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Abstract: The purpose of the work is to characterise pluvial conditions in central-eastern Poland from the beginning of
the 21*" century (2001-2020). The analysis involved seven meteorological stations of the Institute of Meteorology and
Water Management — National Research Institute (IMGW-PIB): Bialowieza, Legionowo, Pultusk, Siedlce, Szepietowo,
Terespol and Warsaw. The work contains the analysis of the annual and seasonal atmospheric precipitation pattern
(summer, winter, spring and autumn) and its temporal and spatial variation throughout a 20-year period. Moreover,
the percentage share of precipitation in each season in the annual sum was calculated. In order to analyse precipitation
patterns in the study period, the Innovative Trend Analysis (ITA) was applied. The average long-term annual
atmospheric precipitation sum ranged from 557 mm at Terespol to 653 mm at Bialowieza. The highest seasonal
precipitation sum in the studied region was recorded for the summer (218 mm) whereas in spring and autumn,
precipitation stayed at a similar level and amounted to 130 and 131 mm, respectively. The lowest precipitation was
recorded in winter (109 mm). The highest percentage share of the atmospheric precipitation sum was associated with
summer rainfall (from 35 to 38%), whereas the lowest in winter (from 18 to 20%). Comparisons of 2001-2010 and
2011-2020 decades revealed a decline in the share of summer precipitation in the annual sum at most of the stations,
and an increase in the share of winter precipitation. The ITA demonstrated that the most significant trends in
precipitation change occurred in summer and winter and the directions of the trends were different for each station.
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INTRODUCTION

The latest sixth IPCC report (2023) shows that man-made climate
change affects many weather and climatic extremes all over the
world. This has resulted in unfavourable worldwide results as well
as losses and damage to nature and humans. The spatial
distribution of atmospheric precipitation is a key element of the
hydrological cycle. In the 21** century, changes in atmospheric
precipitation due to anthropogenic impacts may change water
availability which affects both humans and the biosphere
(Haddeland et al, 2014; Schewe et al., 2014). Brienen et al.
(2013) advise caution while drawing conclusions on tendencies in
precipitation because they are very sensitive to the time period
under consideration. Also research for Ukraine conducted by
Ivanov, Palamarchuk and Pyshniak (2009) supports this claim.
Earlier international and Polish research explained precipitation
tendencies in terms of annual mean (Degirmendzi¢, Kozuchowski

and Zmudzka, 2004; Kozuchowski, 2004; Chadwick, Boutle and
Martin, 2013; Knutti and Sedlacek, 2013; Skowera, Kopcinska and
Kopec, 2014), seasonal fluctuations (Czarnecka and Nidzgorska-
Lencewicz, 2012; Kumar et al, 2014; Polade et al., 2014) and
extreme event distribution (Kharin et al., 2013; Sillmann et al.,
2013; Tongal, 2019; Zhou et al., 2023). Wibig (2009) claims that
atmospheric precipitation in Poland did not change greatly in the
second half of the 20™ century. Zmudzka (2002) has confirmed
an insignificant increasing tendency in annual precipitation sums.
Grzywna et al. (2020) analysed atmospheric precipitation in
Poland in 1981-2010 and they found that the average rainfall in
the summer and winter half-year was 382 mm (63% of the annual
sum) and 224 mm (37%), respectively. The annual precipitation
sum averaged 606.66 mm, with a standard deviation of 88.49.
Ziernicka, Wojtaszek and Kopciniska (2020) report that the
coefficient of variation for annual precipitation sums in Poland
was 17% that in 1971-2000. The coefficient increased to 19% in
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2001-2018. On the other hand, Kozuchowski (1985) reports 11%
for the entire period of 1881-1980, 10% in the first half of the 20"
century, and 12% in the second half. In the 201 century, there was
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seven IMGW-PIB stations: Bialowieza, Legionowo, Pultusk,
Siedlce, Szepietowo, Terespol and Warsaw (Tab. 1, Fig. 1) in
2001-2020.
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Fig. 1. Study area; source: own elaboration based on Kondracki (1994)

a steady increase in the coefficient of variation of atmospheric
precipitation in 10-year periods in Poland. Substantial spatial and
temporal variation of atmospheric precipitation yields the
necessity of conducting research on a regional scale in order to
better understand projected seasonal changes affecting water
supply in a given region (Brunetti et al., 2002; Fowler and Kilsby,
2003; Kostopoulou and Jones, 2005; Moberg and Jones, 2005;
Alexander et al., 2007). The description of temporal and regional
seasonal fluctuations in precipitation may contribute to better
modelling of hydrological systems, which will result in a better
water reserve management. Such information is also necessary for
a better assessment of the impact of climate change on water
reserve systems on a regional scale.

