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Abstract. This paper assesses of climatic water balance (CWB) in the 2000-2018 vegetation seasons and 
the rainfall requirements of selected crops. Extreme values and the range of variation for that time period 
are given emphasis to, paired with statistical significance of the slope of linear trends. The study found that 
the biggest difference in climatic water balance between 2018 and the 2000-2017 period was recorded in 
June (29 mm). Water shortages for cereals occurred in all months of the growing seasons both form 2000 
to 2017 and in 2018, but in May 2018 water deficit was much larger than in the multiannual period. In the 
case of maize the last months of the 2018 growing season exhibited high deficiency of rainfall. For early 
potato varieties water shortages were not higher in 2018 than the average of the multiannual period. 
However, significant rainfall shortages for sugar beet were recorded in May and August 2018. In the 2000-
2017 period the highest average monthly rainfall deficiencies for meadows and pastures were in July. In 
the same month there was also a statistically significant increase in the CWB value, on average, by about 
6.4 mm per 10 years. 
Keywords: precipitation, air temperature, drought, crops, Poland 

Introduction 
The ongoing climate change has a direct impact on agriculture. With the change of 

weather conditions, some factors determining plant yields such as requirements for agro 
technical practices and for fertilizer also change, together with incidence and severity of 
diseases and pests. The decisive factor shaping production systems in agriculture in the 
next few years, alongside climate change, may be the rising demand for food and 
competition for water. Climate change significantly increases the threat of drought 
(Sulewski and Czekaj, 2015), but for agriculture global warming may be sometimes 
beneficial as it opens the possibility of growing new varieties, not used earlier in some 
parts of the world (Gendron St-Marseille et al., 2019). Scientists predict that the trend in 
drought incidence in southern Europe and the North-Eastern part of South America will 
last up to 2050 (Ruane et al., 2018). The increasing frequency of droughts observed in 
recent years is a result of rising air temperature, lower than average rainfall, or even a 
complete lack of precipitation for a longer time (Górski, 2006; Kundzewicz et al., 2006; 
Łabędzki, 2006; Kozyra et al., 2009). Droughts cause significant yield losses (Łabędzki, 
2006; Doroszewski et al., 2008). In the drought monitoring system (SMSR) in Poland, 
weather conditions causing water shortages in agriculture are measured by using climatic 
water balance (CWB) (Rojek, 1987; Kołodziej et al., 2003; Legates and Mccabe, 2005; 
Łabędzki, 2006; Kanecka-Geszke and Smarzyńska, 2007; Doroszewski et al., 2008). This 
period is referred to as agricultural drought (Niedźwiedź, 2003). The agricultural drought 
monitoring system has been developed on the basis of agro-meteorological studies 
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(Doroszewski and Górski, 1995; Demidowicz et al., 1996, 1997; Doroszewski et al., 
1997). 

The aim of the research was to characterise climatic water balance and rainfall 
deficiency for selected crops in eastern Poland in 2018 compared to the 2000-2017 period. 
Attention was drawn to extreme values and variation range  in that time series. 
Additionally, statistical significance of linear trend slopes was determined. 

Material and methods 
The analysis is based on the data recorded between 2000 and 2018 which was provided 

by the meteorological station in Siedlce (φ°=52°10′03″N ; λ°=22°17′24″E; 150 m above 
sea level). 

The following meteorological elements were analysed: 
 daily mean air temperature. 
 daily total precipitation. 
 daily mean relative humidity. 
The basic characteristics of the distribution of the tested parameters were determined: 

their arithmetic means, and minimum, and maximum values. To present the dynamics of 
monthly arithmetic means the coefficient of variation was calculated (Eq.1). 
 
 V = ୗ

ଡ଼
∗ 100% (Eq.1) 

 
where: 

CV – coefficient of variation, 
SD – standard deviation, 
X – arithmetic mean. 
Then evaporation was calculated using Ivanov’s equation (Przedpełska, 1971) (Eq.2). 

