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ABSTRACT This paper examines observed changes in the indices of mean precipitation in Poland,
based on daily precipitation records for 45 stations in Poland from 1961 to 2017. Changes in
annual, semi-annual, seasonal, as well as monthly precipitation totals are examined. In addi-
tion, changes in the number of days with precipitation (= 1 mm), as well as in the Simple Daily
Intensity Index and the ratio of precipitation in the warm half-year to precipitation in the cold
half-year are studied. Many changes are detected, but most of them are not statistically signifi-
cant at the 0.1 level. Yet, there are regionally consistent seasonal changes, with a dominating
clear precipitation increase in spring and winter. The Student’s t-test for the comparison of
means for two intervals: 1961-1990 and 1991-2017 revealed statistically significant increases
for annual and spring precipitation, as well as for Simple Daily Intensity Index, and monthly
data: increases for February, March, July, September, October and decreases for: June, August,
November, December.
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1. Introduction

Mean annual precipitation total for Poland based on data for 1961-2009 amounts
to 623.7 mm (Wibig, Jakusik 2012). In lowlands and highlands, which cover most of
the country, mean annual precipitation ranges from above 500 to 700 mm. Higher
values occur in the southern part of Poland, in the mountainous area. Freshwater
resources in Poland, calculated per inhabitant, are among the smallest in Europe
(GUS 2016), therefore every change in precipitation has an impact on different
sectors of human activity in the country, including agriculture, energy production
and industry. Kovats et al. (2014) note that changes in annual precipitation since
1950 include increases in Northern Europe (up to +70 mm per decade) and de-
creases in parts of Southern Europe. The change of annual precipitation in Poland
is less pronounced there. Also Becker et al. (2013) pointed on the general north-
south gradient of trends (wetter/drier) across Europe, but for the mid-latitudes
there is a high variability of trends among stations, due to the natural variability
and local factors. These findings are consistent with trends in annual precipitation
across Europe between 1960 and 2015 reported by EEA (2017), i.e. decreasing trend
for annual precipitation in south-eastern part of Poland and an increasing trend in
the northern and eastern parts of the country. Changes in mean precipitation and
their distribution in particular months are especially important for crops cultiva-
tion and ecosystems. Changes in annual precipitation total give an information
about magnitude of precipitation and changes in number of days with daily sum
of precipitation equal or greater than 1 mm, i.e. frequency of the precipitation.
Intensity of precipitation, expressed by the Simple Daily Intensity Index (SDII) is
also important. Increase in annual precipitation total and decrease in the number
of days with precipitation during the year results in SDII increase, which has
an adverse impact on the rainfall distribution and could lead to inundation and
flooding. Even if SDII is mostly used as an index of extreme precipitation, it also
carries information about mean intensity (Zhang et al. 2011).

Analysis of precipitation total remain in the field of interest of many scien-
tists. The number of indices used and their different definitions are large and
depend on aim of the study. Especially, extreme values of precipitation sum are
important. Precipitation totals are often examined with different types of circula-
tions or precipitable water capacity (DegirmendZ#ié, Kozuchowski 2017) or with
temperature and evapotranspiration in the cause of problems with scarcity of
water or droughts (Somorowska, 2016). The highest values of precipitation total
in annual, seasonal or monthly scales often coincide with inundation and flood-
ing, like during 1970, 1977, 1997, 2001, 2010 or 2017 in Poland (Kundzewicz et al.
2012; Konieczny, Pifiskwar, Kundzewicz 2018). During last years Europe, and also
Poland, is facing with shortages of water and droughts strengthened additionally
by high temperatures. Among years with droughts: 2003, 2006, 2010, 2015 and
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2018, especially the last two were extremely severe. During August 2015 on the
River Vistula the lowest stage since records began in the eighteenth century was
observed. Many rivers reached the lowest values of the stages (and discharges)
since the 1950s (Somorowska 2016). Drought of 2018 begun in spring, because
monthly precipitation totals were much below the mean values and anomalies
of temperature were high, so these dry conditions have been not improved even
higher than normal monthly totals for July, which were recorded on many station,
in this in Poznari, where nearly all sum cumulated in one decade (IMGW 2018).
Rulfové and Kysely (2014) detected increasing trends in convective precipitation,
stronger than trends in stratiform precipitation, during three seasons: spring,
summer and autumn over 1982-2010. According to the mentioned authors, in-
creases in total precipitation are mainly due to increases in convective precipita-
tion, accelerated by increases in surface air temperature. This can lead to both
longer periods without precipitation and occurrence of more extreme precipita-
tion. Numerous studies on extreme precipitation show that there are many more
significant increasing trends than significant decreasing trends (Donat et al. 2013;
Westra, Alexander, Zwiers 2013; Eupikasza 2017; Piriskwar et al. 2019).

Another important issue are changes in the interannual cycle of precipitation.
One of indices characterizing this interannual cycle is the ratio of precipitation to-
tal during the warm season (Apr.-Sept.) to precipitation total in the preceding cold
season (Oct.-March). This index is very important especially from agricultural
point of view. In Polish conditions, it is disadvantageous that precipitation total
from October to March increases and precipitation total from April to September
decreases or else - the increase during the warm season is smaller than during the
cold season. It will result in problems related to low water storage, due to lack of
vegetation and faster surface runoff and could lead to spring droughts (Kedziora
et al. 2014; Czarnecka, Nidzgorska-Lencewicz 2012).

