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Abstract: The results of numerous studies concerning meteorological drought show that there is a 

considerable impact of this phenomenon on several regions in Europe. On the other hand, statisti-

cal trends of dry spell occurrences in some areas of the continent are unclear or even negative. 

Therefore, further research should be directed towards a better understanding of this hazard, par-

ticularly the seasonal changes, in order to elaborate adequate strategies to prevent and mitigate its 

undesirable effects. The main goal of the work, conducted as part of the research strategy on con-

temporary climate change, was to confirm the hypothesis of increasing frequency and intensity of 

droughts during the period of active plant growth and development (May–August) in central Po-

land in 1961–2020. The prevailing rainfall conditions in this period determine the production and 

economic effects of agricultural output. The analysis covered a multiannual period, including two 

separate climate normals: 1961–1990 and 1991–2020. The work is also aimed at detecting relation-

ships between indicators characterizing meteorological drought (the Standardized Precipitation 

Index—SPI) and agricultural drought (the actual precipitation deficiency—PAdef). It was found that 

the frequency of meteorological droughts in the studied period amounts to 30.0% (severe and 

extreme constitute 6.7%). No significant increase in the frequency and intensity of meteorological 

droughts over time was observed. Relationships between meteorological and agricultural drought 

indicators were significant, so the SPI can be considered an indicator of plant irrigation needs in the 

studied area. 

Keywords: water deficits; meteorological/agricultural drought; climate change; climatic risk to 

plant cultivation; irrigation needs in crop production 

 

1. Introduction 

Meteorological droughts are defined as long periods with little or no rainfall, lead-

ing to a significant decrease in water availability at a specific time and in a given area. 

Definitions of types of droughts and their causes, the current state of knowledge on 

them, identified gaps and research perspectives for this phenomenon can be found in the 

work of Hagenlocher et al. [1]. As indicated by many sources [2–4], the phenomenon of 

drought is not only attributed to arid or semiarid climates, but also to areas located in the 

temperate zone consisting of, inter alia, the predominant surface of the European conti-

nent [5,6]. Results of research by Spinoni et al. [7] show (according to the standardized 

precipitation index—SPI), a statistically significant tendency towards less frequent and 

severe drought events over northeastern Europe, especially in winter and spring, and a 

moderate opposite tendency over southern Europe, especially in spring and summer. 

Both for frequency and severity, the evolution towards drier conditions is more relevant 

in the last three decades over central Europe in spring, in the Mediterranean area in 
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summer, and in eastern Europe in autumn. For the period of active plant growth (sum-

mer season) in central Europe (covering the territory of Poland) the authors did not rec-

ognize any significant (positive or negative) trends in the frequency and severity of 

droughts determined by the SPI. Hänsel et al. [8] assessed the long-term variability of 

drought conditions and seasonal climate trends within 1951–2015 based on a collective of 

91 climate stations from the national meteorological services of Germany, Poland and the 

Czech Republic. Seasonally, drying trends were observed for spring and less pronounced 

for summer, while autumn and winter showed wetting trends. The authors also shown 

that the choice of the study period matters (1951–2015 vs. 1961–2015) as the pronounced 

(multi)decadal variability of drought conditions restricts the temporal stability of com-

puted trends. The drought trends computed for 1951–2015 were similar in direction, but 

generally smaller in magnitude than those of the shorter period 1961–2015, as the 1950s 

was a very dry decade in central Europe. In the conditions of the climate of central Po-

land, located entirely in the center of the temperate zone, which is the transition between 

the maritime and continental climatic conditions, droughts occur frequently but irregu-

larly. An analysis carried out based on a long 145-year set of monthly rainfall totals in 

Bydgoszcz city (1861–2005) showed that the rate of months with a meteorological 

drought is approximately 30% [9]. The essential feature of meteorological droughts in 

central Poland is the irregularity of their occurrence in subsequent years, resulting from 

the great temporal variability of atmospheric precipitation occurrence. This variability, 

which is expressed in the presence of absolutely distinct rainfall conditions in the same 

calendar time spans of individual years, is primarily caused by circulation factors. The 

physical and geographical conditions of central Poland enable a free, latitudinal ex-

change of air masses over the land. The results of the research done by Marsz et al. [10] 

and Wrzesiński et al. [11] confirm that the frequency of droughts over Poland depends on 

the circulating factors and it is greater in the period of increased intensity of thermohaline 

circulation (THC), the phases of a “warm” north Atlantic Ocean. The research of Bąk and 

Maszewski [12] shows that in the region between the cities Bydgoszcz and Toruń, anti-

cyclonic systems with air advection from the north and west play the greatest role in the 

formation of meteorological droughts, while the input of the systems with advection 

from the east is much less. Prolonged meteorological droughts lead to a decrease in soil 

moisture, resulting in the occurrence of agricultural droughts. Agricultural droughts are 

defined as periods when soil moisture is insufficient to meet the water requirements of 

plants and appropriate agricultural management. In the literature from all over the 

world, one can find numerous examples of how to identify agricultural drought [1,13]. 