The objective of the work is to characterise seasonal pluvial
conditions in central-eastern Poland from the beginning of the
21% century (the years 2001-2020).

MATERIALS AND METHODS

STUDY MATERIALS

According to Kondracki (1994), the study area encompasses
Mazowsze-Podlasie Lowlands, that is Southern Podlasie Lowland
and the southern part of Northern Podlasie Lowland which are
classified as sub-provinces of Central Polish Lowlands. The
Narew River, flowing in the direction of the Vistula River, and its
estuary the Wkra form the northern hydrographic boundary of
the study area, the Vistula is the western boundary, whereas Bug,
which flows into Narew, is the eastern boundary, and the Wieprz
River is the south-eastern boundary (Fig. 1). The region’s
mesoclimate varies substantially due to the lie of the land.
Towards the east, the continental features become stronger, them
being associated with winter length and temperature during
winter months.

The experimental material consisted of meteorological
data of daily atmospheric precipitation sums from the following

Table 1. Geographic coordinates of synoptic and climatic IMGW-
PIB stations in central-eastern Poland

Geographic coordinates H
Station y
¢ A° m a.s.l.

Biatowieza 52°42' 23°51' 164
Legionowo 52°24' 20°58' 93
Puttusk 52°44' 21°06' 95
Terespol 52°04' 23°37' 131
Siedlce 52°11' 22°16' 146
Szepietowo 52°51' 22°33' 150
Warsaw 52°13' 21°01' 113

Explanations: ¢° - latitude, \° - longitude, H; - elevation above sea level.
Source: https://danepubliczne.imgw.pl/.

STUDY METHODS

The work includes the analysis of annual and seasonal (summer,
winter, spring, autumn, warm half year, cold half year) atmo-
spheric precipitation sums as well as their temporal and spatial
variation during a 20-year period (2001-2020). Annual atmo-
spheric precipitation sequences consisted of data from December
of the previous year to November of a given year. Seasonal
precipitation sums were determined for the following seasons of
the year: spring (March-May), summer (June-Aug.), autumn
(Sept.—-Nov.) and winter (Dec.-Feb.). Moreover, the percentage
share of each seasonal precipitation in the annual sum as well as
its variation were determined. In order to analyse the trend in
precipitation change throughout the study period, the Innovative
Trend Analysis was applied (Sen, 2020). To this end, the data
sequence was divided into two sub-series for 2001-2010 and
2011-2021. Trend strength (D) and slope (S) were calculated
according to the Equations (1) and (2):
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p=ly 200 5) (1)

2)
where: D = trend indicator, S = trend slope, n = number of
observations of each sub-series, 3;, T; = means for the first and
second sub-series.

In order to determine trend significance, a confidence
interval was used at the significance level of a = 0.05, following
the Equation (Sen, 2021):

CL(l—a) = Uscm + 6(5) (3)

where: CL(;.q) = percent of significance level, s.; = standard
deviation value, +6, = slope of standard deviation. In this work
the significance level was 5%.

RESULTS AND DISCUSSION

In 2001-2020, in central-eastern Poland, the highest average
annual precipitation sums were recorded for Bialowieza
(653 mm) and Pultusk (593 mm), and the lowest for Terespol
(557 mm) (Tab. 2). As a result of various geographic factors and
atmospheric circulation, a parallel of altitude distribution of
atmospheric precipitation occurred in the study area. In central-
eastern Poland, summer precipitation was twice as high as in
winter. The highest precipitation sums during the summer period
were recorded at Bialowieza (237 mm) and Pultusk (230 mm),
them being the lowest at Terespol (206 mm). In the majority of
stations (Siedlce, Terespol, Legionowo, Pultusk, Szepietowo),
spring precipitation was higher compared to autumn. When
comparing 2001-2010 and 2011-2020, it was found that in the
second decade summer precipitation was lower at most stations
but winter precipitation was higher. No major differences were
found between spring and autumn precipitation in the two
decades. Additionally, after conducting their research in Wielko-
polska (Greater Poland) in 1981-2014, Szyga-Pluta (2018) found
the highest average seasonal precipitation sums in summer
(200.1 mm). These were 76.8, 85.7 and 90.9 mm higher compared
to spring, autumn and winter precipitation. According to
Tomczyk and Bednorz (eds.) (2022), average spring, summer,
autumn and winter precipitation sums in central eastern Poland
amounted to 150, 250, 150 and 100 mm in 1991-2020.