The paper analyses changes in annual, seasonal and monthly precipitation to-
tals. Detecting changes in precipitation total for annual and seasonal scale are very
important, but equally important are also analyses of changes for months. Changes
in monthly total of precipitation show which months have an impact on seasonal
precipitation changes. Sometimes one month with higher changes contributes to
changes observed during particular seasons (more drier or more wetter) and the
signs of changes may differs from month to month (Mager, Kasprowicz, Farat
2009; Swiatek 2011; Zeletikov4 et al. 2016; Jaagus et al. 2018). Detecting changes in
precipitation total at the regional scale is an important issue and should be a repeat-
able task. This is done in the present research and updates earlier studies carried
out in Poland by extending time series of observations to the year 2017. In many
earlier studies (DegirmendZi¢, Kozuchowski Zmudzka 2004; Mager, Kasprowicz,
Farat 2009; Kozuchowski 2004; Swiatek 2011; Czarnecka, Nidzgorska-Lencewicz
2012; Kazmierczak, Kotowski, Wdowikowski 2014; Degirmendzié, Kozuchowski
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2017; Tomczyk, Szyga-Pluta 2018), time series of observation records extending
to the first years of the 21 century were used.

2. Data and methods

Precipitation datasets used in this study were provided by the Institute of Me-
teorology and Water Management - State Research Institute (IMGW-PIB) and
have been processed. Table 1 shows a list of 45 stations and basic characteristics
of precipitation at these stations (mean annual precipitation for time intervals
1961-1990 and 1991-2017, as well as minimum and maximum values of annual
precipitation totals with year of the occurrence).

Table 1 - List of meteorological stations with precipitation data used in this research and character-
istics of annual precipitation (mean for 1961-1990 and 1991-2017, as well as minimum and maximum
values with the year of occurrence)

Station Elevation H Annual precipitation total (mm)

(masdl) Mean Mean Min Year Max Year

1961-1990 1991-2017

Biatystok 148 591 612 446 1971 935 2017
Bielsko-Biata 398 991 995 739 1993 1,505 1966
Chojnice 172 558 616 312 1982 835 2007
Gorzéw Wielkopolski 72 554 563 335 1982 872 2017
Hel 1 572 609 345 1975 837 1970
Jelenia Géra 342 689 719 462 1990 1,005 1977
Kalisz 140 508 500 259 2015 721 1981
Kasprowy Wierch 1,991 1,826 1,762 1,292 1993 2,600 2001
Katowice 280 722 725 489 2015 1,011 1974
Kielce-Sukéw 268 632 636 439 1982 1,000 1966
Ktodzko 356 594 598 339 2015 845 2010
Koto 116 518 534 307 1989 794 1966
Kotobrzeg 3 663 715 437 1975 899 2017
Koszalin 33 704 752 481 1982 1,013 2007
Legnica 122 545 528 361 2003 795 1977
Lesko 386 801 838 447 1961 1,104 2010
Leszno 91 543 559 348 1982 748 2016
Lublin 238 582 605 368 1982 846 1974
teba 2 651 670 420 1964 997 1970
+6dz 187 578 586 400 2015 832 2017
Mtawa 147 551 565 355 1971 860 2017
Nowy Sacz 292 721 738 512 1986 1,155 2010
Olsztyn 133 637 643 403 1982 973 2017
Opole 176 637 587 364 2015 868 2010

Ptock 106 543 527 319 2015 821 1970
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Station Elevation H Annual precipitation total (mm)

(masl) Mean Mean Min Year Max Year

1961-1990 1991-2017

Poznan 86 515 552 275 1982 772 1967
Racibérz 190 650 604 278 2015 1,001 1977
Rzeszéw 200 625 664 381 1982 1,009 1966
Sandomierz 217 567 556 378 1973 860 1966
Siedlce 146 532 556 394 1991 738 2010
Stubice 21 552 572 361 1991 861 2010
Suwatki 184 592 615 390 1976 856 2017
Szczecin-Dabie 1 527 581 349 1982 840 2017
Sniezka 1,603 1,266 1,097 756 2003 1,908 1977
Swinoujscie 6 543 598 386 1982 783 2017
Tarnéw 209 723 732 462 1982 1,216 2010
Terespol 133 518 541 335 1991 777 1974
Torun 69 533 553 310 1989 843 1980
Ustka 6 713 678 467 1975 1,019 1970
Warszawa 106 516 556 358 1976 796 2010
Wielun 195 605 599 366 2015 926 1974
Wtodawa 175 534 560 383 1969 872 1974
Wroctaw 120 588 543 381 1982 776 1977
Zakopane 857 1,125 1,149 811 1993 1,645 2010
Zielona Gora 180 582 600 385 1982 807 2017

Datasets are complete without missing data. Monthly totals were examined by
three tests of homogeneity: Mann-Whitney-Pettitt test, Penalized maximum t-test
and the Standard Normal Homogeneity test (SNH), using the AnClim software
(St&panek 2008). Verification of data homogeneity poses difficulties because of
strong natural variability of precipitation. According to results of these three tests
for each series, data from 43 out of 45 were classified as “useful” (if the number of
tests rejecting the null hypothesis about homogeneity at the 5% level is not greater
than one) and two (Racibérz and Sniezka) as “suspect” (where two or three tests
reject the null hypothesis). Additionally, data from Racibérz were tested by SNHT
for two series with respect to a neighbouring, sufficiently correlated homogeneous
station. This test did not reject the null hypothesis. The approach is considered
to be more powerful than tests, which use only a single series (Wijngaard et al.
2003). Sniezka is one of the two mountainous stations, included by WMO to Global
Atmosphere Watch - Stations, so that despite the test results, data were used.
Figure 1 shows the spatial coverage of precipitation data for Poland used in this
paper.