Some authors define agricultural drought as a shortage of soil water in a given soil type 

for a given plant cultivar in a specific time or phase, which results in a reduction in the 

yield of arable crops [14]. For others however, the basic criterion for determining agri-

cultural drought is the duration of an uninterrupted period of days with an exhausted 

stock of water readily available to plants in the root zone in a soil profile. In their opinion, 

moderate agricultural drought begins when this sequence of days is at least seven, and 

for intense drought, it is at least 2 weeks, and in the case of very intense drought the pe-

riod is longer than 20 days [15]. In extreme cases, especially on sandy soils, even a com-

plete loss of the crop is possible. According to the research by Żarski et al. [16], the oc-

currence of agricultural drought, expressed as the number of precipitation deficits in June 

and July, led to a decrease in the yield of maize grain in the Kujawsko-Pomorskie voi-

vodeship by an average of 13%, and in the extremely dry 2006, by 27% compared to av-

erage crops. On the scale of an individual farm, the yield reductions caused by agricul-

tural drought are much greater. As a result of many years of research (2005–2016) con-

ducted by researchers from the University of Science and Technology in Bydgoszcz [17] 

the yield of maize grain, which amounted on average to 9.10 t/ha, in the years of agri-

cultural drought occurring in the period of the high water needs of maize, decreased to 

3.90 t/ha. 
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In recent years, many efforts have been made in Poland and other countries to ex-

pand knowledge about the main quantitative characteristics of droughts in terms of cli-

matology, including their frequency, extent, duration, and intensity, as well as identifi-

cation methods [14,18,19]. In addition, numerous studies concern the agricultural aspect 

of droughts, including in particular the assessment of quantitative effects and methods of 

their mitigation and active prevention [20,21]. The growing interest in drought phe-

nomena in Poland and on the world scale, especially noted since the beginning of the 21st 

century, is related to the increasing importance of the main scientific problem of con-

temporary climatology, which is oriented toward the ongoing climate change and its ef-

fects on agriculture [22–27]. This global problem can be divided into several strategies: 

learning about the climate in the past, recognition of the currently observed climate 

changes, and finally projections about the climate in the future. With regard to droughts 

taking place in the past, it was demonstrated based on the SPI index analysis that the 

long-term frequency of these phenomena in Poland was stable over the last two or even 

three centuries [28]. The stability of droughts over time is confirmed by the results of 

other studies conducted in various regions of the world [29–31]. However, some studies 

have obtained different results [32,33]. For example, according to the research by 

Szyga-Pluta [33] carried out based on data from 30 stations of the National Institute of 

Meteorology and Water Management in 1966–2015, a tendency towards increased dry-

ness of the growing season in Poland was observed at the statistically significant level of 

p = 0.1. But, it must be pointed out that the study concerned droughts calculated based on 

the Sielianinov k coefficient. This index takes into account not only atmospheric precipi-

tation but also air temperature. Once droughts were determined based on indicators 

taking into account only rainfall (standardized precipitation index, relative precipitation 

index), no long-term trend was found, which means no risk of increasing water deficit 

appeared. The results of research by Kuśmierek-Tomaszewska et al. [34–36] indicate the 

lack of intensification of the phenomenon of agricultural droughts in selected localities of 

the Kujawsko-Pomorskie voivodship in 1981–2010. It was also found that the amount 

and variability of atmospheric precipitation in the growing season in Poland did not 

show significant changes over time [37–39]. On the other hand, some studies indicate that 

the unfavorable changes related to the increase in the frequency and intensity of 

droughts is already taking place. Such conclusions are presented in the research by So-

morowska [40] carried out for the years 1956–2015 based on the standardized precipita-

tion-evapotranspiration index (SPEI). Similar conclusions have also been presented by 

other researchers [41–46]. 

As stated by the forecasts of climate change, the main manifestation of which is an 

increase in air temperature, the frequency of extreme weather conditions, and thus also 

the occurrence of droughts, is expected to rise in moderate latitudes [47]. In simulation 

studies conducted under the typical GISS Model E, HadCM3, and GFDL R15 climate 

change scenarios, it has been shown that in central Poland an increase in precipitation 

variability of up to 20 percent, depending on the scenario, is expected. This means a 

greater risk of droughts and the need to meet the increasing water requirements of crops 

during the growing season [48]. The probabilities of the incidence of extremely dry pe-

riods in central Poland predicted for 2050–2060 show an average increase of two, three, 

and four times, depending on the climate change scenario, compared to the current con-

ditions [49]. 

