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Abstract: Precipitations are one of the most important factors affecting water resources in the trans-
boundary Polish-Saxon region. The main goal of the research was to examine the multiannual
changes in precipitations in the April-September period in 1971-2018, depending on circulation
conditions, based on Ojrzyniska’s classification. The analysis was carried out based on meteorological
data from Polish and German meteorological stations. The results showed that most of precipitation
totals and intensive precipitations were observed under SW-A and SW-C circulation, whereas the
anticyclonic types of NE-A, NW-A and SW-A were mainly responsible for dry days occurrence. In
terms of multiannual changes, most of the stations were characterized by insignificant trends for the
considered indices. Some positive trends were observed for intensive precipitations in the lower hyp-
sometric zones. In the mountains, a decreasing tendency dominated for both precipitation totals and
intensive precipitations, especially for the northern types of circulation. Furthermore, a significant
increase was reported throughout the region for most of the indices for the SW-A type, including
precipitation totals, strong precipitations and dry days. Considering the observed trends, floods
related to heavy rains can intensify in the lowlands, while a potential increase in the anticyclonic
circulation can significantly limit water resources in the region.

Keywords: precipitations; climate changes; atmospheric circulation; Lower Silesia; Saxony

1. Introduction

Precipitations are currently one of the most significant variables that are widely dis-
cussed in the context of progressing climate changes. A number of studies and reports indi-
cated that the precipitation conditions in Europe are characterized by noticeable changes
regarding their totals and frequency, as well as the intensity of extreme phenomena, such as
heavy rainfall and droughts [1-5]. This also concerns the central part of the continent where
such events are relatively often noticed [6—12]. In terms of the observed and projected
annual precipitation totals, the intensity of changes in Central Europe is less distinctive than
in the case of northern and southern regions of the continent and is mainly characterized by
a slight increase [1,8,13,14]. However, significant differences can be often found between
summer and winter precipitations. Some studies concerning these aspects showed that
either observed or projected changes for both these seasons are related to the positive trends
for the winter months and the negative ones for summer [15-20].

In Poland and Germany, including the Polish—Saxon border region (PSBR), the trends
of annual precipitation totals were usually statistically insignificant [21-25]. On the other
hand, in some cases, an increasing tendency was observed or projected for the frequency of
strong precipitations and droughts [15,26-35]. The research on the problems of precipitation
conditions was also carried out for the neighboring Czech Republic [36-43], evaluating
trends for both annual and seasonal totals [36,41], emphasizing various trends of rainy
days for the warm half-year [40] and reporting an increase in either observed or projected
frequency of intensive precipitations [38,39].
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In the PSBR, the problem of precipitations and their influence on water resources
is significant because of the presence of hydropower plants, agriculture lands, open-pit
mines and the reclamation of post-mining areas. The transboundary character of this region
additionally intensifies the importance of this aspect. This reflects in the development
of such initiatives as trans-border international commissions focused on cooperation on
border waters. The problems related to climate changes, including precipitations, were the
subject of numerous international projects accomplished for this region, such as NEYMO,
KLAPS, TRANSGEA, NEYMO-NW, RAINMAN, TEACHER-CE, and WIKT.

The analysis carried out for 1971-2010 showed that most of the PSBR was character-
ized by a positive trend of the annual precipitation totals. Depending on hypsometric zones,
the totals in the discussed period could increase by 27-102 mm [44,45]. However, statistical
significance was noticed for several stations only. Regarding precipitation totals in the
warm half-year, the changes were not homogeneous. Positive trends dominated in the
lower hypsometric zones, while a decreasing tendency was observed for the highest parts
of the mountains. The characteristic issue was an increasing number of heavy precipitations.
Research showed that the annual number of days with strong precipitations (exceeding
10 mm) in 1971-2010 rose by about 2—4 days, mainly in the warm half-year [44]. Simultane-
ously, the positive tendencies of air temperature and heat days [46—48] contributed to the
decrease in the values of climate water balance and agriculture indices [44—46]. As a result,
both extreme precipitations and water deficit can noticeably affect social-economic and
environmental sectors in this region. The research on the impact of the weather factors on
human life, economy and natural environment indicated that precipitations can strongly
influence the sectors of transport, forestry, agriculture, transport or even public health
and tourism [49]. This impact is significant especially for water management and energy
production. A potential decrease in the frequency of precipitations can seriously limit
water resources and hydropower generation in the discussed region [50]. Because of the
mountainous character of the southern part of the region, this area is frequently affected
by disastrous floods. The most catastrophic event occurred on the 7th of August 2010 in
the region of Bogatynia, where more than 160 mm of rainfall was measured in a few hours.
Consequently, several deaths and significant material losses were reported, including the
destruction of the Niedéw Dam on the Witka River [51].

Precipitation conditions in Central Europe are strongly determined by the factor of
atmospheric circulation [36,37,39,41-43,52-57]. Studies concerning this problem usually
indicate the relationship between precipitations, large-scale circulation and the changes
in precipitation totals in the multiannual period, depending on the circulation types;
see [8,9,39,41,42,53,55,57-65]. They showed a correlation between the increase in inten-
sive precipitations in the July-September period and the frequency of weather types [8];
emphasized the role of the selected types of cyclonic circulation in shaping intensive pre-
cipitations [63,65,66]; and determined the anticyclonic circulation as one of the main factors
contributing to drought occurrence [67]. The studies also evaluated the dependance of
various forms of precipitations on circulation types [55], presented the relationship between
the circulation and precipitation types [43], indicated a statistically significant correlation
between the circulation and extreme precipitation occurrence [62] and compared different
classifications of circulation conditions in the context of precipitations evaluation [42,54].