Based on the data, values of the following indices related to precipitation were
calculated:

- annual precipitation totals
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- number of wet days with daily precipitation = 1 mm

- Simple Daily Intensity Index SDII - the ratio of annual total precipitation to the
number of days during the year with daily precipitation > 1 mm

- relation of precipitation total in the warm season (Apr.-Sept.) to precipitation
total in the preceding cold season (Oct.-March)

- precipitation total for the cold half-year (Oct.-March) and the warm half-year
(Apr.-Sept.)

- precipitation sums in particular seasons - winter: Dec.-Feb. (DJF); spring:
March-May (MAM); summer: June-Aug. (JJA) and autumn: Sept.-Nov. (SON)
and individual months.

In this research, in order to show changes of every examined index, mean values
for 1991-2017 and the WMO climate standard normal period 1961-1990 have been
compared. Changes are calculated in relative (percentage) terms. Trends for the
whole period, 1961-2017, have been tested with the Mann-Kendall test and identi-
fied as statistically significant when significance level (SL) was equal to or less
than 0.1. Additionally, histograms with fitted log-normal distribution for these
two periods: 1961-1990 and 1991-2017 have been compared, based on the values
of indices for 40 stations (with mean annual precipitation below 800 mm for the
period 1961-1990), i.e. records at five stations: Bielsko-Biata, Lesko, Kasprowy
Wierch, Sniezka and Zakopane, were not used (see Table 1). Also the Student’s
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Fig. 1 - Location of stations in Poland with precipitation data used in this study
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t-test for the comparison of two means has been used and such statistics as: me-
dian and quartiles have been calculated.

3. Changes in precipitation totals
3.1. Annual and semi-annual time scale

The highest number of annual minimum precipitation records in a single year
from this dataset occurred in 1982 (fourteen stations), and then in 2015 (eight
stations). Year 2015, with severe drought, brought a new record for the lowest
annual precipitation: 259 mm in Kalisz, merely 51% of mean annual precipita-
tion for 1961-1990. By this time, the lowest annual precipitation was recorded in
Poznan: 275 mm in 1982.

Most of maximum annual precipitation records occurred in 2017 (10 stations),
then in 2010 (the year with large floods, in which records were broken at eight
stations). The highest annual precipitation totals in this dataset were observed
at the mountainous stations Kasprowy Wierch (1,991 m a.s.l.): 2,600 mm in 2001
and Sniezka (1,603 m a.s.1.): 1,908 mm in 1977, then at the Zakopane station (857 m
a.s.l.): 1,645 mm in 2010.

The comparison of annual precipitation between 1961-1990 and 1991-2017
(Fig. 2a) shows an increase for 34 out of 45 stations. For 25 stations it was lower
than 5% and for nine stations it was higher than 5%. It can be noticed that northern,
central and south-eastern parts of Poland became more humid, and four changes
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(a) Annual precipitation - percentage change (b) No. of days with precipitation = 1mm -
percentage change

Fig. 2 - Relative change of mean annual precipitation (a) and change in the mean number of wet days
with precipitation equal to or greater than 1 mm (b). Changes were calculated between the interval
1991-2017 and 1961-1990. The black dots show significant change (SL < 0.1).
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Table 2 - Number of stations with direction of changes, mean percentage change for all sta-
tions (mean for the interval 1991-2017 vs 1961-1990) and statistics: mean for 40 stations (with
mean annual precipitation total below 800 mm) as well as median and quartiles for two intervals:
1961-1990 and 1991-2017. Statistically significant changes in mean are marked in gray, the higher
values of statistics (in italic).

Index No. of No.of  Mean change  Mean for 40 stations ~ Median for 40 stations
stations  stations and the (mm; day) (25%; 75%)
with with range (5%; (mm; day)

increase  decrease 95%) for

(with (with all stations  1961-1990 1991-2017 1961-1990 1991-2017
SL<0.1) SL<0.1) (%)
Annual precipitation 34 (4) 11(3) 1.9 592.1 606.5 581 594
total (-7.6;9.6) (500; 670) (524; 681)
No. of wet days with 19(2) 22(7) -0.3 104.8 104.7 104 105
P>1mm (-6.3;3.7) (93;116)  (94; 114)
SDll 39 (6) 6 (1) 2.5 5.4 5.5 5.3 5.5
(-1.2;7.7) (4.9;5.9) (5.0;6.0)
Ratio of precipitation 16 (1) 29(2) -1.9 1.83 1.79 17 16
totals (Apr.-Sept. to (-13.1;10.2) (1.3;2.2)  (1.3;2.1)
Oct.-March)
Precipitation total for 30(3) 15 (4) 1.5 223.0 226.9 214 222
cold half year (-10.0;9.7) (169; 264) (184; 267)
(Oct.-March)
Precipitation total 30 (1) 15 (1) 13 370.2 377.3 364 369
for warm half year (-7.1;9.0) (300; 428) (309; 436)
(Apr.-Sept.)
Precipitation total 28(8) 17 (4) 2.1 101.4 104.2 98 102
for Winter (DJF) (-15.4; 16.3) (74;124)  (79;125)
Precipitation total 32(2) 13 (4) 5.4 127.9 136.0 122 132
for Spring (MAM) (-9.8;17.7) (96;152)  (106;159)
Precipitation total 19(7) 26 (1) -0.2 221.4 2225 214 217
for Summer (JJA) (-10.3;12.7) (167;267) (169; 269)
Precipitation total 26 (0) 19 (0) 2.2 141.7 143.5 134 136
for Autumn (SON) (-7.7; 16.4) (100; 171) (107;175)
Precipitation total 35(8) 10 (0) 9.2 326 35.5 29 33
for January (-12.6; 24.0) (18; 43) (22;46)
Precipitation total 36 (4) 9(1) 12.1 27.5 31.0 26 30
for February (-15.6; 33.1) (15;37) (21; 40)
Precipitation total 42 (6) 3(0) 21.9 30.8 37.7 29 35
for March (-2.1;43.1) (19; 40) (23;49)
Precipitation total 21(0) 24 (4) -4.4 38.3 37.0 35 33
for April (-26.4;12.7) (23; 50) (21; 49)
Precipitation total 31(1) 14 (5) 4.1 58.8 61.4 54 56
for May (-13.8;22.5) (37; 76) (38;79)
Precipitation total 11(3) 34 (4) -6.8 72.2 67.6 66 63

