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Abstract— The present study analyzes the long-term (1871–2020) precipitation time 
series of Mosonmagyaróvár (Hungary) and investigates the precipitation trends affecting 
winter wheat production. Understanding precipitation trends is important for agriculture 
due to the increasing frequency and intensity of droughts caused by climate change. 

In this study, parametric and non-parametric trend tests (linear and Mann-Kendall 
trend test) were applied, which showed a significant decrease in April and October. A 
significant downward shift of the mean can be demonstrated in spring by Pettitt’s test. This 
decrease has a negative impact on key growing periods for winter wheat, which poses a 
serious challenge to conventional wheat production in the region. The research highlights 
the importance of different agrotechnical solutions to reduce yield losses due to climate 
change. The results obtained are in line with trends observed in Keszthely (Hungary), 
which confirms the regional changes. 

These climatic changes can have a significant impact on the cultivation of our most 
important domestic food crop, winter wheat, so it is worth preparing for adaptation from 
this point of view as well. 
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1. Introduction and literature review 

The global climate is changing, with temperatures rising globally, and this rise in 
global temperature is expected to cause a modification in the annual mean 
precipitation (IPCC, 2021). Simulation results from global climate models 
(GCMs) have indicated that the intensity, duration, and frequency of future 
extreme rainfalls are projected to change in many regions around the world (Lee 
et al., 2011; Asadieh and Krakauer, 2015; Wen et al., 2016).  

Reported analyses of observed extreme precipitation show that there is some 
evidence of a general increase in extreme precipitation. The review of likely future 
changes based on climate projections indicates a general increase in extreme 
precipitation under a future climate, which is consistent with the observed trends. 
Only a few countries have developed guidelines that incorporate a consideration 
of climate change impacts (Madsen et al., 2014). 

Significant increases in extreme precipitation and drought events have been 
detected in Europe in the past few decades. In a study by Berényi et al. (2023), 16 
selected climate indices were used for the analysis of the temporal changes and 
spatial distribution of precipitation patterns in European plain regions during 
1950–2022. Their results suggest a general intensification of precipitation events 
over the continent, as many regions show a significant increase in the indices 
related to the intensity of extreme precipitation, and also the frequency of these 
events increased in a lot of regions. Extreme indices related to dry periods changed 
significantly in only a few cases. An increase may only be observed in the 
southern part of the continent, while a significant decrease can be seen in three 
regions in northern Europe.  

Spinoni et al. (2015) reported that in Central Europe and the Balkans, 
drought variables show a moderate increase. Concerning changes under a future 
climate, climate modeling studies have shown that an increase in heavy 
precipitation is likely in most parts of the world in the 21st century (IPCC, 2012). 

The expected increase in the intensity and frequency of extreme precipitation 
under climate change has already been experienced in different parts of the world 
(Janssen et al., 2014; Wang et al., 2017; Tabari and Willems, 2018; Zobel et al., 
2018). While an increase in extreme precipitation events can be detected 
worldwide (Donat et al., 2016), the pattern of increase is less spatially coherent 
and often non-significant (Groisman et al., 2005) compared to the increase in 
temperature. 

Increasing trends in European extreme precipitations have been discussed in 
several studies. These studies concluded that a general intensification of extreme 
events may be observed (Sun et al., 2021). However, the actual rate of the 
precipitation trends may vary across the continent, for instance, the trends of 
heavy precipitation events in northern Europe are similar to the trend of total 
precipitation, but this is not true in southern Europe where heavy precipitation 
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tends to increase while total precipitation is decreasing (van den Besselaar et al., 
2012). 

The climate became wetter in several regions in Europe through the increase 
in extreme and total precipitation (Ntegeka and Willems, 2008; Madsen et al., 
2014). Opposite trends may be observed in some of the southern countries where 
the decrease in total precipitation coincided with the increase of extreme events 
resulting in an intensification of precipitation events (Bartholy and Pongrácz, 
2007) or an overall decrease in extreme precipitation events (Norrant and 
Douguédroit, 2005). 

Between 1901 and 2009, the highest precipitation declines over the territory 
of Hungary occurred in the spring, nearly 20% of them (Lakatos and Bihari, 
2011). 

