local environmental conditions on spatial patterns of precipitation. Unlike the indices based
on precipitation only, the index based on both precipitation and air temperature has shown
a clear increase in drought risk with decrease in altitude. Additionally, for the highest parts
of the mountains represented by Kasprowy Wierch, there are clear indications of increasing
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drought risk, so both TPZ 1 and TPZ 4 should be considered most endangered with the
increase of drought risk due to ongoing air temperature increase. In the Polish Carpathians,
agriculture is not the dominating sector, due to more unfavorable environmental conditions
than in the lowland part of the country. Much more important is tourism for which the
state of the natural environment, including forests, is one of the key factors. Analyses
of the indices describing the conditions for beech forest have shown that the zone of the
Carpathian foreland and foothills, together with basins located about 200–400 m a.s.l.,
is the part of the Polish Carpathians where conditions are already unfavorable and are
worsening most rapidly. According to [57], Carpathian ecosystems located in water-limited
environments of lowland to foothill areas can be particularly exposed to climate change, and
the Tatras are climate change hotspots. As the vertical climate-vegetation zones are shifting
due to constant warming, it can be expected that the deterioration of climatic conditions
for beech will appear at higher altitudes. Other studies show that in the Carpathian Basin,
beech has already reached its xeric limit on many sites [58]. Beech total yield production in
the Western Carpathians was recently found to be lower by −11% on average compared to
beech forests in Central Europe (Germany) [59]. The extraordinary drought and heat in
the summers of 2018 and 2019 have demonstrated the climatic vulnerability of European
beech in many parts of its Central European distribution range. At its southern and south-
eastern range edges, beech is most likely limited by summer drought and probably also
by heat [60]. In the high-mountain zone of the Carpathians, populations of cold-adapted
species are very vulnerable to climate change, while their habitats tend to shrink. The
climate-driven decrease of snow cover often leads to frost damage to vegetation that
provides gaps appropriate for the establishment of many rare species [61]. Most probably,
many species of conservation concern will irreversibly disappear from the regional flora
under the ongoing climate change [62]. The increase of drought risk in the highest parts
of the Polish Western Carpathians, shown in the present paper, is another factor that can
contribute to those negative processes. In Europe, a strong spatial pattern in the beech
growth responses to summer temperature and to drought was found; radial growth of
the species generally did not respond to summer drought in Central Europe (Germany,
Slovakia and Romania), but it became highly responsive in the Balkan Peninsula (Bosnia
and Herzegovina). However, beech shows a wide variety of growth patterns driven by
several factors, and beech growth has been declining over the last two decades [63]. The
results shown in the present paper suggest that the drought risk has been increasing during
the last 30 years in the Polish Western Carpathians, especially in the foothills zone, so we
can expect the beech forests growing there to be effects and even decline in the next decades.

It should be mentioned that the trends from observed data might, for two main
reasons, not be suitable for extrapolation into the future [64,65]. First, they could be related
to climate variability and not too persistent changes over time. Second, an investigated
trend depends on the observation period, so it could differ if the observation period
was extended.
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Appendix A

Formulas for calculation of the indices used
RPI:

RPI = (P/Pmean)*100%

where:
P—precipitation sum in a certain period (e.g., a month; in mm);
Pmean—mean multi-annual precipitation sum for the same period (e.g., a certain month; in
mm).

Selianinov index:
K = 10P/Σt,

where:
P—monthly precipitation sum
Σt—sum of mean daily air temperatures; the index is calculated only for the months when
mean daily air temperature exceeds 10 ◦C

EQ:
EQ = TW/P × 1000

where:
TW—temperature of the warmest month in a year
P—annual precipitation total

FAI:
FAI = 100 × (Jul-Aug)/(P(May-Jul) + P(Jul-Aug)

where:
T (Jul–Aug)—mean air temperature in July and August;
P (May–Jul)—precipitation total from May to July;
P (Jul–Aug)—precipitation total from July to August.

MT:
MT = (TMay + TJun + TJul + TAug)/4

where:
TMay, TJun etc.—mean monthly air temperature for May, June etc.

AI:
AI = P/(TA + 10)

where:
P—annual precipitation total
TA—mean annual air temperature
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Appendix B

Table A1. Values of test statistics S (upper value) and tau (middle/bottom value) of the Mann–Kendall test for the series of
mean annual air temperature, annual sums of precipitation, 1-, 3- and 6-monthly SPI, and annual values of AI, FAI, EQ and
MT. For mean annual air temperature, the bottom value presents Sen’s slope value (provided only if the p-value calculated
was lower than 0.05).

Station
Mean

Annual Air
Temper.

Annual
Total of
Precip.