for June (-21.6;14.8) (45;95)  (40; 88)
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Index No. of No.of  Mean change Mean for 40 stations ~ Median for 40 stations
stations  stations and the (mm; day) (25%; 75%)
with with range (5%; (mm; day)
increase  decrease 95%) for
(with (with all stations 1961-1990 1991-2017 1961-1990 1991-2017
SL<0.1) SL<0.1) (%)
Precipitation total 41(8) 4(0) 13.2 78.4 87.8 73 78
for July (-8.1;38.7) (47;102)  (49;114)
Precipitation total 15(1) 30(6) -5.7 70.8 67.1 64 59
for August (-28.2;22.0) (43;89)  (41;87)
Precipitation total 39(2) 6 (1) 10.9 51.6 56.5 48 49
for September (-4.2;34.2) (30; 67) (30;77)
Precipitation total 32(0) 12 (0) 7.1 43.1 45.9 34 39
for October (-9.6; 23.2) (20; 55) (23;63)
Precipitation total 2(0) 43 (16) -11.9 47.0 41.1 42 38
for November (-22.3;-4.1) (31;59) (27; 52)
Precipitation total 12(0)  33(10) -8.2 40.9 38.1 39 35
for December (-27.2;11.2) (26; 54) (23; 49)

are statistically significant at the 0.1level. Three downward changes are significant
and found in the south of Poland. The mean precipitation, areally averaged over
Poland, increased by 1.9% (see Table 2).

For the number of wet days with precipitation (> 1 mm; Fig. 2b), decrease is
noted at nearly half of 45 stations (seven changes were statistically significant).
For four stations, the number of wet days did not change. More wet days are
observed at 19 stations (in this two statistically significant changes). The mean
change in the number of wet days is -0.3% (Table 2).

Histograms for annual precipitation at stations (with mean annual precipita-
tion below 800 mm for the period 1961-1990) revealed that during last 27 warmer
years (1991-2017) there were less annual precipitation totals below 550 mm and
more annual totals above 550 mm. The highest frequency was observed for the
range 550-600 mm, while in the period 1961-1990 the highest frequency was for
the range 500-550 mm (see Fig. 3a). The median and quartiles were higher for
annual precipitation totals from interval 1991-2017 in comparison with 1961-1990
and the changes in means were statistically significant (see Table 2). During pe-
riod 1991-2017, the number of wet days was higher in classes from 90 to 120 and
lower in other classes, so that the first quartile and median were higher, but third
quartile was lower, in comparison to 1961-1990 (Table 2).

The value of SDII depends on annual precipitation total and annual numbers
of wet days, therefore, changes of these indices affect changes of SDII. The SDII
has increased (Fig. 4a) in the last 27 years (1991-2017), as compared to the inter-
val 1961-90 for a large area of Poland: for 39 out of 45 stations, and six of these
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Fig. 3 - Histograms with fitted log-normal distribution for 40 stations for two periods: 1961-1990
and 1991-2017 of annual precipitation (a) and the number of wet days with precipitation equal to or
greater than 1 mm (b). The solid line represents log-normal distribution for 1961-1990 and dotted
for 1991-2017.
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changes are statistically significant. Only for one station decrease is statistically
significant (Fig. 4a). The mean change for all stations is increasing: 2.5% (see
Table 2).

One can draw a conclusion that increase in the annual precipitation total is
due to an increase of the amount of precipitation during wet days. This can be
stated with confidence for such stations as: Biatystok, Bielsko-Biata, Katowice,
Kielce, Kolo, teba, £.6dZ, Mtawa, Nowy Sacz, Olsztyn, Tarnéw, Torun, Wiodawa,
Zakopane and Zielona Géra. For these 15 stations, the mean annual precipitation

* SL<01
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(a) SDII - percentage change (b) The ratio of sum of precipitation -
percentage change

Fig. 4 - Relative change of Simple Daily Intensity Index SDII (a) and the ratio of precipitation total in
the warm season (Apr.-Sept.) to precipitation total in the cold season (Oct.-March - b - mean for the
interval 1991-2017 related to the mean for 1961-1990. Black dots show a significant change (SL < 0.1).
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Fig. 5 - Histograms with fitted log-normal distribution for 40 stations for two periods: 1961-1990
and 1991-2017 of SDII (a) and the ratio of precipitation totals in the warm season (Apr.-Sept.) to
precipitation total in the preceding cold season (Oct.-March - b). The solid line represents log-normal
distribution for the interval: 1961-1990 and dotted - for 1991-2017.
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is higher for the last 27 years (1991-2017) while the mean number of wet days with
precipitation (> 1 mm) was lower than the previous mean calculated for 1961-1990
or remained unchanged.

The ratio of precipitation total in the warm season (Apr.-Sept.) to precipitation
total in the cold season (Oct.-March) shows a decreasing trend for 29 stations
(Fig. 4b) and decrease of this index is larger than increase for 16 other stations.
However, only three changes are statistically significant: two decreases and one
increase. The mean change for all stations is -1.9%.

