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Variability of precipitation in Poland under climate change
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Abstract
The surface warming has been widespread over the entire globe. Central Europe, including Poland, is not an exception. Global
temperature increases are accompanied by changes in other climatic variables. Climate change in Poland manifests itself also as
change in annual sums of precipitation. They have been slightly growing but, what is more important, seasonal and monthly
distributions of precipitation have been also changing. The most visible increases have been observed during colder half-year,
especially in March. A decreasing contribution of summer precipitation total (June–August) to the annual total is observed.
Climate projections for Poland predict further warming and continuation of already observed changes in the quantity of precip-
itation as well as its spatial and seasonal distribution.

1 Introduction

Warming of the global climate system is unequivocal, as ev-
idenced by observations of increases in air temperatures at
various spatial scales—local, national, regional, continental,
hemispheric, and global (IPCC 2013). The surface warming
has beenwidespread over the entire globe. Each of the 16 years
of the twenty-first century, 2001–2016, belongs to a set of 17
globally warmest years on record (NOAA 2017). Global tem-
perature changes are accompanied by changes in other climat-
ic variables. Thus, precipitation totals have been changing.
Precipitation has increased in the mid to high latitudes over
the last century. An increase of 10–50% has been observed
over northern and western Europe (Watson et al. 1998).
Central Europe, including Poland, is not an exception.

Annual sums of precipitation have been slightly changing in
Poland. They have been slightly growing but, what is more
important, seasonal and monthly distributions of precipitation
have been also changing. Several authors have reported chang-
es in the sum of precipitation in Poland in different timescale
(annual, seasonal, and monthly) and changes in its distribution
during a year. Some studies cover examination of precipitation
in the period before the warming became global, while the
others deal with the global warming period. For instance,

Kożuchowski (2004) stated that a slight increase in precipita-
tion totals can be observed, but it does not exceed the level of
significance. Also, Wybig (2009) confirmed it claiming that
precipitation in Poland did not change greatly in the second
half of the twentieth century, and Żmudzka (2002) detected a
not statistically significant increasing trend in annual totals.
Next, Degirmendžić et al. (2004) noticed an increase in precip-
itation total in March and a decline of the summer precipitation
share in annual totals in the periods 1951–2000. Then,
Czarnecka and Nidzgorska-Lencewicz (2012) reported on a
slight increasing tendency for precipitation totals in spring
and autumn and decreasing trend in the share of summer pre-
cipitation in annual totals over a predominant area of Poland. It
is impossible to refer here to all authors, but some of the re-
search papers will be quoted in the Section 5.

Researchers from neighboring countries are also interested
in the issues of precipitation variability, but it seems that the
vast majority of them discuss maximum, extreme, or intense/
heavy rainfall (Kyselý 2009; Hundecha and Bardossy 2005;
Zolina et al. 2014; Rimkus et al. 2011). However, there are
also some papers dealing with the variability of average pre-
cipitation coming mainly from Germany, but also from coun-
tries South and East from Poland.

The precipitation trend analysis for the periods 1951–2006
for Central Eastern Germany shows increasing precipitation in
winter and decreasing precipitation in summer. Summer pre-
cipitation decrease is the most pronounced. The positive
trends are spatially most homogenous in February, March,
November, and December, whereas the most uniform nega-
tive trends have been observed from April to July and in

* Małgorzata Szwed
mszwed@man.poznan.pl

1 Institute for Agricultural and Forest Environment of Polish Academy
of Sciences, Bukowska 19, 60-809 Poznań, Poland

https://doi.org/10.1007/s00704-018-2408-6

Received: 2 November 2016 /Accepted: 3 February 2018 /Published online: 26 February 2018

Theoretical and Applied Climatology (2019) 135:1003–1015

http://crossmark.crossref.org/dialog/?doi=10.1007/s00704-018-2408-6&domain=pdf
http://orcid.org/0000-0001-6320-501X
mailto:mszwed@man.poznan.pl


