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Abstract: Mountains are one of the most sensitive regions in terms of climate changes. This also
concerns water balance, which plays an important role, especially in the context of the ecological
state. Furthermore, numerous studies indicate the atmospheric circulation as one of the crucial
factors affecting climate conditions. Therefore, the goal of the paper is to examine the impact of the
atmospheric circulation on the changes in climate water balance (CWB) in the Sudetes Mountains
and their foreland. The analysis was carried out based on the 1981-2020 data derived from the Polish
and Czech meteorological stations. The impact of the circulation factor was examined using the
Litynski classification, while the calculation of evapotranspiration based on the Penman-Monteith
equation. The results showed that despite positive trends for evapotranspiration, the changes in
CWB in 1981-2020 were generally statistically insignificant. The only exception was the increase in
CWB under the eastern circulation and its negative tendency for the western and southern sectors for
some of the stations. This corresponds to the changes in the frequency of the circulation types. The
results of the study can be used in further research on water balance in the region.

Keywords: climate change; climate water balance; precipitations; evapotranspiration; Sudetes Mountains;
atmospheric circulation

1. Introduction

Water resources are one of the most crucial problems related to the current economic
and social conditions. Increasing water demands along with the progressing climate
changes contribute to diminishing water amounts for both social and economic purposes,
especially for agriculture and industry [1-3]. Considering the climate influence, the most
important factors are changes in precipitations and evapotranspiration. Water resources
can be limited by a potential decrease in precipitation totals and their frequency, as well as
the rising occurrence of heat stress conditions, which intensify evaporation. Thus, one of
the most important indices that presents the impact of these two factors is climate water
balance (CWB), defined as the difference between precipitation totals and water losses
in the process of evapotranspiration. Research carried out for Europe indicated that the
central regions of the continent are less vulnerable to changes in precipitation conditions
if compared to the areas located in the north or south [4-7]. Nevertheless, in some cases,
negative trends for the warm half-year and the positive ones for the cold period can be
found in Central Europe [8-10].

Because of relatively low precipitation totals and higher values of air temperature,
the regions representing lowlands are vulnerable to water limitations. This concerns
especially the warm half-year when dry conditions and high evapotranspiration rates
often contribute to the excessive water loss from soil. Annually, on a global scale, more
than 60% of rainwater evaporates from the ground or transpires from vegetation [11].
Mountain regions, characterized by higher precipitation and lower air temperature, are
less vulnerable to water deficit. However, the increasing water demands resulting from the

Water 2023, 15, 795. https:/ /doi.org/10.3390/w15040795 https://www.mdpi.com/journal /water


https://doi.org/10.3390/w15040795
https://doi.org/10.3390/w15040795
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0003-0030-7267
https://doi.org/10.3390/w15040795
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15040795?type=check_update&version=2

Water 2023, 15, 795

2 of 24

development of tourism, hydropower plants, and progressing climate changes (especially
in thermal conditions) make these areas vulnerable to risks related to water balance. The
Sudetes Mountains and their foreland are the example of a region where appropriate water
management plays an important role in the transborder cooperation between Poland and
Czechia. Considering the significant geographic variability of the region (resulting in
the differentiation of CWB), the examination of the impact of climate change on CWB
could provide important information on water-related issues in this area and consequently
improve local water management.

Regarding precipitation totals, research on this variable in Poland and Czechia showed
that multiannual trends were usually statistically insignificant [12-23]. Some of the studies
indicated a slightly decreasing tendency in south Poland for both annual [15-17] and sum-
mer precipitations [24]. It should also be emphasized that negative, statistically significant
trends were found for the spring-summer period for some of the stations representing
Southwest Poland, including the summit zones of the Sudetes Mountains [17,18]. In
Czechia, positive trends dominated in 1982-2010 in all seasons except for winter, reaching
the rate of 4-12% per decade [25]. In the previous studies (1961-2012), such a tendency was
found for winter and summer, while a decrease was noticed for spring [26]. A seasonal vari-
ability was also observed for the neighboring German region (Saxony), where winter and
summer seasons were characterized by positive and negative trends, respectively [27,28].
The research carried out in the transborder Polish-Saxon region indicated positive trends
for the warm half-year in the lower hypsometric zones and the negative ones in the highest
parts of the mountains [29-31]. In the case of the annual frequency of precipitations, statis-
tically significant and positive trends were noticed for Southwest Poland, including most
of the Sudetes Mountains [16]. The directions of trends for 1961-2019 in Czechia were not
homogenous and were characterized by a negative tendency in the April-June period and
a positive one from July to September [21].

In the last decades, changes in the variables affecting evaporation have also been
observed. In Czechia, the rising tendency for sunshine duration and air temperature
corresponded to the decrease in relative air humidity and wind speed [22,23]. Similar results
were carried out for Poland [32,33], where a significant increase in sunshine duration was
observed, noticeably in spring and summer [32]. This contributed to the growth in potential
evapotranspiration in the April-October period, especially in the southwestern regions,
where the rate of changes exceeded 8 mm per decade [32]. In Northwest Poland, the increase
in the warm half-year varied at 12-27 mm per decade [33], while the analysis of annual
values for Czechia showed that potential evapotranspiration in 1961-2007 rose at the rate
of 7-11 mm per decade [34]. The Czech and Polish studies concerning evapotranspiration
also emphasized the significant role of land use [35,36], which indicated a strong increase in
evapotranspiration in the warm half-year months [37,38], and examined various methods
of evapotranspiration estimation for the Czech and Polish conditions [39-41].

According to the research on CWB in Europe, its projections are characterized by a
significant spatial and seasonal variability. The analysis indicates that the most significant
decrease in the future can be observed in the warm season, especially in the mountain
regions, where CBW can be reduced by 60-90% [42]. In Czechia and South Poland, the
values of CWB can significantly decrease in the warm half-year of the following decades by
about 5-30%. The most dynamic decline is projected for the Eastern Sudetes where CWB
can drop by more than 30% [42]. This shows that mountain regions, including the Sudetes
Mountains, are sensitive to CWB changes and require detailed research in these terms.
In the Polish lowlands, the values of CBW in the warm half-year of 1971-2015 decreased
by more than 5 mm per decade [43]. Furthermore, the papers devoted to this problem
considered its future projections [44], extreme values [45], spatial distribution, and region-
alization [46-48]. They also presented the impact of the precipitation/evapotranspiration
ratio on agriculture and drought occurrence [35,49,50]. In the case of mountains, including
the Slovak and German (Saxon) regions, the analysis focused on the evaluation of the
dependence of CWB on altitude [51-53], assessment of CWB for the growing season in the
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Carpathians [54], temporal variability of CWB in the Opawskie Mountains [55], and the
methods of determining CWB in the mountain areas [52,56].