In all stations (except Legionowo), the highest variation was
observed in winter precipitation, while the lowest in autumn
(Tab. 3). Coefficients of variation ranged from 37 to 43% in winter
and from 22 to 27% in autumn. Different results were recorded by
Szyga-Pluta (2018) for Wielkopolska in 1981-2014; in individual
months, high values of this coefficient predominated (above 40%),
the highest value being calculated for October (56.4%).

Summer precipitation in central-eastern Poland in the study
period constituted from 35 to 38% of the annual sum, whereas
winter precipitation accounted for 17 to 20% (Fig. 2). The
percentage share of spring and autumn precipitation in the
annual sum was similar and ranged from 21 to 24%. In 2001-
2018, the percentage share of summer precipitation in for the
whole area of Poland ranged from 34 to 44%, while winter

Table 2. Seasonal atmospheric precipitation sums in the years
2001-2010, 2011-2020, and 2001-2020

Station | Spring | Summer | Autumn | Winter | Annual
2001-2010
Bialowieza 139 248 150 133 670
Legionowo 136 193 125 117 571
Puttusk 129 212 123 113 577
Siedlce 118 210 124 100 552
Szepietowo 142 205 123 100 570
Terespol 121 218 118 95 552
Warsaw 117 227 125 104 573
2011-2020
Bialowieza 134 227 148 128 637
Legionowo 120 226 128 111 585
Pultusk 134 249 123 110 616
Siedlce 148 211 130 108 597
Szepietowo 138 223 129 105 595
Terespol 128 195 120 96 539
Warsaw 121 212 126 112 571
2001-2020
Bialowieza 136 237 149 131 653
Legionowo 128 210 127 114 579
Pultusk 132 230 123 111 596
Siedlce 148 211 130 108 597
Szepietowo 140 214 126 102 582
Terespol 124 206 119 96 545
Warsaw 119 219 126 108 572

Source: own study.

precipitation from 12 to 24%, spring precipitation from 15 to
26%, and autumn precipitation from 20 to 30% (Ziernicka-
Wojtaszek and Kopciniska, 2020). Czarnecka and Nidzgorska-
Lencewicz (2012) claim that the dominance of summer
precipitation over winter precipitation is mainly due to the
intensity of the summer rainfall (rain from convection clouds)
and rather than its frequency.

Comparisons of 2001-2010 and 2011-2020 decades revealed
that at 4 out of 7 stations (Warsaw, Szepietowo and Pultusk)
recorded an increase in the share of spring and autumn rainfall in
the annual sum. It was true for spring precipitation only at
Warsaw, Terespol, Pultusk, Szepietowo. There was a clear decline
in the share of summer precipitation in the annual sum (Fig. 3)
accompanied by an increase in the share of winter precipitation
(except Siedlce and Legionowo). Three out of seven stations
(Warsaw, Legionowo and Pultusk) recorded an increase in the
share of spring and autumn rainfall in the annual sum. It was true
for spring precipitation only at Terespol. Additionally, Szwed
(2019), who analysed series of data for seasonal precipitation in
Poland for the years 1951-2013, found that, particularly in the
south of Poland, there was a tendency for a decline in the share of
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Table 3. Minimum and maximum values, and coefficients of
variation (CV) in seasonal atmospheric precipitation

100%
90%
80%

Station Parameter Spring | Summer | Autumn | Winter
min 82 84 90 45
Bialowieza max 208 358 194 266
cv 23 31 22 37
min 61 81 51 41
Legionowo max 232 438 162 261
cv 37 43 27 41
min 81 67 51 45
Pultusk max 200 315 128 215
cv 27 32 22 43
min 67 118 41 41
Siedlce max 238 316 143 249
cv 30 27 24 46
min 63 134 48 54
Szepietowo max 233 357 148 229
cv 27 29 22 37
min 81 67 51 45
Terespol max 200 315 128 215
cv 27 32 22 43
min 68 87 39 17
Warsaw max 204 406 139 255
cv 30 35 24 42

Source: own study.