 
 E = 0.0018(25 + t)ଶ(100− f)	 (Eq.2) 
 
where: 

t – mean monthly air temperature, °C, 
f – mean monthly relative humidity,%. 
Monthly values of climatic water balance were designated using the following formula 

(Eq.3): 
 
 CWB = P − E (Eq.3) 
 
where: 

P – monthly sum of precipitation (mm), 
E – monthly evaporation (mm). 
Water needs of selected crops were estimated based on optimal precipitation according 

to the method specified by Klatt (after Nyc, 2006) (Eq.4). 
 
 Popt	 = 	Pk	 + 	5 ∗ tk		 (Eq.4) 
 
where: 
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Popt – optimal precipitation (mm), 
Pk – optimal monthly precipitation according to the Klatt table (mm), 
tk – mean monthly air temperature (oC) for which Klatt determined the optimal 

precipitation (Pk), 
Shortages of rainfall were calculated according to the formula (Eq.5): 

 
 N	 = 	Prz − 	Popt	 (Eq.5) 
 
where: 

N – precipitation deficit (mm), 
Prz – recorded precipitation (mm), 
Popt – optimal precipitation according to Klatt (mm). 
Water shortages were calculated for the following crops: spring wheat, oats, corn, early 

potato, sugar beet, meadows and pastures. 
The values of the analyzed meteorological parameters, climatic water balance, and 

precipitation deficit in 2018 were compared to the values for the 2000-2017 period. The 
direction and significance of the trend of climatic water balance changes were established 
on the basis of the linear trend equation. The significance of the slope of the trend was 
assessed with Student's t-test with a significance level of α = 0.05. 

Result analysis and discussion 
The greatest average monthly precipitation during the 2000-20017 period was in July 

(72 mm), and the smallest in October and April with 37 mm and 38 mm, respectively 
(Table 1). The minimum value of this parameter was noted in October (only 2 mm), and 
the maximum in August (257 mm). Precipitation in October had the largest variation with 
the CV of 93%. The first half of the growing season (April, May, June and July) exhibited 
around a 50% monthly variability of rainfall. 
 

Table 1. Average mean, maximum, and minimum values of some meteorological parameters, 
with the coefficient of variation in Siedlce during the 2000-2017 period 

Parameter/Month April May June July August September October 

Precipitation 
(mm) 

Mean 38 60 64 72 66 53 37 
Max 82 138 166 180 257 165 130 
Min 6 22 18 9 12 14 2 
CV 53 52 56 53 81 78 93 

Air temperature 
(oC) 

Mean 8.6 13.9 16.6 19.2 18.5 13.5 8.2 
Max 12.1 16.7 18.3 21.8 20.8 15.7 10.8 
Min 6.2 11.3 14.2 16.4 16.8 11.3 5.1 
CV 16.0 9.9 7.1 7.2 5.5 9.2 21.1 

Relative 
humidity (%) 

Mean 69.5 71.2 72.6 73.9 74.2 80.2 83.5 
Max 80.0 84.9 83.2 85.5 83.1 88.7 93.8 
Min 61.5 62.0 63.2 57.6 59.1 68.7 76.2 
CV 7.7 7.7 8.0 8.2 7.4 6.6 5.5 

CWB (mm) 

Mean -64 -79 -86 -91 -89 -54 -32 
Max -40 -38 -44 -44 -54 -23 -9 
Min -85 -109 -124 -168 -156 -92 -53 
CV 20 23 25 28 25 33 34 
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The warmest month in the 2000-2017 period was August with the average air 
temperature of 18,5°C, while October with 8.2°C was the coldest. In the same month the 
minimum value of this parameter was recorded (5.1°C), while the largest (21.8°C) was in 
July. The largest variation of the monthly average temperature was in October (CV = 
21.1%) and the lowest in August (CV=5,4%). 

The observed trend of rising temperature and changing evaporation conditions 
increased the area of the moderately dry region in Poland from 13% in the 1931-1960 
period to 20% in the 1971-2000 period, and the area of land with high soil moisture 
decreased from 32% to 10% (Ziernicka-Wojtaszek, 2009). 