The relationship between the atmospheric circulation and selected meteorological
variables in the discussed region was usually examined for thermal and precipitation
conditions [22,57-76]. Special attention was also paid to the problem of the impact of the
circulation factor on sunshine duration [22,73,74], humidity and wind speed [22], evap-
oration [77], droughts [75,78,79], and floods [80]. In the Sudetes Mountains and their
surroundings, the studies mainly focused on the influence of circulation conditions on heat
stress, air temperature, precipitation totals, cloudiness, pollen concentrations, and agricul-
ture [31,81-85]. On the other hand, very few elaborations assessed the relationship between
the atmospheric circulation and CWB. In the discussed region, the analysis focused on the
changes in extreme CWB values depending on the circulation issues, especially the NAO
(North Atlantic Oscillation) index [45]. The progressing changes in this circulation index
reflect in a higher zonal flow regime [86,87]. This can contribute to a significant growth
in the frequency of anticyclonic circulation and, consequently, an increase in drought oc-
currence in Western and Central Europe. Furthermore, such changes also cause a decline
in the frequency of the Scandinavian blocking system [87]. In Central Europe, changes in
the anticyclonic type occurrence can be observed for various seasons and their magnitude
depends on applied circulation classification [22,57,88]. In 1871-2010, the annual number
of days with some of the anticyclonic weather types over East-Central Europe was charac-
terized by a statistically significant increase [89]. The research carried out for the Czech
Republic, based on two different circulation classifications, indicated a positive tendency
for the frequency of the anticyclonic weather in winter, spring, and summer, as well as the
opposite trends of the westerlies for the autumn-winter and spring—summer periods [71].
On the other hand, negative trends were found for the number of days with the cyclonic
weather for 1961-2020, especially in spring and summer, whereas the frequency of direc-
tional circulation types was characterized by relatively stable conditions [22]. In the case of
Poland, the analysis carried out by Niedzwiedz and Ustrnul [90] showed a slightly positive
trend for the westerlies (on an annual scale), along with its weakening in the last ten years
of 1951-2018, especially in the summertime. In this season, a positive trend was also found
for the southern circulation [90]. A potential increase in the frequency of anticyclonic types
and the negative tendency for the cyclonic weather are crucial in the context of droughts,
as this phenomenon mainly occurs under the anticyclonic conditions [75]. One of the
possibilities presenting the influence of atmospheric circulation on meteorological variables
in the Polish conditions is the Litynski classification [91] and its modifications [92-95].
The classification defines various types of circulation, based on the zonal, meridional, and
cyclonality indices. This method was used in the analysis focused on the evaluation of
thermal conditions [96,97], precipitations [98], bioclimate [99], and cloudiness [100].

The most crucial aspects of the considered problem are significant changes in the
evapotranspiration-related variables, sensitivity of the mountain regions to CWB changes,
and a low number of analyses focused on the relationship between the atmospheric circu-
lation and CWB. Therefore, the main goal of this paper was to examine the impact of the
atmospheric circulation on the multiannual changes in CWB in the Polish and Czech part
of the Sudetes Mountains and their foreland. As most of the water balance problems are
usually observed in the summer months, the analyses were carried out for the hydrological
warm half-year (May—October) of 1981-2020. The importance of such research is also
emphasized because of a significant impact of the circulation conditions on precipitations
in the morphologically varied regions [101].

2. Materials and Methods

The evaluation of CWB was carried out for the Sudetes Mountains, which are located
in Central Europe and follow a border between Poland and Czechia (Figure 1). The analysis
concerned the mountain areas and their foreland, also including the adjacent lowlands.
The considered region is characterized by a significant geographic variability, especially in
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terms of altitude, which varies from about 100 m a.s.l. in the north (Silesian Lowlands) to
1603 m a.s.. (Sniezka) in the summits of the Giant Mountains in the western part of the
region. In the higher hypsometric zones, the Karkonosze National Park is located, which
favors the predominance of forests areas. On the other hand, a major part of the mountain
foreland and the adjacent lowlands are used for agriculture purposes and are characterized
by a relatively high density of urban areas. Such a variability, especially in terms of altitude,
contributes to the significant differentiation in climate conditions. This also reflects in the
values of such indices as precipitation totals, evapotranspiration, and CWB.
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Figure 1. Location of the meteorological stations in the Sudetes Mountains and their foreland.

For the purposes of the analysis, meteorological data from both Polish and Czech
parts of the region were used, including the records from five Polish and eight Czech
meteorological stations, which represented various hypsometric zones (Table 1). The series
considered daily values of precipitation totals and the variables used for the calculation
of evapotranspiration: daily mean, maximum and minimum air temperature, relative
humidity, wind speed, and sunshine duration. The records concerned the hydrological
warm half-year (May-October) of 1981-2020 and they were examined from the perspective
of their homogeneity using the Standard Normal Homogeneity Test (SNHT) [102,103].
Additionally, the correlation coefficient was calculated for the data series between the con-
sidered stations and the Polish and Czech stations located in the neighboring area—Zielona
Goéra (192 m a.s.l.) and Doksany (158 m a.s.l.). In all cases, a strong relationship was found,
characterized by a high level of statistical significance.

Based on the daily data of air temperature, relative humidity, wind speed, and sun-
shine duration, the evaluation of evapotranspiration was carried out using the ETo calcu-
lator [104]. This tool was developed by the FAO (Food and Agriculture Organization of
the United Nations) and considers the Penman—-Monteith equation in the process of the
calculation. The method was selected by the FAO because it considered both physiologi-
cal and aerodynamic parameters and a close approximation of grass evapotranspiration
in a given area [105]. The detailed description of this method can be found in the FAO
sources [104,105]. Using the ETo calculator, evapotranspiration rates were calculated for
each day of the considered period. It should be emphasized that according to the applied
method, the calculation of evapotranspiration concerned the values characteristic for grassy
areas. Therefore, the calculated rates could be, to a certain extent, different from the actual
values for such terrains as forests or agriculture lands. Thus, the results of the calculations
should be analyzed more in terms of their approximate changes under universal land use
conditions than in the context of information on the actual distribution in the region.
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Table 1. Polish and Czech meteorological stations in the Sudetes Mountains and their foreland.

Station Abbreviation Location Altitude [m]
Wroctaw WR Poland 120
Legnica LE Poland 122
Hradec Kralové HK Czechia 278
Jelenia Gora ]G Poland 342
Klodzko KL Poland 356
Hejnice HE Czechia 396
Liberec LB Czechia 398
Usti nad Orlici us Czechia 402
Luka LU Czechia 510
Svétla Hora SH Czechia 593
Cervend CE Czechia 748
Desna-Sous DS Czechia 772
Sniezka SN Poland 1603

Subsequently, the values of CWB were assessed based on the differences between
precipitation totals (RR) and evapotranspiration (Ep). The results of calculations for the
particular warm half-year periods of 1981-2020 were the base for the evaluation of multian-
nual changes in RR, Ep, and CWB in the region. The trends of the considered indices were
examined in terms of their statistical significance at the level of 0.05. In this case, the linear
regression analysis was applied, additionally verified using the Mann-Kendall test.

The analysis of the circulation conditions concerned the frequency and multiannual
changes of the particular types of circulation in the warm half-year of 1981-2020. Further-
more, the course of RR, Ep, and CWB was examined for the selected types of circulation,
which consequently enabled the evaluation of the dependence of CWB-related problems
on the circulation factor. Circulation conditions and their influence of CWB were evaluated
based on the Lityniski classification [91] and its modification [92]. This classification has
often been used by the Polish weather service and in scientific research and has been
considered in 15% of the Polish studies related to circulation issues [106,107]. This objective
method considers zonal and meridional indices, which are calculated based on geostrophic
wind velocity within 40-65° N and 0-35° E. According to the initial principles [91], the
zonal and meridional indices are calculated using the following formulas:

Ws = 6.1 (P — Pg5)/25 W, = 10.0 (P35 — Pg)/35

where:

Ws—zonal index.

Wp—meridional index.

P49, Pgs—mean air pressure at the parallels of 40° N and 65° N, calculated with a 5° step
for the 0-35° E zone.

P35, Pp—mean air pressure at the meridians of 0° and 35° E, calculated with a 5° step for
the 40-65° N zone.

