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Abstract
This work presents the influence of atmospheric circulation on the occurrence of dry and wet periods in the central Polish 
region of Kujawy. The material on which the authors relied encompassed monthly totals of precipitation obtained from 10 
weather stations in the period 1954–2018. Both dry and wet periods have been identified on the basis of monthly values of 
the Standardised Precipitation Index (SPI). Additionally, the calendar of circulation types over Central Poland was used to 
determine the atmospheric circulation indices: western (W), southern (S) and cyclonicity (C). The analyses have indicated that 
the region concerned experiences low precipitation totals in comparison with the rest of Poland. According to the circulation 
indices W, S and C, for Central Poland, the air mass advection from the West prevails over that from the East. Moreover, a 
slightly more frequent inflow of air from the South than from the North has been observed. The frequency of anticyclonic 
situations is higher than that of the cyclonic types in this part of Europe. Drought spells occurred in the study area at a clear 
dominance of anticyclonic circulation, with the inflow of air mostly from the North and with increased westerly circulation. 
On the other hand, the occurrence of wet periods was mainly influenced by cyclonic circulation during the advection of the 
masses from the South and West. Dry and wet periods accounted for 28% and 27% of the study period, respectively.

1 Introduction

The observed changeability in the occurrence of dry and wet 
periods results from atmospheric circulation which tends to 
favour either continental or oceanic influences, thus shap-
ing the climate both globally and locally (Twardosz et al. 
2011). Atmospheric circulation responsible for precipitation 
variability in Poland or Europe is assessed with macro-scale 
indices (e.g. Hess and Brezowsky 1969, 1977; Hurrell 1996; 

Wibig 1999, 2001) or regional typologies (e.g. Niedźwiedź 
1981; Przybylak and Maszewski 2009; Bartoszek 2017a). 
Moreover, Polish researchers often rely on the calendar of 
circulation types for southern Poland (Niedźwiedź 1981, 
2017), which has been repeatedly applied to assess the 
influence of atmospheric circulation on precipitation in this 
part of the country (e.g. Niedźwiedź et al. 2009; Twardosz 
2009, 2010; Twardosz and Niedźwiedź 2001; Twardosz et al. 
2011). With the same method, Niedźwiedź (2013a) prepared 
the calendar of circulation types for Spitsbergen (the Arctic) 
later used for the assessment of the impact of atmospheric 
circulation on climate warming in that particular area (e.g. 
Araźny 2008, 2019; Araźny et al. 2018; Niedźwiedź 2013b; 
Isaksen et al. 2016; Łupikasza and Niedźwiedź 2019).

Circulation conditions can be generalised through indi-
ces that contain key information about the changes in inten-
sity of zonal and meridional circulation over a study area 
(Kożuchowski 1993; Kutiel et al. 1996; Jacobeit et al. 2001; 
Tomingas 2002; Nowosad 2011; Bartoszek 2017b). For 
the area of Poland, one can distinguish indices put forward 
by, e.g., Lityński (1969), Ustrnul (1997) and Niedźwiedź 
(2000). Those by Niedźwiedź (2000) are a modified version 
of the method suggested by Murray and Lewis (1966). They 
were used to study the long-term variability of atmospheric 
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circulation and to assess its impact on the temporal and 
spatial changeability of selected meteorological elements 
in Poland (e.g. Niedźwiedź 2000; Falarz 2007; Niedźwiedź 
et al. 2009) and in the Arctic (e.g. Araźny 2008; Niedźwiedź 
2013b; Niedźwiedź and Łupikasza 2015).

In this study, the Authors determined the following indi-
ces of atmospheric circulation—western (W), southern (S) 
and cyclonicity (C). These were calculated on the basis of 
the calendar of atmospheric circulation type by Maszewski 
(Przybylak and Maszewski 2009) over central Poland (i.e. 
the Bydgoszcz-Toruń region) using the methodology pro-
posed by Niedźwiedź (2000).

Located in the central part of Europe, climate-wise, 
Poland is influenced by both the Atlantic Ocean and the 
Eurasian continent (Fig. 1). Central Poland lies in the zone 
of temperate, warm transitional climate, separating the mari-
time climate from the continental one. This area is often 
surrounded by air masses with different thermal and humid-
ity properties, resulting in large weather fluctuations and 
the occurrence of various types of precipitation (Woś 2010; 
Twardosz et al. 2011). Central Poland has proved to be the 

most water-scarce area. It is unique because, on the one 
hand, it suffers from an unfavourable structure of the water 
balance featuring some of the lowest precipitation totals 
and unit runoffs in Poland (e.g. Łabędzki and Bąk 2004; 
Bartczak 2007; Brykała 2009; Woś 2010; Bartczak et al. 
2013). On the other hand, the study area is predominantly 
agricultural, and as such, particularly vulnerable to extreme 
weather events.

The Authors applied the Standardised Precipitation Index 
(SPI) (McKee et al. 1993) to determine the occurrence of 
dry and wet periods. The SPI is widely used in research 
or operational activities in more than 70 countries (WMO 
2012), approaching both fundamental studies and applica-
tions (i.e. agriculture, forestry, hydrology). Currently, it is 
possibly one of the most popular indices for estimating dry 
and wet periods, but mainly droughts (e.g. Lloyd-Hughes 
and Saunders 2002; Bordi et al. 2004; 2007; Livada and 
Assimakopoulos 2007; Zhang et al. 2009; Brázdil et al. 
2013, 2016, 2018; Przybylak et al. 2020). In central Poland, 
the index helps to determine the occurrence and intensity of 
meteorological drought in various time scales (e.g. Bąk and 

Fig. 1  Location of meteorologi-
cal stations used in this study
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Łabędzki 2002; Łabędzki 2007, 2008; Łabędzki and Bąk 
2004). It is the means used in many countries to monitor the 
risk of drought (IMGW 2020; National Drought Mitigation 
Center 2020).