As heavy precipitations and dry periods usually occur in the warm half-year, the
main goal of the study was to evaluate precipitation conditions in the April-September
period, based on 1971-2018 data series. The analysis considered multiannual changes of
the precipitation indices related to their totals, frequency and heavy rainfall, also taking
into account the factor of local atmospheric circulation. The previous studies carried
out for Saxony indicated that the circulation factor is significant in terms of shaping
precipitation conditions, especially in the morphologically varied areas [26]. Unlike most
of the papers considering the large-scale evaluation, the classification of atmospheric
circulation used in the paper was tailored exactly for the discussed region. The results of
the research can improve knowledge on the precipitation conditions and their changes
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in the region, consequently contributing to the progress in decision-making processes in
water management plans.

2. Materials and Methods

The analysis concerned the PSBR that covers the regions of Gorlitz, Bautzen (Germany)
and the districts of Zgorzelec, Luban, Lwéwek Sl. and Jelenia Géra (Poland) (Figure 1). Both
Polish and German areas are separated from each other by the Lusatian Neisse River that
forms a border between these regions. The northern part is mainly covered by lowlands,
while the mountains and mountain foreland dominate in the south. The highest parts of
the region are represented by the Sudety Mountains and the Zittau Mountains that form a
border with the Czech Republic. Such a geographical variability consequently leads to a
noticeable differentiation in climatological conditions.
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Figure 1. Location of meteorological stations in the PSBR.

In the analysis, meteorological data from both Polish and German parts of the region
and the neighboring areas were used. The records concerned the series related to daily
precipitation totals for 1971-2018. They were derived from 10 Polish and 8 German stations,
which were located in different geographical regions and represented various hypsometric
zones (Table 1). For the purposes of this paper, four hypsometric classes were distinguished
depending on altitude: lowlands (<150 m a.s.l.), uplands (151-300 m a.s.l.), mountain
foreland (301-600 m a.s.l.) and mountains (>600 m a.s.l.). Similar zones were selected in
the previous studies concerning the considered region [44,46,49]. As a result, 12 stations
represented the lowlands or the uplands, while four corresponded to the mountain foreland.
The highest mountain zones were characterized by two stations located in the Giant
Mountains and Isera Mountains—Sniezka and Jakuszyce. Data homogeneity was tested
using the standard normal homogeneity test (SNHT) [68]. The records were examined
in terms of their reliability and plausibility. No measurements gaps were detected in the
database. The testing also showed that neither of the stations was characterized by shifts in
the course of the data series. Furthermore, the correlation coefficient was also calculated
for the precipitations data series between the particular stations and the synoptic stations
located in the adjacent regions—Dresden (227 m a.s.l.) and Wroctaw (120 m a.s.1.). As a
result, a strong relationship between the stations was observed. In all cases, the correlation
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was characterized by statistical significance, also including the stations located in the
mountains (Jakuszyce, and Sniezka).

Table 1. Polish and German meteorological stations in the PSBR and its surroundings (with
increasing altitude).

Station Abbreviation Location Hypsometric Altitude
Zone [m a.s.l.]
Zagani 7ZG Poland Lowlands 100
Bad Muskau BM Germany Lowlands 127
Graustein GR Germany Lowlands 139
Halbendorf HA Germany Lowlands 142
Konigswartha KW Germany Lowlands 142
Sobolice SO Poland Lowlands 140
Waldhufen-
Dichsa WD Germany Uplands 198
Sulikow SU Poland Uplands 215
Kubschiitz-
Bauzten K-B Germany Uplands 234
Gorlitz GO Germany Uplands 238
Pilchowice PL Poland Uplands 245
Bierna BR Poland Uplands 270
Gryfow SL. G$ Poland Mountain 325
foreland
. Mountain
Kemnitz KE Germany 325
foreland
Jelenia Gora ]G Poland WAL 342
foreland
. Mountain
Rebiszow RB Poland 420
foreland
Jakuszyce JA Poland Mountains 860
Sniezka SN Poland Mountains 1603

The evaluation of precipitation conditions and their changes in the multiannual period
was carried out based on the characteristics of totals, frequency and heavy precipitations.
Those included the following indices:

Precipitation totals (RR);

Frequency of dry days (R < 1);

Frequency of intensive precipitations (RR10);
95th percentile of precipitation totals (R95p).

All the indices were calculated for the warm half-years of 1971-2018. The frequency
of dry days was defined as the situations with daily totals lower than 1 mm, while the
intensive precipitations corresponded to the days with the amount reaching or exceeding
10 mm. In the case of the percentile, its values were calculated as all-day percentiles for each
warm half-year, based on one of the three methods presented by Schar et al. [69]. Trends of
the selected indices were examined in terms of statistical significance at the level of 0.05,
considering the linear regression analysis. The results were additionally verified using the
Mann-Kendall test. A correlation between precipitation conditions and circulation types
was calculated using Pearson’s correlation coefficient.

In terms of circulation conditions, the classification of the atmospheric circulation
for the Sudety Mountains and their surroundings was used. This was developed by H.
Ojrzyniska [70-72] and partially based on the classification carried out by Bissolli and
Dittmann [73]. This can be used for such regions as Southwest Poland, Southeast Germany,
and East Czechia. Based on the classification, vorticity (A—anticyclonic, C—cyclonic) and
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the direction of advections can be assessed. The criteria for the classification are related
to gridded meteorological data (2.5° x 2.5° spatial resolution, 24 h temporal resolution)
from NCEP/NCAR (National Centers for Environmental Prediction/National Center for
Atmospheric Research) re-analysis. Basing on the spline function, the data are interpolated
to a spatial resolution of 5 km x 5 km. The type of circulation is determined for each day.
For this purpose, a prevailing type is calculated by applying the mode function for all of
the 5 km x 5 km grid cells [71].