October (Hänsel et al. 2007). Murawski et al. (2016) claim
that changes in precipitation in Germany are season and even
month specific. The variability of daily precipitation has
changed in parallel with the mean behavior: those regions
and seasons that show an increase in the mean show also an
increase in standard deviation. Brienen et al. (2013) were very
careful when formulating the conclusions. Authors noticed
that tendencies in daily precipitation in Germany over the
twentieth century are variable and climate change statements
are very sensitive to the considered time period. However,
several significant trends are observed in precipitation total
in Germany. Significant trends are much more frequently ob-
served for the winter season than for summer. In the second
half of the twentieth century, the summer season is character-
ized by reduced total precipitation. Based on monthly precip-
itation totals from 487 gauging stations in Slovakia in the
periods from 1981 to 2013, Zeleňáková et al. (2016) stated
that precipitation trends show high variability, however, in
majority of the area, increasing precipitation trends prevailed,
and for July, there were significant for more than 50% of
stations. Researches for Ukraine were done by Ivanov et al.
(2009). It was stated that estimates of a trend in precipitation
vary depending on a sampling period and may even change
the sign. Authors suggest that changes in precipitation should
be described as a long-term variability rather than a trend.
Tripolskaja and Pirogovskaja (2013) reported that during the
periods 1987–2007, in the studied territory of Lithuania
(Vilnius), the precipitation totals slightly increased (13 mm)
compared to the climate normal (1961–1990), while in
Belarus (Minsk), the precipitation totals decreased by
109 mm compared to the climate normal; a greater decrease
was observed in summer (50 mm).

The transitional, maritime-continental nature of the Polish
climate is caused by the country’s location in the area where
continental and oceanic masses often collide, resulting in rel-
atively large day-to-day and year-to-year variability in the
weather patterns. The latitudinal belt system of hypsometry
in Poland facilitates the free flow of air masses in the east-west
parallel direction. The inflow of air masses from the West to
Poland is most frequent (24%) (Woś 1996). Thus, precipita-
tion is the basic component of climate which is characterized
by large temporal variability. What’s more, for example,
Brazdil and Kożuchowski (1986) claim that a general growing
tendency of annual precipitation variability can be observed
throughout the periods of 1881–1980.

Precipitation in Poland displays also a great spatial variety
and dependence on hypsometry. On the map of annual precip-
itation totals, it is easy to see the pattern of their spatial distri-
bution corresponding to the layout of main geographic regions.
Thus, the lowest annual precipitation totals are characteristic
for central lowland part of Poland (less than or about
600 mm). Even small elevations receive markedly higher pre-
cipitation (average by about 60 mm per 100 m in height

(Brazdil and Kożuchowski 1986)). Then, precipitation is in-
creasing to the north and south directions. In the northern di-
rection, the absolute altitudes rise and lowlands convert into
hilly Lake Districts/Pomerania and continue to descend to the
Baltic. Similarly, precipitation reaches the highest values in the
Lake District (mainly windy side of the slopes) and on the coast
(700–750 mm), where the influence of the Baltic Sea on the
increase of precipitation is noticeable. In the southern direction,
the lowlands transform into the uplands, followed by foothills
and higher mountains. According to this arrangement, annual
precipitation totals are increasing to reach values up to
1600 mm in the highest parts of the Tatra Mountains.

Precipitation is the key element affecting water availability.
In the present climate, many regions of Poland suffer frequent
shortage of water, especially in the growing season. In the
future, this shortage may become even more severe because
climate projections for Poland predict further warming and
further changes in the spatial and seasonal distribution and
quantity of precipitation (Szwed et al. 2010). On the other hand,
one should remember that the predicted future warming does
not have to be tantamount to reduce the water availability in the
region. In principle, even with decreasing sums of total precip-
itation, its seasonal distribution can be advantageous in the
future. However, climatic models are burdened with great un-
certainty in reproducing precipitation (Szwed 2017). Therefore,
evaluation of current and future (projected) tendencies in pre-
cipitation totals (monthly, seasonal, or annual) as well as the
changes in the annual cycle of precipitation will allow estimat-
ing the water availability across the area of Poland.
Furthermore, the assessment of changes in every element of
the hydrological cycle may lead to more effective, integrated
water resource management at regional and national scales.