Average relative air humidity in the growing season varied from 69.5% in April to 
83.5% in October. The maximum value for this parameter was noted in October (93.8%), 
and the minimum in July (57.6%). The variability of humidity ranged from 5.5% in 
October to 8.2% in July. The average monthly values of the climatic water balance in the 
2000-2017 growing seasons were negative. The maximum value of this parameter was 
noted in October (-9 mm) and minimum in July (-168 mm), while CWB variation 
remained at around 27%. 

Multiannual average rainfall (2000-2017) in the growing season was 390 mm, and in 
2018 it was 347 mm, which was only about 43 mm less (Fig. 1). However, monthly sums 
of precipitation were slightly larger than the multiannual average only in April, June, and 
July 2018 (Fig. 1). Compared to the average in May 2018 rainfall was lower by 34 mm, 
in August by about 37 mm, in September by 11 mm, and in October by 3 mm. 
 

Figure 1. Average monthly rainfall (mm) of the 2000-2017 period and in 2018 in Siedlce 
 
 

It was found that in all months of the 2018 growing season the average monthly air 
temperature was higher than the average multiannual (Fig. 2). In April 2018 it was higher 
than the average multinational by 4oC. The smallest difference in thermal conditions 
between 2018 and the multiannual period was in July, with the temperature in 2018 higher 
by only 0.3ºC. 

Changes in relative air humidity in 2018 were inverse to changes in air temperature 
(Fig. 3). In all the months of the 2018 growing season, with the exception of July, the 
value of this parameter was a few percent less than the multiannual average. 

Similarly, the values of climatic water balance in July 2018 were 7 mm higher than 
the multiannual average (Figs. 4 and 5). In the remaining months of the 2018 growing 
season precipitation shortage was bigger than the perennial values, and the biggest 
difference was recorded in June (29 mm). 
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Using the Penman-Monteith equation Łabędzki et al. (2012) found that the average 
evapotranspiration in Poznań, Olsztyn, and Cracow ranged from 50-60 mm in April and 
September to 100-120 mm in the remaining months of the growing season. The largest 
value of evapotranspiration in those areas was in July. 
 

Figure 2. Average monthly air temperature (oC) in the 2000-2017 period and in 2018 in Siedlce 
 
 

Figure 3. Average monthly relative humidity (%) in 2000-2017 and in 2018 in Siedlce 
 
 

Figure 4. Average monthly climatic water balance (mm) in the 2000-2017 period and in 2018 
in Siedlce 
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Figure 5. Climatic water balance (mm) and linear trend in the 2000- 2018 vegetation seasons 
in Siedlce 
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Projected climate change (Watson et al., 1997; Stuczyński et al., 2000) justifies the 
need for the current monitoring of the incidence and extent of drought. A prolonged lack 
of precipitation and resulting evapotranspiration processes reduce agricultural 
productivity. Agricultural drought seriously reduces plant growth, which leads to a 
significant drop in crop yields. A longer period of reduced precipitation leads to soil 
drought (Łabędzki, 2007; Vicente-Serrano et al., 2010). Changes in both precipitation and 
air temperature affect climatic water balance. In 2018 agricultural drought occurred in 
Poland for all monitored plants in all provinces with 1923 communes affected, which 
constituted 49% of agricultural land. Analysis of the linear trend of climate change impact 
on water balance showed that slope values were positive only in May, June, and July 
(Table 2). Furthermore, it was found that in July there was a statistically significant 
increase in the CBW value, on average, by about 6.4 mm in 10 years. However, in the 
rest of the growing season there was a declining tendency, but it was not statistically 
significant. Changes in the structure of water balance led to water deficit which 
significantly affected the level of plant production and changes in the structure of crop 
production. 
 