Even if the results shown in Fig. 4b are not strong, they are of considerable
importance in Poland. Decrease of the ratio of precipitation in the warmer season
to precipitation in the colder season is disadvantageous. This change in seasonal
distribution means that much of water in the cold season runs off to the sea (all
water storage reservoirs in the country can store only 6% of annual river flow),
while water in the warm season can be missing for vegetation.

Histograms for two intervals: 1961-1990 and 1991-2017 for SDII (Fig. 5a) show
shift in the relative frequency of intensity. There were less days with precipitation
of lower intensity (especially from 4.0 to 5.0 mm day ') and more days with higher
intensity of precipitation (greater than 5.5mm day™) during the last 27 years in
comparison with frequency for 1961-1990 (Fig. 5a).

The changes in means are statistically significant. Also the median and quartiles
of SDII are higher for the period 1991-2017 (see Table 2). Histograms of the ratio
of precipitation total in the warm season to precipitation total in the preceding
cold season revealed increase in frequency in ranges from 1.0 to 2.0 and decrease
in higher ranges during the interval 1991-2017 (Fig. 5b). Quartiles of this index
are also lower for 1991-2017 (Table 2).
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Changes in the ratio of precipitation totals in the warm season (Apr.-Sept.)
and the preceding cold season (Oct.-March) depend on changes of precipitation
totals for these two parts of a year. Decrease in the ratio of precipitation may
be due to an increase of precipitation total for the cold half-year or a decrease
of precipitation total for the warm half-year or when increase of precipitation
total for the warm half-year is smaller than increase of precipitation total for the
cold half-year. Figure 6 shows precipitation totals for these two parts of the year
(Oct.-March and Apr.-Sept.).

Precipitation total for the cold half-year increases at 30 stations (in this two
changes being statistically significant). Decreases of this index are visible at 15 sta-
tions with four statistically significant decreases in south Poland.

Precipitation total for the warm half-year also increases at 30 stations: the most
in northern part of Poland and decreases at 15 stations (in this one increase and one
decrease statistically significant). The mean changes for these half-years are: 1.5%
and 1.3%, respectively for cold and warm half-years. Despite of increase of precipi-
tation for the warm half-year, the ratio of precipitation decreases for 18 stations:
Bialystok, Chojnice, Hel, Jelenia Géra, Koto, Koszalin, Lesko, Lublin, teba, Poznan,
Rzeszéw, Suwatki, Terespol, Tarnéw, Torun, Warszawa, Zakopane and Zielona Géra.

Histograms for the cold half-year (Oct.-March) for two intervals: 1961-1990
and 1991-2017 show nearly 10% increase in relative frequency in the range from
200 to 250 mm for last 27 years (1991-2017) and 5% decrease in the range from
100 to 150 mm in comparison with the interval 1961-1990 (Fig. 7a). For the warm
half-year (Apr.-Sept.), decrease in relative frequency of nearly 5% is also visible
in lower range 250-300 mm, but increases in ranges from 300 to 400 mm are

(a) Precipitation for cold half-year - (b) Precipitation for warm half-year -
percentage change percentage change

Fig. 6 - Percentage change of precipitation total for the cold half-year (Oct.-March - a) and for the
warm half-year (Apr.-Sept. - b). The mean for the interval 1991-2017 was related to the mean for
1961-1990. The black dots show significant change (SL < 0.1).
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Fig. 7 - Histograms with fitted log-normal distribution for 40 stations in two periods: 1961-1990
and 1991-2017 for precipitation total in the cold half-year (Oct.-March - a) and the warm half-year
(Apr.-Sept. - b). The solid line represents log-normal distribution for the first period: 1961-1990 and
dotted - for 1991-2017.

1991-2017
1961-1990

]
]
o

Frequency (%)
Frequency (%)

less noticeable. Also small increases occurred in the range from 450 to 600 mm
(Fig. 7b). The median and quartiles are higher for the interval 1991-2017 in com-
parison with the previous interval, 1961-1990, for both indices.

3.2. Seasonal time scale

Seasonal precipitation totals confirm the findings for half-years (Fig. 8). For central
and northern part of Poland, winter (DJF) got wetter in 1991-2017, in comparison
t01961-1990 (Fig. 8a). The number of statistically significant changes was highest
for this season (12, therein eight for increases and four for decreases). The mean
change for all stations is 2.1% (see Table 2).

Similarly, an increase in precipitation total is visible for spring (MAM) with
six significant changes (Fig. 8b). For this season, decreases in precipitation sums
are noticeable mainly in the south-western part of Poland, where three changes
are statistically significant. The mean change for all stations is the highest of all
seasons: 5.4% (Table 2).

Summer is getting wetter for the western and northern parts of country with
seven statistically significant changes (Fig. 8c). Despite of this, decreases are
prevailing and the mean change for summer is -0.2% (Table 2).

Changes in precipitation sums in autumn (SON) are not statistically significant
(Fig. 8d). Increases are noticeable in eastern and southern parts of Poland and the
mean increase was by 2.2% (Table 2).