The present paper examines a set of long time series of
precipitation characteristics in Poland, based on monthly
values of precipitation at 50 meteorological stations in the
periods 1951–2013. The precipitation characteristics include
precipitation unevenness index (IPU), annual, seasonal, and
monthly precipitation totals, share of precipitation in an indi-
vidual month within the annual sum, share of summer (JJA)
precipitation to annual precipitation totals, share of winter
(DJF) precipitation to annual precipitation totals, the ratio of
precipitation in summer (JJA) to winter (DJF), as well as the
ratio of precipitation between the warmer (AMJJAS) and the
colder (ONDJFM) seasons. The research attempts to confirm
or deny the hypothesis that the pluvial regime in Poland has
changed during the analyzed recent period of six decades.

2 Data

The study uses a set of 50 time series of monthly precipitation
totals from 1951 to 2013, gathered at observation stations in
Poland. Monthly data are evaluated based on daily values of
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precipitation delivered by the Polish Meteorological and
Hydrological Service (the Institute of Meteorology and
Water Management-State Research Institute, Polish acronym:
IMGW-PIB) for the purpose of the CHASE-PL Project (www.
chase-pl.pl). The basic criteria for selection of stations for
analysis were (i) the length and completeness of the available
time series of records and (ii) the spatial distribution of
stations—covering most evenly (if possible) the whole terri-
tory of Poland. The meteorological stations used in the present
study are mapped in Fig. 1.

For the future horizon (2061–2090), time series of monthly
data of precipitation stems from multi-model ensemble climate
projections obtained within the ENSEMBLES Project of the
6th Framework Programme of the EU (Van der Linden and
Mitchell 2009). They are calculated based on the simulation
results of daily precipitation from five ENSEMBLES regional
climate models for grid cells containing analyzed meteorolog-
ical stations. The regional models from the ENSEMBLES
Project used in this study are as follows, in alphabetical order,
C4IRCA3 from the Rossby Centre (Norrköping, Sweden),
CLM from the ETH (Zurich, Switzerland), KNMI–RACMO2
from the Royal National Meteorological Institute (De Bilt, the
Netherlands), METO-HC from theMet Office’s Hadley Centre
(Exeter, UK), and MPI-M-REMO from the Max Planck
Institute (Hamburg, Germany) (Van der Linden and Mitchell
2009). Regional climatic models were generated, based on two
different global circulation models (GCMs). Regional models
C4IRCA3, ETHZ-CLM, and METO-HC are based on the
global model METO-HC standard, while models MPI-M-
REMO andKNMI-RACMO2 are calibrated based on the glob-
al circulation model ECHAM of the fifth generation (Van der
Linden and Mitchell 2009). All of the used ENSEMBLES
regional climate models cover Europe with a spatial resolution
of about 25 by 25 km and correspond to a specific SRES
emission scenario, A1B (IPCC 2000).

In addition, the same precipitation parameters were ana-
lyzed at several stations in the neighboring countries (four
stations east and four stations west of the Polish border). For
the present time horizon (1951–2013), the data comes from the
European Climate Assessment and Dataset Project website
(Klein Tank et al. 2002). Future projections were taken from
the results of ENSEMBLESmodels, same as for the stations in
Poland. These several stations allowed observing whether
changes in precipitation characteristics—similar to those ob-
served in Poland—are also typical for more oceanic (West) and
more continental climates (East of Poland). A list of analyzed
measuring stations outside of Poland is presented in Table 1.

3 Methods

Different characteristics of precipitation are calculated for the
average conditions in the present (1951–2013) and the future

(2061–2090) climates. All calculations for the periods 1951–
2013 are based on the observation values, while for the future
2061–2090, the simulations of the five regional climate
models are used.

Precipitation is extremely difficult to model due to strong
temporal and spatial variability. While different regional cli-
matic models reconstruct annual sums of precipitation for the
area of Poland fairly well, they perform poorly when it comes
to displaying seasonal and monthly distribution of precipita-
tion. So, projections for the future bear considerable uncertain-
ty. Nevertheless, earlier validations (Szwed 2015) indicated
that MPI-M-REMO model represents historical precipitation
conditions in Poland better than the others. That is why in this
research, the future precipitation conditions are presented in
two ways: (i) as an average value of the simulations from five
regional climate models and (ii) as a single simulation value
for the MPI-M-REMO model. The future conditions of pre-
cipitation are compared to the trends/tendencies in the distri-
bution of precipitation observed in past-to-present. They try to
answer question, whether the tendency observed today is like-
ly to continue in the future.