The positive Wy indicates the western circulation, while the negative one refers to the
eastern sector. In the case of W), the positive values are related to the southern circulation,
whereas the negative rates indicate the northern direction [91]. Based on the analysis on
advections, eight main circulation sectors are defined (N, NE, E, SE, S, SW, NW), along with
the indetermined class (0) for non-advection conditions. Considering the basic methods
of this classification, the cyclonality index can be also specified, based on air pressure in
Warsaw (Poland), which is reduced to the sea level and decreased by 1000 hPa. This enables
the classification of given weather conditions to three classes of cyclonality: anticyclonic
(a), cyclonic (c), and transitional (0). While developing the calendar of circulation types,
the classes of cyclonality are assigned to each of the eight main advection sectors and to
the indetermined class. As a result, 27 circulation types are selected in total, which are
classified in the following groups: northern (N,, N¢, Ny), northeastern (NE,, NE., NE,),
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eastern (E,, E., E,), southeastern (SE,, SE., SE,); southern (S,, S¢, So), southwestern (SW,,,
SW., SW,), western (W,, W, W,), northwestern (NW,, NW., NW,,), and indetermined (0,,
0c, 0o).

Current analysis on the Lityriski classification is based on the NCEP/NCAR reanalysis
of sea level pressure for 12:00 UTC [108]. For the purposes of this study, the calendar of
daily circulation types according to the Litynski classification was used [109]. This bases
on the modification carried out by Pianko [92], which defines the central point as the grid
which is closest to Warsaw (52.5° N, 20.0° E) and assumes a change in the thresholds
related to the circulation index classes. In this case, the thresholds are assessed based on the
calculations of mean values and standard deviations for each month. They separate three
classes (positive, indifferent and negative) and are calculated using the following formulas:
t; = X — 0.4330 (lower threshold) and t, = X + 0.430 (upper threshold), where X refers to
the arithmetic mean value, while o indicates standard deviation [92,95]. The calculated
rates are assigned to the middle day of each month and are followed by the interpolation
for the remaining days.

The Lityniski classification is one of the most important methods used in the Polish
studies [95] and was often considered in the analysis on circulation conditions on both
national and regional/local scale. Although the spatial range of the analysis concerns almost
all of Europe, the central point used for the evaluation of cyclonality is located in Poland.
Thus, the classification can be used for the circulation analysis for Poland and the adjacent
areas, including the Polish-Czech Sudetes Mountains and their foreland. Considering a
high importance of this method in the Polish studies, the Lityriski classification was chosen
for the analysis regarding the discussed region. Consequently, the results of the research
can be compared with other outcomes carried out using this classification and be a basis
for further analysis on the circulation conditions for Southwest Poland and North Czechia.

3. Results
3.1. RR, Ep, and CWB in the Warm Half-Year of 1981-2020

In 1981-2020, mean RR for the hydrologic warm half-year varied from 354 to 642 mm.
The lowest values were observed in the Silesian Lowlands, represented by the stations
of Wroclaw and Legnica (Figure 2). Relatively low RR were also noticed for Hradec
Kralové, while the stations located in the mountains were characterized by more intensive
precipitation. In this case, the factors of altitude and geographic location were the most
crucial in shaping the spatial distribution of RR. Besides the upper zones, significant RR
were also noticed at the stations located lower down in the western part of the region. This
situation was particularly observed in the Izera Mountains (the Western Sudetes), which
are the first orographic barrier in the west for piling up humid air masses. As a result,
exceptionally high totals occur in this region. Such conditions are even observed at the
lower altitudes, where the presence of shallow and relatively small valleys contributes to
the minimization of the rain shadow effect [110]. Therefore, RR in the Izera Mountains
can be even higher than in the summits of the neighboring Giant Mountains [31,110].
This concerns especially the station of Hejnice, where the mean RR for the warm half-
year of 1981-2020 reached 594 mm, significantly exceeding the rates for the other stations
located at the similar altitude. In the case of the remaining stations of the Western Sudetes
(Jelenia Gora, Liberec, and Desna-Sous), RR were higher if compared to the eastern region—
Ktodzko, Usti nad Orlici, Luka, or Svétla Hora. On the other hand, relatively low RR
in the summits of the Giant Mountains (Sniezka) are the effect of the wind factor, which
contributes to the underestimation of precipitation totals in this zone [17,111]. According
to Kwiatkowski [111], wind conditions in the summits can decrease annual totals by 30%,
with lower differences observed for the warm half-year.

The values of Ep were determined b” air temperature (and consequently humidity),
wind speed, and sunshine duration, changing with the increasing altitude (Table 2). In the
May-October period, they varied from 551-575 mm in the regions located lower down
to 307 mm in the summits. In Liberec, Usti nad Orlici, and Luka, Ep was relatively high
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because of stronger wind if compared to Hejnice, Jelenia Géra, or Klodzko. In Luka, the
additional factor affecting Ep was higher sunshine duration, which contributed to the
increase in Ep to 570 mm. The summits were characterized by the lowest rate, due to
different thermal, humidity, wind, and cloudiness conditions, in the comparison to the
lower hypsometric zones.
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Figure 2. Mean values of evapotranspiration (Ep), precipitation totals (RR), and climate water
balance (CWB) in the warm half-year (May—October) of 1981-2020 in the Sudetes Mountains and
their foreland.

Table 2. Mean values of maximum (Tmax), average (T), and minimum (Ty;,) air temperature; relative
humidity (U); wind speed (v); and sunshine duration (SD) in the warm half-year of 1981-2020 in the
Sudetes Mountains and their foreland.

Station Tmax T Tmin U v SD
WR 21.2 15.6 10.2 74 2.8 1244
LE 21.1 15.5 10.1 75 3.1 1204
HK 21.5 15.8 10.5 71 2.6 1217
JG 19.8 13.8 79 78 2.0 1131
KL 19.6 14.0 8.8 78 2.2 1166
HE 19.9 14.3 9.6 75 2.1 1043
LB 19.5 14.0 9.1 74 2.7 1080
Us 20.2 14.5 9.1 74 29 1170
LU 19.3 14.4 10.1 72 3.9 1208
SH 18.7 12.7 6.7 83 1.9 1087
CE 17.2 12.8 9.2 76 35 1164
DS 16.6 11.6 74 81 2.6 1052
SN 9.2 6.4 42 88 10.3 923

Such a distribution of RR and Ep reflected in the variability of CWB. In the lowlands,
the deficit of CWB amounted to 200 mm, while the positive balance was noticed for
the stations located at the highest altitude (Desna-Sous and Sniezka), where the surplus
exceeded 200-250 mm. The values of CWB reaching almost 100 mm were also observed in
Hejnice, where they were contributed by very high RR. It should also be emphasized that
the stations located in the lower mountain zones in the west (Jelenia Gora, Liberec) were
characterized by a minor CWB deficit if compared to the eastern areas (Ktodzko, Usti nad
Orlici, Luka), mainly due to the significantly higher RR.

In the multiannual period of 1981-2020, the minimum values of CWB for the entire
warm half-year were usually noticed during the most intensive droughts in 2015 and
2018. This concerns especially the episode of 2018 when extreme drought conditions were
observed in Southwest Poland. As indicated in Table 3, the deficit of water could exceed
400 mm, mainly in the lower part of the region. Regarding the maximum values of CWB in
the lower hypsometric zones, most of them were observed in either 2010 or 2020. In the
case of the highest parts, the maximum was noticed in 1981 when the surplus exceeded
550-600 mm.
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Table 3. Maximum and minimum values of CWB in the warm half-year of 1981-2020 in the Sudetes
Mountains and their foreland.

