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Abstract

:

Atmospheric drought is an extremely important issue on a global, regional and local scale, especially in the context of climate change. The aim of the study was to assess the spatiotemporal variation of atmospheric (meteorological) drought in agricultural areas of east-central Poland, represented by the Lublin Voivodeship (Lublin region) in 1971–2015. Average monthly air temperatures and monthly precipitation totals recorded over the 45-year period at 25 weather stations were used in the study. The assessment of spatiotemporal variation in atmospheric drought in the study area was based on calculations of the aridity index. The analysis showed an increase in the severity of atmospheric drought in the Lublin region, with intensification of this phenomenon in the last two decades, especially in the warmer half of the year (April, June–August). The main cause of drought in the Lublin region was identified as a statistically significant increase in air temperature (on average, from 0.4 °C to 0.7 °C/10 years in April, July and August, and from 0.2 °C to 0.5 °C/10 years in June) together with the absence of changes in precipitation in the warmer half of the year. This may be linked to some increase in the frequency of high-pressure circulation types, both non-directional and advection from the south. Due to the worsening problem of drought in Poland in recent years, especially in agriculture, there is a need for further research on this subject and for solutions aimed at optimizing agricultural use of the productive environment.
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1. Introduction


Global warming, climate change and the increased frequency of extreme weather phenomena, including drought, are among the greatest threats to the modern world [1,2,3].



Agriculture is the sector of the economy that most acutely feels the effects of progressing climate change [4,5]. The increasingly frequent periods of water shortage resulting from drought pose a particular threat to agriculture and the efficiency of agricultural production [6,7].



This issue is especially important in the context of ensuring global food security [8]. According to Wilhite [9], on a global scale, about one-fifth of damage caused by natural disasters can be ascribed to droughts, which have negative effects not only on agriculture and the ecosystem, but on society and the economy as well [4]. Droughts are the cause of malnutrition, hunger, diseases and thus death, depopulation and migration [2,10,11].



The immediate cause of drought is a disturbance of the water balance. The first stage of drought is atmospheric (meteorological) drought, which involves a precipitation deficit (the precipitation is much lower than the norm for a given area). It can last from several weeks to several years. It is often accompanied by high air temperature, which causes a decrease in the relative humidity of atmospheric air. The most common cause of meteorological drought is anticyclonic (high-pressure) circulation and an influx of warm, dry air masses [12,13,14,15].



From the point of view of agriculture, prolonged atmospheric drought contributes to the degradation of the soil and causes it to dry out. It can turn into soil drought (agricultural drought). Long periods without precipitation deplete soil water resources available for plants and exacerbate wind erosion. Agricultural drought seriously limits the growth and development of crop plants, impeding access to nutrients taken up by the root system. It also makes agrotechnical procedures more difficult. It leads to considerable decreases in yield and reduces crop quality, and in extreme cases, to the death of plants [12,16,17,18].



Climate change, including drought, is included among the serious abiotic stressors that can not only have a critical influence on natural ecosystems [19,20] but also cause changes in the species composition of crops and agrophytocoenoses [21]. Drought not only decreases crop yields (including irrigated crops) but also causes changes in crop structure [22]. Moreover, it can lead to the development of plant diseases and pests in natural and agricultural ecosystems [23]. It also poses a serious threat to the soil ecosystem and to biodiversity in the soil [24,25,26,27].



The effects of drought depend on its severity and duration, and have a varied territorial range. Droughts occur in all climate zones, in areas with high or low precipitation levels, and they will increase with climate change [28,29]. An increase in air temperature and potential evapotranspiration can lead to an increase in the occurrence of drought [30].



Poland’s geographic location results in high variation in weather types due to the meeting of moist maritime air masses from the west and dry continental air from the east. Advection of air from the north and south is less common, but in the 21st century, an increase in air flow from the south has been recorded [31]. An influx of tropical air from lower latitudes usually takes place during strong high-pressure systems over Eastern Europe, which, in the warmer half of the year, cause heat waves and periods of drought [32,33]. Several studies have analysed the effect of atmospheric circulation on variation in various meteorological elements in Poland [34,35,36,37,38,39]. It should be noted that, in recent years, numerous studies on the frequency of atmospheric drought have appeared in the Polish literature, but there are significantly fewer dealing with the circulation determinants of this phenomenon. Previous studies on the circulation determinants of drought have not been conducted on a regional scale, but only in the vicinity of a single weather station [14,40,41].



Atmospheric drought is an extremely important issue on a global, regional and local scale. There is currently a lack of scientific research (or only fragmentary research) on drought in agricultural areas of the central part of eastern Poland.



Therefore, the aim of the study was to assess the spatiotemporal variation of atmospheric drought in agricultural areas of east-central Poland and to identify the types of synoptic conditions that generate atmospheric (meteorological) drought.



The study was conducted in the Lublin Voivodeship, also referred to in the paper as the Lublin region. This is a typically agricultural region with the highest proportion of agricultural land in Poland, comprising more than 70.0% of the total area of the voivodeship. In valuation of the climate for agriculture, the study area has been assigned from 92 to 96 points, an agroclimate score that indicates highly favourable conditions for crop production [42].



Average monthly air temperatures and monthly precipitation totals recorded over a 45-year period (1971–2015) at 25 weather stations were used in the study to calculate a drought index.




2. Materials and Methods


2.1. Study Area


The study was conducted in the Lublin Voivodeship (Lublin region), in the central part of eastern Poland. The Lublin Voivodeship has an area of 25.122 km2, which is 8.0% of the total area of the country, and the third largest among its voivodeships. The eastern border of the Lublin Voivodeship with Belarus and Ukraine is also the eastern border of the European Union [43].



The Lublin region is a typical agricultural region. Its favourable conditions for agriculture are mainly due to the favourable soil and climate conditions. The proportion of agricultural land in the total area of the voivodeship is 70%, and 99.3% of the total area of agricultural land is in good agricultural condition. The agricultural quality score of the production environment in the region, taking into account the land relief, soil quality, water conditions, and agroclimate, is 74.1 points (66.6 points for the country overall) and is one of the highest in Poland. Cereals dominate in the crop structure in the Lublin Voivodeship, accounting for over 74% of all crops, followed by industrial crops (over 14%), legumes for grain (about 4%), and fodder crops, which account for about 3% of the total crop structure. The Lublin region is also an important producer of fruit, mainly berries [44].