The aim of this study was to detect dry and wet peri-
ods and link them with the occurrence of a specific type 
of atmospheric circulation in Central Poland in the years 
1954–2018. For this purpose, three regional indices of 
atmospheric circulation, i.e. western circulation, southern 
circulation and the cyclonicity, were used. Moreover, tempo-
ral variability of atmospheric circulation over central Poland 
was presented.

2  Area, data and analysis methods

The study area is located in Central Poland in the eastern 
part of Kujawy. For the analysis of dry and wet periods, 
monthly totals of precipitation from 10 meteorological or 
precipitation stations in the years 1954–2018 were used 
(Table 1). Figure 1 shows the location of all the analysed 
stations. All the data come from the Institute of Meteor-
ology and Water Management – National Research Insti-
tute (in Polish: Instytut Meteorologii i Gospodarki Wodnej 
– Państwowy Instytut Badawczy, hereafter: IMGW-PIB). 
Precipitation data were necessary to calculate the value of 
the Standardised Precipitation Index (SPI) and to identify 
dry and wet periods in the studied 65 years.

The types of air circulation and their frequency for Cen-
tral Poland (in the Bydgoszcz-Toruń region), also during 
dry and wet periods, were determined using the calendar of 
daily weather maps published by the German meteorological 
service (Deutscher Wetterdienst) for the period 1954–2018. 
The classification of types of circulation in the Bydgoszcz-
Toruń region was prepared by Maszewski (Przybylak 
and Maszewski 2009), who developed a catalogue of the 

atmospheric circulation types using the classification scheme 
by Niedźwiedź (1981). The latter was first in Poland to con-
struct a catalogue of circulation types for the upper Vistula 
basin. Niedźwiedź (1981) based his classification on the 
atmospheric circulation typology prepared by Lamb (1972) 
for the British Isles and introduced certain modifications 
concerning non-directional situations. Using weather maps 
for Europe, the direction of the air masses advection (e.g. 
N – northern, SE – south-eastern) and the type of a pressure 
system (a – anticyclonic situation, c – cyclonic situation) 
were determined. In addition to 16 synoptic situations with 
air advection, two more with no advection were identified: 
Ca – centre of high pressure and Ka – wedge or ridge of high 
pressure, and also two cyclonic types with varied advection: 
Cc – centre of low pressure and Bc – cyclonic trough. There-
fore, the overall classification encompasses 20 types (ten 
anticyclonic, and ten cyclonic). Situations that were difficult 
to classify and pressure cols were coded “x” (unclassified 
type) (Niedźwiedź 1981; Łupikasza and Niedźwiedź 2019; 
Niedźwiedź and Łupikasza 2019).

To maintain the same methodological procedure (the use 
of monthly totals of precipitation for the calculation of the 
SPI), the Authors determined monthly atmospheric circula-
tion indices out of daily synoptic types relying on the num-
ber (frequency) of occurrence of circulation types. Their 
determination was based on the four indices P, M, S and C 
suggested by Murray and Lewis (1966) and used Lamb’s 
(1972) classification of circulation types for the British Isles. 
These indices were later modified by Niedźwiedź (2000, 
2001) who gave up the meridional index M for the benefit 
of the index S and replaced the progression index P with the 
index W. For the sake of this study, based on the number of 
Maszewski’s circulation types (Przybylak and Maszewski, 
2009), three circulation indices: the western circulation 
index (W), the southern circulation index (S) and the cyclo-
nicity index (C) were calculated with the formula suggested 
by Niedźwiedź (2000, 2001) and Niedźwiedź et al. (2009). 
It is possible to calculate the indices for individual months, 
seasons or a year by adding up weight points (− 2, − 1, 
0, + 1, + 2) ascribed to particular types of circulation. The W 
index determines the intensity of the westerly (positive val-
ues) or easterly (negative values) circulation. For individual 
days, depending on the direction of air mass advection, the 
following points were assigned: + 2 for the W direction, + 1 
for the NW and SW direction, − 2 for E and − 1 for NE and 
SE. The remaining types of circulation were given the value 
of zero. The S index shows the intensity of the meridional 
(positive values) or northerly (negative values) circulation. 
For individual days, depending on the direction of air mass 
advection, the following points were assigned: + 2 for the 
S direction, + 1 for SE and SW, − 2 for N and − 1 for NE 
and NW (Niedźwiedź 2000, 2001; Niedźwiedź et al. 2009; 
Niedźwiedź and Łupikasza 2019). The cyclonicity index C 

Table 1  Characteristics of meteorological stations operating in Cen-
tral Poland in the period 1954–2018

No Station Altitude [m 
a.s.l.]

Latitude Longitude

1 Toruń 69 53° 03′ N 18° 36′ E
2 Nowa Wieś Wielka 74 52° 58′ N 18° 06′ E
3 Jaksice 85 52° 51′ N 18° 11′ E
4 Żnin 82 52° 50′ N 17° 45′ E
5 Sobiesiernie 90 52° 45′ N 18° 27′ E
6 Strzelno 105 52° 38′ N 18° 10′ E
7 Wandowo 105 52° 26′ N 18° 18′ E
8 Izbica Kujawska 120 52° 26′ N 18° 46′ E
9 Powidz 102 52° 25′ N 17° 55′ E
10 Sompolno 96 52° 23′ N 18° 31′ E
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indicates the degree of cyclonic (positive values) or anticy-
clonic (negative values) activity. The number of points given 
to certain circulation types is as follows: + 2 for the situation 
Cc (centre of cyclone) and Bc (cyclonic trough), + 1 for the 
other cyclonic types, and − 2 for the Ca type (centre of anti-
cyclone) and Ka (wedge of high pressure), − 1 for other anti-
cyclonic types (Niedźwiedź 2000, 2001, 2013a; Niedźwiedź 
et al. 2009; Przybylak and Maszewski 2009; Niedźwiedź and 
Łupikasza 2019). The obtained values of the W, S and C cir-
culation indices were grouped into 12-month periods using 
the so-called moving sum windows and were later referred 
to as W-12, S-12 and C-12. They were used to calculate the 
relationship between the values of the discussed circulation 
indices and the intensity of dry and wet periods.