Table 2. Linear regression of climatic water balance changes in 2000-2018 in Siedlce 
Month Linear regression 
April y= - 0.136x + 210.95 
May y= 1.214x - 2518.42 
June y= 0.202x - 491.27 
July y= 0.637*x - 1370.89 

August y= - 0.372x + 658.52 
September y= - 0.005x - 43.32 

October y= - 0.005x - 43.32 
 
 

By analyzing the 1970-2010 period Łabędzki et al. (2012) found that in Poland there 
had been a significant statistically significant increase of total evapotranspiration in the 
growing seasons (April-September). There was a change in the temporal distribution of 
rainfall, with an increase in the amount of precipitation during the winter and early spring, 
and a decrease in spring and summer. This reduced climatic water balance, with an 
increase in rainfall shortage in relation to potential evaporation. Especially in recent years, 
spring and early summer climatic water balance values have been getting smaller, which 
means that periods of drought are becoming more and more severe. This coincides with 
the period of greatest water requirements of crops, especially of cereals. The 
manifestation of water scarcity trends was the extreme drought of 2018, resulting in the 
average yield of certain crops decreasing by up to 30% in Poland. 

In all months of the 2018 growing season there were water shortages for the analyzed 
cereals (Fig. 5). When compared to the average multinational values it was found that 
they were the biggest in May. For wheat and oats the shortage of rainfall in the same 
month was 55 mm, and it was larger than the multiannual value by 28 mm. For maize it 
was 40 mm and surpassed the perennial average by 17 mm. 

Demand for water is related to the species and its stage of growth and development. It 
increases as the weight of the fresh matter and transpiration increase. The greatest demand 
for water is usually during the critical period in plant development. This corresponds to 
the end of vegetative development and the beginning of the formation of generative 
organs. The critical period for cereals is during the following stages: stem formation, 
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heading, and grain development and filling (Chmura et al., 2009). Spring wheat reacts to 
shortage and excess of water particularly adversely during tillering and stem formation. 
Rain excess causes extension of the growing season, delays maturity, increases the 
incidence of disease, and it can cause sprouting during the harvest. Dmowski et al. (2008) 
found that sufficient rainfall in April and May is conducive to germination and tillering, 
and in June to the formation of the main shoot, side shoots, and grain development. 
Moderate rainfall in July is conducive to further grain filling and grain maturing on the 
main and side shoots. Research of Zagdańska and Wiśniewski (2001) has shown that the 
ability of spring wheat to increase its resilience (acclimatization) under the influence of 
the previously occurring drought is a varietal characteristic. Among cereals, oat is 
distinguished by its low resistance to drought due to a high transpiration rate and lower 
water use efficiency (Anderson and Mc Lean, 1989; Wojcieska, 1993). Considering the 
frequent occurrence of the shortage of rainfall in the most recent period in Poland, it can 
be assumed that drought negatively affects not only the yield of oats but also grain quality. 

In the case of maize the last months of the 2018 growing season (August and 
September) also exhibited high water deficiency. In August that year the shortage was 58 
mm, and in September it reached as much as 73 mm. Deficiencies in these months 
exceeded multiannual values by 22 mm and 48 mm. A lack of water during the growing 
season for maize causes uneven growth and development of plants, and withering in 
extreme cases (Dudek et al., 2009). According to Stuczyński et al. (2000) despite the 
prevailing water scarcity the importance of maize in Poland will increase, and it will 
become the primary spring cereal. 

In the case of early potato varieties water shortages in 2018 were not higher than the 
average multiannual. The critical period of potato plants is during the following stages: 
flower bud formation, flowering, tuber formation, and leaf yellowing. In the period from 
planting to shoot formation, the potato plant uses water supplies stored in the parent tuber. 
During the time from shooting to flower bud formation water needs are also small. From 
flower bud formation onwards water needs regularly increase (Chmura et al., 2009). 
Varieties of early potatoes respond to water shortages especially negatively 
(Rykaczewska, 2007) because of an intense increase in the mass of above-ground parts 
and fast growth of tubers (Wheeler et al., 2003; Smith, 2006). 

For sugar beet significant rainfall shortages were in May and August 2018, with 
40 mm in the former and 73 mm in the latter. In the remaining months of the growing 
season that year they were not higher than average values for the 2000-2017 period. Sugar 
beet has the greatest sensitivity to a lack of soil moisture in the initial period, and later, 
especially after the end of August, dry and warm weather is more favourable, increasing 
its quality (Svachula and Pulkrabek, 2000). The critical stage of sugar beet lasts about 60 
days when the leaf canopy covers the ground and during the intense thickening of the root 
(Chmura et al., 2009). 