The northern and south-eastern parts of the Lublin region are lowlands: the Southern Podlasie Lowland and Western Polesie. The Lublin Upland, with fertile soils, stretches across the central and south-western parts. The Volhyn Upland and Volhyn Polesie form the eastern part. A long belt of hills of the Roztocze Upland, the highest part of the voivodeship, rises in the south. Its elevation increases south-eastward from 300 m to about 400 m above sea level (Figure 1) [42].



The topography of the Lublin Voivodeship also differentiates its climate conditions. As seen in Figure 1, the elevation above sea level increases from north to south. Together with atmospheric circulation, this is one of the decisive factors determining the climate conditions in the region.




2.2. Climatic Conditioning of the Study Area


The Lublin Voivodeship is located in the temperate climate zone, a transitional zone between the continental climate (eastern Europe) and the oceanic climate (western Europe), characterized by high variation of weather [45].



Climatic conditions here are shaped by solar and circulation determinants and by the physical geography of the land. The western part of the Lublin Voivodeship is the warmest, with an average annual temperature of 8.5 °C, while the temperature in the east is 7.8 °C. It is coolest in the south-east (at the highest elevation above sea level—over 270 m), with an average annual temperature of 7.4 °C. Temperature conditions affect the length of the growing season, which is 220 days in the western part of the voivodeship, but shorter in the east, on average 212 days. July is the warmest month, with an average temperature from 17.2 °C to 18.5 °C, while January is the coldest, with an average temperature from −4.3 °C to −2.6 °C [45,46].



Precipitation in the Lublin Voivodeship shows high temporal and spatial variation. On an annual basis, precipitation is lower in winter than in summer, and July is the wettest month, with 77 mm average rainfall. The average annual precipitation totals are about 550 mm. They are highest in the south of the voivodeship, ranging from 600 mm to 700 mm [47].



The climate conditions of the Lublin region are largely dependent on atmospheric circulation. On an annual basis, high-pressure (anticyclonic) systems responsible for sunny weather (not conducive to precipitation) are slightly predominant. The percentage share of occurrence of these conditions is about 51%, with considerable dominance from May to October over low-pressure (cyclonic) systems, which are dominant in late autumn and winter (November and December) [45]. Low-pressure systems are conducive to precipitation.




2.3. Research Material


The data used in the study were the average monthly air temperatures and monthly precipitation totals from a 45-year period (1971–2015), obtained from 25 weather stations belonging to the Institute of Meteorology and Water Management (National Research Institute in Warsaw) and the University of Life Sciences in Lublin. Most of the stations were located within the Lublin Voivodeship. To obtain more detailed results, data from stations outside the borders of the voivodeship, but in its immediate vicinity, were included as well. These are data from a weather station in Siedlce (Masovian Voivodeship) and one in Sandomierz (Świętokrzyskie Voivodeship). The locations of the weather stations are shown in Figure 2.



To explain the relationship between atmospheric circulation and drought, an original classification of circulation types was used [48,49]. Determination of the direction of air flow and non-directional patterns was based on the procedures described by Jenkinson and Collinson [50] and Bartoszek [51].There are four directional cyclonic types (N+NEc, E+SEc, S+SWc and W+NWc), four directional transitional types (N+NEo, E+SEo, S+SWo and W+NWo), four directional anticyclonic types (N+NEa, E+SEa, S+SWa and W+NWa), one non-directional cyclonic type (C), one non-directional anticyclonic (A) and one undefined non-directional type (x) (Table 1). The large-scale circulation patterns are also presented in maps of mean sea level pressure over the European continent on days with a given circulation type. The reanalysis daily mean sea level pressure from the National Centre for Environmental Prediction/National Centre for Atmospheric Research (NCEP/NCAR) was used in the construction of the maps [52].




2.4. Statistical Analysis


In the first stage of the research, to determine the monthly values for the aridity index A [53], also referred to in the literature as the Si index [54] or the Ped index [55], the basic statistical characteristics of the temperature and precipitation conditions were calculated, i.e., the average 45-year monthly air temperature and precipitation total and their standard deviations. The values of the A index were the basis for the assessment of the range and severity of drought in the area in the years 1971–2015. The aridity index A is a synthetic index enabling the spatiotemporal assessment of atmospheric drought in a given region during a long time period (based on long-term data series) [56,57,58].



The aridity index A was calculated as the difference between two partial indices, i.e., the standardized deviations of the average monthly air temperature and the standardized deviations of the monthly precipitation totals. The aridity index A was calculated according to the following formula:


   A  =    t i  −  t m     σ t    −    P i  −  P m     σ P       −     



(1)




where




	
A—aridity index,



	
ti—average monthly air temperature in a given month (°C),



	
tm—average monthly air temperature in the 45–year period (°C),



	
σt—standard deviation of the monthly air temperature (°C),



	
Pi—monthly precipitation total in the month (mm),



	
Pm—average monthly precipitation total in the 45-year period (mm), and



	
σp—standard deviation of the monthly precipitation total (mm).








Depending on the value of the A index, each month was assigned to a class, adopting the classification according to Koleva and Alexandrov [56]:



	wet months
	A < −1



	optimal months
	−1 ≤ A < 1



	dry months
	A > 1;








Within this class, the following were distinguished:



	months with signs of drought
	1 ≤ A < 2



	months with moderate drought
	2 ≤ A < 3



	months with severe drought
	A ≥ 3








The aridity index A has positive values in the dry and warm periods due to the positive deviations of air temperature and negative deviations of monthly precipitation. The index is negative for the wet and cold periods due to the negative deviation of average monthly air temperature and positive deviation of precipitation totals [55,59].



In the next stage of the research, the frequency of each A index class was calculated. Based on these frequencies, the proportion of dry months (with varying degrees of drought, i.e., with values A > 1: classes 1 ≤ A < 2; 2 ≤ A < 3; and A ≥ 3, was determined for the growing season (April–September).



The temporal variation in the phenomenon of atmospheric drought in the Lublin region in 1971–2015 was analysed as well. To this end, the average values for the aridity index A in each year of the 45-year period were calculated for each measurement station and then for the entire study area.



Trends of changes in the aridity index A, as well as in air temperature and precipitation (i.e., the components of the formula for the index), were analysed. In addition, the statistical significance of the trends was determined. The computations were made using the non-parametric Mann–Kendall test for identifying decreasing or increasing trends in a series of data [60].