The study of the direction of changes in annual precipita-
tion totals and atmospheric circulation indices (estimation 
and significance) was carried out using the non-parametric 
Mann–Kendall (MK) test (Hirsch et al. 1982). The null 
hypothesis of the H0 test assumes that the data come from a 
population of independent data and is evenly distributed. On 
the other hand, the HA hypothesis of the test assumes that 
the data follow a monotonic trend. The MK test statistic is 
calculated according to the formula:

with

If the data are distributed identically and independently, 
then the mean is 0, and the variance for the S statistic is 
defined by the formula:

It can be assumed that the S statistic takes the form of a 
standard normal distribution if the following Z transforma-
tion is applied:

The significance of the MK test was assessed at the level 
of 0.05.

Dry and wet periods were quantified with the SPI. The 
series of annual and monthly precipitation totals were 

S =

n−1∑
k=1

n∑
j=k+1

sgn(xj − xk)

sgn(𝜃) =

⎧⎪⎨⎪⎩

1 if 𝜃 > 0

0 if 𝜃 = 0

−1 if 𝜃 < 0

�
2 =

1

18

(
n(n − 1)(2n + 5) −

k∑
j=1

tj
(
tj−1 − 1

)(
2tj + 5

))

Z =

⎧⎪⎨⎪⎩

S−1

𝜎
if S > 0

0 if S = 0
S+1

𝜎
if S < 0

normalised using the Box-Cox transformation (Box and 
Cox 1964, 1982). Such a procedure allowed the Authors to 
obtain a vector of normalised values. The Box-Cox trans-
formation of the variable, indexed by the parameter λ, is 
given by the formula:

Next, the transformed series were standardised with 
an aim to obtain the series with an average value (μ) = 0 
and standard deviation (σ) = 1. Finally, the calculated 
values were classified according to the scheme presented 
in the work of McKee et al. (1993). Negative SPI val-
ues below − 1.0 indicate a moderate drought period, 
below − 1.5 a severe drought period and below − 2.0 an 
extreme drought period. Similarly, positive SPI values 
above + 1.0 indicate the occurrence of a moderate wet 
period, above + 1.5 a severe wet period and above + 2.0 
an extreme wet period.

The smoothing of the calculated SPIs and circulation 
indices was presented using a moving trend (Hellwig 
1967). This method is especially useful for the analysis of 
long series that are characterised by irregular and numer-
ous changes in the direction of trends. Series smoothing 
involves setting an arbitrary smoothing constant k (k < n), 
and then estimating the structural parameters of the linear 
trend function on the basis of successive fragments of the 
series with a fixed length k. For the chronological series 
y1, y2, …, yn and the smoothing constant k the subsequent 
fragments of the series are:

Then, the structural parameters of the functions in each 
segment were estimated with the least squares method. 
The number of segments in a series is equal to n-k + 1. 
The linear trend functions for each segment take the form:

Finally, the arithmetic means of the theoretical values 
were calculated. The analysis was performed for the con-
stant k = 10 years.

The relationship between the SPIs-12 during dry/wet 
periods and the corresponding indices of a specific atmos-
pheric circulation was expressed using Spearman’s rank 
correlation coefficient, which is determined with the for-
mula (Kot et al. 2011):

u(𝜆) =

{
x𝜆−1

𝜆
𝜆 ≠ 0

ln x 𝜆 = 0
for x > 0

y1,… , yk
y2,… , yk+1
yn−k+1,… , yn

ŷ1 = a1 + b1x for 1 ≤ t ≤ k

ŷ2 = a2 + b2x for 2 ≤ t ≤ k + 1

ŷn−k+1 = an−k+1 + bn−k+1x for n − k + 1 ≤ t ≤ +1
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Spearman’s rank correlation coefficient assumes values 
in the range [− 1; + 1]. The statistical significance of the rs 
coefficient was verified by making the null hypothesis H0: 
ρ = 0, while the alternative hypothesis is HA: ρ ≠ 0.

3  Results

3.1  Precipitation

The annual precipitation averaged in Kujawy (based on ten 
stations) was 524 mm in the years 1954–2018. In the study 
area, the average totals vary depending on local condition-
ing, e.g. the rain shadow of lakeland uplands. The annual 

rs = 1 −
6
∑n

i=1

�
x∗
i
− y∗

i

�2
n
�
n2 − 1

�
precipitation for individual years differs from the average 
sum calculated for a multi-year period, sometimes by over 
150%. The highest average annual precipitation (approx. 
550 mm) was recorded in Strzelno and Nowa Wieś Wielka, 
while the lowest readings (< 480 mm) appeared in the 
central and southern part of the region, especially in the 
vicinity of the village of Wandowo (Table 2, Fig. 2a). 
Within the analysed period, 1989 had the lowest average 
annual precipitation (Fig. 2b), whereas 2010 figured as 
the most precipitation-abundant year in Kujawy (Fig. 2c). 
It was then that the average annual precipitation in this 
area reached 788 mm, which was 150% of the 65-year 
mean (Fig. 2). 2010 saw catastrophic river swelling events 
leading to numerous floods or inundations not only in the 
study area but also throughout Poland. The lowest year-
to-year variability in precipitation (expressed in the values 
of standard deviation) was in Wandowo, while the highest 
in Strzelno (Table 2). As much as the multi-year pattern 

Table 2  Statistical characteristics of precipitation in Central Poland in 1954–2018