Climate (including precipitation) of the temperate zone, ob-
served in Poland, is dominated by strong annual and seasonal
variability. In order to describe the evenness or unevenness of
distribution of precipitation during a year, every meteorologi-
cal station is described by precipitation unevenness index (IPU)
by Chromov (1968). The index equation is as follows:

IPU ¼
∑m¼12

m¼1 Pm−
Pa

12

�
�
�
�

�
�
�
�

Pa
� 100

where Pm is the monthly precipitation total and Pa is the annual
precipitation total (both in mm). The obtained values of IPU
allow classifying the area based on precipitation regime. Thus,
the lowest value of IPU corresponds to the most even distribu-
tion of precipitation. The value of IPU from 0 to 20 represents
an even distribution, 21 to 40 represents moderately uneven
distribution, 41 to 60 represents medium uneven distribution,
etc., (Chromov 1968).

The other analyzed characteristics of precipitation include
the following:

– annual, seasonal, and monthly precipitation totals;
– share of precipitation in an individual month within the

annual sum;
– share of summer (JJA) precipitation to annual precipita-

tion totals
– share of winter (DJF) precipitation to annual precipitation

totals
– the ratio of precipitation in summer (JJA) to winter (DJF);
– the ratio of precipitation in warmer season (AMJJAS) to

colder one (ONDJFM).
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The observed behavior of time series of precipitation is
complex and not easy to interpret due to strong inter-year
and seasonal (intra-year) variability. In order to detect existing
changes/trends in time series of precipitation data, the
Hydrospect 2.0 software was used (Radziejewski and
Kundzewicz 2000). Trend detection was carried out using
parametric (e.g., regression) and non-parametric tests (e.g.,
of Mann-Kendall). Statistical significance of trend for every
station at various levels was determined. The obtained results
of trend detection in the observed data were compared to the
projections for the future.

The IDRISI GIS platform (Eastman 2009) was used to
present the spatial variability of precipitation character-
istics. For their interpolation, ordinary kriging with
matching a spherical function was used. However, consider-
ing a small scale of the maps, they are rather of an
illustrative nature.

4 Results

4.1 Annual sum of precipitation

In the periods of 1951–2013, mean annual precipitation for
Poland, based on 50 analyzed stations, amounted to 618 mm
and varied from 480 mm in Leszno to more than 1000 mm in
Zakopane. In general, the precipitation in the area of central
lowland of Poland is the lowest. The precipitation grows to the
North and South (Fig. 2a). It has been observed that in present

climate, annual sums of precipitation are slightly growing in
Poland; however, these changes are not statistically significant
in the entire area. More distinct increases are observed in the
northern part of Poland (Fig. 2b).

Based on five climate models, as well as on a single
MPI-M-REMO climate model, further growth of annual
sum of precipitation is predicted in the future years 2061–
2090, especially in the northern part of the country. The an-
nual precipitation totals below 600 mm are not projected at all
(see Fig. 3a, b). Average projection from five models points
that in most areas of Poland, annual precipitation increases
will be 200–300 mm and the highest is in the high moun-
tains—over 400 mm. The projection of the MPI-M-REMO
model differs significantly from the average projection from
five models. This model predicts the highest increases of

Fig. 1 Locations of Polish
meteorological stations used in
this research

Table 1 The meteorological stations located outside of Poland used in
this research

Station Latitude Longitude Elevation

Baranovici (Belarus) 53° 06′ N 26° 00′ E 194.0 m

Drezden (Germany) 51° 06′ N 13° 41′ E 246.0 m

Lviv (Ukraine) 49° 49′ N 23° 57′ E 323.0 m

Magdeburg (Germany) 52° 06′ N 11° 35′ E 76.0 m

Pinsk (Belarus) 52° 07′ N 26° 07′ E 146.0 m

Potsdam (Germany) 52° 23′ N 13° 03′ E 81.0 m

Schwerin (Germany) 53° 38′ N 11° 23′ E 59.0 m

Vilnius (Lithuania) 54° 38′ N 25° 06′ E 156.0 m
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annual precipitation total on the coast (over 400 mm), while
the decreases of over 200 mm in the highest mountains. In
most parts of Poland, this projection foresees increases of
precipitation in the range of 100–300 mm, slightly higher to
the north (Fig. 3c, d).