The Mann–Kendall test statistic S was calculated from the following formula:


  S =   ∑   i = 1   n − 1       ∑   j = i + 1  n  sgn    x j  −  x i       



(2)






  sgn    x j  −  x i    =         1   when      x j  −  x i      > 0         0   when      x j  −  x i      = 0       − 1   when      x j  −  x i      < 0        



(3)




where




	
xj and xi—value of the variable in year j and in year i, where j > i, and



	
n—length of the sequence.








The normalized test statistic Z was calculated from the following formula:


  Z =         S − 1     Var  S        when   S > 0         0   when   S = 0         S + 1     Var  S        when   S < 0        



(4)







Trends are increasing when the value of Z is greater than 0 and decreasing when the result is negative.



The null hypothesis is rejected when the absolute value of Z is greater than the theoretical value of the normal distribution    Z    1 − α  2     , where α is the level of significance (for the significance level of α = 0.05,    Z    1 − α  2    = 1.95  ).



For data for which an increasing or decreasing trend were found, the magnitude of the changes was estimated by calculating Sen’s slope estimator [61], according to the following formula:


  β = m e d i a n      y j  −  y I    j − i     ,   for   i   <   j ;   i = 1 ,   2 ,   … ,   n − 1 ,   j = 2 ,   3 , … ,   n .  



(5)







The statistical computations were conducted using MAKESENS software [62]. Selected results of statistically significant trends are presented in maps.



Quantum GIS software was used for the graphic illustrations in the form of maps. Inverse distance weighting (IDW) was used to present the spatial distribution of temperature and precipitation and the driest months. This is an interpolation method in which values in a given location are determined on the basis of known values of points located nearby, where the points have an assigned weight depending on the distance between them. The closer the point of known value to the location whose value is to be determined, the greater its weight is [63].



The “Calendar of circulation types over the Lublin region” developed by Bartoszek [49] was used to identify the synoptic conditions responsible for the occurrence of atmospheric drought in the agricultural region of east-central Poland The frequency of circulation types and deviations of temperature and precipitation from the long-term averages were calculated only in the warmer half of the year (the growing season). Based on these calculations, circulation types that may be conducive to the occurrence of atmospheric (meteorological) drought were identified. Next, temporal trends for synoptic conditions in the warm half–year (April–September) were determined based on Kendall’s non-parametric τ-coefficient of correlation, calculated using Statistica 13 software (StatSoft Polska). These characteristics are presented in tables and graphs.





3. Results


In the period of 1971–2015, the average air temperature in the Lublin region in the warmer half of the year (April–August) ranged from 13.9 °C in the southeast to 15.1 °C in the west. The average precipitation totals showed greater variation in that period—from 340 mm in the north of the region to 430 mm in the south (Figure 3). Their distribution was clearly linked to the land relief of the Lublin Voivodeship and its elevation above sea level (Figure 2).



3.1. Frequency of Occurrence of Aridity Index A Classes


The paper presents the frequency of each class of aridity index A for the warmer half-year, i.e., the growing season, but the temperature and precipitation conditions of the colder half of the year were analysed as well, due to their importance for soil water resources at the start of the growing period.



The values of this index showed spatial and temporal variation (Figure 3). On a yearly scale, the average frequency of months with varying degrees of drought was about 27%. It was somewhat higher (28%) in the warmer half of the year (April–September) than in the colder half (26%) (October–March) (Figure 4).



The analysis of the frequency of each class of aridity index A showed that optimal conditions (–1 ≤ A < 1) predominated. Comparison of the frequency of dry (A ≥ 1) and wet (A ≤ –1) conditions in the 45-year period revealed that dry conditions were more common. In all months, signs of drought in the range of 1 ≤ A < 2 were most common, with the greatest risk of moderate (2 ≤ A < 3) and severe (A ≥ 3) drought in the study area observed in July and August (Figure 4, Figure A1).



Figure 5a presents the average annual values for the aridity index A from the period of 1971–2015. The temporal variation in this index coincided with the course of the average annual air temperature (Figure 5b). In the years 2000–2015, positive values for the index predominated, with a trend coinciding with the course of the air temperature.



In the years 1971–2015 there was moderate or severe drought in the study area, with little spatial variation. Examples of months with atmospheric drought of varying severity throughout the Lublin region are presented in Figure A2.




3.2. Trends of Changes in Aridity Conditions


	(a)

	
trends in the aridity index A







The correlation coefficients (Z) of the Mann–Kendall trend for the aridity index A in the warm half of the year indicated a significant increase in the A index at all weather stations in April, June, July, and August. The strongest positive trend (α = 0.01 and α = 0.001) was observed in June and August, and a weaker trend in April and July (α = 0.05 and α = 0.01) (Figure 6, Table A1). As there was an increasing trend for the aridity index A in April, the temporal tendencies of this index in the colder half of the year (October–March) were analysed as well (Table A1). In this half of the year an increasing trend for the A index was observed at only three weather stations—in January at Lublin-Radawiec, Nowa Wieś and Ruda Opalin and in November at Wysokie, Turobin and Zamość.



	(b)

	
trends in average monthly air temperature







The values calculated for the trend coefficients (Z) showed a statistically significant increase in air temperature in April, June, July, August and November (Figure 7). A positive trend in temperature was noted in the remaining months of the year, but it was not statistically significant. The values of the trend coefficients (Z) for all months are included in Table A2.



Sen’s slope estimator (S) in these months was used to estimate the increase in air temperature, which ranged from 0.4 °C to 0.7 °C/10 years in April, July and August, and from 0.2 °C to 0.5 °C/10 years in June.



	(c)

	
trends in precipitation totals







During the warmer half of the year, a significant increase in precipitation was observed only in May (at 13 weather stations) (Figure 8). In the remaining months of the warmer half of the year (April–September), no statistically significant changes in the precipitation totals were noted. The small negative and positive values for the trend coefficient Z in April and from June to September indicate weak trends in the precipitation totals in the study area (Table A3). As in the case of aridity index A, trends in the monthly precipitation totals were calculated for the colder half of the year (Table A3). Statistically significant increasing trends in precipitation were observed only in January (at 19 stations), February (at 11 stations) and March (at 18 stations), while a decreasing trend was noted in December (at 2 stations) (Table A3 and Figure A4). In the colder half of the year, positive trends (Z) in monthly precipitation totals were observed at most stations (Table A3, Figure 8).