The criterion of direction concerns the advections from NE, northeast (1-90°); SE,
southeast (91-180°); SW, southwest (181-270°); NW, northwest (271-360°); and XX, inde-
terminate direction. This was evaluated on the basis of wind direction from the 700 hPa
isobaric level for a wind speed higher than 2 m/s. If it is lower or when no prevailing
wind direction is observed, the XX circulation type is determined. The evaluation was
carried out using the r.mapcalc module. Subsequently, the direction of advection was
reclassed (r.reclass) to one of four directional sectors (N, E, S, W). Afterwards, the velocity
was calculated, enabling the selection of the additional type of XX. The estimation of the
advection direction was carried out based on the settings that at least 2/3 of the entire
number of rasters are related to a given directional sector. Otherwise, the type of XX was
determined [70,71].

The index of vorticity, similarly to the classification carried out by Bissolli and Dittmann [73],
was calculated based on the formula: V?®, where V—nabla operator, P—geopotential
value. The nabla operator describes the concavity of convexity of the geopotential field.
Positive or neutral values of the index classifies a given type as cyclonic circulation (C),
while the negative ones are related to the anticyclonic types (A). The index of vorticity was
calculated for the isobaric levels of 850 hPa. Comparing this to the classification developed
by Bissolli and Dittmann [73], which considers the 950 hPa level, the 850 hPa level was
determined due to higher elevations noticed in the discussed region (the Sudety Mountains
and their surroundings). The generation of the spatial distribution of the index for the
850 hPa level was developed using the r.mfilter GRASS module. The final classification of
the vorticity of a given type was carried out based on the r.mapcalc raster layers calculator.
The determination of a vorticity for the entire region was related to the most frequent type
in a given area (modal value) [70,71].

In this paper, the analysis concerning circulation conditions were carried out based
on the calendar of circulation types for 1971-2018, obtained directly from the author [72].
The precipitation indices and their multiannual changes were calculated for each of the
circulation types.

3. Results
3.1. Precipitations and Circulation Conditions

Precipitation conditions in the PSBR in the warm half-year of 1971-2018 were mainly
determined by the factor of altitude (Figure 2). In the case of precipitation totals (RR)
and intensive precipitations (RR10, R95p), the lowest values of the indices were usually
observed at the stations located lower down. Precipitation totals in the lowlands, uplands
and mountain foreland varied at 347-515 mm, while in the highest hypsometric zone, they
reached 595 mm on Sniezka and 698 mm in Jakuszyce. However, it should be emphasized
that the amounts of precipitation on Sniezka are usually underestimated because of the
wind factor [74,75]. A similar situation was noticed for RR10 and R95p. In the Isera
Mountains, represented by Jakuszyce, the values of these indices were significantly higher
if compared to the highest parts of the Giant Mountains (Sniezka). In the case of the stations
located at the lower elevations, the mean rates of RR10 and R95p rose with the increasing
altitude—from 9 to 15 days (RR10) and from 10 to 14 mm (R95p). On the other hand, the
frequency of dry days (R < 1) was characterized by the opposite structure and varied from
122 to 133 days in the lower zones, to around 110 days in the mountains.
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Figure 2. Values of the selected precipitation indices in the warm half-year of 1971-2018 at the stations
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the PSBR.

In terms of circulation conditions, according to the calendar of the circulation types [72],
the anticyclonic weather occurred on more than 70% of days in the warm half-year period.
About 50 days (27%) in the April-September period were related to the SW-A type, while
the circulation of NW-A and NE-A occurred on 38 and 31 days (17-21%) respectively.
Regarding the cyclonic circulation, SW-C was the most frequent type (23 days), while the
days with SE-C and NE-C occurred twice as low (11-12 days). The remaining types of
circulation were characterized by a lower frequency (Figure 3).
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Figure 3. Frequency of circulation types in the warm half-year (April-September) in 19712018 in the
PSBR, according to Ojrzyniska’s classification [72].
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3.2. Precipitations under Particular Circulation Conditions

In spite of a higher number of days with the anticyclonic types of weather in the
warm half-year, significantly higher precipitation totals and their frequency were noticed
under the cyclonic circulation. The fraction of precipitation totals measured under this
circulation was equal to 54-56% of the entire amount noticed for the April-September
period. The cyclonic types were also predominant in terms of RR10 and R95p. In each
hypsometric zone, the frequency of RR10 was more than 2 days higher during the periods
with cyclonic weather. In the case of R95p, the differences for the values calculated for
cyclonic and anticyclonic circulation rose with the increasing altitude—from about 9 mm in
the lowlands to 13 mm in the mountains. Regarding the number of dry days, they occurred
about 4-5 times more often during the anticyclonic weather.