Source: Own calculation based on IMGW data

No Station Mean [mm] Maximum [mm] (year) Minimum [mm] (year) Standard 
deviation

p-value of MK test

1 Toruń 536.3 843.3 (1980) 310.4 (1989) 112.5 0.4053
2 Nowa Wieś Wielka 549.0 805.0 (1980) 252.0 (1989) 120.4 0.7298
3 Jaksice 503.6 720.3 (2010) 237.6 (1989) 103.7 0.2599
4 Żnin 524.1 795.1 (1967) 278.0 (1989) 115.9 0.2672
5 Sobiesiernie 506.9 826.8 (2010) 291.7 (1989) 106.8 0.5522
6 Strzelno 550.1 816.9 (1980) 246.6 (1989) 123.7 0.9999
7 Wandowo 477.4 754.9 (2010) 235.9 (1989) 98.8 0.7341
8 Izbica Kujawska 538.9 817.6 (2010) 309.6 (2011) 105.6 0.6506
9 Powidz 539.4 841.1 (2010) 293.8 (1989) 109.5 0.9819
10 Sompolno 515.7 847.6 (2010) 302.7 (1989) 100.5 0.5372

Fig. 2  Spatial distribution of mean annual precipitation totals. a In 1989 – the lowest totals. b In 2010 – the highest totals. c In the study area in 
1954–2018
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of precipitation exhibits high year-to-year variability, the 
entire studied period is characterised by a slight, statisti-
cally insignificant, upwards trend (2 mm/10 years) in the 
mean total of precipitation (based on ten stations). In the 
analysed timespan, the tendencies of average annual totals 
at individual stations range from − 5 mm/10 years (Izbica 
Kujawska) to 7 mm/10 years (Toruń and Jaksice).

The annual course of precipitation in Kujawy shows the 
minimum at the turn of winters and springs. The lowest 
average precipitation in the whole area was in February 
(26.3 mm). Also in February, the average precipitation was 
characterised by small spatial differentiation ranging from 
20.7 mm in Wandowo to 30.3 mm in Powidz. In the ana-
lysed region, the highest average precipitation happened 
in July (82.8 mm) with the spatial differentiation ranging 
from 78.6 mm in Powidz to 88.4 mm in Toruń.

If one compares the multi-year and monthly precipita-
tion totals, the difference between them is significantly 
more pronounced. At 6 out of 10 stations, there are months 
with an extreme deficit of precipitation with no or < 1 mm 
precipitation. On the other hand, the largest monthly totals 
of precipitation, recorded in the summer months, in some 
years may even exceed four times those calculated for a 
multi-year period. For instance, in Toruń in June 1980, the 
precipitation total was 298.6 mm (long-term mean total 
65.4 mm), and in Nowa Wieś Wielka 294.1 mm (mean 
total also 65.4 mm).

Farmers particularly value the information about the 
amount of precipitation during the growing season (April 
to September). For this period of the year, the total pre-
cipitation averaged from 308 mm in Wandowo to 345 mm 
around Toruń. In the entire study area, the share of total 
precipitation during the growing season in the annual total 
precipitation exceeds 59% and is the highest in the vicinity 
of Toruń and Wandowo (> 64%).

3.2  Standardised Precipitation Index

Based on the precipitation data, the annual SPIs were calcu-
lated for all the stations, thus enabling the Authors to iden-
tify dry and wet periods within 1954–2018. Figure 3 shows 
the year-to-year SPI values at selected stations with the high-
est, average and the lowest multi-year precipitation in the 
study area, i.e. in Strzelno, Toruń and Wandowo, respec-
tively. During the analysed period, at most of the studied 
stations, we observed two years (1980 and 2010) that were 
extremely wet (SPI > 2), and two (1982 and 1989) classified 
as extremely dry (SPI < 2).

Calculated on the basis of normalised and standardised 
12-month precipitation totals (Tables 3 and 4), dry and wet 
periods were identified. The course of the SPI-12 for all the 
stations in individual months is presented in Fig. 4.

In the study area in the years 1954–2018, the total num-
ber of dry periods ranged from 11 (Strzelno) to 16 (Powidz 

Fig. 3  The values of the annual 
Standardised Precipitation 
Index (SPI) at selected weather 
stations: Strzelno (the highest 
mean multi-year precipitation 
total), Toruń (mean multi-
year precipitation total) and 
Wandowo (the lowest mean 
multi-year precipitation total) 
in 1954–2018. Note: the bars 
represent Standardised Precipi-
tation Indices (SPIs), the line 
represents the moving trend 
(window = 10); the bar colours 
represent the intensity of the 
SPI: black– extremely wet, 
dark blue – severely wet, blue – 
moderately wet, green – normal, 
yellow – moderate drought, 
orange – severe drought, red – 
extreme drought
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and Sompolno). In the entire area, dry periods occurred 
with an average frequency of 28% during the analysed 
65 years. The highest number of such periods (32.3%) was 
found in Wandowo, and the lowest in Sompolno (23.6%). 
This maximum difference in the total duration of dry peri-
ods between these two stations was 68 months. Some of 
the studied continuous dry periods were extremely unfa-
vourable for agriculture and lasted unremittingly for more 
than 50 months (Table 3, Fig. 4).

On the other hand, the lowest total number of wet 
periods (13) was recorded in Sobiesiernie and Powidz, 
while they were most frequent (16) in Izbica Kujawska 
and Sompolno. On average, in the entire study area, wet 
periods made up 27% of the time. The highest number of 
them (approx. 30%) was identified in Wandowo and Izbica 
Kujawska, and the lowest in Powidz (24.7%). The extreme 
difference between the stations in the study area in the 
total duration of wet periods was 44 months. The longest 
wet periods in this region lasted approx. 35–36 months, 
as it happened at the Żnin and Izbica Kujawska stations 
(Table 4, Fig. 4).

3.3  Atmospheric circulation indices

Over Central Poland, in the years 1954–2018, the advec-
tion of air from the west clearly prevailed over that from 
the east, and the inflow of air from the south was slightly 
more frequent than from the north. The frequency of anti-
cyclonic situations was higher than that of cyclonic types 
(Table 5). In the analysed multi-annual period, all the indi-
ces exhibit high month-to-month (Fig. 5a) and year-to-year 
(Fig. 5b) variability.