Nowadays, more and more often the issues related to vulnerability and resilience to 

climate change and broadly understood climate justice are discussed [50]. In order to 

understand the climatic risk manifested in the agricultural economy, it is necessary to 

recognize the features of selected elements of this risk, such as droughts. 

The main goal of the work, conducted as part of the research strategy on contem-

porary climate change, was to confirm the hypothesis of the increasing frequency and 

intensity of droughts during the period of active plant growth and development in the 

Bydgoszcz region in the years 1961–2020. In the moderate climate zone, the period of ac-
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tive growth and development covers the months from May to August. The prevailing 

rainfall conditions in this period determine the production and economic effects of agri-

cultural output. The region of Bydgoszcz is representative of the Kujawsko-Pomorskie 

voivodeship in central Poland, which constitutes the main area of agricultural produc-

tion. The analysis covers a multiannual period, including two separate climate normals: 

1961–1990 and 1991–2020. The work also aims to detect relationships between indicators 

characterizing meteorological and agricultural droughts. 

2. Materials and Methods 

2.1. Study Area and Data Sources 

The material consisted of the results of conventional measurements of atmospheric 

precipitation and air temperature taken in the years 1961–2020 during periods of active 

plant growth: May, June, July, and August. Meteorological data were obtained from a 

measuring point at the Research Station of the University of Technology and Life Sci-

ences in Bydgoszcz, located in a rural area (ϕ = N 53°13′, λ = E 17°51′, elev. = 98.5 m above 

sea level) in a distance of 20 km from the city center of Bydgoszcz. This area is devoid of 

the influence of urban anthropogenic factors and can be treated as representative of the 

Bydgoszcz region, which in turn reflects the conditions peculiar to the Kujaws-

ko-Pomorskie voivodeship and central Poland. 

Air temperature was measured in a Stevenson screen at the height of 2 m above 

ground level by mercury-in-glass thermometers with a certificate of calibration, ap-

proved by the National Institute of Meteorology and Water Management. After the set-

ting of the measuring point, readings were taken unchangeably three times per day at the 

same time: 06, 12, 18 Coordinated Universal Time (UTC) with an accuracy of 0.1 °C. Daily 

temperature was calculated according to the formula (1): 

�� =
��� ��� + ��� ��� + ���� + ���� 

4
 (1)

where: 

td—mean daily air temperature (°C) 

t06 UTC—air temperature at 06 UTC (°C) 

t18 UTC—air temperature at 18 UTC (°C) 

tmax—maximum air temperature (°C) 

td—minimum air temperature (°C) 

Atmospheric precipitation was measured by a Hellmann’s rain gauge at an eleva-

tion of 1 m a. g. l. Readings were taken once a day at 06 UTC with an accuracy of 0.1 mm. 

To verify the homogeneity and accuracy of the data, they were compared to the data 

from the reference station operating in the national network of the Institute of Meteor-

ology and Water Management, located in Toruń, confirming their reliability and repre-

sentative feature. 

Meteorological and agricultural droughts were identified in the following spans: the 

entire period of active plant growth May–August, the individual months of May, June, 

July, and August, and three two-month intervals covering periods of increased water 

needs of the most economically important crops: May–June for the main cereals and 

winter oilseed rape; June–July for corn, July–August for sugar beet. 

2.2. Drought Identification 

The identification of meteorological droughts (mD) was done based on the stand-

ardized precipitation index (SPI) [51]. The index was calculated for a 60-year data series. 

Precipitation totals (P) were normalized by the transforming function f(P) = ∛P [52]. 

Based on the SPI values, meteorological drought classes were determined according 

to the scale applicable in the rainfall conditions monitored in Poland, led by the Institute 

of Technology and Life Sciences (Table 1).  
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Table 1. Meteorological drought classes according to the standardized precipitation index (SPI) 

[53]. 

Class of Drought SPI Graphic Designation 

Slightly dry −0.50–−0.99 1 

Moderate dry −1.00–−1.49 2 

Very dry −1.50–−1.99 3 

Extremely dry ≤−2.00 4 

The colors illustrate the level of drought intensity. 

To determine the agricultural drought (aD), the indicator of actual precipitation de-

ficiency (PAdef) as the relation between actual precipitation (PA) and crop optimal precip-

itation (POpt) was used. The optimal precipitation was calculated based on Klatt’s table 

values for selected crops (POK) [54] and soils of medium compactness. This indicator is 

commonly used by many authors in research related to plant water needs and irrigation 

schedule [55–58]. According to the values of POK elaborated by Klatt, the following op-

timal precipitation level was assumed: in May, 70 mm at an average air temperature of 13 

°C; in June, 75 mm at an average air temperature of 16 °C; in July, 90 mm at an average 

temperature of 18 °C; and, in August, 80 mm at an average air temperature of 17 °C. The 

difference in temperature referring to the given normative values caused an increase or 

decrease in optimal precipitation (POpt) by 5 mm for each 1 °C of this difference. 