Based on Sen’s slope estimator (S), it was estimated that the increase in precipitation totals ranged from 5.0 to 8.0 mm/10 years in May, and from 3.0 to 7.0 mm/10 years from December to March.




3.3. Circulation Determinants of Atmospheric Drought


In east-central Poland (the Lublin region), anticyclonic synoptic conditions determining an inflow of dry continental air from the east were quite frequent, as was type A circulation, corresponding to the formation of a high-pressure system over Central Europe (Table 2, Figure 9).



In the warmer half of the year, anticyclonic conditions determining an influx of dry continental air from the east and type A conditions corresponding to a high-pressure system over Central Europe were quite common over east-central Poland (the Lublin region) (Table 2, Figure 9).



From April to September, there was also a large share of synoptic conditions with advection of air from the west and north-west (cyclonic and transitional types). They were accompanied by an increase in cloud cover and an inflow of colder air from the North Atlantic. In the months of the warmer half-year in the Lublin region, cyclonic conditions were most predominant over the anticyclonic conditions in April and June, while anticyclonic conditions were clearly dominant in August (Table 2).



Figure 10 presents the average deviations of air temperature, precipitation totals and mean values of the aridity index A from the long-term average during days with specific circulation types in the period from April to September. Temperature conditions depended more on the direction of the inflow of air than on the pressure system (warming during advection from the east and south, cooling when air flows from the west and north). In the case of deviations of precipitation, the deciding factor is the type of circulation–cyclonic (higher precipitation) or anticyclonic (conditions conducive to drought). The greatest positive deviations of temperature from the average are noted in July, and the greatest negative rainfall deviations appeared in July and August (Figure 10). These deviations are associated with the occurrence of anticyclonic and transitional circulation types determining an inflow of air masses from the south and east (e.g., S+SWa; E+SEa; E+SEo) and the non-directional anticyclonic type A (Figure 9).



The previously noted statistically significant increasing trend of the aridity index A corresponds to an increase in the frequency of some circulation types conducive to periods of drought. During the study period (1971–2015), in the warm half of the year, there was an increase in the number of days with this type of circulation in April (type S+SWo, τ = +0.28), June (A; τ = +0.29), July (S+SWo; τ = +0.39) and September (E+SEo, τ = +0.22). It should be noted that, at the same time, the frequency of types distinguished by below-average temperature and/or positive rainfall deviations decreased (e.g., in July N)+NEc, τ = −0.27; W+NWo; τ = −0.22 (Figure 11).





4. Discussion


In recent years, droughts have occurred in Poland with increasing frequency and intensity, and have covered large areas of the country. This tendency is consistent with the global trend of extreme meteorological phenomena induced by natural and anthropogenic factors [64,65]. In the last 20 years in Poland, droughts of major economic importance have been recorded in the years 2000, 2002, 2003, 2006, 2015, 2016, 2018 and 2019 [66]. In the Lublin region, there were droughts in the years 1975, 1982, 1989, 2000, 2002, 2003, 2006, 2011, 2012 and 2015, and this phenomenon has intensified in the last two decades.



The negative effects of drought are particularly evident in agriculture. Warm winters without snow are not conducive to the accumulation of water resources in the soil and lead to water shortages even at the start of the growing season. At the same time, hot summers and below-average rainfall or a lack of rainfall increase the risk of drought. The response to drought depends on the plant species, type of soil, land cover and geographic region. In Poland, autumn and early-spring droughts reduce the yield of winter crops, while spring droughts reduce yields of spring cereals. Summer droughts adversely affect the yields of potatoes and fodder crops [64].



Analysis of the occurrence of drought in east-central Poland based on the aridity index revealed that, among dry months (A ≥ 1) in the warmer half of the year, months with signs of drought (1 ≤ A < 2) predominated, while months with severe drought (A ≥ 3) were the least frequent. These results are consistent with research by Szyga-Pluta [67], who found that extremely dry periods in Poland are the least frequent, and less severe droughts are most common.



The increase in the frequency of drought in agricultural areas of the Lublin region is confirmed by the statistically significant increasing trends obtained for the aridity index A in the warmer half of the year (April, June, July and August). The highest frequency of severe drought (A ≥ 3) was observed in July and August, i.e., the months of the warm half-year, in which weather conditions have a decisive impact on the yield and quality of many crop species.



During the 45-year study period (1971–2015), there were also statistically significant increasing trends in air temperature in August and July, with no tendency of changes in precipitation, which showed a significant increase only in May. Increasing trends of precipitation totals were observed only in the colder half of the year, from December to March. This is a positive phenomenon in terms of soil water resources in the spring, i.e., in the onset of the growing season, and may mitigate the effects of atmospheric drought in April.



The increasing trends in the aridity index A observed in our study, which are a consequence of the significant increase in air temperature and lack of changes in precipitation, are linked to circulation determinants in the study area.



The analysis of circulation determinants in the Lublin region (1971–2015) confirms, to some extent, that the overall meteorological conditions and changes in atmospheric circulation can increase the occurrence of drought in the region. Bartoszek and Skiba [68], and Bartoszek [69] also found that, among circulation types over the Lublin region during periods without rainfall, anticyclonic types were the most likely to occur, while cyclonic types were the least likely. The occurrence of these circulation types is conducive to persistence of high air temperature due to light cloud cover and advection of warm air masses from lower latitudes [39]. The dominance of high-pressure systems shaping the weather in this part of Europe is associated with increasingly frequent heat waves that intensify the phenomenon of atmospheric drought [15,70]. An increase in the frequency of anticyclonic circulation types over Central Europe in summer in the 21st century was demonstrated by Hoy et al. [71] and Fleig et al. [72]. This may be due to feedback between the land surface and the atmosphere during dry, warm years [73].



The results of our study conducted for east-central Poland are in line with the findings of other authors. Kożuchowski and Żmudzka [74], Michalska [75], Kundzewicz [76], Skowera et al. [77], Twardosz [78] and Wypych et al. [79] noted an increase in the average annual air temperature. According to Kossowska-Cezak [80], the increase in the average temperature resulted in markedly shorter winters and longer summers. Wójcik and Miętus [81] demonstrated that, in the years 1951–2010, the average warming rate was slightly higher than 0.2 °C/10 years. There was an increasing trend in spring (0.4 °C/10 years) and summer (0.2 °C/10 years), and in the case of individual months, in February (over 0.5 °C/10 years), in the spring months, and in July and August.