Considering particular types of circulation, SW-A and SW-C were responsible for
about half of the precipitation totals in the warm half-year. Such a high ratio in the case of
SW-A mainly resulted from a very high frequency of this circulation type, twice as high as
SW-C. During the days with these types of circulation, definitely higher precipitation totals
were observed for SW-C. The mean value of RR per one day on the days with SW-C, in
the considered hypsometric zones, amounted to 3.3-5.3 mm, while for SW-A, it was equal
to 1.9-3.1 mm. The ratio of RR per one day between SW-C and SW-A varied from 1.74 to
1.86 and did not show dependence on altitude. These two types were also predominant in
terms of RR10. It should be emphasized that higher rates of RR and RR10 on the days with
SW-A and SW-C were noticed for the stations located lower down. On the other hand, the
higher hypsometric zones were characterized by noticeably higher rates of RR and RR10
observed during the northern circulation. The fraction of precipitation totals under all the
northern types (both anticyclonic and cyclonic) varied from less than 30% in the lowlands
to 39% in the mountains. The difference for RR10 was also significant and differed from
28% to more than 35%. Such a distribution of precipitation conditions during the northern
circulation, depending on hypsometric zones, was mainly caused by the orographic factor,
which contributes to the increase in the precipitation totals and their frequency in the higher
parts of the Sudetes Mountains.

Regarding dry days (R < 1), the anticyclonic types of NE-A, NW-A and SW-A were
mostly responsible for their occurrence. All the considered hypsometric zones were charac-
terized by a similar fraction. In the case of SE-A, the lower rate of R < 1 mainly resulted from
a significantly lower frequency of this circulation when compared to the types mentioned
above. A very low number of dry days under the NW-C type (despite its high frequency)
was connected with the intensification of precipitations, typical for this circulation, espe-
cially in the June—July period.

Comparing the selected hypsometric zones, the absolute number of R < 1 for each
circulation type was higher at the stations located lower down and rose with the increasing
altitude. A different situation was observed for the previously discussed indices of RR
and RR10. In this case, the highest values for particular types of circulation were noticed
in the mountains (Figure 4). The increase with the altitude was also reported for R95p.
In the mountains and mountain foreland, the highest amounts were noticed for NE-C
(Figure 5). This shows that the mountainous regions during NE-C circulation are vulnerable
to the impact of strong precipitations. It should be emphasized that the magnitude of such
precipitations can be intensified by the orographic effect. Such conditions are also connected
with the direction of the main ridge of the Sudetes Mountains (stretched NW to SE), which
is a favoring factor in the context of air masses advections from NE.
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Figure 4. Mean values (left) and a structure (right) of precipitation totals (RR), intensive precipitations
(RR10) and dry days (R < 1) under various types of atmospheric circulation in the warm half-year of
1971-2018 in the PSBR.

R95p

N N W W
o U1 O U!;

[N
v O

Precipitation totals (mm)
(=Y
wu

NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C
(total) (total)

W Lowlands Uplands Mountain foreland B Mountains

Figure 5. Mean values of the 95th percentile of precipitation totals (R95p) under various types of
atmospheric circulation in the warm half-year of 1971-2018 in the PSBR.



Atmosphere 2022, 13, 720

9 of 20

In terms of the relationship between the frequency of selected types of atmospheric
circulation in the warm half-year and the values of selected indices, the strongest correlation
was found for the NE-A type (Table 2). In this case, a positive, statistically significant
correlation was noticed throughout the region for R < 1, while a negative relationship
was reported for RR, RR10 and R95p for some of the stations representing the lowlands,
uplands and mountain foreland. In the uplands, most of the stations also indicated a
statistically significant relationship between the frequency of dry days and the SE-A type. It
should be emphasized that both NE-A and SE-A types are often accompanied by heat stress
occurrence, which, along with the dry periods, can seriously limit water resources in this
region. On the other hand, a strong correlation in the lower hypsometric zones was often
observed between RR, RR10, R95p and the cyclonic types, such as SE-C, SW-C and XX-C.
Furthermore, a high level of relationship was found for the uplands, mountain foreland and
the mountains for NE-C circulation. This significantly resulted from the orographic effect
and confirmed a high importance of this type of circulation in terms of strong precipitation
occurrence in the higher hypsometric zones.

Table 2. The number of stations with statistically significant correlation between the frequency of
particular circulation types and RR, RR10, R < 1, R95p in the warm half-year of 1971-2018 in the PSBR
(red: negative correlation, green: positive correlation).

Region Index NE-A NE-C NW-A  NW-C SE-A S

RR
RR10
R<1

C SW-A SW-C XX-A XX-C

Lowlands

W= O\ = U1
=
—
—

T - i T S e

Mfountaln RR10 o _ _

ore- R<1 4 - - 1 1
land 1

Mountains

N
—

R95p

3.3. Multiannual Changes in Precipitations Depending on Circulation Conditions

Multiannual changes in the frequency of the selected circulation types in 1971-2018
were usually statistically insignificant. The only exceptions were the types of SW-A and
XX-C, which indicated a statistically significant positive and negative trend respectively.
The rate of growth in the frequency of SW-A exceeded 3 days per decade, while the decrease
in XX-C amounted to about 1 day per 28 years (Table 3).

Table 3. Changes in the frequency (days per decade) of circulation types in the warm half year of
1971-2018, according to the calendar of circulation conditions for the Sudety Mountains and their
surroundings [72] (statistically significant trends marked in bold and red).