If we look at the results of analyses for countries neighbor-
ing Poland, it turns out that presently, no changes in annual
precipitation totals have been observed west of Poland; while
east of Poland, there have been noted statistically significant
increases at the level of 0.01 for two stations (Baranovici,
Pinsk) and of 0.05 for two other stations. Projections for the
future point to an increasing trend in the annual precipitation
totals for all the stations outside of Poland (both in the east and
west). For each station, the average value of the annual pre-
cipitation total in the future from five models and from each
model separately is higher than the average from the periods
of 1951–2013.

4.2 Precipitation unevenness

Presently, based on the precipitation unevenness index (IPU),
intra-year variability of precipitation on the territory of Poland
can be described as moderately and medium-unevenly distrib-
uted. The mean value of IPU for 50 stations in Poland is 31.
The lowest IPU values (marking even distribution) are found
for the north-western part of Poland while the highest for the
South (Fig. 4a). The distribution of precipitation is uneven
during a year, because the summer precipitation is higher than
the winter one. The most uneven distribution of precipitation
was noted for the 10-year periods of 1951–1960; however, no
statistically significant changes in the precipitation uneven-
ness index are observed in the whole periods of 1951–
2013 at the 0.05 level. Some weaker tendencies (to more even
distribution during a year) were detected in a few stations (Fig.

4b). Based on climate model simulations, the tendency to
more even distribution in a year should continue in the future.
The expected mean value of IPU for Poland in the future is
16.5 based on five climate models, while about 15 based on
MPI-M-REMOmodel. In the future, there is almost no spatial
diversity in the value of IPU across Poland.

Several stations located outside Poland analyzed in this
paper are characterized by a medium uneven distribution of
precipitation with the values of index IPU varying from 42 to
47% and it does not tend to change during the periods 1951–
2013. However, projections for the future predict a clear de-
cline in the value of the unevenness index, estimating it (an
average of five models) at a dozen or so percentages in all
locations, indicating an even distribution of precipitation over
the year.

4.3 Summer precipitation total (JJA)

Summer precipitation totals in the periods of 1951–2013 seem
to be stable. Neither trends nor even weak tendencies in time
series of summer precipitation totals were detected around
Poland. There is only one exception from this rule—for the
time series of Pułtusk station, an increasing trend was detected
of the significance level of 0.05. Of course, the lack of changes
in the summer precipitation totals does not indicate their stable
share in the total annual sum. However, there are no changes
on majority of stations. Some stations showed weak decreas-
ing trends. Such a tendency is most visible in the south of
Poland (see Fig. 5). However, the mean share of summer to
annual precipitation for Poland in the periods of 1951–2013
(based on 50 stations) reaches 37.7%, and varies from about
31% in coastal areas to more than 43% in the south. There are
projected further decreases of share of summer precipitation in
the future. The mean share of summer precipitation in the

b)a)

Fig. 2 Annual precipitation total in the periods 1951–2013 in Poland a mean values, in mm, b significance level of changes in the annual sum of
precipitation in the periods 1951–2013 based on Mann-Kendall test
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annual total is equal to 24 and 28%, based on five climate
models and MPI-M-REMO model, respectively.

As far as the stations outside Poland are concerned, to the
west, there have been noted decreases in summer precipitation
total and their share in the annual precipitation total for the
periods 1951–2013 (including the station of Schwerin, where
the decrease is statistically significant at the 0.05 level). In the
east, no changes have been recorded. However, projections for
the future suggest that by the end of the century, the share of
summer precipitation will decrease by about 10% and will
amount to 21–26%. These are values close to those estimated
for Poland.