Ziernicka-Wojtaszek [82] demonstrated a statistically significant increase in air temperature in the growing season of the years 1981–2016 (in June, July and August), with non-significant increasing tendencies in rainfall.



These questions take on particular importance in the context of climate change, whose main manifestation is a systematic increase in the average global air temperature, which causes the intensification of extreme atmospheric phenomena, including droughts [83,84,85,86].



In the period from 1880 to 2012, the average global temperature increased by 0.85 °C [65]. In the years 1906–2005, it increased by 0.74 °C [1], on average, about 0.06–0.07 °C/10 years. However, in the second half of this period, the rate of warming was nearly twice as high—0.13 °C/10 years.



Increased air temperature, droughts and weather anomalies are the main challenges for global agricultural production [87].



In terms of crop production, an increase in temperature and below-normal or no precipitation lead to a decrease in soil water resources and have an adverse effect on seasonal and yearly evapotranspiration.



The requirements of plants in terms of moisture conditions change during the growing season. In Poland, cereals have the greatest demand for water in the flowering period, potatoes in the period from bud formation to flowering, and maize from the start of tasselling to flowering [88].



An increase in air temperature can alter crop distribution and cause an influx of invasive species, weeds, diseases and pests, which affects crop yields [21,23]. It is difficult to estimate the scale of this phenomenon, because each species and cultivar has different adaptive capabilities and a different range of temperature and moisture requirements. The temperature requirements of selected species have been described by Hatfield et al. [89,90].



Above-average temperatures usually have adverse effects on physiological processes and cause reductions in the yield of many crop species [91,92,93]. According to Hatfield et al. [90], an increase in temperature can lead to a 2.5–10% reduction in yield, and in the case of rice (one of world’s main food staples), a one-degree increase in temperature reduces yield by about 10% [1]. In Poland, the potential decrease in yields of grain and root plants may reach as high as 20% [59,94].



Atmospheric drought poses a serious threat to crop production in the agricultural areas of east-central Poland, where agriculture is the dominant branch of the economy. The results of our study confirm the increasing frequency and severity of atmospheric drought and thus agricultural drought in these areas. The increasing trend in air temperature in the study area was accompanied by an increase in the severity of atmospheric drought. The aridity index A (Ped index) used in the study [53], which takes into account both air temperature and precipitation, is a useful indicator for the spatiotemporal assessment of atmospheric drought [54,55,56,57,58,59]. Due to the severity of drought in Poland, an innovative monitoring system of the effects of agricultural drought has been created [95]. Based on the climatic water balance and the retention properties of soils, this system identifies areas where losses in crops have occurred.




5. Conclusions


	
Analysis of the aridity index A showed an increase in the frequency of atmospheric drought in the Lublin region during the study period (1971–2015). This increase was accelerated in the years 2001–2015.



	
An increase in drought intensity was confirmed by the statistically significant increasing trends in the aridity index A in April, June, July and August.



	
The main cause of atmospheric drought in the Lublin region was identified as a statistically significant increase in air temperature with no tendency of change in precipitation in the warmer half of the year.



	
The occurrence of atmospheric drought can be linked to atmospheric circulation. Convergence was observed between the increasing trend of the aridity index A in several months of the warm half-year (April, June–August) and the positive trend of some anticyclonic and transitional circulation types conducive to advection of air from the east and south. The relationships, however, are not very clear, and thus require further, in-depth analysis.
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Figure A1. Frequency of each class of aridity index A in the colder half-year in the Lublin region (1971–2015). 
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Figure A2. Spatial distribution of the aridity index A in selected months during the driest years in 1971–2015. 
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Table A1. Magnitude of trends in the aridity index A at weather stations in the Lublin region (1971–2015).
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	Weather

Stations
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec





	Siedlce
	−1.32
	−1.14
	−0.58
	2.16 *
	−1.07
	1.48
	1.87
	1.63
	1.34
	2.01 *
	1.07
	−0.19



	Terespol
	−1.46
	−0.69
	−0.38
	2.61 **
	−0.56
	2.35 *
	2.18 *
	2.16 *
	1.24
	1.24
	1.01
	0.34



	Biała Podlaska
	−2.13 *
	−1.81
	−0.27
	2.44 *
	−0.23
	2.28 *
	2.26 *
	2.34 *
	1.41
	1.53
	0.43
	−0.92



	Łuków
	−1.55
	−1.65
	−0.52
	2.82 **
	−1.18
	1.04
	2.70 **
	1.91
	1.57
	2.11 *
	0.70
	−0.52



	Przegaliny Duże
	−1.39
	−0.46
	−0.13
	2.72 **
	−0.90
	2.52 *
	2.03 *
	2.74 **
	1.06
	1.37
	0.88
	−0.54



	Sobieszyn
	−1.30
	−0.58
	−0.46
	3.53 ***
	−0.75
	3.53 ***
	2.81 **
	2.38 *
	1.36
	1.59
	0.40
	0.00



	Włodawa
	−1.03
	−0.52
	−0.24
	2.40 *
	−0.69
	1.81
	2.28 *
	1.46
	1.69
	1.42
	1.16
	0.11



	Nowa Wieś
	−2.22 *
	−1.53
	−1.59
	2.17 *
	−0.35
	2.94 **
	2.15 *
	3.23 **
	1.61
	1.59
	0.62
	−1.26



	Puławy
	−1.20
	−0.87
	−0.77
	3.02 **
	−0.58
	2.60 **
	2.26 *
	2.51 *
	1.20
	1.24
	1.01
	0.32



	Czesławice
	−1.48
	−0.66
	−1.52
	1.95
	−0.85
	2.22 *
	2.30 *
	2.49 *
	0.83
	1.05
	0.95
	1.02



	Łęczna
	−0.43
	−1.04
	−0.76
	2.93 **
	0.41
	2.47 *
	2.54 *
	2.71 **
	1.32
	0.98
	1.37
	−0.04



	Ruda-Opalin
	−1.67
	−1.22
	−1.08
	2.62 **
	0.11
	1.14
	1.99 *
	1.57
	1.35
	1.47
	0.54
	−1.39