SPI
1 Month

SPI
3 Months

SPI
6 Months AI FAI EQ MT

Kasprowy W.
199

0.457
0.056

−19
−0.044

−1865
−0.029

−2855
−0.045

−2731
−0.044 na na na na

Zakopane
201

0.462
0.059

69
0.159

1818
0.028

3862
0.061

4739
0.076

−15
−0.034

3
0.007

−7
−0.016

173
0.398
0.048

Krynica
205

0.471
0.055

81
0.186

1824
0.028

4197
0.066

5081
0.081

23
0.053

−9
−0.021

−33
−0.076

155
0.356
0.043

Komańcza
213

0.489
0.061

51
0.117

2183
0.034

4266
0.067

5088
0.081

−21
−0.048

−33
−0.076

−3
−0.007

195
0.448
0.045

Lesko
221

0.508
0.062

35
0.080

2632
0.041

3518
0.055

3382
0.054

−31
−0.071

−25
−0.057

9
0.021

175
0.402
0.048

Limanowa
221

0.508
0.067

37
0.085

1076
0.017

3335
0.052

4306
0.069

−13
−0.030

−21
−0.048

1
0.002

201
0.462
0.063

Nowy S.
187

0.429
0.059

−11
−0.025

−2015
−0.031

−1992
−0.031

−1925
−0.031

−45
−0.103

17
0.039

37
0.085

177
0.407
0.053

Bielsko B.
203

0.466
0.063

35
0.080

414
0.006

2524
0.040

3079
0.049

−1
−0.002

5
0.011

11
0.025

159
0.366
0.057

Łazy
185

0.425
0.057

33
0.076

878
0.014

3253
0.051

3255
0.052

−9
−0.021

−3
−0.007

−5
−0.011

162
0.375
0.041

Gaik B.
190

0.467
0.065

48
0.118

2227
0.037

4150
0.070

5110
0.087

6
0.015

−4
−0.010

−10
−0.025

196
0.483
0.063

Katowice
190

0.436
0.055

−13
−0.030

−1584
−0.025

−1408
−0.022

−3117
−0.050

−59
−0.136

−1
−0.002

29
0.067

143
0.329
0.042

Kraków
170

0.390
0.052

−5
−0.011

−1857
−0.029

−1972
−0.031

−2947
−0.047

−57
−0.131

1
0.002

35
0.080

143
0.329
0.039

Explanation: na: non-applicable.
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Appendix C

Table A2. Standard error for the mean annual air temperatures and precipitation totals shown in Figures 2 and 3.

Decade Kasprowy W. Zakopane Krynica Komańcza Lesko Limanowa Nowy S. Bielsko B. Łazy Gaik B. Katowice Kraków

Air temperature

1991–2000 0.186 0.253 0.213 0.234 0.256 0.259 0.295 0.310 0.267 0.308 0.276 0.283

2001–2010 0.188 0.180 0.141 0.181 0.165 0.214 0.194 0.199 0.205 0.204 0.189 0.189

2011–2020 0.165 0.160 0.175 0.197 0.186 0.189 0.180 0.188 0.175 0.196 0.193 0.210

Precipitation

1991–2000 89,065 44,822 25,336 26,587 31,309 40,597 30,344 50,045 28,757 47,517 37,713 33,755

2001–2010 112,533 67,436 43,544 36,754 42,832 77,618 53,026 66,311 65,414 78,120 35,040 48,688

2011–2020 83,909 47,339 36,619 36,037 27,844 43,163 32,619 46,110 35,948 42,072 34,658 20,368

Appendix D

Table A3. Values of test statistics S (upper value), tau (middle value) and Sen’s slope (bottom value)
of the Mann-Kendall test for those series of SPEI for which p-value calculated was <0.05.

Station 1-Month SPEI 3-Month SPEI 6-Month SPEI

Kasprowy W. na
−4498 −4639
−0.070 −0.074
−0.001 −0.001

Katowice
−4754 −6267 −8855
−0.074 −0.098 −0.141
−0.001 −0.002 −0.002

Nowy S.
−4861 −6567 −7649
−0.075 −0.103 −0.122
−0.001 −0.002 −0.002

Kraków
−4796 −6767 −9261
−0.074 −0.106 −0.147
−0.001 −0.002 −0.002

Explanation: na: non-applicable.

Appendix E

Table A4. Linear regressin equations and the values of R2 for the series of MT.

Station Equation R2

Zakopane y = 0.0443x + 13.376 0.2593
Krynica y = 0.0394x + 14.199 0.2718

Komańcza y = 0.045x + 14.604 0.3366
Lesko y = 0.0435x + 15.504 0.2792

Limanowa y = 0.0575x + 15.473 0.3495
Nowy Sącz y = 0.0447x + 16.504 0.2747

Bielsko-Biała Y = 0.0492x + 16.067 0.2572
Łazy y = 0.0377x + 16.655 0.2285

Gaik-Brzezowa y = 0.0603x + 16.408 0.4182
Katowice y = 0.0406 + 16.604 0.1912
Kraków y = 0.037x + 16.882 0.1868
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41. Gałęzewska, M.; Kapuściński, J. Próba określenia prawdopodobieństwa posuchy i suszy w Wielkopolsce na przykładzie Poznania
[An attempt of defining the probability of drought in Wielkopolska region with Poznań as an example]. Ann. Agric. Acad. Poznań
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