summer precipitation in the annual sum, whereas in the north-
western areas there was a tendency for an increase in winter
precipitation. For the eastern and south-eastern parts of Poland, no
changes in the winter precipitation sum were observed. Increases
or stabilization in the winter precipitation sum lead to an increase
in their share in the annual precipitation sum, particularly
noticeable in the west. Additionally, Bochenek (2012), who
conducted research in Szymbark for over 40 years (1971-2010),
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Fig. 2. Percentage share of seasonal precipitation in the annual sum;
source: own study
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Fig. 3. Differences in the share of seasonal precipitation in the annual sum
between the decades 2011-2020 and 2001-2010; source: own study

noticed changes in precipitation sums and a decline in summer
precipitation in the annual sum. Skowera, Kopcinska and Kopeé¢
(2014) claim that the most equivocal are the changes in the share of
summer to winter precipitation, and that they are region-related.
Results of the ITA application (Fig. 4) demonstrate that for
the majority of stations points representative data are located on or
very close to the 1:1 line, which suggests there were only slight
changes in seasonal precipitation sums in 2011-2020 compared to
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Fig. 4. ITA results for precipitation sums in 2001-2020 in: a) spring, b) summer, c¢) autumn, d) winter; source: own study

2001-2010. The largest number of significant changes in season
precipitation sums (in four seasons) was recorded for Warsaw,
Siedlce, Legionowo; the lowest for Terespol (only in summer)
(Tab. 4). The tendency for change in precipitation in individual

seasons revealed that the largest number of significant values
occurred in summer and winter. However, the direction of changes
in summer and winter precipitation was different depending on the
station. At Warsaw, Terespol, Siedlce and Biatowieza stations, the
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Table 4. Values of the slope of trends obtained by ITA, and critical values (CL) for seasonal precipitation sums at individual stations

Station Parameter Spring Summer Autumn Winter

trend slope -0.45 -2.14* -0.23 -0.43*
Bialowieza

CL 0.53 0.89 0.50 0.38

trend slope -1.60* 3.32% 0.30 -0.64*
Legionowo

CL 0.27 1.23 0.72 0.36

trend slope 0.50 3.65* 0.07 -0.30*
Puttusk

CL 0.85 1.57 0.55 0.28

trend slope 2.97* 0.06 0.67* 0.76*
Siedlce

CL 0.73 1.28 0.65 0.26

trend slope -0.43 1.72* 0.60 0.54*
Szepietowo

CL 0.61 0.52 0.67 0.49

trend slope 0.67 -2.31* 0.17 0.06
Terespol

CL 1.35 1.10 0.59 0.25

trend slope 0.38* -1.50* 0.08 0.81*
Warsaw

CL 0.26 0.90 0.79 0.35

Explanation: * = significant at « = 0.05.
Source: own study.

summer precipitation sums significantly declined, whereas at
Puttusk, Szepietowo and Legionowo they actually increased. In
winter, an increase was recorded for Warsaw, Szepietowo and
Siedlce, and a decline for Legionowo, Pultusk and Bialowieza.
Spring precipitation displayed a significant positive tendency for
Warsaw and Siedlce, whereas negative for Legionowo. Autumn
precipitation revealed a significant (positive) variation at the
Siedlce Station only. Osuch et al. (2016) believe that projections for
the future indicate further unfavourable changes in seasonal
precipitation patterns. In a warmer season, precipitation is likely to
be on the decline, with raising levels in the colder season. In effect,
the shift of precipitation from warmer to colder seasons will
continue. However, the results showed that the spatial pattern
depended on the climate model, time scale under consideration,
and the bias correction.

CONCLUSIONS

1. In the long-term study period, the annual precipitation sum in
central eastern Poland was 588 mm. Average seasonal atmo-
spheric precipitation sums for spring (March-May), summer
(June-Aug.), autumn (Sept.-Nov.) and winter (Dec.-Feb.)
amounted to 130, 218, 131 and 109 mm respectively.

2. The analysis of seasonal precipitation sums over 2001-2010
and 2011-2020 decades demonstrated that in the latter decade
summer precipitation at most stations was lower, whereas
winter sums were higher. Winter precipitation in the study
period showed the highest variability (V' = 43%). No major
differences were found between spring and autumn precipita-
tion in the two decades. Their variation over the study period
was 29 and 23% respectively.

3. The Innovative Trend Analysis demonstrated that the largest
number of significant changes in seasonal precipitation sums

occurred in summer and winter. However, the direction of
changes in both summer and winter precipitation differed
according to stations. Spring precipitation displayed a signifi-
cant positive trend for Warsaw and Siedlce only, whereas
negative for Legionowo. Autumn precipitation showed a sig-
nificant positive tendency at Siedlce only.
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