The value of the W index (W = 114 for a year) informs 
that the western component dominated over the eastern 
one in the analysed period 1954–2018. A statistically sig-
nificant growing trend of this indicator was found (Table 5, 
Fig.  5), indicating the dominance of the frequency of 
air inflow from the west. In the examined 65 years, the 
annual W index was only negative twice (1960 and 1996) 
(Fig. 5b). One should remember that this index is highly 
changeable from year to year. In the twenty-first century, 
positive deviations prevailed (predominance of westerly 
circulation).

Table 3  Characteristics of dry 
periods in the research area in 
1954–2018

No Station Total no. of 
dry periods

Total no. 
of months

Maximum no. of months 
during one dry period

Minimum no. of 
months during one dry 
period

1 Toruń 14 233 51 2
2 Nowa Wieś Wielka 12 211 53 2
3 Jaksice 13 227 52 2
4 Żnin 13 240 48 2
5 Sobiesiernie 14 187 34 3
6 Strzelno 11 211 50 2
7 Wandowo 15 252 50 2
8 Izbica Kujawska 13 192 29 2
9 Powidz 16 241 52 1
10 Sompolno 16 184 25 2

Table 4  Characteristics of wet 
periods in the research area in 
1954–2018

No Station Total no. of 
wet periods

Total no. 
of months

Maximum no. of months 
during one wet period

Minimum no. of 
months during one wet 
period

1 Toruń 14 213 32 4
2 Nowa Wieś Wielka 15 220 26 4
3 Jaksice 15 202 24 5
4 Żnin 14 223 36 4
5 Sobiesiernie 13 202 28 4
6 Strzelno 14 218 25 7
7 Wandowo 15 237 27 4
8 Izbica Kujawska 16 235 35 8
9 Powidz 13 193 26 7
10 Sompolno 16 199 23 3
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In the average multi-annual course of the W index, the 
zonal form of circulation is characteristic, mostly from Octo-
ber to January (in December this index rises to 18.6). In the 
remaining months, this flow weakens, and only in May does 
it reach a negative value (W =  − 1.8). The most intense west-
erly circulation was recorded in January 1983 (W = 52). On 
the other hand, the highest intensity of the easterly circula-
tion was in March 1964 (W =  − 35) (Fig. 5a).

In the analysed period, the S index was characterised by 
the lowest year-to-year variability. Its long-term mean value 
is 0.5, which indicates a 50–50% share in the frequency of 
air inflow from the south and north. The trend of this index 
in the analysed period is not significant. Since the second 
decade of the twenty-first century, the intensity of the merid-
ional circulation was increasing over central Poland (Fig. 5), 
and its maximum (104) occurred in 2014 (Fig. 5b).

The annual course of the S index, in 1954–2018, from 
October to March, indicates a dominance of the southern 
component over central Poland, with the highest intensity 
in November (S = 8.6). For the remaining 6 months, the 
opposite is observed, with the maximum in June and July 
(S = approx. − 9). The highest intensity of the meridional cir-
culation was recorded in October 1976 (S = 40), while the 
strongest northern circulation occurred in September 1959 
(S =  − 30).

The C index informs about the average prevalence of 
high-pressure systems over Central Poland over a multi-year 
period (C =  − 24 for a year). Similarly to the W index, it is 
also characterised by considerable volatility. The trend of 
the index in the analysed period is not significant (Table 5). 
In the long-term course, two periods can be distinguished: 
(a) from the mid-1950s to the beginning of the 1990s, when 

Fig. 4  Values of Standardised 
Precipitation Indices of monthly 
precipitation (SPI-12) at the 
analysed stations in 1954–2018
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Table 5  Characteristics of the 
annual atmospheric circulation 
indices: western (W), southern 
(S) and cyclonicity (C) in the 
study area in 1954–2018

Bold value denotes statistical significance at the p < 0.05 level

Circulation 
index

Mean Maximum (year) Minimum (year) p-value for Mann–
Kendall test

Standard 
deviation

W 114.4 227 (1983)  − 15 (1960) 0.0082 54.9
S 0.5 104 (2014)  − 53 (1997) 0.7945 30.3
C  − 24.4 92 (1980)  − 169 (1959) 0.8740 58.2
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the frequency of low-pressure systems increased, and (b) 
from the end of the twentieth century to 2018, with a clear 
predominance of anticyclonic systems (Fig. 5).

In the annual course of the C index, in the studied 
65 years, in the months from November to April, the pre-
dominance of cyclonic forms was visible, with the highest 
intensity in December (C = 4.1). In the remainder of the year, 
high-pressure forms prevailed over low-pressure ones, and 
the S index in its average annual course decreased to − 10 (in 
August). The strongest low-pressure activity was recorded in 
July 2000 (C = 52), while the strongest anticyclonic circula-
tion occurred in July 1967 (C =  − 51).

3.4  Atmospheric circulation indices (W‑12, C‑12 
and S‑12) and their relation to SPI‑12

3.4.1  Dry periods

Figure 6 shows the average conditioning of the atmos-
pheric circulation during dry periods. The occurrence of 
these periods was associated with negative averaged values 
(− 53.1) of the C-12 index in the study area (mean for 10 
stations). The values of the index indicate that dry periods 

predominantly occur in the presence of the anticyclonic cir-
culation (Fig. 6c). They were also recorded, in the entire 
study area, during the northern circulation (the average value 
of S-12 was − 7.6) (Fig. 6b). On the other hand, the mean 
value of W-12 was 118.5 for the dry periods (Fig. 6a). Posi-
tive values of this index inform about the influence of the 
western circulation in periods with scarce precipitation.

During dry periods, the results of the relationship between 
the SPI-12 and the C-12 circulation index expressed by the 
correlation coefficient rs indicate a high degree of conver-
gence in their course. When dry periods begin, the values 
of the SPI-12 decrease, and so do those of the C-12 index. 
The reverse is also true: when dry periods end, both the SPI-
12 and C-12 values go up. This relationship is exemplified 
by the station in Toruń (Fig. 7). Hence, the occurrence and 
duration of dry periods are heavily influenced by anticy-
clonic systems (Table 6). However, we cannot say that the 
incidence of a dry period is related to any specific values of 
the C-12 index.