2.3. Statistical Analysis 

Statistical methods commonly used in climatological studies were applied [59]. The 

calculations performed for all time intervals mentioned concerned regression and corre-

lation analysis (Pearson’s coefficient at the p–level of 0.05), as well as the analysis of 

trends using linear regression equations for the 60-year measurement period. Data anal-

ysis was performed with the Analysis ToolPak of Microsoft Excel 2010 add-in program 

data analysis tools. 

3. Results 

3.1. Frequency and Intensity of Meteorological Droughts 

The frequency of meteorological droughts in the entire period of active growth and 

development of plants (May–August) in the region of Bydgoszcz in 1961–2020 equaled 

30.0% (Table 2). In 18 out of 60 analyzed periods, droughts were identified: in seven cas-

es, the periods were slightly dry; in another seven, moderately dry; and, in the final four, 

very dry. However, not a single whole period of active growth and development of 

plants was found as extremely dry. In the individual months, the frequency of droughts 

varied from 23.3 to 35.0%. The most droughts were identified in June but they occurred 

very seldom in August. The most severe and extreme droughts were found in May and 

July (the frequency was 8.3%), while to a lesser extent in August (5.0%), but they were not 

identified at all in June when the total number of all droughts was the greatest. 

In the two-month periods, covering the periods of high water needs of the most 

economically important agricultural plants, droughts occurred with a frequency of 28.3–

30%. Four to five such periods out of 60 were extremely or very dry (the frequency varied 

from 6.7 to 8.3%). When comparing the frequency of meteorological droughts in two 

consecutive normal periods—the earlier 1961–1990 and the later 1991–2020—one can see 

that, as a rule, more dry periods occurred in the first 30 years (Figures 1 and 2). This ap-

plies to May, July, the two-month periods of May–June, June–July, and July–August, and 

the entire period of active growth and development of plants from May to August. In 

August, the frequency of droughts was the same in both climate normal periods, while in 

June in the period 1991–2020, the number of droughts was greater by one as compared to 

the previous period. The frequency of the most severe, extreme and very strong droughts 

in the entire period from May to August was the same in the two 30-year periods com-
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pared. This also refers to the periods June–July and July–August. The greatest difference 

in the presence of extreme and very strong droughts was found in May. In 1961–1990 

there were four such cases, while in the years 1991–2020 just one. 

Table 2. The number and frequency of meteorological droughts (mD) during the period of active plant growth in the re-

gion of Bydgoszcz in 1961–2020. 

Class of mD 
mD in 1961–2020 

May June July August May–June June–July July–August May–August 

1 6 11 5 2 7 7 5 7 

2 6 10 5 9 6 6 8 7 

3 4 0 2 2 3 4 2 4 

4 1 0 3 1 2 0 2 0 

Total 17 21 15 14 18 17 17 18 

% mD 1–4 28.3 35.0 25.0 23.3 30.0 28.3 28.3 30.0 

% mD 3–4 8.3 0.0 8.3 5.0 8.3 6.7 6.7 6.7 

The colors illustrate the level of drought intensity. 

Consecutive Years 
mD in 1961–1990 

May June July August May–June June–July July–August May–August 

1961         

1962          

1963               

1964             

1965            

1966            

1967         

1968               

1969           

1970         

1971             

1972         

1973           

1974          

1975              

1976           

1977          

1978               

1979              

1980          

1981           

1982          

1983               

1984           

1985         

1986             

1987         

1988          

1989               

1990            

1 3 5 3 1 6 5 4 3 

2 3 5 2 5 4 2 5 5 

3 3 0 2 0 1 2 2 2 

4 1 0 1 1 1 0 0 0 

Total 10 10 8 7 12 9 11 10 

% mD 1–4 33.3 33.3 26.7 23.3 40.0 30.0 36.7 33.3 

% mD 3–4 13.3 0.0 10.0 3.3 6.7 6.7 6.7 6.7 



Agriculture 2021, 11, 855 7 of 17 
 

 

Figure 1. Occurrence of meteorological droughts (mD) determined on the base of the SPI during the period of active plant 

growth and development (May–August) in the region of Bydgoszcz in 1961–1990. The colors illustrate the level of drought 

intensity. 