Station Max Year Min Year
WR 31.5 2020 —417.6 2015
LE 50.1 2001 —421.2 2018
HK 39.7 1987 —485.9 2018
]G 263.2 1997 —308.1 2018
KL 171.7 2020 —358.8 2015
HE 592.0 2010 —290.7 2018
LB 425.2 2010 —386.7 2018
Us 291.0 2020 —346.4 2018
LU 39.8 2010 —411.8 2018
SH 153.6 2020 —254.2 2015
CE 189.4 1997 —260.9 1992
DS 602.8 1981 —115.3 2018
SN 555.8 1981 —-29.0 2003

3.2. Multiannual Changes of RR, Ep, and CWB

Regarding multiannual changes of the selected indices, the course of RR did not show
any statistically significant tendency (Table 4). In the regions located lower down, the trends
were usually positive, reaching the largest values in the mountain basins (Jelenia Gora,
Ktodzko). On the other hand, the negative tendency was predominant in the highest zones,
where the most intensive changes were observed in Svétla Hora. A different tendency was
observed for the index of Ep. In this case, statistically significant trends were noticed for
most of the stations, except for Desna-Sous. Most of the region, especially the areas located
lower down, was characterized by an exceptional increase, exceeding 22-23 mm per decade.
In Wroctaw, the rate of changes was the highest and reached as much as 28 mm per decade.

Table 4. Changes (mm per decade) in precipitation totals (RR), evapotranspiration (Ep), and climate
water balance (CWB) in the warm half year of 1981-2020 in the Sudetes Mountains and their foreland
(statistically significant trends marked in bold).

Station RR Ep CWB
WR 12.9 27.7 —14.8
LE 11.9 22.6 —-10.7
HK —-3.1 19.9 —23.0
1G 18.8 23.8 —5.0

KL 18.4 17.1 14
HE 14.5 8.9 5.6
LB 12.3 18.3 —6.1
Us 16.9 12.1 4.8
LU 4.1 23.6 —19.5
SH —5.8 8.3 —14.0
CE 5.8 16.6 —10.8
DS —-0.3 —-0.1 —0.2
SN -0.1 18.3 —18.4

Such trends of Ep were mainly caused by noticeable changes in air temperature
(which also resulted in the modification of humidity conditions) and sunshine duration
(Figure 3, Table 5). In the case of thermal conditions, strong, statistically significant,
and positive trends were found for the entire region for all the considered indices. The
most intensive changes were noticed for the maximum air temperature, which rose at the
rate of 0.35-0.55 °C per decade. In terms of mean air temperature, the growth varied at
0.17-0.54 °C per decade, while the increase in minimum values differed from 0.14 °C per
decade in Liberec to 0.58 °C per decade in Cervena. The increase in air temperature also
resulted in the negative, statistically significant trends of relative humidity for the majority
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of the stations. Most of the region was also characterized by a relevant growth in sunshine
duration, reaching as much as 107 h per decade (Jelenia Gora) (Table 5).

Air temperature [°C]

L e T » T s =) B e O .0 T ™ o N e = 2 B e S o 2 T ™ » T e = §
P 0 0 0 0 O D D DO O 9O O O
A O O O O 6O 6O 60 60 O O ©O O O O
o o H H H " H H H e N NN NN

——\Wroctaw =——Hejnice ===Desna-Sou§ =—=Sniezka

2011
2013
2015
2017
2019

Figure 3. Changes in mean air temperature in the warm half-year of 19812020 at the selected stations
of the Sudetes Mountains and their foreland.

Table 5. Changes in mean relative humidity (U) and sunshine duration (SD) in the warm half-year
of 1981-2020 in the Sudetes Mountains and their foreland (statistically significant trends marked
in bold).

Station v SD
[% per Decade] [Hours per Decade]

WR —1.3 84.1
LE —1.2 83.6
HK —0.8 43.2
]G —04 107.5
KL —0.7 40.1
HE —1.0 29.8
LB —1.7 42.1
us -0.3 31.8
LU -1.0 22.3
SH —21 2.5
CE —04 49
DS —0.1 —20.0
SN —0.9 52.2

The trends for both RR and Ep contributed to the changes in CWB. In the May—October
period, a vast majority of the stations were characterized by the negative tendency, with
the most intensive changes noticed in Hradec Kréalové (23 mm per decade), Luka (almost
20 mm per decade), and Sniezka (more than 18 mm per decade) (Table 4). On the other
hand, the trends for three stations representing the medium altitudes (Ktodzko, Hejnice,
Usti nd Orlici) were positive and varied at 1.4-5.5 mm per decade. Nevertheless, neither
of the trends was statistically significant (Table 4). This shows that despite a noticeable
increase in Ep, the changes in CWB cannot be precisely defined because of the irrelevant
tendency of RR. Considering the insignificant trends of CWB, the changes did not indicate
any dependence of CWB on altitude or location of the selected stations, except for the
positive tendency for the medium altitudes (Ktodzko, Hejnice, Usti nd Orlici).

3.3. RR, Ep, CWB, and Circulation Conditions

In terms of the atmospheric circulation in the May—October period, the anticyclonic
types were the most frequent [109]. According to the calendar of circulation types, they
occurred on 43% of days, while the frequency of cyclonic and transitional circulation
amounted to 31% and 26% respectively. Regarding the anticyclonic circulation, the highest
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frequency was observed for the northern (N, NE, NW) and eastern (E, NE, SE) classes,
whereas the western (W, NW, SW) and northern sectors were predominant under the
cyclonic and transitional conditions (Figure 4). The types of Na and Nwa were the most
frequent anticyclonic classes, while the SWc prevailed in terms of the cyclonic weather. The
lowest frequency was observed for the types of SE and E [109].

15%
14
Nw T0% NE Sn
g 10
5% S g
o
L6
w 0% E w
1
: II
0
sw o N, NE,NW S, SE,SW W, NW,SW E, NE, SE
. 0:10.1% maMmcro

Figure 4. Frequency of particular circulation sectors and classes (a—anticyclonic, c—cyclonic,
o—transitional) in the warm half-year of 1981-2020 in the Sudetes Mountains and their foreland;
according to the calendar of circulation conditions [109].

In 1981-2020, changes in the frequency of circulation conditions were in most cases
statistically insignificant [109]. In terms of the vorticity types, the negative tendency was
noticed for the anticyclonic weather, while the number of days with the cyclonic and
transitional types increased (Table 6). Regarding the particular sectors, the only statistically
significant trend was noticed for the frequency of the eastern types, which rose at the rate
of 4 days per decade. Such a tendency was mainly caused by a significant increase in the
eastern-transitional circulation, which reached the intensity of 1 day per 6 years (Table 7).
A similar rate was also observed for the trend related to the eastern-cyclonic types, which
indicated statistical significance at the level of 0.1. The changes in the northern, southern,
western, and indetermined circulation were characterized by the negative tendency, without
statistical significance [109].

Table 6. Changes in the frequency of circulation conditions in the warm half-year of 1981-2020 in the
Sudetes Mountains and their foreland (statistically significant trends marked in bold); according to
the calendar of circulation conditions [109].

N-Types S-Tvpes W-Types E-Tvpes
Change Anticyclonic Cyclonic Transitional (N, NE, YP (W, NW, yp 0-Type
(S, SE, SW) (E, NE, SE)
NW) SW)
(days/
—1.30 0.47 0.83 —0.34 —0.73 —0.75 4.02 —0.36
decade)

Table 7. Changes (days per decade) in the frequency of circulation types for the anticyclonic, cyclonic,
and transitional conditions in the warm half-year of 1981-2020 in the Sudetes Mountains and their
foreland (statistically significant trends marked in bold); according to the calendar of circulation
conditions [109].