For four out of ten analysed stations, the correlation 
coefficient rs between the SPI-12 and the S-12 circula-
tion index is statistically significant (but its values are 
not high). This means that along with a decrease in the 

Fig. 5  The course of monthly 
(a) and annual (b) values of 
circulation indices (W, S and C) 
in the study area in 1954–2018; 
Note:  R2 – coefficient of deter-
mination, straight and curved 
line respectively: moving (win-
dow = 10) and rectilinear trend
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Fig. 6  Spatial distribution of mean values of atmospheric circulation indices: a W-12, b S-12 and c C-12 in dry periods (SPI-12 ≤  − 1.0) and d 
W-12, e S-12 and f C-12 in wet periods (SPI-12 ≥ 1.0) in the study area in 1954–2018

Fig. 7  The course of monthly 
indices of atmospheric circula-
tion (W-12, S-12 and C-12) 
and the SPI-12 in Toruń in 
1954–2018
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value of the SPI-12, the values of the S-12 circulation 
index also go down. This, in turn, would indicate that 
during dry periods air flows from the north. However, a 
detailed analysis of dry periods and the S-12 atmospheric 
circulation indices corresponding to them shows that 
this relationship does not apply to all dry periods within 
1954–2018. Therefore, the explanation of such a discrep-
ancy in the obtained results may be purely statistical.

Investigating the relationship between dry periods of 
various lengths arranged in one series causes that they 
enter the analysis with different weights. One long dry 
period in which there is a strong relationship between the 
parameters tested can inflate the value of the studied cor-
relation coefficient rs for all combined periods. A similar 
situation occurs in the relationship between the SPIs-12 
and the W-12 circulation indices (Table 6). At 50% of 
the analysed weather stations, a significant relationship 
was obtained, but also at relatively low values of the rs 
coefficient. Such a relation means that during dry periods 
there is a marked reduction in the inflow of air masses 
from the west.

3.4.2  Wet periods

Figure 6d–f shows the mean values of three standardised 
indices of atmospheric circulation during wet periods over 
central Poland in the years 1954–2018. Excessive precipita-
tion in the analysed area resulted from increased cyclonic 
circulation (C-12). Its average value for the entire study area 
(based on 10 stations) during wet periods was 4.5 (Fig. 6f). 
The atmospheric circulation from the west (W-12 = 120.4) 
(Fig. 6d) and the meridional one (S-12 = 6.1) (Fig. 6e) was 
also responsible for the occurrence of wet periods. The 
three indicators show differences in their spatial distribu-
tion, which is caused, among others, by the landform, the 
rain shadow of the lakeland uplands and the type of land 
cover (Fig. 6).

During wet periods, the relationship with the C-12 circu-
lation index (cyclonic) expressed by the correlation coeffi-
cient rs is statistically significant for virtually all the stations. 
This means that in wet periods when the SPIs-12 take posi-
tive and simultaneously higher values, the values of the C 
index also increase. This relationship is not significant only 

Table 6  Values of Spearman’s 
correlation coefficients between 
atmospheric circulation indices 
(W-12, S-12 and C-12) and 
the SPI-12 during dry and wet 
periods in Central Poland in 
1954–2018

Bold values denote statistical significance at the p < 0.05 level

Station SPI-12 / W-12 SPI-12 / S-12 SPI-12 / C-12

Spearman’s 
correlation

p-value Spearman’s 
correlation

p-value Spearman’s 
correlation

p-value

Dry periods
Toruń  − 0.04 0.5255  − 0.12 0.0798 0.54  < 0.0001
Nowa Wieś Wielka  − 0.27 0.0001 0.33  < 0.0001 0.30  < 0.0001
Jaksice  − 0.21 0.0014 0.17 0.0094 0.41  < 0.0001
Żnin  − 0.25 0.0001 0.18 0.0043 0.35  < 0.0001
Sobiesiernie  − 0.11 0.1186 0.22 0.0030 0.36  < 0.0001
Strzelno  − 0.08 0.2385 0.14 0.0503 0.29  < 0.0001
Wandowo  − 0.12 0.0675 0.12 0.0544 0.31  < 0.0001
Izbica Kujawska  − 0.20 0.0064  − 0.13 0.0691 0.29  < 0.0001
Powidz  − 0.06 0.3454 0.09 0.1447 0.47  < 0.0001
Sompolno  − 0.27 0.0002 0.13 0.0790 0.21 0.0038
Wet periods
Toruń  − 0.09 0.1679  − 0.06 0.4140 0.43  < 0.0001
Nowa Wieś Wielka  − 0.07 0.2844  − 0.06 0.3920 0.44  < 0.0001
Jaksice  − 0.16 0.0259  − 0.12 0.0902 0.58  < 0.0001
Żnin 0.08 0.2172 0.03 0.6759 0.42  < 0.0001
Sobiesiernie  − 0.04 0.5815  − 0.07 0.3248 0.42  < 0.0001
Strzelno  − 0.14 0.0402  − 0.03 0.6907 0.49  < 0.0001
Wandowo  − 0.01 0.8263 0.05 0.4321 0.09 0.1637
Izbica Kujawska  − 0.10 0.1464 0.02 0.7770 0.39  < 0.0001
Powidz 0.02 0.7961  − 0.16 0.0297 0.27 0.0001
Sompolno  − 0.22 0.0020  − 0.07 0.3469 0.43  < 0.0001

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 A. Araźny et al.

1 3

for one station (Wandowo), and it is difficult to tell the rea-
son for the low correlation coefficient there. The relationship 
between SPI-12 and the S-12 and W-12 circulation indices 
in most cases is not significant, which might indicate a vari-
able inflow of air masses represented by the S-12 and W-12 
circulation indicators during the wet period.

4  Discussion and summary

Precipitation is a highly variable element both in time and 
space. Low stability of precipitation totals is characteristic of 
Central Poland and is one of the key features of the climate 
in this part of Europe (e.g. Wibig 1999, 2009; Woś 2010; 
Wibig and Piotrowski 2018; Pińskwar et al. 2019; Szwed 
2019; Ziernicka-Wojtaszek and Kopcińska 2020).