Bartholy and Pongrácz (2007) examined several precipitation extreme 
indices and suggested that regional intensity and frequency of extreme 
precipitation increased in the Carpathian Basin in the second half of the last 
century, while the total precipitation decreased. A 20–33% decrease in 
precipitation in Hungary is predicted for the summer half-year, and there is high 
uncertainty for the rainfall for the winter half-year (Bartholy et al., 2007). 
Bartholy et al. (2015) projected that the frequency of extreme precipitation will 
increase in Central Europe, except in summer, when decreasing tendency is very 
likely.  

Future climate change would further amplify the effects of precipitation 
variations (Liu et al., 2023). Improved knowledge of the likely future risk profiles 
also plays an important role in decision-making when considering, for example, 
societal adaptation to future climate change (Hall et al., 2012; Bormann et al., 
2012). 

Changes in precipitation have serious effects on human society and are the 
focus of investigation in many scientific fields, e.g. hydrology, agriculture, and 
environmental sciences (Zhao et al., 2018). 

Water scarcity has become an increasing threat to humans and ecosystem 
sustainability and is expected to be more serious under future climate change 
conditions (Hoekstra, 2012). Agriculture is the world’s largest water user and is 
prominently impacted by climate change and population growth (Ward and 
Pulido-Velazquez, 2008; Zhang et al., 2020).  

Agriculture is one of the most vulnerable sectors to climate change and 
associated extreme weather events (Pachauri et al., 2014). Shifts in precipitation, 
temperature, and other weather patterns may change the suitability of crop 
varieties to their present agro-ecosystems, change the need for pest and disease 
management, and increase the turnover of soil organic matter and the associated 
risk of nutrient loss (Olesen et al., 2011). Extreme weather events (such as 
droughts) may also lead to reductions in areas suitable for agriculture, damage to 
infrastructure, and higher yield variability (Olesen and Bindi, 2002). 
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One of the main objectives of the research by Bartholy and Pongrácz (2010) 
was to analyze the possible tendency of future precipitation conditions for this 
century for the Carpathian Basin. Their results suggest that regional intensity and 
frequency of extreme precipitation increased in the Carpathian Basin during the 
second half of the 20th century, while the total precipitation decreased, and the 
mean climate became slightly drier during the whole 20th century. Furthermore, 
the climate simulations suggest that the climate of this region may become drier 
in summer and wetter in winter, which highlights the importance of hydrological 
and agricultural planning in Hungary. 

Parametric methods (linear trend, t-test for slope) for analyzing time series 
are the simplest methods to get insight into the changes in a variable over time. 
These methods require normal distribution of the residuals that can be a limit for 
application. Non-parametric methods are distribution-free methods, and 
investigators can have a more sophisticated view of the variable tendencies in time 
series. Historical climate (precipitation) data covering the past almost one and a 
half centuries measured at the meteorological station in Keszthely, Hungary were 
analyzed by Kocsis et al. (2017) and Kocsis and Anda (2018) for detecting 
tendencies in the time series. The parametric method proved significant 
decreasing tendencies for spring, April, and October. Non-parametric tests show 
significant declining tendencies for spring, autumn, and October. 

Kocsis et al. (2020) also tried to detect change points in the time series of 
monthly, seasonal, and annual precipitation records of Keszthely. Change points 
and monotonic trends were analyzed separately in annual, seasonal, and monthly 
time series. While no breakpoints could be detected in the annual precipitation 
series, a significant decreasing trend of 0.2–0.7 mm/year was highlighted 
statistically. Significant change points were found in those time series in which 
significant tendencies had been detected in previous studies. These points fell in 
spring and winter for the seasonal series, and October for the monthly series. The 
question, therefore, was raised that these trends were the result of a shift in the 
mean. The downward and upward shifts in the mean seasonal amounts in spring 
and winter led to a suspicion that changes in precipitation were also in progress 
in these seasons. The study concluded that homogeneity tests are of great 
importance in such analyses, because they may help to avoid false trend 
detections. 