Vorticity N-Types S-Types W-Types E-Types 0-Tvpe
Types (N,NE,NW) (S,SE,SW) (W,NW,SW) (E, NE, SE) M
Anticyclonic —1.52 0.20 —0.60 0.72 —0.25
Cyclonic 1.44 —0.81 0.02 1.54 —-0.23

Transitional —0.25 —0.11 —0.17 1.76 0.12
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Circulation conditions had a significant impact on both RR and Ep in the discussed
region. In 1981-2020, most of precipitations were measured during the cyclonic weather
(Figure 5). The mean percentage of RR for this type of circulation reached as much as 56%
and ranged from 53% in the eastern part of the region (Klodzko, Luka, Svétla Hora) to
more than 61% in the west (Desna-Sous). The highest RR were noticed for the stations
representing various hypsometric zones of the Western Sudetes. In Desna-Sous, Sniezka,
Hejnice, and Liberec, the totals varied at 280-394 mm. On the other hand, minimum rates
were observed for the lower zones—in Wroctaw, Legnica, and Hradec Kralové (just above
200 mm). It should be noted that relatively low RR also occurred at the stations located in
the east (Ktodzko, Luka, Svétla Hora). Such conditions result from the minor vulnerability
of the eastern areas to the advections of humid air masses from the west and consequently
contribute to the decrease in RR in the Eastern Sudetes and the neighboring regions. In
the case of the anticyclonic circulation, the highest fraction of RR (22%) was observed
in Ktodzko and Svétla Hora, while the mean percentage for the entire region exceeded
19%. RR differed from 6667 mm in the lowlands (Wroctaw and Legnica) to 103 mm in
Desné-Sous and 116 mm on Sniezka. The fraction for the transitional circulation at the
selected stations varied at 23-26%, whereas RR reached below 90 mm in the lowest zones
and 141-145 mm in Hejnice and the highest parts of the mountains.

RR [mm] RR [%]
500
400

300

S

WR LE HK JG KL HE LB US LU SH CE DS SN

Ha lc o ma Ec o

Figure 5. Mean precipitation totals (RR) in the warm half-year (May-October) of 1981-2020 at the
selected meteorological stations (left) and the mean fraction of precipitation totals (right) under
the anticyclonic (a), cyclonic (c), and transitional (o) conditions in the Sudetes Mountains and
their foreland.

Unlike RR, the highest rates of Ep were observed for the anticyclonic circulation
(Figure 6). Nearly half of the total Ep was noticed for this type of weather, while the
percentage for the cyclonic and transitional circulation amounted to 26% each. The highest
Ep under the anticyclonic conditions was noticed at the stations located lower down and
in Liberec, Usti nd Orlici, and Luka, where they amounted to 257-277 mm. In the higher
zones, the values were noticeably lower, reaching 210-242 mm in Svétla Hora, Cervena,
and Desna-Sous and 165 mm on Sniezka. Relatively low Ep rates were also noticed in the
mountain valleys (Jelenia Gora, Klodzko).

The distribution of RR and Ep resulted in the significant variability of CWB in terms
of its dependence on the atmospheric circulation. All the considered stations were charac-
terized by the negative values of CWB under the anticyclonic conditions and the positive
rates for the cyclonic circulation (Figure 7). The highest deficit for the anticyclonic weather
were observed in the lowest zones, as well as in Liberec, Usti nd Orlici, and Luka, where
the high Ep was the crucial factor. In this case, the shortage of water exceeded 190-200 mm
in the lowlands and reached 168-188 mm in Liberec, Usti nd Orlici, and Luka. Regarding
the cyclonic circulation, the highest surplus was observed in the highest zones (Desné-Sous
and éniezka) and in the western region (Hejnice, Liberec). In the lowlands, CWB reached
50-52 mm. The values of CWB for the transitional circulation indicated either positive or
negative balance. The surplus was noticed for Hejnice, Desna-Sous, and Sniezka, reaching
13 mm, 34 mm, and 64 mm respectively. The remaining stations were characterized by a
deficit ranging from 7 mm in Svétla Hora to 61 mm in Hradec Kralové.
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Figure 6. Mean potential evapotranspiration (Ep) in the warm half-year (May—October) of 1981-2020
at the selected meteorological stations (left) and the mean fraction of potential evapotranspiration
(right) under the anticyclonic (a), cyclonic (c), and transitional (o) conditions in the Sudetes Mountains
and their foreland.
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Figure 7. Mean values of climate water balance (CWB) in the warm half-year (May—October) of
1981-2020 under anticyclonic (a), cyclonic (c), and transitional (o) conditions at the selected meteoro-
logical stations in the Sudetes Mountains and their foreland.

Considering the values of CWB for various circulation sectors, they were mostly
negative (Table 8). Two stations located at the highest altitude, Desna-Sous and Sniezka,
were the only sites where the positive CWB was noticed for all the circulation types. On the
other hand, three stations representing the lowest parts (Wroctaw, Legnica, Hradec Kralové)
and two stations located in the eastern areas (Usti nad Orlici, Luka) were characterized
by the negative balance for each of the circulation sectors. In the Western Sudetes, the
lowest deficit (or the highest surplus) was observed for the northern circulation (N, NE,
NW). Such a situation took place in Jelenia Gora, Hejnice, Liberec, Desna-Sous, and Sniezka.
In the lowlands and at the stations of Usti nad Orlici and Luka, the maximum CWB was
noticed for the indetermined type of circulation (0-type). Taking into account all the types,
the highest mean values of CWB for all the considered stations were observed for the
northern (N, NE, NW) and eastern (E, NE, SE) circulation (more than 5 mm), while the
southern (S, SE, SW) and western (W, NW, SW) types were characterized by the lowest
CWB, reaching as low as —30 mm. One of the most characteristic features was the high
CWB for the E-types in Hejnice. This mainly resulted from the extreme precipitation event
that occurred on 7 August 2010 in the Izera Mountains, causing disastrous floods and
numerous damages [112]. That day, RR in Hejnice reached 179 mm, which was the highest
daily rate for all the considered stations in 1981-2020. This episode occurred during the
SEc circulation. Taking into account a relatively low frequency of the E-types, such high RR
values, that contributed to the exceptionally high CWB in Hejnice, if compared to the other
stations located at the similar altitude.
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Table 8. The values of CWB (mm) under particular types of atmospheric circulation in the warm
half-year (May—-October) of 1981-2020 in the Sudetes Mountains and their foreland.

. N-Types S-Types W-Types E-Types

Station  (\'NE'NW) (S, SB.SW)  (W,NW,SW)  (E, NE SB) 0-Type
WR —57.0 —81.2 —86.6 -38.7 222
LE —58.8 ~76.8 —96.1 —354 —21.7
HK —67.7 —67.6 ~76.2 ~53.3 —245
IG 20.6 ~33.8 413 12.7 0.0
KL -16.7 —43.0 ~57.3 4.0 ~13.0
HE 81.4 —5.7 9.2 51.6 122
LB 0.6 —28.9 274 —5.0 ~8.6
Us —25.9 —40.8 —43.9 —-19.9 —10.0
LU —58.8 —64.8 —77.9 ~25.8 -19.0
SH —6.1 -13.1 223 16.1 -8.8
CE 46 —27.0 —243 18.1 ~11.8
DS 125.6 421 92.9 422 16.5
$N 130.0 57.7 65.9 105.9 21.9

3.4. Changes in RR, Ep, and CWB Depending on the Circulation Conditions

Changes in RR, Ep, and CWB under particular circulation conditions were in most
cases characterized by statistically insignificant trends. Nevertheless, the analysis for
some stations indicated noticeable tendencies, especially for Ep. Regarding RR in relation
to the vorticity types (a, ¢, 0), neither of the stations was characterized by statistically
significant changes (Table 9). The only exception was Usti nad Orlici, where the trend
for the anticyclonic circulation indicated statistical significance at the level of 0.1 and
reached the intensity of more than 6 mm per decade. More dynamic changes were observed
for the S- and E-types. In the case of the southern circulation, statistical significance at
the level of 0.05 was noticed for two Czech stations located in the eastern part of the
region—Svétla Hora and Cervena. The trends of RR for these stations were negative and
reached the intensity of 15-17 mm per decade. A higher number of stations with such a
level of statistical significance was observed for the E-types. A vast majority of the stations
indicated significant changes, except for Hradec Kralové and Sniezka (the level of 0.1 was
noticed for Luka). In all cases, the changes were positive and were characterized by a
similar rate. The intensity varied from 0.31 mm per decade in Svétld Hora to 0.46 mm per
decade in Legnica. However, it should be noted that the rates of changes were noticeably
lower than for the N-, S-, and W-types and could not significantly affect the total balance of
RR and CWB. Regarding the remaining types, the changes were statistically insignificant.
The level of 0.1 was only noticed in Cervena for the N-types, where RR increased at the
rate of more than 15 mm per decade.