The area of Kujawy experiences some of the lowest pre-
cipitation totals in Poland. It was already back in the 1950s 
when Lambor (1954) indicated regions of the country that 
were most vulnerable to the process of turning into a steppe. 
These included Kujawy, Greater Poland (Wielkopolska) and 
parts of Mazovia, as those that are exposed to water scarcity 
particularly from May to September. Also, Kowalczak et al. 
(1997), based on the analysis of the climatic water balance 
(including potential evaporation and precipitation total) 
and the frequency of the lowest levels of the first water-
bearing horizon, indicated the Greater Poland Lowland and 
the Greater Poland Lakeland as the areas most at risk of 
drought. Within the study area, low totals of precipitation 
were reported by Wójcik and Marciniak (1993), Łabędzki 
(2008), Woś (2010) and others. In the period 1951–1980, 
average annual precipitation totals below 500 mm did not 
occur throughout the entire Kujawy but happened locally 
in a “spot” manner. Within the study area, the central part 
of the catchment near Wandowo is an example of such a 
“spot”. According to Wójcik and Marciniak (1993), such 
low mean annual totals can be down to a rather poorly diver-
sified relief and the impact of the rain shadow of the lake 
uplands. The lowest recorded yearly totals of precipitation 
in Poland for the period 1951–2000 are < 300 mm (Woś, 
2010). The greatest concentration of precipitation minima 
is in Greater Poland, Kujawy and the northern part of Mazo-
via. For example, the minimum in Czernikowo and Unisław 
(Kujawy) stood at 210 mm and 250 mm, respectively. Our 
research confirmed that the studied area has one of the low-
est precipitation totals in the country. Water scarcity in cen-
tral Poland is currently the key obstacle to more intensive 
development of agriculture in this area.

Our analyses have shown that in the course of many years, 
the trends of annual precipitation totals in Central Poland 
are not statistically significant. The results of our calcula-
tions find their confirmation, among others, in the study 
by Żmudzka (2002), who, having analysed the trends of 

precipitation at 50 weather stations in Poland in the second 
half of the twentieth century, stated that annual precipitation 
totals presented a statistically insignificant growing trend. 
Wibig (2009) also confirmed that precipitation in Poland did 
not change significantly in the second half of the twentieth 
century. For most of Poland, Czarnecka and Nidzgorska-
Lencewicz (2012) reported a slight tendency to increase 
precipitation in spring and autumn with a simultaneously 
decreasing share of summer precipitation in the annual total. 
However, the pluvial regime in Poland did change in the 
second half of the twentieth century (1951–2000). Accord-
ing to Degirmendžić et al. (2004), the share of summer pre-
cipitation totals (June–August) in the annual sum decreased, 
which makes the main features of the continental climate 
less exposed. Based on the latest data from 1951–2013, 
Szwed (2019) reported that the annual precipitation in 
Poland had slightly increased. The trends and directions of 
the changes for individual weather stations are small and 
varied. Although in most of the country we do not observe a 
statistically significant trend in changes in precipitation (e.g. 
in the analysed Kujawy region), in its northern edges, a sig-
nificant growing trend is visible. Szwed (2019) points at an 
increase in the share of precipitation in the winter months, 
while the share of summer precipitation is not changing, 
if not decreasing. Likewise, the newest climate forecasts, 
including research by the IPCC (2013), indicate that, in Cen-
tral Europe, one should expect an increase in precipitation 
in winter and a decrease in summer. The results of research 
carried out in the neighbouring countries also signal ris-
ing trends in precipitation, e.g. in Germany (Hänsel et al. 
2009), the Czech Republic (Beranová and Kyselý 2018) or 
in Ukraine (Boychenko et al. 2016).

In the late twentieth and the early twenty-first century, the 
nature of precipitation in this part of Europe also changed. In 
Poland, the incidence of heavy precipitation (> 10 mm/day) 
is higher (Pińskwar 2019), while rain of moderate intensity 
is consistently less frequent, and periods without precipita-
tion are getting longer. All this is the result of the changing 
directions and routes of air masses moving over Europe. The 
increase in temperature in the Arctic is slowing down the 
“zonal circulation” inside the continent of Europe. Conse-
quently, stationary high-pressure systems are being devel-
oped more and more often, preventing humid, rain-bringing 
air from the west into central Europe, and instead causing 
long-term precipitation-free periods. Changes in the pre-
cipitation pattern are part of the climate changes observed 
on a global scale. According to the IPCC (2013), the fre-
quency and duration of heat waves, the frequency of extreme 
weather events and the frequency of floods and droughts 
may all increase in Poland.

One of the features of the climate of Central Poland is 
frequent and irregular occurrence of rainless periods of vari-
ous lengths which have a significant impact on vegetation. 
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The trend of annual precipitation totals was not significant, 
while in the long-term course, all the analysed weather sta-
tions have shown periods with higher or lower annual pre-
cipitation totals in relation to the mean values. There are 
both periodic excesses and deficiencies of precipitation. Our 
analyses confirmed earlier studies by Ilnicki et al. (2012) and 
later by Bartczak et al. (2014).

The occurrence of dry and humid periods is anything but 
a new process. Such events have already occurred in the 
past; however, research and analyses carried out on vari-
ous temporal and spatial scales indicate that nowadays they 
have become more frequent, their duration has lengthened, 
and their intensity has increased (e.g. Lorenc et al. 2008; 
Kaca et al. 2011), which was caused by a strong increase in 
air temperature. Lorenc et al. (2008) found that in Poland 
in the period 1951–1981 drought events occurred on aver-
age every 5 years, while in 1982–2008 they happened every 
2 years. Alas, forecasts for the future are far from optimis-
tic (IPCC 2018; WMO 2019). The threat of more frequent 
occurrence of extreme pluvial events of a more intense than 
the current nature may disturb the sustainable development 
of agricultural areas. Atmospheric drought events, especially 
in a longer time scale, bring the risk of hydrological, soil 
(agricultural) and, consequently, socio-economic droughts 
(Wilhite and Glantz 1985). The menacing result is a substan-
tial reduction in the amount of water available to humans, 
animals and plants.