Circulation NE NW SE SW XX
Type
anticyclonic —1.02 —0.81 0.24 3.18 —0.21
cyclonic —-0.17 —-0.37 0.30 —0.78 —0.36

Taking into consideration the entire warm half-year period, changes in the selected
precipitation indices in 1971-2018 were in most cases statistically insignificant (Table 4). The
only trends with statistical significance at the level of 0.05 were noticed for Kénigswartha
(for RR10 and R < 1) and Sniezka (RR, R95p). The rates of increase of RR10 and R95p in
Konigswartha amounted to 1 day per decade and 1 mm per 17 years, respectively. In the
case of Sniezka, a noticeable decrease in precipitation totals was observed, reaching more
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than 52 mm per decade. Simultaneously, the values of R95p decreased with the rate of
1 mm per 8 years. Considering all the trends (including also those statistically insignificant),
RR and RR10 were usually characterized by a positive tendency in the areas located lower
down and the negative one for the higher hypsometric zones. A similar direction was
observed for R95p—the most dynamic increase occurred in the lowlands, while in the
mountain foreland and the mountains, the changes were usually minimal or characterized
by a negative trend. In the case of R < 1, a positive tendency dominated throughout the
region (except two stations) with the highest rate noticed in Jakuszyce (almost 2 days per
decade). Such a distribution of the changes in precipitation conditions shows that the lower
zones can be more vulnerable to the increase in intensive precipitations conditions, while
the highest parts of the region, especially the summits, can experience a noticeable decrease
in both precipitation totals and intensive precipitations.

Table 4. Rate of changes (per decade) of the selected precipitation indices in the warm half-year of
1971-2018 in the PSBR (statistically significant trends marked in bold and red) and their mean values
(italicized) for the lowlands (LO), uplands (UP), mountain foreland (MF) and mountains (MO).

Station RR RR10 R<1 R95p

[mm] [Days] [Days] [mm]

7ZG 6.2 0.1 0.9 0.1

BM 8.8 0.7 1.0 0.4

GR 11.0 0.6 0.0 0.4

HA 10.2 0.4 1.0 0.4

KW 15.7 1.0 1.0 0.6

SO 18.8 0.4 —0.3 0.5
77777 .o 18 05 06 04
~ wp 83 07 2 04

su -21 0.0 0.6 -0.1

K-B 5.1 0.2 1.1 0.3

GO 3.0 0.2 1.4 0.4

PL —4.6 0.1 1.6 0.4

BR 11.0 0.4 —0.2 0.2
77777 w 3 03 10 03
77777 G 19 04 12 04

KE 1.0 0.1 0.8 0.2

JG 41 0.5 0.9 0.2

RB —11.3 —0.4 1.6 0.0
77777 ME 11 02 11 02
77777 A -7 01 18 00

SN —52.6 —1.1 0.7 —1.3
Mo 297 05 3 07

Regarding the multiannual changes in precipitation depending on the atmospheric
circulation, the most distinctive trends for RR and RR10 were reported for the SW-A
circulation (Tables 5 and 6). Because of the rising tendency of this type of circulation,
a vast majority of the stations were characterized by positive trends for these indices.
The rate of changes did not vary significantly between particular hypsometric zones; it
amounted to about 9-15 mm per decade for RR and to 1 day per 15-24 years for RR10.
Considering the remaining types of circulation, a noticeable decrease in RR and RR10 was
observed for NW-C circulation, especially at the stations located at the higher elevations.
The most dynamic changes occurred in the mountains, where they amounted to the rate
of 8-10 mm per decade (RR) and 2 days per 31-32 years (RR10). The remaining types of
the northern circulation, due to their negative trends in 1981-2018, were characterized
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by a decline for both indices. This concerns especially the stations located at the highest
altitude where the orographic factor during the northern circulation affects precipitations
the most. In the summits (Sniezka), the decrease in both indices was the strongest. In
the case of NE-C type, this amounted to 30 mm per decade (RR) and 1 day per 17 years
(RR10). Considering the fact that the northern circulation plays an important role in shaping
precipitation conditions in the mountains, the decrease in precipitation totals under this
type of circulation can be deemed one of the most important factors responsible for the
decline in precipitations in the entire warm half-year. Regarding the southern circulation,
positive trends for RR and RR10 were usually observed for the stations located lower
down, while in the mountains, a negative tendency was noticed in some cases, especially
in the summit zone. However, it should be emphasized that none of the stations was
characterized by statistically significant trends.

Table 5. Changes in RR (mm per decade) for particular types of circulation in 1971-2018 in the PSBR
(statistically significant trends marked in bold and red) and their mean values (italicized) for the
lowlands (LO), uplands (UP), mountain foreland (MF) and mountains (MO).

Station NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C

ZG  -136 —09 —222 288 214 007 1138 103 084 —146
BM 152 047 302 146 085 084 1233 102 034 149
GR  -167 008 -277 —154 006 28 1376 184  —044 —041
HA  -116 —092 -352 —28 060 372 1288 416 049 —159
KW  —077 108 -262 -134 031 539 1253 38 090 —0.3
SO 038  —002 409 303 028 528 1449 825 055  —2.03
L0 051 005 304 —218 060 303 1290 302 002 —119
WD 098 091 -38 301 053 247 1332 330 002 19
SU  -352 —117 —425 —497 061 032 623 374 169  —092
K-B  -166 —040 362 -265 —018 417 916 250 —080 —1.03
GO  -163 —005 -39 —417 107 094 971 318 036  —234
PL  -250 -201 -371 —572 08 016 1032 045 -156 121
BR  -236 106 —278 —364 039 152 1055 705 138  —0.64
S up 211 —058 —369 —403 042 160 988 337 018  —135
©GS 251 302 -390 426 020 145 1050 541 012 194
KE  -233 -166 312 -329 086 015 1175 074 —027 —174
]G -167 227 379 —614 115 266 1263 278 107  —2.09
RB 262 —410 500 -529 037 019 1028 -259 —151 —071
 MF 228 276 -395 —475 046 102 1129 159  —015 —162
S JA 187 337 1036 —1018 185 740 1469 358 004 174
SN 561 —3015 -550 —9.06 08 -310 1115 981 093 —228
MO 374 —1676 -793 -9.62 052 215 1292 —670 —045 201

Table 6. Changes in RR10 (days per decade) for particular types of circulation in 1971-2018 in the
PSBR (statistically significant trends marked in bold and red) and their mean values (italicized) for
the lowlands (LO), uplands (UP), mountain foreland (MF) and mountains (MO).