Histograms of seasonal precipitation totals, for two intervals: 1961-1990 and
1991-2017 (Fig. 9), show decreases in relative frequency for lower ranges and
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Fig. 8 - Percentage change of precipitation total for the seasons: a - winter (DJF), b - spring (MAM),
¢ - summer (JJA) and d - autumn (SON). The mean for the 1991-2017 interval was related to the mean
for 1961-1990. The black dots show significant change (SL < 0.1).

increases for mean and higher ranges, especially for spring and winter. The highest
increase (about 3%) in relative frequency for winter is noticed in the precipita-
tion range from 100 to 125 mm. For spring, there is a 5% decrease for the range
75-100 mm and nearly 5% increase for the ranges 125-150 and 150-175 mm and
about 3% for the range 175-200 mm (i.e. above the third quartiles: 152 and 159 mm,
respectively for both periods). The changes in means are statistically significant
(see Table 2). The highest increase for summer (about 2.5%) is for the range
300-350 mm. During autumn, there are less years with precipitation totals from
50 to 100 mm for the period 1991-2017 and more with precipitation totals from 100
to 150 mm and then 175-250 mm. For all seasons, median, first and third quartiles
are higher for the last 27 years (1991-2017; Table 2).
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3.3. Monthly time scale

The analyses of changes in precipitation total in particular months (Fig. 10) enable
to answer the question: which months are principally contributing to seasonal
precipitation changes.

In order to interpret seasonal changes in winter (Figs. 8a), one can look at
changes in each of the three months - December, January, and February. Precipita-
tion total for December is decreasing for nearly all stations located in the central
and southern part of Poland (Fig. 10a) with ten statistically significant changes.
The mean change for all stations is decreasing by 8.2% (see Table 2). In contrast,
precipitation total for January (Fig. 10b) increases for 35 of 45 stations and eight
changes are statistically significant. No decrease is statistically significant. The
mean change for all stations is positive, by 9.2%. Also one can note that Febru-
ary (Fig. 10c) is getting wetter: the mean precipitation total for the last 27 years
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Fig. 9 - Histograms with fitted log-normal distribution of seasonal precipitation for 40 stations
for two periods: 1961-1990 and 1991-2017 for: a - winter, b - spring, ¢ - summer, d - autumn. The
solid line represents log-normal distribution for the period: 1961-1990 and dotted - for 1991-2017.
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Fig. 10 - Percentage change of mean precipitation total for particular months in seasonal order:
a-l - mean for the interval 1991-2017, related to the mean for 1961-1990. The black dots show
significant change (SL < 0.1). Square for September means significant decrease at Mtawa (MK test),
but the percentage change is positive due to anomaly high precipitation total in September 2017.
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(1991-2017) is greater than for the earlier interval 1961-1990 for stations situated in
the northern and central part of Poland as well as in the southern part, except for
Kasprowy Wierch, but only four increases and one decrease are statistically signifi-
cant. The mean change for all stations is 12.1%. Increase in the winter precipitation
total (DJF, 2.1%) is due to an increase of January and February precipitation sums
that outweigh the decrease in December. However, for six stations: Bielsko-Biata,
Kalisz, Lublin, Rzeszéw, Tarnéw and Zakopane, despite of increase in precipitation
total for January and February, the precipitation total for winter is decreasing, due
to strong decreases in December. For other six stations: Kasprowy Wierch, Kielce,
Opole, Racibérz, Sandomierz and Wielun, precipitation total is decreasing for all
winter months (in this, three changes are statistically significant).

March is the month with the largest percentage increase in precipitation to-
tal: for all stations, the average value reached 21.9% (see Table 2). At six out of
42 stations increasing changes are statistically significant (Fig 10d). The highest
increase is found in Poznan (50%) and for five other stations (Jelenia Géra, Koto,
Leszno, Wroclaw and Zielona Géra) the change is greater than 40%. Only for three
stations the change is negative. The first month of the vegetation season, April,
is getting drier in the western part of Poland with four statistically significant
decreases and a bit more humid in the eastern part of the country (Fig. 10e), but
the mean change for all stations is decreasing: -4.4% (Table 2). In May, one can
observe positive changes in precipitation total over a large area of the country
(with one significant change), except for south-western Poland, where changes
are decreasing and statistically significant at four stations (Fig. 10f). The mean
change for all stations is positive, 4.1% (Table 2). Despite of wetter March, spring
is getting drier in south-western Poland (Figs. 8b and 10d-f).

Total precipitation in June decreases over a large area of Poland (34 stations
therein four with significant changes). Only at seven stations located in the north
of the country (with three changes being significant) and four in south-eastern
and central Poland, increase in precipitation total is noted (Fig. 10g). The mean
change for June is decreasing by 6.8%. July is getting wetter at nearly all stations,
especially in the west (Fig. 10h). The mean change for this month for all stations
is 13.2%. Among stations, the largest positive change is visible at Stubice (56%,
statistically significant change). In contrast, statistically insignificant decreases in
precipitation total for this month can be observed in the north. In turn, precipita-
tion total for August (Fig. 10i) decreases (with statistical significance in six cases)
in central and southern Poland (above 30% in Opole). Precipitation increases (with
one increase being statistically significant) mainly at north-western stations. The
mean change for all stations is decreasing: -5.7% (Table 2). Changes in precipita-
tion sums for these three months contribute to the aggregate of -0.2%: decrease
in southern and central parts and increase in western and north-western parts of
the country (Figs. 8c and 10g-i).
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Precipitation sum for September (Fig. 10j) increases more than for other autumn
months, but only two changes are statistically significant. An increase was found at
39 stations and a decrease at six. The largest increase is in the southern and central
part of Poland; small decrease is spotted in the north with one significant decrease
according to Mann-Kendall (MK) test in Miawa. Because of anomalously high
precipitation total in September 2017 (163 mm; the highest value for the whole
available period: 1961-2017 and higher by 235% from the mean 1961-1990: 49 mm),
the percentage change is positive. The mean change for September is 10.9%. Octo-
ber (Fig. 10k) is getting drier in west-central Poland and wetter in northern and
south-eastern parts of the country (the most in Lesko, 28%), but these changes
are insignificant. The mean change for all stations is 7.1%. Precipitation total for
November (Fig. 101) decreases at 43 stations, therein 16 decreases are statistically
significant, i.e. throughout nearly the whole area of Poland. The mean change
for all stations is negative (by -11.9%) and is the highest among all of months. In
result, precipitation sum for autumn decreases in central and northern parts and
increases in south-eastern Poland (Figs. 8d and 10j-1).