A long-term atmospheric drought causes measurable 
economic losses in agriculture (Łabędzki 2006; Kaca et al. 
2011; Kundzewicz and Kozyra 2017). The very occurrence 
of such events, but in particular their frequency, duration, 
intensity and spatial scale, is difficult to predict (Łabędzki 
2006). Still more difficult to foresee, perhaps even impos-
sible, are the effects that such events may have in the future, 
hence the crucial role of research and analysis of histori-
cal droughts. Their proper quantification, as well as correct 
assessment and connection with a specific atmospheric state, 
i.e. the type of atmospheric circulation, may constitute a 
sound basis for further modelling studies.

Due to different methods of quantifying and describing 
dry periods adopted by various authors, a direct comparison 
of the obtained results proves problematic. Many studies on 
the occurrence of dry periods in Poland point at the latitu-
dinal belt going across the central part of Poland, especially 
Greater Poland (the region adjacent to the study area from 
the west) and Kujawy, as the most threatened by droughts. 
Our results show a very high degree of compliance with 
the previously published data (e.g. Łabędzki and Bąk 2004; 
2014; Lorenc et al. 2008; Bąk et al. 2012; Kędziora et al. 
2014; Szyga-Pluta 2018).

The occurrence of the so-called circulation epochs 
(e.g. Sidorenkov and Orlov 2008; Degirmendžić and 
Kożuchowski 2018; Kononova and Lupo 2020) is one of 

the natural causes of the observed climate change. They are 
associated with increased or weaker appearance of certain 
types of atmospheric circulation, which favours the inci-
dence of deficient or excessive precipitation. At the turn 
of the nineteenth and twentieth centuries, the zonal circu-
lation (W) was prevailing; later, meridional forms devel-
oped, and after 1990 the zonal type came to dominate again 
(Degirmendžić and Kożuchowski 2018). In Central Europe, 
an increase in the intensity of air advection from the west at 
the end of the twentieth century was reported and confirmed 
(Ustrnul 2007), especially in the winter months (Bartoszek 
2017b). Our research, also covering the early twenty-first 
century, indicated the persistence of a sound increase in the 
inflow of air masses from the west over Central Poland (a 
statistically significant upward trend was found for the W 
index).

In reference, literature analyses of the circulation condi-
tioning of periods of deficit/excess of precipitation in Poland 
are sparse. In this study, we confirmed that the occurrence 
of drought events is favoured by anticyclonic circulation. 
Our research confirms the results obtained by, among others, 
Piotrowski (2010); Bąk and Maszewski (2012); Ziernicka-
Wojtaszek (2012); Bartoszek (2014). Ustrnul and Czeki-
erda (2001, 2009) and Łupikasza (2010) also analysed the 
impact of circulation on extreme precipitation throughout 
Poland. The highest daily totals of precipitation coincide 
with the inflow of air masses from the N—NE—E direction 
(Ustrnul and Czekierda 2001). Advection from this direction 
combined with cyclonic situations (mainly cyclonic trough 
and the centre of a low-pressure system) gives the highest 
probability of a heavy precipitation (Ustrnul and Czekierda 
2001, 2009). The results of the research carried out in this 
study on Central Poland also indicate that the occurrence of 
extremely wet periods is caused by cyclonic circulation and 
the inflow of air from the north.

5  Conclusion

Precipitation plays a vital role in the global system con-
trolling many environmental processes and conditioning 
human lives. Excessive precipitation, its scarcity or even 
non-existence heavily influence numerous fields of man’s 
activity, e.g. agriculture.

The 1954–2018 mean annual total of precipitation in the 
study area (based on 10 stations) was 524 mm. At that time, 
the trend of average yearly totals over Central Poland was 
not statistically significant. The differences in the spatial 
distribution of precipitation among the ten studied weather 
stations were caused, among others, by the topographic 
relief, the type of land cover and the direction of air mass 
advection.
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The Standardised Precipitation Index (SPI) provided the 
basis for assessing the periods of shortage and excess of 
humidity in terms of their duration and extent. In the study 
area, dry and wet periods (respectively SPI-12 ≤  − 1.0 and 
SPI-12 ≥ 1.0) occurred with an average frequency of 28 
and 27% during the analysed 65 years. In this timespan, 
the total number of dry periods ranged from 11 in Strzelno 
to 16 in Powidz and Sompolno. The number of wet periods 
ranged from 13 in Sobiesiernie and Powidz to 16 in Som-
polno and Izbica Kujawska.

In their study spanning 65 years, the Authors presented 
air circulation with three indices: of western (W), southern 
(S) and cyclonic circulation (C). In the case of Central 
Poland, advection of air from the west prevails over that 
from the east, and so does the inflow of air from the south 
over that from the north. The frequency of anticyclonic 
situations is greater than that of cyclonic types.

The applied methodology allowed an objective com-
parison of precipitation deficits and excesses in time and 
space in Central Poland depending on atmospheric circula-
tion. Dry periods occurred in the study area with a clear 
dominance of anticyclonic circulation, with the inflow of 
air from the north and with increased western circulation. 
On the other hand, the occurrence of wet periods over 
Central Poland was mainly influenced by the presence of 
cyclonic circulation, often with advection of air masses 
from the south and west.

The presented results, which sketch the portrait of the 
scarcity/excess of precipitation in central Poland, can be 
of invaluable importance for determining water shortages 
and water-related needs of crops and grasslands. It should 
be noted that within the study area, to maintain agricul-
tural production at a high level, more intensive irrigation 
activities will be necessary.

We believe that the presented analyses that show the 
relationship and impact of the occurrence of a given type 
of atmospheric circulation on the incidence of extreme 
pluvial events can contribute to the development of mitiga-
tion pathways that can prepare and adapt such areas to the 
expected further climate change.
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