Consecutive Years 
mD in 1991–2020 

May June July August May–June June–July July–August May–August 

1991         

1992                

1993          

1994              

1995             

1996         

1997          

1998         

1999          

2000            

2001         

2002          

2003              

2004         

2005             

2006            

2007         

2008              

2009          

2010          

2011         

2012          

2013         

2014         

2015                

2016         

2017         

2018              

2019              

2020         

1 3 6 2 1 1 2 1 4 

2 3 5 3 4 2 4 3 2 

3 1 0 0 2 2 2 0 2 

4 0 0 2 0 1 0 2 0 

Total 7 11 7 7 6 8 6 8 

% mD 1–4 23.3 36.7 23.3 23.3 20.0 26.7 20.0 26.7 

% mD 3–4 3.3 0.0 6.7 6.7 10.0 6.7 6.7 6.7 

Figure 2. Occurrence of meteorological droughts (mD) determined on the base of the SPI during the period of active plant 

growth and development (May–August) in the region of Bydgoszcz in 1991–2020. The colors illustrate the level of 

drought intensity. 

Apart from the variability over time characterizing the variation in the occurrence of 

droughts between subsequent years, one should draw attention to the intraseasonal 

variability. It is worth noting that in the whole 60-year period there was no case when all 

four months constituting the period of active growth and development of plants were 

dry in a given year. Shorter or longer drought spells with different levels of intensifica-

tion were found in 42 out of the 60 analyzed years. In the 30 years of 1961–1990, the 

number of such cases was greater (24) compared to the period 1991–2020 (18 cases). The 

longest and most severe droughts occurred in the initial 30-year span of the analyzed 

period 1961–2020: in the years 1983 and 1989, and then in 1963, 1968, 1978, and 1979, 
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whereas in the most recent 30-year span these were the seasons of 1992 and 2015 as well 

as 1994 and 2018. 

No increasing frequency and intensity of meteorological droughts were found dur-

ing the period of active plant growth and development in the region of Bydgoszcz in the 

studied years 1961–2020 (Figure 3). The values of the indicator of meteorological drought 

(SPI) were characterized by great variability over time from −1.93 in 1992 to 2.44 in 1980. 

An upward trend of the SPI values in the years 1961–2020 indicates a significant increase 

in the amount of atmospheric precipitation, and thus a substantial improvement in 

weather conditions in agricultural production. As shown by the values of regression 

equations (Table 3), the amount of atmospheric precipitation increased significantly 

during the summer months (July–August). Regarding the other analyzed periods, no 

significant changes in the SPI were found over the years 1961–2020. It is noteworthy that 

the regression coefficient had a positive value in all studied cases, which proves an up-

ward trend in the SPI values; however, in June it was the least. The SPI values indicate a 

very strong variability over time, as evidenced by the great range between the extreme 

values. 

 

Figure 3. Variability over time of the meteorological drought index (SPI) during the period of active 

plant growth and development (May–August) in the region of Bydgoszcz in 1961–2020. 

Table 3. Extreme values and regression equations characterizing changes in SPI values in the pe-

riod 1961–2020 with correlation coefficients characterizing a linear dependence. 

Month/Period Max Min 
Y–Intercept  

(a) 
Correlation Coefficient (r) 

May 1.77 -2.32 0.0069 0.1208 

June 3.35 -1.48 0.0011 0.0200 

July 1.62 -2.54 0.0122 0.2138 

August 2.97 -2.38 0.0126 0.2207 

May–June 2.67 -2.29 0.0063 0.1109 

June–July 3.03 -1.98 0.0082 0.1425 

July–August 2.15 -2.36 0.0172 0.3003 * 

May–August 2.44 -1.93 0.0156 0.2733 * 
* correlation statistically significant at the p–level of 0.05. 

3.2. Frequency and Intensity of Agricultural Droughts 

Identification of agricultural droughts brings more difficulties than the identification 

of meteorological droughts. The occurrence of agricultural drought is conditioned not 

only by meteorological factors but also by the retention capacity of soil and the phase of 

plant growth and development, which affects evapotranspiration. In this study, to de-

termine the agricultural drought (aD), we used the method of actual precipitation defi-

ciency (PAdef) concerning optimal precipitation (POpt). We assumed the maximum values 

y = 0.0156x -0.4773

R² = 0.0747
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of POpt for individual months of active plant growth and development and limited the 

calculation of the optimal precipitation only to the types of soil of medium compactness 

which dominate the region covered by the study. 

The determined values of shortages and excesses of precipitation for the entire pe-

riod from May to August are indicative, characterizing the general level of the water 

factor concerning the needs of crop production. Regarding individual months and 

two-month periods of high water needs of plants, the values of the indicator (aD) reflect 

the actual shortage or excess of rainfall in the production of the economically most im-

portant crops, which account for about 88% of the sowing area. In May and June, this 

applies to cereal crops and winter rape, in June and July maize grown for grain and green 

fodder, and in July and August for sugar beet. 