4.4 Winter precipitation total (DJF)

In this research, winter is interpreted as the sequence of DJF
months, where D (December) belongs to the preceding

calendar year. This way, the first winter that can be described
is the winter of 1952 understood as December 1951, January
1952, and February 1952.

As to the winter precipitation total, Poland is divided into
two parts. In the north-west and west areas, there are clear
increases in the sum of winter precipitation. At ten stations,
these increases are statistically significant at the 0.05 level of
and at other stations; some weaker increasing tendencies are
detected. For the east and south-east, no changes in winter
sum of precipitation are observed. The increases or stability
in total winter precipitation lead to increase in their share in
annual sum of precipitation, especially visible in the west
(Fig. 6). The mean share of winter to annual precipitation for
Poland in the analyzed period is equal to 17.4%, and varies
from about 12.6% in Kłodzko (the smallest share has been
recorded for the south-west) to above 22.4% in Resko (the
greatest share of winter precipitation is noted in the north-

b)a)

d)c)

Fig. 3 Annual precipitation totals in the future (2061–2090) in Poland, in
mm, a average value for five climate models, bMPI-M-REMO model, c
difference in relation to the present based on five climate models, and d

difference in relation to the present based onMPI-M-REMOmodel (neg-
ative values mean less precipitation)
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west). For the future, there are projected further increases of
the share of winter precipitation. The mean share of winter
precipitation in the annual total is equal to 26.6 and
24.2%, based on five climate models and MPI-M-
REMOmodel, respectively. Comparing the projected changes
in the share of winter and summer precipitation to the annual
total, one can state that the presently observed changes are
likely to continue.

Currently, analyses of winter precipitation in the close vi-
cinity of Poland show a weak increasing tendency, more pro-
nounced to the north. Nevertheless, none of these tendencies
are strong enough to be statistically significant at 0.05 level.
Projections for the future, however, suggest continuation of
such tendencies and increases of winter precipitation total and
in the share of winter precipitation in the annual sum in the
periods 2061–2090.

4.5 Variability in individual months

Analysis of the monthly sums of precipitation shows that the
most variable precipitation is observed in July and June,
while the most stable is from January to March. The
share of June/July precipitation as a rule varies to more
than 40% within annual sum of precipitation, while the
share of winter months to no more than a dozen or so
percent each.

For the periods of 1951–2013, the absolute maximum
share of July precipitation within the annual sum was noted
in Sandomierz in 2011 and reached the value of 60.0%,
while the absolute maximum share of winter month—
January—was observed in Słubice in 1976 and amounted to
26.6%. Figure 7 is an example of these characteristics for
Toruń station.

4.6 Share of march precipitation

As mentioned before, observed annual sums of precipitation
have been slightly growing in Poland. It turns out that the most
visible increases have been observed during months of colder
half-year, especially in March. For the northern and central
part of Poland, the statistically significant trend of March pre-
cipitation total in the periods 1951–2013 was detected
(Fig. 8b). Further grow of March precipitation of about
20 mm in the entire area of Poland is projected by climate
models for 2061–2090. It will also cause the increase of share
of March precipitation within the annual precipitation total in
the future.

To recapitulate, the mean March precipitation total in
Poland (for 50 stations) is presently 30.7 mm, while the pro-
jection for the future is 63.9 mm—mean value for the five
models—and 58.3 mm—based on MPI-M-REMO model.
Next, the mean share of March precipitation within annual
sum is presently 5.5%. Based on five models, it will grow to
7.7% in the future (or to 7.0% if taking MPI-M-REMOmodel
only), (see Figs. 8 and 9a, b). In general, the smallest increases
of share ofMarch precipitation in the annual precipitation total
in the future in relation to the present are projected in the west/
north-west and will increase in the east/south-east direction
(Fig. 9c, d).