Station NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C

ZG  -010 —005 —007 —011 011  —004 032 006 005 —0.06
BM 003 008 —007 —004 004 007 052 013 003 006
GR  —009 —002 —005 -010 002 010 05 023  —002 —0.04
HA  —006 001 —006 —009 003 021 029 016 000 —007
KW 002 —001 004 —005 006 022 067 015  —002 000
SO 00l 013 —004 012 008 016 030 030 004 —0.12
L0 —003 —002 —004 —009 006 012 045 017 001  —0.06
WD 007 000 -003 009 004 026 055 013 003  —0.08
SU  —018 006 001 —021 004 009 024 —001 006 001
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Table 6. Cont.

Station NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C

GO  —002 005 011 012 000 -006 045 002 006 005
PL  -012 006 —011 —022 004 000 042 010 —002 —003
BR 013 006 009 —016 —003 —00l 052 026 006 —001
S uP —010 000 —007 —016 002 008 042 011 003 004
GS 002 —011 002 -012 —002 001 068 010 000 007
KE  —004 -007 —006 —011 —002 000 042 002 002  —0.08
JG  -008 —007 —005 —025 000 013 057 026 005 —007
RB 008 —009 005 —026 —009 003 032 000 —009 —007
 MF 006 009 —005 019 —003 004 050 010 001 —007
~JA 000 003 025 —032 009 009 062 -007 006 —007
SN 013 —060 —026 —031 —009 —017 054 002 —007 —0.09
MO 007 032 026 —032 000 —004 058 003 —001 —008

Similar to the indices discussed above, the increasing number of days with SW-A also
contributed to the changes in R <1 (Table 7). In this case, a statistically significant, positive
trend was noticed throughout the region with the growth, usually exceeding 2 days per
decade. This shows that the frequently occurring SW-A type can have a major influence
on the decline in the number of days with precipitations. Consequently, such a trend may
cause significant problems for agriculture and water management, especially in the lower
hypsometric zones. The direction of changes of R < 1 for the remaining types of circulation
was comparable to the tendency observed for the frequency of these types. The negative
trends were reported for most of the stations for the northern circulation, SW-C and both
XX types. No statistical significance was usually noticed, except for SW-C and XX-C at
some of the stations located lower down. In the case of SW-C, the intensity of changes in
the frequency of dry days could reach as much as 1 day per decade.

Table 7. Changes in R < 1 (days per decade) for particular types of circulation in 1971-2018 in the
PSBR (statistically significant trends marked in bold and red) and their mean values (italicized) for
the lowlands (LO), uplands (UP), mountain foreland (MF) and mountains (MO).

Station NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C

Z2G  -093 —016 —026 —012 023 060 250 —043 —021 —025
BM  -133 007 -010 -019 013 037 28 018 020 027
GR  -119 007 —029 —029 027 025 219 —052 —023 —030
HA  -109 -006 016  —011 022 024 269 —055 014 —024
KW  —101 —003 019 023 020 022 286 —074 —012 —0.26
sO -118 -023 012 -016 024 023 219 —08% 019 —027
L0 112 —008 —007 —018 022 032 255 —054 —018 —027
WD 08 003 013 007 025 035 274 —084 018 018
SU  -108 -006 003 —0I3 026 043 238 066 022 —0.19
K-B  -080 -014 001 -015 032 033 228 —046 008 —0.19
GO  -081 —012 020 —008 032 037 250 —053 —020 —0.19
PL 099 005 024 012 030 058 262 -052 —016 —025
BR  -104 -011 —010 —012 026 033 194 —100 —020 —021
S uP 093 009 008 011 029 040 241  —067 —017 —020
S GS 099 015 016 008 035 034 250 071 018 026
KE  -100 -018 008 —012 027 050 205 —045 —010 —024
JG  -118 012 004 011 041 054 228 063 022 —0.20
RB -100 011 031 —009 033 051 234 —039 014 —024
 MF 104 005 013 010 034 047 229 —055 —016 —024
CJA —107 004 066 002 018 037 207 003 017 022
SN 100 025 007 012 036 025 159 042 002 —021
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Changes in R95p in the April-September period usually did not show statistically
significant trends in 1971-2018 in the discussed region (Table 8). The most noticeable
tendency was mainly observed in the mountain area for some of the cyclonic circulation
conditions. This concerns especially the decline in NE-C, NW-C and XX-C types and a
significant increase under the SE-C circulation. Similar to RR and RR10, a positive tendency
in the entire hypsometric profile was noticed for the SW-A type. Statistically significant
trends, characterized by the rate of changes amounting to 1 mm per 11-14 years, were
noticed only for two stations, representing the lower zones.

Table 8. Changes in R95p (mm per decade) for particular types of circulation in 1971-2018 in the
PSBR (statistically significant trends marked in bold and red) and their mean values (italicized) for
the lowlands (LO), uplands (UP), mountain foreland (MF) and mountains (MO).