Wheat is one of the most valuable and widely grown cereal crops worldwide, 
with a cultivation area of around 245–250 million hectares. Its importance for 
food security is only rivalled by rice. The widespread distribution of wheat is 
made possible by the diverse climatic requirements of wheat species and varieties 
and their strong adaptability. It can be found from near the Equator to the 60°N 
and 40°S latitudes. As a result of its wide adaptation, wheat is grown at such 
diverse geographical latitudes that harvests occur year-round, but it is primarily a 
crop of continental climates. 
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In Hungary, wheat is also the most important cereal crop, cultivated on 
approximately 1 million hectares annually (Hungarian Statistical Office’s 
website). In years with average weather conditions, with appropriate agrotechnics, 
and considering the varieties currently grown, the water demand of winter wheat 
in Hungary is estimated at 350–410 mm. This water amount is mostly not covered 
by natural precipitation. Of the 390–480 mm (50-year average) of precipitation 
falling from sowing to harvest, only 40–60% is effectively utilized, depending on 
the water management properties of the soil. Since wheat requires an average of 
280–340 mm of water from late March to early July, and the precipitation during 
this period only partially covers this need, the available soil water at the end of 
winter is of fundamental importance for the water supply of winter wheat 
(Harmati, 1987). 

Wheat needs water throughout its entire growth period, but there are certain 
stages during which water scarcity can cause significant yield reduction (Araus et 
al., 2008). In the early stages of the growing season, drought can have severe 
consequences, as it reduces plant growth (Jaleel and Llorente, 2009). Early spring 
drought negatively affects the development of the secondary root system and 
tillering (Harmati, 1987; Araus et al., 2008). Water deficiency also delays the 
appearance of side shoots and fertilization, leading to yield loss (Mosaad et al., 
1995). 

In our study, we aimed to study the trends in the precipitation data from 
Mosonmagyaróvár between 1871 and 2020 and to draw conclusions about how 
these trends might impact winter wheat cultivation conditions in the Mosoni-
plain. 

2. Material and methods 

2.1. Dataset 

Monthly precipitation amount measured at Mosonmagyaróvár (northwestern edge 
of Hungary, of 47° 53' 23'' N and 17° 16' 02'' E, Fig. 1) was used for the analysis 
of tendencies for the period of 1871–2020. The dataset was collected in around a 
circle of a diameter of 5 kilometers in plain ground, and the original data were 
used. To gain coherent precipitation data over flat terrain in the mid-latitudes, 
even interpolation should yield acceptable results on scales smaller than 10 km 
(Dingman, 2015). The dataset was controlled but not homogenized by the MASH 
method (Szentimrey, 1999) that is usually used for homogenization of 
meteorological datasets in Hungary. In purpose of testing homogeneity of the time 
series, Pettitt’s test (Pettitt, 1979) was applied. This test detects shifts in the 
average and calculates their significance (Liu et al., 2012) in a hypothesis test. 
The 5% significance level was used as threshold.  
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Fig. 1. Location of Mosonmagyaróvár (Hungary; 47°53'N, 17°16′E, elevation 121.5 m above 
Baltic Sea level) and Keszthely (Hungary; 46°44′N, 17°14′E, elevation 114.2 m above Baltic 
Sea level), redrawn from Kocsis et al. (2020, 2024) 

 
 
 

The location of the meteorological station, which provides representative 
measurements of the region's climate, changed six times during the century and a 
half, but these relocations took place within a very narrow area. The time series 
of yearly, seasonal, and monthly amounts of precipitation were examined, and an 
analysis was conducted to detect linear or monotonic trends. Each time series used 
contained 150 data. The dataset was complete, without missing data.  

2.2. Statistical methods 

First, the tendency of the time series was estimated by a linear trend using the 
ordinary least squares method  

 
 ŷ௧ ൌ  𝑏଴ ൅ 𝑏ଵ ∗ 𝑡 , (1) 

 
where  t is the serial number of the time step, t = 1, 2, 3, …, n, where n is the 
number of the data, ŷt is the estimated value of precipitation amount for a certain 
time step, b0 is the intercept of the trendline, and b1 is the slope coefficient on the 
trendline. 