Histograms for the monthly totals of precipitation for two intervals: 1961-1990
and 1991-2017 (Fig. 11) confirm the findings observed for monthly station data. The
shift in relative frequency from lower to higher precipitation total is revealed the
most for: March, February, then for July, September and October (for these months
the changes in the mean are statistically significant), and for January, the least
for May. For these months median and quartiles are higher for the last 27 years
(1991-2017; Table 2). In turn, the shift in relative frequency from higher to lower
precipitation total is observed the most for November, December, June, August
(for these months the changes in means are statistically significant) and April.
For these months, median and quartiles are lower for the last 27 years (1991-2017;
Table 2).

4. Discussion

Presented results corroborate and update previous studies conducted for Poland
and Europe. As EEA (2017) reported, there is a decreasing trend for gridded data
of summer precipitation in south-eastern (exceeding 15 mm decade™) and central
parts (from 10 mm decade™ to 0 mm decade™) of Poland and an increasing trend
for summer precipitation in the northern part of the country (0-5 mm decade™).
This is in line with our study. DegirmendZi¢ et al. (2004) noted a weak increas-
ing trend of annual precipitation totals and of several monthly sums for period
1951-2000, but most of them were insignificant, except for March. Changes in
annual precipitation were estimated to be less than 2% of the long-term annual
average (590 mm), with decreasing contribution of summer precipitation sums
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(June-August) to the annual total. In turn, for 1958-2008, DegirmendZi¢ and
Kozuchowski (2017) identified insignificant decreasing trend in mean annual
precipitation for Poland and also insignificant trends for seasons: decreasing for
summer and spring and increasing for winter and autumn. Authors also analysed
the mean intensity of total precipitation in Poland (not the same as SDII), which is
decreasing for annual data. Czarnecka and Nidzgorska-Lencewicz (2012) studied
seasonal precipitation total and the ratio of precipitation in Poland, based on data
from 38 (without mountainous) stations for the period 1951-2010. According to
their paper, over a large area of Poland, there is a slight increase in precipita-
tion total during spring and autumn, while for winter and summer the numbers
of stations with slight increase and decrease are nearly similar. Our research
revealed larger changes in seasonal precipitation. There is a slight increase in
winter precipitation and for spring precipitation the change in mean is statistically
significant. Our findings are supported by Bhend and von Storch (2008), who pre-
sented trend in winter (DJF) precipitation totals in 1973-2002 in units of relative
change compared to the 1961-1990 mean precipitation (based on the CRU TS 2.1
data) showing more humid northern part and drier south-western part of Poland.
Mager, Kasprowicz, Farat (2009) examined data from 49 stations for 1966-2006
and showed an increasing tendency of mean annual precipitation total for some
areas: south-eastern and north-western parts of Poland and decreasing tendency
for the remaining area. According to these authors, winter and spring have been
getting wetter, whereas summer and autumn - drier. These changes were due to
higher precipitation in February, March and September. During June, October and
November, authors noticed decrease in precipitation total. In this paper, with time
series of observations extending to the year 2017, the mean percentage change
of annual, as well as of winter, spring and autumn precipitation total and the
mean percentage change of SDII show increases. Tomczyk and Szyga-Pluta (2018)
analysed precipitation during the growing seasons in 1966-2015 and detected the
increase of precipitation at most stations, but the change was statistically signifi-
cant only in Swinoujscie (22 mm decade™), like in our study for warm half-year.