Station NE-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C
Station  NE—-A NE-C NW-A NW-C SE-A SE-C SW-A SW-C XX-A XX-C

ZG 008 08 022 046 064 003 055 089 082 084
BM 031 032 007 03 032 -062 057 022 025 124
GR 012 007 —012 —045 011 019 089 065 —033 —017
HA 005 -014 009 -142 019 032 040 124  —030 120
KW  —009 010 016 049 026 092 066 084  —064 001
SO 018 035 032 069 007 110 057 153 059  —1.09
L0 007 —025 —009 —065 014 031 061 090 007 —076
WD 003 -017 -033 -130 028 030 08 135 001 -110
SsU  -036 026 022 174 052 -057 008 059 156  —032
K-B  —004 —036 —010 —092 002 05 047 092 056 —0.68
GO 029 030 013 167 072 054 052 066 043  —1.06
PL  -010 -141 -032 -199 021 006 070 045 —101 —045
BR 021 027 004 095 019 010 017 118 128  —039
S up 016 037 —019 143 026 004 047 08 029 067
-GS 019 -102 -021 093 002 029 045 092 027 106
KE 017 -051 —017 -113 040 —034 065 071  —003 —075
IG 008 -119 -010 -181 050 105 067 047 070  —104
RB  —003 —141 —021 —142 —057 027 023 002 —077 —029
 MF 008 -103 017 -132 008 032 050 053 004 079
S JA 014 18 068 353 064 286 069 071 004 124
SN  —073 —895 —052 —299 —039 —094 001 —-123 —021 —162
MO —030 —541 060 —326 013 096 035 —026 —009 —143

The analysis presented above indicated that trends and magnitudes of the changes in
the selected precipitation indices were often noticeably determined by the changes in the
frequency of a given type of circulation. Independently from the circulation occurrence, the
changes could be also observed for the percentage of the frequency of RR10 and R < 1 under
particular circulation types in the total number of days in the warm half-year. In the case of
RR10, positive and statistically significant trends were often noticed for the SW-A and SW-C
types at some of the stations located lower down, especially in the lowlands. The fraction of
days with intensive precipitations (RR10) in all the days with SW-A type could increase by
as much as 10% in 1971-2018. A little lower but still significant growth was also observed
for the SW-C in both lowland and mountain foreland (Figure 6). Furthermore, a decline
in the percentage of RR10 was reported for the northern circulation in the mountains,
particularly for NW-A and NW-C types.
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Figure 6. Changes in the percentage of RR10 frequency under SW-A (top) and SW-C (down) types

of circulation at the stations representing the lowlands (Kénigswartha, Graustein) and mountain
foreland (Gryféw Slaski, Jelenia Géra) in 1971-2018.

Regarding R < 1, statistically insignificant trends were mostly noticed for the majority
of the circulation types, except for the NW-A type. In this case, a noticeable increase in the
R <1 percentage was reported for this circulation. The statistically significant trends were
noticed for the stations which represented all the hypsometric zones; however, the most
dynamic changes were observed in the mountain foreland and mountains, where such a
tendency was found for all the stations. The rate of increase at the stations located lower
down usually exceeded 2% per decade, while in the mountains (Jakuszyce), the percentage
of R < 1 rose by almost 4% per decade (Figure 7).
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Figure 7. Changes in the percentage of R < 1 frequency under NW-A circulation at the stations
representing the lowlands (Halbendorf), uplands (Gorlitz), mountain foreland (Rebiszéow) and
mountains (Jakuszyce) in 1971-2018.

4. Discussion

The results on precipitation conditions in the warm half-year in the PSBR generally
confirmed the previous outcomes carried out for various regions located in Central Europe.
The multiannual changes in the selected indices were mainly statistically insignificant
for both the entire warm half-year period and for most of the types of the atmospheric
circulation. In the April-September period, the positive tendency was usually noticed in
the lower hypsometric zones with a low number of stations characterized by a statistically
significant trend for the indices concerning intensive precipitations. Similar results were
carried out for the lowland part of Poland, where stable conditions (summer precipitations)
or slightly increasing, usually statistically insignificant, trends (annual precipitations) were
reported [24,25,30,57,76]. The positive trend for the annual totals was also found for
Saxony [8] and the entirety of Germany, for the multiannual period 1881-2019 [23]. In
the Czech Republic, no statistically significant trends were observed for either annual or
seasonal totals [36,41]. In the mountain area of the PSBR, the trends of precipitation totals
and intensive precipitations were in most cases negative, especially in the summits where
they were confirmed by a statistical significance. This decrease in precipitation totals in
the warm half-year on Sniezka reached almost 53 mm per decade, while the rate of 71 mm
per decade was indicated for the annual totals in 1951-2015 [75]. The negative tendency,
including the warm-half period, was also observed for the lower mountain zones in the
Slovak Carpathians [77].

Intensive precipitations, defined using RR10 and R95p indices, showed the decreasing
trend in the summits, which was comparable to the tendency assessed for the warm half-
year in the region of Saxony [26,78]. Such a trend was also found for Eastern Germany
for RR10 and R95p indices in 19512006 [79] and for the frequency of days with the
daily precipitations exceeding 20 mm in 1961-2010 [34]. On the other hand, the lowlands
were characterized by a positive, statistically significant tendency for some stations. Such
differences between the mountains and the lower hypsometric zones found confirmation
in the previous study carried out for Poland, which indicated a rising tendency in daily
maximum precipitations in the warm half-year for most of the lowland part and a decrease
for some stations representing the mountains [33]. The increase in intensive precipitation
conditions, defined as the maximum annual precipitation totals, was also observed for the
Upper Vistula basin, where the rate of changes reached as much as 3-10 mm per decade [57].
The positive tendency for the frequency of intensive precipitations also dominated in the
Czech Republic in 1962-2012 [39].