For meadows and pastures the highest average monthly rainfall deficiency with -
43 mm and -53 mm, respectively, occurred in July of the 2000-2017 period (Fig. 6). On 
the other hand, in July 2018 shortages were the smallest (-5 mm for meadows and -15 mm 
for pastures). It was found that the greatest shortage of rainfall in 2018 was in May (-55 
mm for meadows, and -60 mm for pasture) and in August (-68 mm for meadows and 
pastures). In the remaining months of the 2018 growing season water deficit was smaller 
than the average multiannual. Meadow water needs are different for each of the growth 
cycles. 
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Figure 6. Average monthly rainfall shortages (mm) for selected crops during the 2000-2018 
period and in 2018 in Siedlce 
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The greatest demand for water is during the second one, i.e. in June and July. 
Grabarczyk (1989) found that, depending on the region, water needs in the first growth 
cycle are 125-158 mm, 186-240 mm in the second, and 160-190 mm in the third. On 
pastures when vegetation becomes yellowish and there is no biomass increase, grazing 
should stop until grass regenerates after rainfall. Such regeneration should last at least 3 
weeks. Kasperska-Wołowicz (2007) points out that the most common instances of 
insufficient moisture in meadows and pastures can be expected in August. Leśny and 
Juszczak (2005) report that both in dry and wet growing seasons in grassland areas most 
winter precipitation surplus evaporates in May. Insufficient rainfall and increasing 
grassland dryness often lead to very large and adverse changes in both soil and plants. 
Stuczyński et al. (2000) argue that the period of animals grazing will significantly 
increase, although in summer it can be inefficient due to periodic droughts. 

Conclusions 
Values of climatic water balance in July 2018 were 7 mm higher than the multiannual 

average. In the remaining months of the 2018 growing season precipitation shortage was 
bigger than the average values of the 2000-2017 period. The biggest difference in climatic 
water balance between 2018 and the multinational was recorded in June (29 mm). It was 
found that in July there was a statistically significant increase in the value of CWB, on 
average, of about 6.4 mm per 10 years. For analysed cereals water shortages occurred in 
all months of the growing season both in 2000-2017 and in 2018. In May 2018 deficits 
were much larger than the average perennial value. In the case of maize the last months 
of the 2018 growing season (August and September) also exhibited high deficiency of 
rainfall. An important solution will be suitable agricultural practices that can mitigate the 
effects of drought. Earlier varieties of plants with the period of greatest demand for water 
before strong droughts will be introduced. For early potato varieties water shortages in 
2018 were not higher than the average multinational. However, significant rainfall 
shortages for sugar beet were in May and August 2018. Those deficiencies were well 
above the critical values and could have resulted in a decline in the level of crop yield and 
deterioration of the quality of raw material. For meadows and pastures the highest average 
monthly rainfall deficiencies in the 2000-2017 period occurred in July (-43 mm for 
meadows and -53 pastures). In 2018 the greatest shortage of rainfall was recorded in May 
(-55 mm for the meadows and -60 mm for pastures) and in August (-68 mm both for 
meadows and pastures). 

Drought causes withering and significant loss of some fodder species; forage on 
meadows should be harvested earlier because in drought conditions its quality worsens 
every day. Changes of water balance basic components occurring in temperate latitudes 
are a result of an increase in air temperature and evaporation. An increase in the air 
temperature with unchanging annual total precipitation can cause water shortages 
lowering crop yields, especially on sandy soils with poor retention. It can be inferred from 
the present analysis that the composition of crop species should be adapted to changing 
climatic conditions. The studies indicate that a drought should be monitored to assess its 
impact on crops. Persistent unfavourable weather conditions lasting for a longer time may 
determine the choice of plant species to be grown in the region. Additionally, by 
designating areas that are particularly vulnerable to the effects of droughts it is possible 
to carry out a more complete assessment of the impact of climate change on agriculture 
in Europe. 
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