	Lublin Felin
	−1.69
	−0.64
	−1.22
	3.14 **
	0.00
	3.02 **
	2.08 *
	3.49 ***
	1.42
	1.71
	1.42
	0.17



	Lublin Radawiec
	−1.59
	−0.83
	−1.52
	2.24 *
	−0.11
	2.36 *
	1.67
	3.26 **
	1.36
	1.30
	1.18
	0.28



	Bezek
	−0.98
	−0.11
	−0.80
	2.60 **
	0.15
	2.12 *
	2.73 **
	3.16 **
	0.41
	1.17
	1.30
	1.39



	Dorohusk
	−1.18
	−0.99
	−0.83
	2.26 *
	0.30
	2.40 *
	2.47 *
	1.79
	0.89
	1.12
	0.73
	−0.39



	Pilaszkowice
	−1.02
	−0.48
	−0.86
	2.28 *
	−0.78
	1.14
	1.35
	1.59
	0.70
	0.88
	1.30
	0.54



	Wysokie
	−1.11
	−0.90
	−1.70
	1.71
	−0.54
	1.95
	1.34
	2.34 *
	0.54
	1.09
	1.65
	−0.17



	Annopol
	−0.64
	0.00
	−0.48
	2.65 **
	0.58
	2.98 **
	2.44 *
	2.81 **
	0.91
	1.40
	1.26
	0.56



	Turobin
	−0.09
	0.09
	−0.23
	2.94 **
	0.03
	2.68 **
	1.79
	1.30
	0.96
	1.24
	1.83
	1.63



	Zamość
	0.03
	0.23
	−0.35
	1.79
	−0.31
	3.61 ***
	2.19 *
	3.13 **
	1.49
	1.59
	1.65
	0.86



	Sandomierz
	−0.42
	0.28
	−0.64
	2.46 *
	0.44
	2.98 **
	2.38 *
	2.98 **
	0.66
	0.97
	1.14
	0.32



	Frampol
	−1.32
	−0.91
	−1.07
	2.65 **
	−1.12
	3.02 **
	1.93
	2.49 *
	1.38
	1.12
	0.87
	1.14



	Poturzyn
	−0.95
	−0.28
	−0.99
	2.17 *
	0.05
	2.32 *
	2.12 *
	2.73 **
	0.77
	0.30
	0.89
	0.40



	Tomaszów Lubelski
	−2.44 *
	−1.63
	−1.67
	1.59
	−0.09
	2.26 *
	2.20 *
	1.97 *
	0.28
	0.66
	0.07
	−0.44







* significant at α = 0.05, ** significant at α = 0.01, *** significant at α = 0.001.
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Table A2. Magnitude of trends in air temperature at weather in the Lublin region (1971–2015).
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	Weather

Stations
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Apr-Sep
	Oct-Mar





	Siedlce
	0.96
	0.39
	0.77
	3.49 ***
	0.38
	1.70
	2.74 **
	3.16 **
	1.77
	0.85
	1.75
	0.45
	4.21 ***
	1.60



	Terespol
	0.87
	0.63
	0.97
	3.32 ***
	0.67
	2.48 *
	3.81 ***
	3.55 ***
	1.78
	1.04
	2.19 *
	0.53
	4.92 ***
	1.76



	Biała Podlaska
	0.96
	0.52
	0.87
	3.59 ***
	1.24
	2.95 **
	3.75 ***
	3.49 ***
	1.48
	1.14
	1.96 *
	0.05
	4.98 ***
	1.30



	Łuków
	0.67
	0.16
	0.42
	3.56 ***
	0.66
	1.69
	2.75 **
	2.82 **
	1.50
	1.11
	1.57
	0.02
	4.07 ***
	1.25



	Przegaliny Duże
	0.67
	0.31
	0.52
	3.62 ***
	1.45
	2.89 **
	3.75 ***
	3.49 ***
	1.48
	1.14
	1.96 *
	0.05
	4.98 ***
	1.30



	Sobieszyn
	1.08
	0.53
	0.86
	4.01 ***
	1.67
	3.94 ***
	3.86 ***
	3.85 ***
	1.94
	1.24
	2.24 *
	0.62
	5.37 ***
	1.72



	Włodawa
	0.99
	0.51
	0.95
	3.40 ***
	0.89
	2.54 *
	3.83 ***
	3.74 ***
	1.65
	1.47
	2.38 *
	0.53
	4.98 ***
	1.86



	Nowa Wieś
	0.58
	0.23
	0.50
	3.87 ***
	1.73
	3.41 ***
	4.28 ***
	4.37 ***
	1.97 *
	1.81
	2.15 *
	−0.06
	5.35 ***
	1.35



	Puławy
	0.76
	0.33
	0.35
	3.68 ***
	1.11
	3.21 **
	3.42 ***
	3.47 ***
	1.19
	0.75
	2.20 *
	0.23
	4.78 ***
	1.12



	Czesławice
	0.40
	0.09
	−0.29
	2.45 *
	0.15
	2.07 *
	2.96 **
	3.46 ***
	1.07
	0.88
	1.97 *
	0.12
	3.70 ***
	0.55



	Łęczna
	1.08
	−0.20
	0.56
	3.60 ***
	1.73
	3.37 ***
	3.88 ***
	3.89 ***
	1.86
	1.41
	1.89
	−0.26
	5.16 ***
	1.43



	Ruda-Opalin
	0.70
	0.28
	0.61
	3.56 ***
	1.11
	2.44 *
	3.77 ***
	3.42 ***
	1.34
	1.74
	2.17 *
	0.10
	4.76 ***
	1.50



	Lublin Felin
	1.16
	0.48
	0.66
	3.82 ***
	1.83
	3.76 ***
	4.39 ***
	4.50 ***
	2.16 *
	1.75
	2.63 **
	0.67
	5.70 ***
	2.26 *



	Lublin Radawiec
	0.86
	0.19
	0.34
	3.39 ***
	0.98
	3.00 **
	3.76 ***
	4.19 ***
	1.79
	1.19
	2.31 *
	0.55
	5.08 ***
	1.37



	Bezek
	0.39
	0.93
	0.69
	3.60 ***
	1.61
	3.00 **
	4.75 ***
	4.83 ***
	0.66
	0.87
	2.49 *
	0.75
	5.44 ***
	1.60