In the case of dry days, in spite of a positive tendency in almost the entire region, the
changes in their frequency were statistically insignificant, which was in accordance to the
results obtained for most of Poland in the warm half-year [33] and in the spring-summer
seasons [25]. The research carried out for the northern regions of Germany and Poland did
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not show a homogenous direction of the changes in the annual frequency of R <1 [31]. In
the Czech Republic, a decline in the number of days with precipitations in 1961-2019 was
observed, especially in the April-June period [40].

The analysis of the relationship between precipitation conditions and the atmospheric
circulation showed that statistically significant correlation was noticed between precipita-
tion indices and the frequency of SW-C and SE-C types. In the regions located at higher
altitudes, a strong correlation was noticed for NE-C as a result of the orographic effect. This
was also confirmed by a high value of R95p in the mountains and mountain foreland for
this type. A similar situation was observed for the entire Sudetes Mountains [54,80] and in
the Carpathian region, where such a circulation type was responsible for the highest daily
totals [55,57,81]. An important role in the development of extreme precipitation develop-
ment was also indicated for the mountainous regions of Saxony [82]. The dominance of
the cyclonic circulation was also found in the Czech Republic, where the cyclonic types
(according to CHMI classification) were responsible for at least 90% of precipitation totals in
particular seasons [42]. Simultaneously, a negative relationship was found for NE-A in the
PSBR. This type is characterized by a relatively high intensity of heat stress conditions [48],
which along with the low precipitation totals, can contribute to drought occurrence. It
should also be emphasized that the correlation between the atmospheric circulation and
hydrometeorological conditions in the warm half-year in this part of Europe seems to be
lower than for the winter months [37].

Most of the precipitation totals and intensive precipitations events were noticed for
SW-A and SW-C types. In the case of RR10, the SW-C circulation was predominant, similar
to the results carried out for short-term intensive precipitations in Lublin (East Poland) in
the May-September period [63]. The importance of the SW circulation in terms of daily
precipitation totals and heavy precipitations was also found in the analysis carried out
for Krakow [80] and Saxony [65]. Regarding dry days, they were usually reported during
the NE-A, NE-A and SW-A circulation. About 80-84% of all of the anticyclonic days were
characterized by dry conditions. Such a major advantage in favor of the anticyclonic
circulation, in terms of the influence on the number of dry days, was also found for
the summer season in Krakéw, where precipitations (defined basing on the threshold of
0.1 mm) occurred on 29% of days with such a type of circulation [56]. A similar situation
was observed in the Czech Republic, where the probability of precipitation occurrence
(>1 mm) under the anticyclonic weather in 1961-2020 was equal to 6-7% [42].

The most significant changes for the considered indices were noticed for the SW-A
type. They mainly were the consequence of the positive tendency of SW-A circulation
occurrence, which was also indicated for the previous periods for Saxony [8]. The positive
tendency for the frequency of anticyclonic circulation was also observed in the Czech
Republic [41]. Nevertheless, statistically significant trends for SW-A in the PSBR were
also noticed for some stations for the percentage of days with RR10 in the total number
of days. The positive tendency of R < 1 seems to be the most crucial aspect in this case,
as the decreasing number of rainy days and a rising tendency of heat stress conditions
can increase the risk of droughts. The rising tendency of this phenomenon was already
noticed for the growing season in Saxony and the Polish part of the region [15,29,31]. In
addition, climate projections indicate that the PSBR can experience serious limitations
in water resources in the following decades of the century [44,50]. On the other hand,
a noticeable decline in precipitation totals and intensive precipitations for the northern
circulation, especially in the mountains, may suggest that this zone can be less vulnerable
to extreme precipitation events in the future if such a trend continues. However, it should
be emphasized that the results of the relationship between the atmospheric circulation and
precipitations can differ depending on the adopted circulation classification [42,54].
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5. Conclusions

The presented results indicated that the considered region is characterized by a signifi-
cant variability in terms of precipitation conditions, depending on the atmospheric circula-
tion. Based on the outcomes discussed above, the following conclusions can be formulated:

e  Precipitations in the region can significantly vary in a relatively small area. This con-
cerns both current precipitation conditions and their multiannual changes depending
on the circulation types.

e Considering the fact that most of the observed trends were statistically insignifi-
cant, it is hard to precisely predict the direction of further changes of precipitations
in the region.

e  The significant increase in the magnitude and frequency of intensive precipitations
for some stations in the lowlands, even for the anticyclonic circulation, indicates that
these regions can be additionally affected by heavy precipitations in the future. This
may result in the intensification of urban flood occurrence, due to the fact that most of
urban areas in the region are located at the lower elevations.

e  The negative trends for the precipitation totals and strong precipitations for the north-
ern circulation, especially in the higher hypsometric zones, can indicate that these
areas (where the orographic effect plays an important role) can become less exposed to
the heavy rainfall episodes. The decline in precipitation totals can potentially disturb
the ecological balance in the biologically sensitive region of the Karkonoski National
Park in the summits of the Giant Mountains.

e  The positive tendency of the SW-A type contributes to the rising number of dry
days. Considering also the rising tendency of heat stress conditions, such trends
can consequently intensify drought occurrence, cause problems with hydropower
generation and affect groundwater resources in the PSBR.

e Taking into account the relatively high dependence of the precipitation conditions
on the selected types of atmospheric circulation, further and more detailed research
in this field is recommended. This also concerns the studies related to the impact
of precipitation and circulation conditions on flood problems, especially flash flood
occurrence, which has become one of the most important problems over the last years.
Such research can be also linked to the estimation of drought conditions, including
detailed analysis on meteorological and hydrological drought, their impact on social—-
economic and environmental sectors, and the dependence on circulation issues.
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