Statistically significant and positive changes in Ep, presented in Table 4, reflected in
the multiannual course of Ep for particular types of the atmospheric circulation. Most
of the stations were characterized by significant trends for both cyclonic and transitional
circulation, as well as for the E-types (Table 10). The most noticeable changes were noted for
the summit zone represented by Sniezka. In this area, statistically significant trends were
found for the cyclonic and transitional circulation. In both cases, they were positive and
indicated the intensity of more than 7-8 mm per decade. Similar rates were also noticed for
the changes for the S-, W-, and E-types. In terms of the cyclonic and transitional circulation,
the statistically significant increase in Ep was found for eight and nine stations, respectively.
The most dynamic changes were noticed in the lowlands (10-11 mm per decade), while at
the higher altitudes, the rates ranged from 7 mm to 9 mm per decade. Furthermore, the
rising tendency, significant at the level of 0.1, was also indicated for Hradec Kralové and
Svétla Hora during the cyclonic weather and in Hejnice, Usti nad Orlici, and Svétla Hora
under the transitional circulation.
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Table 9. Changes (mm per decade) in RR under particular types of the atmospheric circulation in the
warm half-year (May—October) of 1981-2020 in the Sudetes Mountains and their foreland (statistically
significant trends marked in bold).

N-Types W-Types

Station Anticyclonic Cyclonic  Transitional (N, NE, S-Types (W, NW, E-Types 0-Type
(S, SE, SW) (E, NE, SE)
NW) SW)

WR —0.11 6.10 6.87 9.97 —4.28 —3.39 0.39 1.02
LE —0.26 7.75 444 11.29 -3.17 —4.67 0.46 1.30
HK —441 0.59 0.78 3.13 —11.04 —4.30 0.25 —2.54
]G —1.67 10.32 10.16 7.98 0.68 -1.78 0.40 0.44
KL 1.27 10.51 6.67 10.53 —0.49 —5.52 0.39 —0.04
HE 0.18 11.94 2.40 11.93 —4.02 —13.27 0.39 —1.18
LB 2.45 4.00 5.83 6.69 -3.15 —9.90 0.35 1.46
us 6.66 2.74 7.52 7.77 —5.19 —2.37 0.45 3.69
LU 3.22 —5.24 6.09 9.71 —9.81 —4.52 0.28 1.82
SH 0.86 —8.02 1.37 4.96 —14.75 —12.32 0.31 0.09
CE 5.02 —3.01 3.75 15.51 —17.39 —6.06 0.38 1.28
DS 1.96 —0.87 —1.38 9.87 —8.27 —15.12 0.40 —1.18
SN —5.30 4.79 0.41 —4.05 1.19 5.06 0.21 —2.18

Table 10. Changes (mm per decade) in Ep under particular types of the atmospheric circulation in the

warm half-year (May—October) of 1981-2020 in the Sudetes Mountains and their foreland (statistically

significant trends marked in bold).

N-Types W-Types
Station Anticyclonic  Cyclonic Transitional (N,}II\IE, S-Types W, SILIPW, E-Types 0-Type
(S, SE, SW) (E, NE, SE)
NW) SW)

WR 5.89 11.42 10.36 0.32 7.16 9.00 15.22 3.14
LE 3.82 10.14 8.64 0.26 5.77 6.74 13.54 2.69
HK 3.43 7.71 8.81 0.23 4.75 6.37 13.15 2.37
]G 4.95 9.60 9.30 0.36 5.88 7.97 12.88 297
KL 1.92 8.07 7.10 0.25 4.20 5.47 11.17 1.79
HE —-1.41 5.14 5.17 0.14 0.46 1.90 9.12 1.58
LB 0.86 9.50 7.98 0.25 3.82 6.04 11.73 2.12
Us —-0.39 6.34 6.19 0.16 241 3.66 10.16 1.26
LU 5.33 9.07 9.17 0.24 7.29 7.85 14.12 2.23
SH —2.03 5.88 4.40 0.12 2.20 2.56 8.50 0.56
CE 1.35 7.68 7.57 0.16 5.96 6.26 10.54 1.62
DS —8.01 4.59 3.31 —0.02 -1.33 —0.28 5.11 0.26
SN 2.52 7.40 8.37 0.25 6.77 7.22 8.19 2.33

Regarding the selected circulation sectors, noticeable changes were found for the
N-types in Wroctaw and Jelenia Gora, where Ep increased at the rate of about 0.3-0.4 mm
per decade. Major changes were noticed for the E-types. In this case, statistically significant
trends were found for eight stations, mainly located in the lower hypsometric zones. The
intensity varied from around 8 mm per decade on Sniezka to more than 15 mm per decade
in Wroctaw. Tt should also be noted that the changes for four stations (Hejnice, Usti
nad Orlici, Svétla Hora, and éervené) were statistically significant at the level of 0.1 and
indicated the increase reaching 9-10 mm per decade.

In the case of CWB, the most noticeable changes were found for the S- and E-types
and were characterized by the negative (S-types) and positive (E-types) trends (Table 11).
Regarding the S-types, a statistically significant decrease was observed for the stations
located in the eastern part of the region (Luka, Svétla Hora, and Cervené), reaching the
intensity of 17-23 mm per decade. Such trends were the result of the decline in RR noticed
for these stations. The tendency of CWB under the E-types was significant for three stations
and indicated positive changes. The increase in CWB in Usti nad Orlici exceeded 16 mm
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per decade, while the rates for the Western Sudetes (Desnd-Sous$ and Hejnice) reached
up to 28-34 mm per decade. Furthermore, a significant trend was found for the W-types
in Liberec, where CWB declined by 16 mm per decade. It is worth mentioning that the
trends for six stations (Wroctaw, Legnica, Jelenia Gora, Hejnice, Luka, and Svétla Hora)
were statistically significant at the level of 0.1 and indicated a decrease varying from about
10 mm per decade in Jelenia Goéra to more than 15 mm per decade in Hejnice.

Table 11. Changes (mm per decade) in CWB under particular types of the atmospheric circulation
in the warm half-year (May—October) of 1981-2020 in the Sudetes Mountains and their foreland
(statistically significant trends marked in bold).

N-Types S-Types W-Types E-Tvoes
Station Anticyclonic Cyclonic Transitional (N, NE, YP (W, NW, yp 0-Type
(S, SE, SW) (E, NE, SE)
NW) SW)

WR —6.00 —5.32 —3.49 0.87 —11.44 —12.39 10.22 —2.12
LE —4.08 —2.39 —4.19 3.56 —8.94 —11.42 11.43 —1.39
HK —7.84 —7.13 —8.03 —3.31 —15.78 —10.67 —-0.77 —4.92
]G —6.62 0.73 0.86 —0.55 -5.20 -9.75 17.80 —2.53
KL —0.65 2.44 —0.43 4.79 —4.69 —10.99 14.30 —1.83
HE 1.59 6.80 —2.76 8.74 —4.49 —15.17 33.72 —2.76
LB 1.59 —5.50 —2.15 —0.09 —6.97 —15.94 19.71 —0.66
Us 7.05 —3.60 1.33 3.59 —7.61 —6.02 16.71 2.44
LU —2.11 —14.31 —3.08 2.13 —17.10 —12.36 0.22 —0.41
SH 2.89 —13.89 —-3.03 2.52 —16.95 —14.88 8.47 —0.47
CE 3.67 —10.69 —3.82 11.33 —23.36 —12.32 15.63 —0.34
DS 9.97 —5.46 —4.69 10.42 —6.93 —14.85 27.91 —1.44
SN —7.83 —2.61 —7.96 —8.64 —5.58 —2.16 5.94 —4.51