	Dorohusk
	0.99
	0.51
	0.95
	3.40 ***
	0.89
	2.54 *
	3.83 ***
	3.74 ***
	1.65
	1.47
	2.38 *
	0.53
	4.98 ***
	1.86



	Pilaszkowice
	0.81
	0.38
	0.29
	3.29 **
	0.92
	2.60 **
	3.00 **
	3.03 **
	0.87
	0.61
	2.30 *
	0.23
	4.01 ***
	1.40



	Wysokie
	0.72
	0.58
	0.00
	3.27 **
	1.24
	2.46 *
	2.87 **
	3.27 **
	0.50
	0.71
	2.28 *
	0.67
	3.97 ***
	1.58



	Annopol
	1.23
	0.54
	0.58
	3.89 ***
	1.50
	3.71 ***
	3.62 ***
	3.85 ***
	1.56
	1.31
	2.58 **
	0.76
	5.22 ***
	1.97 *



	Turobin
	0.81
	0.38
	0.29
	3.29 **
	0.92
	2.60 **
	3.00 **
	3.03 **
	0.87
	0.61
	2.30 *
	0.23
	4.01 ***
	1.40



	Zamość
	0.63
	0.12
	0.39
	3.15 **
	1.35
	3.28 **
	4.24 ***
	4.50 ***
	1.63
	1.65
	2.33 *
	−0.02
	5.34 ***
	1.27



	Sandomierz
	1.23
	0.54
	0.58
	3.89 ***
	1.50
	3.71 ***
	3.62 ***
	3.85 ***
	1.56
	1.31
	2.58 **
	0.76
	5.22 ***
	1.97 *



	Frampol
	0.92
	0.31
	0.73
	3.02 **
	1.07
	3.36 ***
	4.31 ***
	4.78 ***
	1.88
	1.38
	2.51 *
	0.39
	5.54 ***
	1.62



	Poturzyn
	0.73
	0.13
	0.30
	2.80 **
	1.14
	3.47 ***
	4.12 ***
	4.50 ***
	0.90
	0.45
	2.14 *
	−0.08
	5.17 ***
	0.87



	Tomaszów Lubelski
	0.73
	0.13
	0.30
	2.80 **
	1.14
	3.47 ***
	4.12 ***
	4.50 ***
	0.90
	0.45
	2.14 *
	−0.08
	5.17 ***
	0.87







* significant at α = 0.05, ** significant at α = 0.01, *** significant at α = 0.001.
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Table A3. Magnitude of trends in precipitation at weather stations in the Lublin region (1971–2015).
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	Weather Stations
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Apr-Sep
	Oct-Mar





	Siedlce
	2.26 *
	2.19 *
	1.94
	0.63
	1.58
	−1.10
	−0.54
	0.67
	−0.78
	−1.44
	0.11
	−0.33
	0.99
	1.01



	Terespol
	2.47 *
	1.49
	1.68
	−0.51
	2.12 *
	−0.50
	0.14
	0.44
	−0.56
	−0.28
	0.31
	−0.45
	1.73
	0.77



	Biała Podlaska
	2.90 **
	1.98 *
	1.39
	0.12
	2.14 *
	−0.03
	0.48
	0.08
	−1.06
	−0.67
	0.50
	0.79
	1.02
	2.31 *



	Łuków
	2.36 *
	2.80 **
	1.53
	−0.13
	1.94
	0.02
	−1.06
	0.01
	−1.14
	−1.23
	0.40
	0.16
	0.29
	1.75



	Przegaliny Duże
	1.98 *
	1.81
	1.30
	−0.09
	2.28 *
	−0.19
	0.83
	−0.11
	−0.70
	−1.04
	0.97
	0.31
	1.97 *
	1.24



	Sobieszyn
	2.02 *
	1.53
	1.95 *
	−0.73
	2.38 *
	−0.84
	−0.45
	−0.43
	−0.67
	−0.46
	1.29
	−0.25
	0.54
	1.80



	Włodawa
	1.68 *
	1.26
	2.24 *
	−0.05
	2.38 *
	−0.11
	−0.65
	0.92
	−1.04
	0.08
	0.67
	−0.64
	1.34
	2.06 *



	Nowa Wieś
	3.32 ***
	2.75 **
	3.72 ***
	0.92
	2.39 *
	−0.69
	0.53
	0.21
	−0.72
	−0.33
	1.40
	0.70
	0.86
	3.69 ***



	Puławy
	1.54
	1.48
	1.84
	−0.52
	1.87
	−0.68
	0.23
	−0.46
	−0.92
	−0.83
	0.17
	−0.93
	−0.06
	0.67



	Czesławice
	2.11 *
	0.94
	1.98 *
	−0.16
	1.33
	−1.05
	−0.64
	−1.28
	−0.50
	−0.73
	0.33
	−1.77
	−0.08
	1.28



	Łęczna
	0.99
	1.86
	1.56
	−0.35
	1.07
	−0.48
	−0.17
	−0.48
	−0.63
	−0.22
	0.01
	−0.85
	−0.65
	0.89



	Ruda-Opalin
	2.51 *
	2.90 **
	2.88 **
	0.28
	0.70
	1.05
	−0.04
	1.43
	−0.88
	0.13
	1.46
	1.10
	2.24 *
	3.37 ***



	Lublin Felin
	3.05 **
	1.99 *
	3.06 **
	−0.25
	1.30
	−0.63
	1.07
	−1.18
	−0.34
	−0.49
	0.78
	−0.17
	0.38
	2.36 *



	Lublin Radawiec
	2.21 *
	1.15
	2.72 **
	−0.03
	1.25
	−0.56
	1.07
	−1.29
	−0.77
	−0.66
	0.57
	−0.81
	0.42
	1.64



	Bezek
	1.28
	0.89
	2.25 *
	0.08
	1.69
	−0.41
	−0.11
	−0.35
	0.03
	−0.43
	0.02
	−1.17
	0.48
	0.69



	Dorohusk
	2.15 *
	2.12 *
	2.74 **
	0.09
	0.17
	−0.64
	−0.09
	1.03
	0.19
	0.87
	1.12
	−0.56
	0.64
	2.94 **



	Pilaszkowice
	2.08 *
	0.99
	2.32 *
	0.17
	1.77
	0.81
	0.70
	−0.35
	−0.05
	−0.44
	0.33
	−1.11
	1.79
	1.39