Stations outside of Poland perfectly fit in the above-de-
scribed picture of changes in March precipitation.
March increases were recorded only for Potsdam and
Schwerin stations (weak trends not statistically signifi-
cant at the 0.05 level), which corresponds to the greatest
changes in north-western Poland. No changes were detected
at other stations. However, projections for the future say that
in the next time horizon, the changes will cover all analyzed

b)a)

Fig. 4 The value of the precipitation unevenness index for the periods 1951–2013, amean value for the analyzed period, b significance level of changes
in the precipitation unevenness index in the periods 1951–2013 based on Mann-Kendall test
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stations and the share of March falls will be similar to that
estimated for Poland.

4.7 Changes in annual cycle of precipitation

The increase of winter precipitation and decrease of summer
precipitation (although not statistically significant) affect the
proportion of summer (JJA) to winter (DJF) precipitation,
whose mean values for the present and future are 2.2 and
1.2, respectively. The same characteristics for warmer half-
year (AMJJAS) and colder half-year (ONDJFM) take the
values of 1.8 and 1.1, respectively. Presently, the smallest
differences between summer and winter sum of precipitation

are noted for the north-western part of Poland, while the
highest for the south. This corresponds to the IPU value, pre-
sented above in this paper (see Fig. 4). Pearson correlation
coefficient between the ratio of JJA to DJF precipitation and
the IPU value is about 0.82. No statistically significant chang-
es of the proportion of summer (JJA) to winter (DJF) precip-
itation totals have been detected for the periods of 1951–2013,
but some weak tendencies for a few stations have been not-
ed—Fig. 10a. Similar (slightly visible) changes are noted for
the ratio of precipitation in warmer half-year to colder one
(Fig. 10b).

These tendencies are projected to continue in the
future. As was mentioned before, the unevenness of

Fig. 6 Significance level of
changes in the share of winter
(DJF) to annual precipitation in
the periods 1952–2013 based on
Mann-Kendall test

Fig. 5 Significance level of
changes in the share of summer
(JJA) to annual precipitation in
the periods 1951–2013 based on
Mann-Kendall test
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precipitation will decrease in the future, so the propor-
tion of JJA to DJF precipitation as well as the propor-
tion of AMJJAS toONDJFM precipitation also is projected
to decrease.

5 Concluding remarks

It can be stated—based on this research—that due to the cli-
mate change, annual sums of precipitation have been already

Fig. 7 The share of monthly sum of precipitation within the annual sum in the periods 1951–2013 for Toruń station, in %

b)a)

Fig. 8 The ratio of March sum of precipitation in the annual sum in the periods 1951–2013 amean value for the analyzed period, b significance level of
changes in the ratio of March sum of precipitation in the annual sum in the periods 1951–2013 based on Mann-Kendall test
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b)a)

d)c)

Fig. 9 The ratio of March sum of precipitation in the annual sum in the future (2061–2090), a average value for five climate models, b MPI-M-REMO
model, c difference in relation to the present based on five climate models, and d difference in relation to the present based on MPI-M-REMO model

b)a)

Fig. 10 a Significance level of changes in the ratio of JJA to DJF precipitation in the periods 1951–2013 onMann-Kendall test, and b Significance level
of changes in the ratio of AMJJAS to ONDJFM precipitation in the periods 1951–2013 based on Mann-Kendall test
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slightly growing in Poland. However, these changes are not
statistically significant in the entire area. More distinct growth
is observed in the northern part of Poland. Such a result is in
line with other research studies. Many authors have sought
precipitation changes. A slight but insignificant increase in
precipitation totals was typically observed (Żmudzka 2002;
Degirmendžić et al. 2004; Kożuchowski 2004, etc.). This co-
incides also with the results determined byWybig (2009) who
claims that precipitation in Poland did not change greatly in
the second half of the twentieth century. Yet, it is nec-
essary to remember that the detected trend often de-
pends on the period selected for analysis. For example,
Brazdil and Kożuchowski (1986) analyzed precipitation in the
periods of 1881–1980 and found an increasing trend from
1881 up to about the 1920s, followed by a drop with the
minimum in 1950s. However, for the whole analyzed period,
they noticed some increasing trend.