Air temperature plays an important role in establishing the value of the agricultural 

drought index (aD) since it influences the amount of calculated optimal precipitation 

(POpt). The average air temperature throughout the active growth and development of 

plants (May–August) varied over time to a great extent (Figure 4). The highest tempera-

ture, 18.9 °C, occurred in 2018; whereas the lowest, 13.7 °C, was recorded in 1962. 

 

Figure 4. Variability over time of average air temperature (°C) during the period of active plant 

growth and development (May–August) in the region of Bydgoszcz in 1961–2020. 

Statistical analysis demonstrated a significant trend of increase in average air tem-

perature in the period May–August over time. The linear regression equation indicates 

that the increase for 10 years amounted to 0.26 °C (Table 4). Further, a significant upward 

trend in the average air temperature in 1961–2020 was found in July, August, and all the 

two-month periods. In May and June, an increase in this weather factor was recorded too, 

but the tendency was not statistically significant. Air temperature values in all time in-

tervals showed great variability over time, which is proved by a wide range between ex-

treme values. 

The values of the agricultural drought index (aD), representing the difference be-

tween the actual (PA) and optimal (POpt), rainfall were characterized by great variability 

over time, which is analogous to the values of SPI. During the entire period of active 

growth and development of plants, they amounted on average to −90 mm. This means 

that agricultural field production in the region of Bydgoszcz is limited by a deficiency of 

the precipitation factor. The greatest shortage of rainfall occurred in 1992 and amounted 

to –262.6 mm. Precipitation deficits lower than −200 mm were also recorded as well in 

1963, 1983, 1989, 1994, 2015, and 2018. In the other 10 years, the values ranged from −150 

to −200 mm. In the case of such great rainfall shortages, farmers are dealing with signifi-

cant losses in regional crop production and thus with the risk of ensuring a constant 

supply of raw materials for food production. By contrast, in 1980, due to great rainfall 

totals in June and July, the excess of precipitation compared to plant water needs 

amounted to 187.4 mm. A similar situation occurred in 1985 when the surplus due to 

y = 0.0259x + 15.567

R² = 0.1957
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severe rainfall in August equaled 136.0 mm. The regression analysis did not reveal the 

significant variability over time of the agricultural drought index in the period May–

August in 1961–2020 (Figure 5). There was rather a tendency to decrease rainfall deficits 

by 0.76 mm per year. 

Similarly, in the individual months and the two-month periods of high water needs 

of crops economically important in the region, no significant changes in agricultural 

drought indices were found with the passage of years. In all the equations of regression, 

the values of the Y-intercept were positive, which implies a tendency to diminish pre-

cipitation deficits. As in the case of the entire period of active growth and development of 

plants (May–August), in months and two-month periods, the average rainfall deficien-

cies were recorded, reflecting water factor deficit in agricultural plant production. Also 

found was a very high variability of agricultural drought indicators over time (Table 5). 

Table 4. Extreme values and regression equations characterizing changes in the average air tem-

perature in the period 1961–2020 with correlation coefficients characterizing a linear dependence. 

Month/Period Max Min 
Y–Intercept  

(a) 
Correlation Coefficient (r) 

May 13.0 17.3 9.6 0.0226 

June 16.5 21.9 14.0 0.0145 

July 18.2 22.7 15.1 0.0358 

August 17.7 20.9 15.1 0.0304 

May–June 14.7 17.6 12.0 0.0186 

June–July 17.4 20.2 14.7 0.0253 

July–August 18.0 21.0 15.5 0.0331 

May–August 16.4 18.9 13.7 0.0259 

 

Figure 5. Variability over time of the agricultural drought index (PAdef) during the period of active 

plant growth and development in the region of Bydgoszcz (May–August) in 1961–2020. 

Table 5. Extreme values and regression equations characterizing changes of the agricultural 

drought index (PAdef) in the period 1961–2020 with correlation coefficients characterizing a linear 

dependence. 

Month/Period Max Min 
Y–intercept  

(a) 
Correlation Coefficient (r) 

May -22.4 36.0 -75.3 0.1304 

June -19.5 192.0 -86.8 0.0070 

July -19.6 71.8 -107.0 0.3056 

August -28.5 129.5 -87.5 0.3208 

May–June -41.9 152.3 -145.5 0.1374 

June–July -39.2 263.8 -157.4 0.3126 

July–August -48.1 102.4 -170.3 0.6263 

May–August -90.0 187.4 -262.6 0.7637 
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3.3. The Relationship between the Meteorological and Agricultural Drought Index 

The regression analysis revealed a significant relationship between the meteorolog-

ical drought index (SPI) and precipitation deficiency (PAdef) as the indicator of agricultural 

drought (Figure 6). Values of correlation coefficient describing the strength of the linear 

dependence exceeded 95–97%, depending on the time interval (Table 6). The value of 

slope (b) reflects the rainfall shortage at SPI = 0. The equations of regression allow the 

assessment of precipitation deficiencies (PAdef) in the individual time steps based on the 

SPI values and thus only on precipitation data. These rainfall deficiencies permit the de-

termination of the irrigation needs of crops in the studied region. This concerns cereals 

and winter rape in May–June, maize in June–July and sugar beet in July–August. The 

precipitation deficit throughout the period of active growth and development of −90.0 

mm is an index assessment of the water factor deficit in the studied region. 