	Wysokie
	1.97 *
	1.81
	3.14 **
	1.13
	2.06 *
	−0.28
	1.07
	−0.92
	−0.74
	−0.71
	−0.21
	0.03
	1.05
	1.61



	Annopol
	2.19 *
	1.17
	2.39 *
	−0.11
	0.44
	−0.86
	−0.50
	−1.12
	0.00
	−0.52
	0.67
	−1.50
	−0.79
	0.77



	Turobin
	1.04
	−0.09
	1.07
	−1.36
	0.17
	−1.45
	0.13
	−0.61
	−1.39
	−1.24
	−0.74
	−2.47 *
	−0.64
	−0.65



	Zamość
	0.08
	−0.33
	1.07
	0.80
	1.26
	−2.72 **
	0.66
	0.00
	−0.49
	−0.07
	−0.50
	−1.99 *
	0.00
	−0.55



	Sandomierz
	1.73
	0.33
	1.71
	0.61
	0.70
	−1.24
	0.52
	−1.68
	0.31
	−0.05
	0.37
	−1.28
	0.34
	0.23



	Frampol
	2.00 *
	1.55
	2.53 *
	−0.10
	2.60 **
	−1.16
	0.86
	0.05
	−0.06
	0.07
	0.93
	−1.86
	1.18
	1.70



	Poturzyn
	2.40 *
	1.27
	1.94
	−0.41
	0.52
	−0.95
	0.01
	−0.01
	−0.32
	0.70
	0.72
	−1.44
	0.69
	1.79



	Tomaszów Lubelski
	3.07 **
	2.88 **
	3.24 **
	0.65
	1.75
	−0.70
	0.06
	0.24
	0.32
	0.30
	1.53
	−0.46
	1.54
	3.44 ***







* significant at α = 0.05, ** significant at α = 0.01, *** significant at α = 0.001.
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Figure A3. Statistical significance of the trend (Z) for air temperature in the Lublin region in November (1971–2015). 
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Figure A4. Statistical significance of the trend (Z) for precipitation in the Lublin region in January, February and March (1971–2015). 
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Figure 1. The Lublin Voivodeship—land relief and division into geographic macroregions. 
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Figure 2. Locations of the weather stations in the Lublin Voivodeship. 
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Figure 3. Average air temperature and precipitation totals in the Lublin region in the warmer half of the year in 1971–2015. 
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Figure 4. Frequency of each class of aridity index A in the warm half-year in the Lublin region (1971–2015). 
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Figure 5. Average annual values for the aridity index A (a) and air temperature (red line) and precipitation totals (blue bars) (b) in the Lublin region (1971–2015). 
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Figure 6. Statistical significance of the trend (Z) for aridity index A in the months of the warmer half-year in the Lublin region (1971–2015). 
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Figure 7. Statistical significance of the trend (Z) for air temperature in the months of the warmer half-year in the Lublin region (1971–2015). 
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Figure 8. Statistical significance of the trend (Z) for precipitation in the months of the warmer half-year in the Lublin region (1971–2015). 
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Figure 9. Circulation types over Poland [52]. L—the center of low pressure system; H—the center of high pressure system. 
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Figure 10. Deviations from the long-term average air temperature (a), monthly precipitation totals (b) and mean values of the aridity index A (c) during the occurrence of various circulation types (1971–2015). 
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Figure 11. Number of days with circulation types whose frequency changed statistically significantly in the months of the warmer half-year in 1971–2015. 
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Table 1. Grouped circulation types used in the study according to Kaszewski et al. [48] and Bartoszek [49].
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	Circulation Types
	Description





	N+NEc, E+SEc, S+SWc, W+NWc
	Directional cyclonic types



	N+NE0, E+SE0, S+SW0, W+NW0
	Directional transitional types



	N+NEa, E+SEa, S+SWa, W+NWa
	Directional anticyclonic types



	C
	Non-directional cyclonic type



	A
	Non-directional anticyclonic type



	X
	Undefined non-directional type
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Table 2. Frequency (%) of circulation types over the Lublin region in the warm half of the year (April to September) (1971–2015).






Table 2. Frequency (%) of circulation types over the Lublin region in the warm half of the year (April to September) (1971–2015).





	
Circulation Types

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Apr–

Sep






	
Directional cyclonic types

	
N+NEc

	
4.3

	
4.2

	
7.7

	
6.1

	
4.7

	
5.2

	
5.4




	
E+SEc

	
7.9

	
7.4

	
4.5

	
3.4

	
3.9

	
3.4

	
5.1




	
S+SWc

	
9.3

	
8.2

	
6.7

	
5.4

	
6.9

	
9.9

	
7.7




	
W+NWc

	
7.2

	
4.9

	
9.5

	
12.6

	
9.2

	
9.6

	
8.8




	
Directional transitional types

	
N+NEo

	
6.4

	
8.0

	
9.0

	
8.5

	
6.7

	
4.7

	
7.2




	
E+SEo

	
10.4

	
9.2

	
5.2

	
6.0

	
5.8

	
6.1

	
7.1




	
S+SWo

	
7.6

	
8.2

	
5.4

	
5.2

	
6.4

	
8.6

	
6.9




	
W+NWo

	
5.7

	
5.4

	
10.7

	
11.8

	
11.4

	
11.6

	
9.4




	
Directional anticyclonic types

	
N+NEa

	
6.7

	
8.6

	
9.4

	
9.7

	
8.0

	
6.2

	
8.1




	
E+SEa

	
10.3

	
10.8

	
6.2

	
6.5

	
8.2

	
7.6

	
8.3




	
S+SWa

	
4.5

	
4.0

	
3.1

	
1.9

	
4.6

	
4.1

	
3.7




	
W+NWa

	
4.1

	
3.0

	
4.5

	
5.6

	
4.9

	
6.4

	
4.7




	
Non-directional types

	
A

	
6.6

	
6.5

	
7.8

	
8.7

	
12.0

	
9.5

	
8.5




	
C

	
7.3

	
7.9

	
6.0

	
4.3

	
3.7

	
4.6

	
5.6




	
x

	
1.6

	
3.5

	
4.3

	
4.3

	
3.5

	
2.7

	
3.3




	

	
SUM

	
100

	
100

	
100

	
100

	
100

	
100

	
100
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Average annual dryness indicator A [-]
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