Based on the precipitation unevenness index (IPU), intra-
year variability of precipitation on the territory of Poland can
be described presently as moderately and medium-unevenly
distributed. The most even (flat) distribution of precipitation
was found for the north-western part of Poland, while a more
uneven for the south. No statistically significant changes in the
precipitation unevenness index are observed in the whole pe-
riods of 1951–2013 at the significance level of 0.05; however,
a tendency to more even distribution within a year is likely to
continue in the future.

Summer precipitation total in the periods of 1951–2013
seems to be stable. Neither trends nor even weak tendencies
in time series of total summer precipitation were detected
around Poland. It does not mean, however, that the share of
summer precipitation in the total annual sum is stable/invari-
able. There are no changes on majority of stations. Some
stations showed weak decreasing trends in the share of sum-
mer precipitation within the annual sum. Such a tendency is
most visible in the southern areas of Poland.

In the north-west and west areas, there are clear visible
increases in winter precipitation totals. At some stations, in-
creases are statistically significant at the 0.05 level. For the
East and South-East, no changes in winter precipitation totals
are observed. In general, an increase in the share of winter
precipitation within the annual sum is observed.

As to the seasonal precipitation totals described by other
researchers, Skowera et al. (2014) report its cyclicity in the
years 1971–2010. Czarnecka and Nidzgorska-Lencewicz
(2012) found in most parts of the country a small, non-
significant upward trend in precipitation in spring and autumn
and a decrease in summer. Bochenek (2012) noted
changes in rainfall patterns and a declining share of
summer precipitation in the total annual sum. The most am-
biguous are the changes in proportion of summer to winter
precipitation total. They depend on the region as stated by
Skowera et al. (2014).

Analysis on variability of monthly precipitation totals
shows that, in the periods of 1951–2013, the most variable
precipitation is observed in July and June, while the most
stable is from January to March. The share of June/July pre-
cipitation as a rule varies to more than 40%within annual sum
of precipitation, while the share of winter months to no more
than a dozen or so percent each. This agrees with the
results determined by Kasperska-Wołowicz et al. (2016).
They reported the highest average sums of precipitation in
July and the lowest in February, minimum monthly precipita-
tion between January and April, and in October, and maxi-
mum totals in July.

The most visible increases in the monthly sums as well as
in the share of monthly precipitation within the annual sum are
observed during colder half-year, especially in March. The
statistically significant trend of March contribution to annual
precipitation in the periods 1951–2013 was detected for sev-
eral stations in the northern and central part of Poland. Weaker
tendencies or even their lack are noticed in the remaining
regions. The other research studies claim that there is a weak
increasing trend of several monthly sums (e.g., upward trends
were found in August by Skowera et al. 2014), but this is not
significant, except for March (Degirmendžić et al. 2004;
Żmudzka 2002; Świątek 2011).

Despite the fact that trends of monthly totals are not signif-
icant, a distinct change in the seasonal precipitation pattern
has taken place. The increase of winter precipitation and de-
crease of summer (although not statistically significant yet)
change the proportion of summer (JJA) to winter (DJF) pre-
cipitation. At present, smallest differences between summer
and winter sum of precipitation are noted in the north-
western part of Poland, while the highest for the South.
Even if no statistically significant changes in the ratio of JJA
precipitation to DJF precipitation have been detected (for the
periods of 1951–2013), some weaker tendencies for a few
stations have been noted. Slightly more visible changes are
noted for the ratio of precipitation in warmer half-year to
colder one.

Projections for the future point to further disadvantageous
changes in the seasonal distribution of precipitation in Poland.
These findings are consistent with the results of Osuch et al.
(2016). They stated that projections of precipitation for the
future based on SPI values (SPI—Standardized Precipitation
Index) indicate an increase in the degree of wetness (better
water availability) during the winter months and a decrease
in the summer period (more water scarcity).

Moreover, based on this research, one can speculate that all
the detected trends and weaker signals/tendencies observed
today could continue in the future. The annual precipitation
totals are projected to be growing; precipitation in warmer
season will further decrease and in colder one will increase.
As a result, a shift of precipitation from warmer towards
colder season will be continued. It is a really unfavorable
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tendency, because already in the present climate, many re-
gions in Poland suffer shortage of water in the growing season
and this situation may get even worse.
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