 

Figure 6. The linear relationship between the meteorological drought index and agricultural 

drought in the period of active plant growth and development (May–August) in the region of 

Bydgoszcz in 1961–2020. 

Table 6. Regression equations allowing determination of the agricultural drought index based on 

the SPI with correlation coefficients characterizing the strength of a linear relationship. 

Month/Period 
Y–Intercept  

(a) 

Slope  

(b) 
Correlation Coefficient (r) 

May 29.517 −22.370 0.9540 

June 42.847 −19.539 0.9598 

July 40.514 −19.616 0.9686 

August 37.267 −28.488 0.9607 

May–June 50.264 −41.908 0.9609 

June–July 70.137 −39.155 0.9687 

July–August 56.497 −48.105 0.9750 

May–August 87.598 −90.013 0.9747 

4. Discussion 

Results of research by Erfurt et al. [60] taking into account the correlation of the de-

rived long-term trends in droughts with the temperature increase in the global warming 

trend, show that there is no comparable outstanding development to the anthropogenic 

temperature trend over the last 200 years in southwestern Germany. This is in line with 

the findings of Sheffield et al. [61], Spinoni et al. [62], according to which the frequency of 

droughts is increasing in southern Europe, while the opposite trend is occurring in 

northern Europe. 

The reconstruction of droughts in the period of the last 500 years (since the 1500s) 

done by Glaser and Kahle [63] for Germany, shows a remarkable long-term stability of 
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this phenomenon. The authors argue that the measured increase in droughts in recent 

decades should be considered normal from a long-term perspective, and that historical 

volatility is greater than the modern fluctuations observed since the 1950s. 

Ionita and Nagavciuc [64] analyzed the drought characteristics at the European level 

in 1901–2019 using three drought indices: standardized rainfall index (SPI), standardized 

rainfall evapotranspiration index (SPEI), and Palmer’s self-calibrated drought severity 

index (scPDSI). The results based on SPEI and scPDSI show that central Europe and the 

Mediterranean region are becoming drier due to increased potential evapotranspiration 

and mean air temperature, while Northern Europe is getting wetter. On the other hand, 

the SPI did not reveal these changes in drought volatility, mainly due to the fact that 

rainfall did not show a significant change, especially over central Europe. 

The analysis by Utkuzova et al. [65] has shown that SPI adequately identifies 

drought and wet events in Russia in 1966–2010 in the summer months. The authors have 

ascertained an increase in the amplitude of extreme (drought/wet) events during the past 

years, with a prevalence of wet events over drought ones. They found that the spread of 

drought reduces in June and August and increases in July; wetness propagation increases 

in June and August and reduces in July in the European territory of Russia. 

Overall, the results regarding the frequency of meteorological droughts in the region 

of Bydgoszcz are consistent with the findings so far [28,34–36,60–66]. As presented in the 

authors’ research, these droughts appear in a given time in the analyzed region with a 

frequency of approx. 30%. They occur irregularly, depending on the varying circulation 

factors related to the advection of different atmospheric masses and pressure systems 

over Poland. Similar conclusions are presented in other studies, emphasizing that the 

frequent occurrence of droughts as meteorological phenomena, diverging from the av-

erage conditions, is a constant feature of the climate in Poland. The climate is distin-

guished by the variability of weather conditions, which rarely meet the average values. 

Contrary to many findings so far, especially the projections of climate change [47,67–

69], the results of our research did not confirm the main research hypothesis. There was 

no evidence of an increase in the frequency and intensity of meteorological droughts with 

time in 1961–2020. Furthermore, it was observed that droughts occurred more often in 

the former period of climate norm of 1961–1990 compared to the valid climate normal of 

1991–2020. Therefore, one cannot talk of an increase in the frequency and intensity of 

drought phenomena in central Poland related to ongoing climate change. 