Kazmierczak, Kotowski, Wdowikowski (2014) detected a statistically insignifi-
cant decrease in annual precipitation total in 1954-2013 for four stations in the
Odra basin: Legnica, Opole, Wroctaw and Klodzko. Moreover, an insignificant
decrease in seasonal precipitation total for this area was noticed, what is in line
with our observations. Swiatek (2011), analysing 50-year series (1954-2003),
detected a statistically significant increasing trend in precipitation totals for
March in Szczecin, Koszalin, Leba and Elblag. This finding is partly supported by
results for nearby regions. Hattermann et al. (2012) presented spatially irregular
trend in mean annual precipitation in Germany. Increasing trend was reported
in most of western Germany, while eastern Germany has decreasing trend in
1951-2006. In Czechia, Rulfovd and Kysely (2014) indicated increasing trends of
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total precipitation which prevail in all seasons except winter. Jaagus et al. (2018)
analysed monthly, seasonal and annual precipitation totals for stations located
in the eastern Baltic countries (Lithuania, Latvia, Estonia) for 1966-2015. They
revealed increase in annual precipitation. Significant trends (SL < 0.1) were ob-
served on 42.1% of stations in Latvia, 36.8% in Estonia and 31.3% in Lithuania
(177 mm, 12.5 mm and 7.1 mm per decade, respectively). For seasonal data, the
highest increase (by approximately 10 mm per decade) was observed for win-
ter precipitation, where significant trends were found at the most of stations.
Also increasing, but weaker, trends were noticed during summer. For monthly
precipitation, increases were detected at many stations in January, February and
June. Decreasing trends were revealed at some stations in April and September.
Avotniece et al. (2012) examined precipitation in Latvia in the interval 1950-2010,
detecting a statistically significant increase in annual total precipitation in wet
days (i.e with precipitation > 1 mm) and major changes in SDII. Tripolskaja and
Pirogovskaja (2013) analysed precipitation totals for two stations: Vilnius in Lithu-
ania and Minsk in Belarus for the interval 1987-2007 in comparison to 1961-1990
and stated that annual precipitation slightly increased (by 13 mm) in Vilnius and
strongly decreased in Minsk (by 109 mm). For seasonal totals, a slight increase for
Vilnius was noted only for winter, while for Minsk, precipitation totals decreased
throughout all seasons; the most during summer. According to study conducted
by Gera et al. (2017), annual and seasonal precipitation totals in Slovakia have not
shown any significant trends for 1881-2016. During the cold half-year, a decreasing
trend was found in southern Slovakia and an increasing trend in northern Slo-
vakia. Additionally, a greater variability in the annual and seasonal totals and an
increase of the convective precipitation have been observed since 1995. Zelendkova
etal. (2016) demonstrated a statistically significant increasing precipitation trend
for 1981-2013 in Slovakia, during summer months (more than for 50% of stations
for July; nearly 9% for June) and during winter months (January: 22% of stations
and December: 7%). December was the month with the highest number of stations
with statistically significant decreasing trend: 3%. Annual precipitation total was
increasing for about 20% of stations. Boychenko et al. (2016) showed insignificant
increase of annual precipitation total (5-7% on 100 years) for interval 1885-2005
in Ukraine with decreases by 10-15% in northern and northwestern regions and in-
creases by 10-15% in southern and southeastern regions. Decreases for the interval
1950-2000 are also noticed for seasonal and monthly precipitation: winter, spring
(May), summer (August), autumn (October-November). Results of this study and
those obtained by other authors show that the process of detection of trends in
precipitation is more complex and indicate that the patterns of changes are less
coherent in mid-latitude Europe. In contrast to strong anthropogenic warming
trend, observed at global scale (IPCC 2013) as well as at regional and national scales
(Klein Tank et al. 2005; Toll, Post 2017; Tomczyk 2017; Kozuchowski, Zmudzka
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2001; Wéjcik, Mietus 2014; Graczyk et al. 2017; Wibig 2018), no straightforward
explanation of identified trends in precipitation by anthropogenic climate change
forcing is possible. An important factor impacting on the observed results is the
natural variability of the precipitation process. Observed warming results in a
reduced amount of solid precipitation (snow) and increase of liquid precipitation
(rainfall; Taskinen, Séderholm 2016; Szwed et al. 2017). It may adversely impact
winter tourism and also storage of water, because of higher and faster runoff that
can led to the spring floods. According to analysis of time of floods in the north-
east of Europe, Sweden, Finland and the Baltic region conducted by Bléschl et al.
(2017), snowmelt floods nowadays occur one month earlier than in the 1960s and
1970s i.e. now in March. During warmer months, especially April, June and August,
which have tendency to be drier, problems related to water deficit can get stronger.

Another issue is the distribution of precipitation during each month, i.e. inten-
sity and amount of precipitation. Even if the monthly precipitation total is close
to or above multi-year mean value, its distribution is uneven, especially during
warm months (Rulfov, Kysely 2014).

5. Conclusions

1. Changes in precipitation presented in this study in many cases are weak and
statistically insignificant. For seasonal data, the highest number of statistically
significant changes is noted for winter, the number of wet days and for summer.
For monthly data, statistically significant changes are the most frequent for
November and December (both only decreases) and for January and July (only
increases).

2. Comparison of two periods: 1961-1990 and 1991-2017, revealed that there is a
shift in precipitation. Statistically significant changes in mean are observed for
annual precipitation total, SDII, for spring precipitation total and for monthly
precipitation totals in: February, March, July, September, October (in all cases
there were increases) and June, August, November and December (decreases).
It shows that monthly precipitation total can demonstrate different pattern,
within a particular season.

3. Annual precipitation increased (though increase was mainly statistically in-
significant), between 1961-1990 and 1991-2017 in northern, central and south-
eastern Poland and decreased over the area of upper and central Odra River
basin.

4. Number of wet days with precipitation > 1 mm decreased insignificantly in
compared periods, mainly in southern and central Poland.

5. The value of SDII, as shown in this research, demonstrates increase, probably
due to an increase of the amount of precipitation during wet days.
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6. The ratio of precipitation total in the warm season (Apr.-Sept.) to precipita-
tion total in the cold season (Oct.-March) decreased (statistically insignificant
change) and it is probably due to smaller increase of precipitation total for the
warm half-year than for the cold half-year.

7. Seasonally, more precipitation in the later period (1991-2017) occurred during
winter, spring and autumn and less in summer. Winter (DJF) in Poland became
wetter for central and northern parts of the country and drier in southern
part. During spring (MAM) precipitation total increased over nearly the whole
country, except for the area of upper and central Odra River basin. For summer,
decreases are prevailing and increases are observed only in western Poland. Pre-
cipitation total during autumn (SON) increased in eastern and southern Poland.

8. Higher monthly precipitation totals were observed in January, February, March,
May, July, September and October. Lower precipitation totals were recorded
during April, June, August, November and December.

9. Analyses of seasonal and monthly precipitation totals revealed a worrisome
tendency - precipitation shifted from warmer to colder half-year. Even if one
increase in precipitation totals in months from warm half-year can be observed,
it can be insufficient, so that shortages of water during the (warmer) growing
season may get worse. Additionally, this situation can be exacerbated by higher
temperatures and heat waves.
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