Statistically insignificant trends were also predominant in terms of the changes of
CWSB for the N-, S-, W-, and E-types under particular vorticity categories (Tables 12-14).
In the case of the anticyclonic circulation, neither of the stations was characterized by a
statistically significant tendency for any of the types (Table 12). Such trends also dominated
during the cyclonic weather. The only exceptions were the stations of Luka and Cervena,
where relevant, negative trends were observed for the S-types (Figure 8). In this case, the
rate of CWB changes reached 11-13 mm per decade. In addition, statistical significance at
the level of 0.1 was noticed for the negative trends related to the S-types (Desna-Sous$) and
W-types (Legnica, Liberec, Cervena). Such a level was also found for the positive tendency
under the E-types in the Western Sudetes (Hejnice and Desné-Sous), where CWB rose with
the intensity of 18-27 mm per decade (Table 13).

Table 12. Changes (mm per decade) in CWB under the anticyclonic circulation in the warm half-year
(May-October) of 1981-2020 in the Sudetes Mountains and their foreland (no statistically significant
trends reported).

. N-Types S-Types W-Types E-Types

Station  (NENW) (S, SB,SW) (W,NW.SW) (E,NE SE) 0-Type
WR 075 496 180 1.04 344
LE 084 182 280 151 177
HK 058 525 440 0.11 356
1G 257 185 28 027 252
KL 1.04 445 218 3.45 197
HE 1.54 142 202 438 252
LB 005 0.28 243 3.83 062
US 3.04 271 127 6.13 118
LU 191 597 457 2.77 0.17
SH 423 497 112 2.49 003
CE 5.5 333 187 499 024
DS 5.07 3.67 134 9.10 —0.84

SN —4.80 -3.21 —2.71 —3.00 0.36
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Table 13. Changes (mm per decade) in CWB under the cyclonic circulation in the warm half-year
(May—October) of 1981-2020 in the Sudetes Mountains and their foreland (statistically significant

trends marked in bold).
. N-Types S-Types W-Types E-Types
Station  (\'NE'NW) (5, SB/SW) (W, NW,SW) (E, NE, SB) 0-Type
WR 2.69 —391 —5.10 8.20 —0.11
LE 3.93 —2.14 —6.04 10.51 —0.23
HK —0.63 —4.64 —5.25 2.24 —0.59
JG 3.79 —245 —3.38 14.60 —0.88
KL 5.32 —0.58 —5.38 9.47 —0.78
HE 13.07 —4.51 —7.86 27.00 —0.97
LB 3.67 —5.20 —8.58 13.50 —0.51
Us 2.44 —3.39 —3.35 8.39 —2.60
LU 4.35 —10.53 —5.11 —1.18 —2.58
SH 1.65 —7.83 —8.59 1.06 —1.54
CE 8.18 —12.98 —8.61 7.44 —1.36
DS 10.34 —9.29 —8.39 18.14 —2.47
SN 5.48 —-0.18 1.45 10.86 —4.81

Table 14. Changes (mm per decade) in CWB under the transitional circulation in the warm half-year
(May—October) of 1981-2020 in the Sudetes Mountains and their foreland (statistically significant

trends marked in bold).
. N-Types S-Types W-Types E-Types

Station  (\NENW) (5, SE,SW) (W,NW.SW) (E,NE SE) 0-Type
WR —1.08 —2.57 —5.48 0.98 143
LE 0.46 —4.98 —2.58 —0.59 0.61
HK —2.10 —5.90 —-1.03 -3.12 —-0.77
]G —1.76 —0.90 —3.55 3.47 0.87
KL —-1.57 0.34 —3.42 1.38 0.92
HE —5.86 -1.39 —-5.29 2.34 0.72
LB —3.72 —2.05 —4.93 2.37 0.47
Us —1.90 —-1.51 —-1.41 2.18 3.86
LU —4.13 —0.60 —2.69 —-1.36 2.00
SH —3.35 —4.15 —5.16 491 1.09
CE —2.10 —7.05 —1.84 3.19 1.27
DS —4.99 -1.32 —-5.12 0.66 1.87
SN —9.32 —-2.19 —0.90 —-191 —0.06
Luka y =-1.0799x +38.403 Cervené y=-1.3308x+63.438
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Figure 8. Mean values of CWB and their trend in the warm half-year (May—October) of 1981-2020 in
Luka and Cervena under the S-types of the cyclonic circulation.

Regarding the transitional types of circulation, the only statistically significant change
was found in Wroctaw, where the negative trend for the W-types was characterized by the
intensity exceeding 5 mm per decade (Figure 9). A similar rate for this type of circulation
was observed in Svétla Hora, where the trend was significant at the level of 0.1. Such a level
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was also noticed for the negative tendency in Hradec Kralové and Cervena (S-types) and
for the positive trend in Svétla Hora (E-types). In the case of these stations, the reduction in
CWB for the S-types amounted to 6-7 mm per decade, whereas the increase for the E-types
reached up to 5 mm per decade (Table 14).
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Figure 9. Mean values of CWB and their trend in the warm half-year (May—October) of 1981-2020 in
Wroctaw under the W-types of the transitional circulation.

The presented trends of CWB under particular types of circulation indicate that
the most dynamic changes were noticed for the E- and S-types, usually for the cyclonic
circulation. The decline of CWB for the E-types mainly concerned the eastern part of the
region, while the increase for the S-types was typical for the Western Sudetes. Therefore,
the differences in CWB between the Eastern and Western Sudetes have intensified for the
last decades. Taking into account the opposite trends for the frequency of these two types of
circulation, the differences in CWB between these two subregions can potentially increase
in the following years.

4. Discussion and Conclusions

The results presented in the study showed that CWB in the Sudetes Mountains and
their foreland, based on the calculations of grass reference evapotranspiration, is usually
characterized by its deficit, especially in the lower hypsometric zones. Such a situation is
mainly caused by a high rate of Ep, which exceeds precipitation totals in the warm half-year.
This confirms the outcomes for the lowlands of Poland, where the negative balance was
found for the growing season [43,47]. In the foreland of the Sudetes Mountains, the deficit
of CWB reached 200 mm, which is comparable to the values observed for the stations
representing the lowland part of Poland [47,48,50]. The positive CWB was noticed for
the regions located in the highest parts of the mountains and in the lower zones of the
Izera Mountains in the west—mainly due to exceptionally high precipitation totals. This
confirms the previous analysis that this part of the Sudetes Mountains is characterized by
extraordinary precipitation conditions if compared to other regions [110]. The results for
the mountains correspond to those obtained for the Carpathian region and the Opawskie
Mountains, where CWB in the warm half-year amounted to 150-220 mm [54,55]. The posi-
tive CWB was also noticed for the previous decades in the mountain part of Slovakia [52].
The analysis carried out for Czechia indicated that the negative values of CWB in the
regions located lower down were also noticed on an annual scale [34,49].