The qualitative features of meteorological drought, especially the absence or short-

age of atmospheric precipitation, along with high air temperature [67] and great va-

por-pressure deficits, result in the depletion of water in soil readily available to plants. As 

a consequence, meteorological droughts promote the formation of agricultural droughts, 

which is an unfavorable factor that contributes to the climatic risk of growing plants. We 

have shown in this study that in the analyzed area no increase in the frequency of agri-

cultural droughts was observed, despite the fact that the increase in air temperature was 

significant. An explanation of this is the fact that increased evapotranspiration resulting 

from higher air temperature was compensated by greater precipitation totals. In turn, 

greater precipitation could be the result of more intense dynamics of the atmosphere 

resulting from evolving thermal conditions [70]. 

This work presents the problem of agricultural droughts as a phenomenon taking 

into account only the most important climatic factors—atmospheric precipitation and air 

temperature. However, it needs to be remembered that an important factor affecting the 

occurrence of agricultural drought is also an increasing anthropo-pressure leading to a 

reduction in soil retention [32,71,72]. Water deficits in the soil environment are, inter alia, 

deepened by factors such as simplifications in the structure of sowing, simplifications in 

tillage, reduced content of organic matter due to reduced fertilization, and higher yields. 

Due to the diminished role of soil retention in mitigating the effects of rain-free periods, 

growing attention is paid to the development of plant irrigation as an active drought 

avoidance system. In Poland crop irrigation is nowadays treated as a serious reserve in 
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agriculture, ensuring, according to many studies, an increase, and stability of crops and 

their quality improvement [73–78]. 

A significant relationship between the indicators of meteorological and agricultural 

drought was discussed in another work [79]. The results of our analysis confirm these 

findings and, what is more, enable the assessment of water factor deficiency in agricul-

ture. The quantitative recognition of these shortages can be used in strategic planning in 

irrigation development, effective scheduling of irrigation systems, and controlling the 

water factor in agriculture in central Poland. 

5. Conclusions 

In this work we investigated the frequency and severity of meteorological droughts 

in central Poland in a 60-year period based on the SPI. As shown in this work, the SPI is 

frequently used in different studies globally and locally to analyze precipitation fluctua-

tions over time. Despite the fact that SPI has some limitations, for example it only uses 

one climate variable (precipitation), which makes it less connected with soil conditions 

[80], it is a flexible index easy for the computation of both short- and long-term periods 

through the definition of various intervals of time. This flexibility of SPI allows perfect 

monitoring not only of meteorological but also of agricultural droughts. Furthermore, 

other indicators, involving more components or related to remote sensing data may not 

have long records; therefore their use is limited in long-term climatological studies. 

Based on our results we found that no significant increase in the frequency and intensity 

of meteorological droughts in 1961–2020 was observed. It is worth noting that the choice 

of the study period mattered: a greater number of these phenomena occurred in the years 

1961–1990, compared to 1991–2020. The frequency of meteorological droughts in the pe-

riod of active plant growth in the Bydgoszcz region amounted to 30.0% (23.3–35.0% de-

pending on the analyzed period), while severe and extreme droughts constituted 6.7% 

(0–8, 3%), and we found these findings consistent with the results of other studies for this 

region. 

Water consumption in plant production in Poland is much lower than the world 

average, since irrigation of crops in the country is still only supplementary. However, as 

statistics show, plant production is highly dependent on water and is highly susceptible 

to its shortage, and production effects largely depend on soil and rainfall conditions. 

Field cultivation in the region of Bydgoszcz during the period of active growth and de-

velopment of plants and in particular intervals of this period is carried out in conditions 

of shortages of atmospheric precipitation. However, these shortages do not show either a 

significant or specific direction of changes in the years 1961–2020. The significant rela-

tionship between the indicators of meteorological and agricultural drought allows for the 

determination of precipitation deficits in crops on the basis of the standardized precipi-

tation index (SPI). It is worth emphasizing that these shortages can also be treated as an 

indicator of irrigation needs in the studied region. 

Currently, about 8% of farms are subject to water charges resulting from crop irri-

gation in Poland. Lately, the Minister of Agriculture launched an irrigation program in 

agriculture. As part of the first call for projects, EUR 89 million will be allocated to in-

vestments related to irrigation systems, and the total amount allocated to the program is 

EUR 222.15 million. The program is aimed primarily at owners of farms in areas most 

affected by drought in recent years. In addition, a retention program was introduced to 

be implemented in the years 2021–2027. Its budget is EUR 3.11 billion, which is to be al-

located to the construction of large and small retention reservoirs, especially important 

for rural areas. However, the development of irrigation systems, and thus the use of 

water in plant production, will be determined by the productive and economic efficiency 

of agricultural crops [77]. However, the results presented by Agovino et al. [81] show 

that, even at country-level, variation in policy efficiency can be large. Moreover, the au-

thors state that policies affect food sustainability significantly, especially when they tar-

get nutritional challenges. 
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