In terms of precipitation totals, the trends carried out for the Sudetes Mountains
and their surroundings in 1981-2020 were statistically insignificant, which confirmed the
previous results for Czechia and Poland [12-22]. On the other hand, the changes in evapo-
transpiration were characterized by statistically significant and positive trends for most of
the stations. The increase reached the intensity of 8-28 mm per decade, which was similar
to the results obtained for Northwest Poland [33], higher than for 1961-2007 in Czechia [34],
and lower if compared to Southwest Poland in 1951-2000 and 1971-2010 [33,113]. The
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rising tendency of potential evapotranspiration was mainly caused by the increase in air
temperature, resulting in the decline in relative humidity, as well as by the growth in sun-
shine duration. In the region of the Sudetes Mountains, all the thermal indices significantly
increased in 1981-2020. Mean air temperature rose with the intensity of 0.17-0.54 °C per
decade, while the rates for maximum and minimum values amounted to 0.35-0.55 °C and
0.14-0.58 °C per decade, respectively. The positive tendency was also noticed in the Western
Sudetes [17] and other regions of Czechia [14,22,23] and Poland [14,60,114]. In the case of
sunshine duration, the observed increase corresponds to the positive tendency noticed for
both these countries [22,23,32]. Mean values of relative humidity in the discussed region
decreased by 0.7-2.1% per decade, exceeding the rate observed for the seasonal, monthly,
and annual values for the entire Czechia in 1961-2020 [22] and for Northwest Poland in
1952-2018 [33]. The decline in relative humidity was also observed in the Giant Mountains
in 1951-2015 [17].

Insignificant trends for CWB indicate that water resources in the region of the Sudetes
Mountains, evaluated based on precipitation totals and evapotranspiration, have not
changed noticeably over the last decades. Thus, the analysis did not confirm the out-
comes for the lowlands of Poland, where CWB in 1971-2015 decreased by 5-8 mm [43].
Simultaneously, the results were also different from the projections for this region, which
simulate a major decline in CWB in the following decades [42]. The changes also differed
from the results obtained for the Polish-Saxon region in 1971-2010, when the negative and
statistically significant trends were observed for April-September in the entire hypsometric
profile [29,30]. It should also be noted that the analysis for Poland showed that the de-
crease in CWB in the Sudetes Mountains and their foreland progress slower than in the
lowlands [50]. A significant variability of CWB in the warm half-year in discussed region
was also found for the multiannual period (1891-2003) in Wroctaw [45].

Taking into consideration the multiannual changes of CWB in relation to the circu-
lation conditions, the reduction of CWB under the southern and western types and the
positive tendency during the eastern circulation were the most noticeable features. This
corresponded to the changes in the frequency of these types of circulation. Furthermore, a
noticeable growth in Ep was also observed for some of the circulation conditions, especially
for the cyclonic, transitional, and eastern types. This shows that potential changes in CWB
depend, to a certain extent, on the circulation factor. Such a relationship was already found
in the lowland part of the region, where the dependence of RR, Ep, and CWB on the North
Atlantic Oscillation (NAO) was detected [45]. It should be emphasized that the decrease
in the frequency of the southern and western circulation reflected in the negative trends
of CWB for some stations for the cyclonic—western and southern types. Consequently,
this can have a crucial influence on water resources in the region, considering the fact that
most of precipitation totals are related to these circulation types [31,57,59,115]. On the other
hand, insignificant changes in the frequency of the anticyclonic circulation contributed to
the irrelevant trends of the discussed indices (including CWB) under this type of weather.
However, it should be remembered that according to other classifications, the frequency
of the anticyclonic types has noticeably risen over the last decades [22,31,57], which may
increase the risk of dry periods occurring [59,75].

The results presented in the study based on the data from the considered meteo-
rological stations and are characterized by some limitations. The distribution of both
precipitation totals and evapotranspiration can significantly differ, especially in the moun-
tain areas. Therefore, the results of CWB carried out in this study can be limited to a certain
extent due to a relatively low number of stations. This especially concerns the higher parts
of the Sudetes Mountains, represented only by one measuring site. The other factors are
related to a significant variability of altitude, morphology, and land use in the region, which
may additionally affect the values of the chosen indices. A special attention should be paid
to land use, which modifies evapotranspiration conditions. The research carried out for
the MalSe River basin (the Czech Republic) and Wielkopolska region (Poland) showed that
the differences in actual evapotranspiration between meadows and deciduous forest can
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exceed 15-20% [35,116]. Simultaneously, the values for cereal crops surpass the rate for
meadows by about 8% [116]. As the calculation of evapotranspiration in this study was
carried out for grassy areas, the intensity of evapotranspiration for forests and some of
the agriculture lands (which are predominant in the region) can be higher than the values
obtained using the ETo calculator. It is worth mentioning that land use (and consequently
evapotranspiration conditions) in the discussed region were also influenced by acid rains,
which affected the Sudetes Mountains in the 1980s [117], especially their western parts [118].
They caused significant damage to the forests and contributed to the changes in land use in
some regions. The deforestation covered about 15 000 ha and was mainly observed in the
western and southwestern slopes of the mountains [118]. Currently, these areas have been
forested again [118], bringing back the land use conditions similar to those observed before
the disaster.

Special attention should be paid to the results obtained for the summits. It is worth
mentioning that precipitation totals measured in this zone are limited to a certain extent by
the wind factor [111], which can consequently underestimate CWB values. Furthermore,
approximately 300 days of fog annually occur in the summits of the Giant Mountains [110],
contributing to the additional water income. Snow cover is another factor. Although the
analysis was carried out for the warm season, snow cover in the highest hypsometric zone
is still present in May and October and can also occasionally occur in the other months
of this half-year [119,120]. Thus, all these factors can have an impact on water-related
conditions and may increase the values of CWB. Taking into account the aspects mentioned
above, the structure of CWB in the summit zone of the Sudetes Mountains tends to be more
complex and requires further investigation in this field.

In terms of circulation conditions, the level of relationship between CWB and the
atmospheric circulation can differ depending on the applied circulation classification.
Considering the discussed region, the classification developed for Czechia (such as the
CHMI classification) could be used to verify the current results related to the dependence
of CWB on the circulation factor, especially for the southern part of the Sudetes and their
southern foreland. However, it should be emphasized that the CHMI objective method,
similarly to the Lityriski classification, does not define specific circulation types that may
locally occur in a given region [59].

Nevertheless, despite all the mentioned limitations, the analysis of the dependence
of CWB on the circulation conditions presents the range of potential changes of CWB in
the last decades under certain land use conditions. Although CWB values can potentially
differ on a local scale due to the factors mentioned above, the results of the research can
provide important information on the magnitude of changes in CWB and its components
in the multiannual period. They can also enable the evaluation of the relationship between
CWB and particular types of circulation, especially under changing circulation conditions.

Considering all the results presented in the study, the following conclusions can
be expressed:

e  CWB has not significantly changed over the last decades in the Sudetes Mountains
and their foreland. However, the positive trend for Ep can potentially contribute to
the decrease in CWB in the future if such a trend continues.

e  Therates of Ep in the warm half year of 1981-2020 have noticeably increased in all the
hypsometric zones. Consequently, a further increase can have a crucial effect on the
ecological state of the summit zone and for the agriculture production in the regions
located lower down.

e  The significant changes in CWB under the eastern, western, and southern circulation
are generally the result of the negative/positive trend for the frequency of these types
of circulation. The negative trends of CWB for the southern circulation concern the
eastern part of the region, while the increase under the eastern types mainly affects
the Western Sudetes. Such a distribution can additionally intensify differences in CWB
between the Eastern and Western Sudetes.
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e Taking into account both changes in CWB for the southern, western, and eastern
circulation and non-significant trends for the vorticity types, it can be assumed that
changes in CWB can be more related to the influence of circulation sectors than to the
vorticity.

e  Considering the fact that extreme precipitations in the Sudetes Mountains often occur
under the eastern circulation (such as SEc), the positive trend for this type of weather
can contribute to the further intensification of heavy rainfall episodes.

e Taking into account the sensitivity of mountain regions to the CWB changes, the
results of this study can be applied in the planning process related to the local water
management and ecological activities. They can also be used in the analysis concerning
the hydrological aspects of water balance in the Sudetes Mountains and their foreland.
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