In the diagnostic stage of a linear trend, the normal distribution of the 
residuals was tested by the Kolmogorov-Smirnov test. In this case, the residuals’ 
distribution could be accepted to be normal, the slope coefficient of the linear 
trend was tested in a parametric t-test for significance. Otherwise, when the 
distribution of the residuals could not be accepted to be normal according to the 
Kolmogorov-Smirnov test, the Mann-Kendall trend test was used. The Mann-
Kendall trend test is based upon the work of Mann (1945) and Kendall (1975), 
and it is closely related to the Kendall’s rank correlation coefficient. This test is 
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suitable to detect monotonic trends in the time series. The                     
Mann-Kendall trend test is widespread in climatological and hydrological 
analyses for time series, because it is simple and robust, it can cope with missing 
values and values under detection limit (Gavrilov et al., 2016). This non-
parametric test is commonly used to detect monotonic tendencies in a series of 
environmental data, too (Pohlert, 2016). This method has no requirement for the 
distribution, as the regression method requires normal distribution. No 
assumption of the normality is required (Helsel and Hirsh, 2002). The Mann-
Kendall test statistic is given as (Singh et al., 2024): 
 
 𝑆 = ∑ ∑ 𝑠𝑔𝑛(𝑥௝௡௝ୀ௜ାଵ − 𝑥௜)௡ିଵ௜ୀଵ   , (2) 
 
where  j > i and i = 1, 2, …, n-1; j = 2, 3, …, n, and n is the number of the data. 

S serves for the hypothesis test, where the null hypothesis is that there is not 
a significant trend, and the alternative hypothesis is that a significant monotonic 
trend over time is present. Sgn(xj-xi) is calculated as (Hipel and McLeod, 1994; 
Hu et al., 2020): 
 

 𝑠𝑔𝑛൫𝑥௝ − 𝑥௜൯ = ቐ+1  𝑖𝑓  𝑥௝ − 𝑥௜ > 0    0  𝑖𝑓  𝑥௝ − 𝑥௜ = 0−1  𝑖𝑓  𝑥௝ − 𝑥௜ < 0    . (3) 

 
Decisions were made based on the p-value in the hypothesis tests, at 5% 

significance level as a threshold. After determining the presence of the trend, the 
Sen’s slope estimator (Sen, 1968) was applied. It is a non-parametric method that 
can calculate the change per time unit (direction and volume) and is commonly 
used in hydro-meteorological time series to calculate the magnitude of a trend 
(Lone et al., 2022).  

Calculations were carried out using IBM SPSS and R softwares. 

3. Results 

3.1. Descriptive statistics of the annual, seasonal, and monthly precipitation 
sums 

The average annual precipitation amount at Mosonmagyaróvár was 593.32 mm 
between 1871 and 2020 with a standard deviation of 104.13 mm. The median of 
the dataset is 586.25 mm. Based on the relation of the average and the median 
(average > median), the ratio of those values that are less than the mean is 
supposed to be more than 50%, but the boxplot of the annual data does not 
represent this skewness, probably for the reason that two data have been 
considered as outliers (Fig. 2). 
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Fig. 2. Boxplot of the annual precipitation amount (mm). 
The box indicates the interquartile range, the black line in it is the median. 

 
 
 

Table 1 summarizes the descriptive statistics of the seasonal precipitation 
sums. It can be observed that the order of the mean, median, and mode is the same 
for all seasons, as the mean is greater than the median, and the median is greater 
than the mode. When the mode is the lowest one, a positively skewed distribution 
should be supposed, where the values of lower than the average are 
overrepresented. This can also be observed in Fig. 3. The same type of skewness 
can be seen in the case of the monthly precipitation sums, as well. A skewness 
can be observed towards the values lower than the average of the dataset (Table 2, 
Fig. 4). The highest monthly amounts can be expected in June and July, so the 
maximum of the yearly course is in summer. Usually, a peak can be observed in 
May and a secondary maximum in September. This yearly course seems to be 
rearranged at Mosonmagyaróvár. 
 
 
 
 

Table 1. Main descriptive statistics of the seasonal precipitation sums 

Descriptive statistics (mm) 
Season Mean Median Mode Standard deviation 

Spring 142.28 138.50 77.0 51.12 
Summer 190.53 185.05 121.0 65.34 
Fall 149.29 148.50 126.0 52.72 
Winter 111.33 102.50 87.0 41.91 
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Fig. 3. Boxplots of the seasonal precipitation amount (mm). 
The boxes indicate the interquartile range, the black line in it is the median. 

 
 
 
 
 

Table 2. Main descriptive statistics of the monthly precipitation sums 

Descriptive statistics (mm) 
Month Mean Median Mode Standard deviation 

Jan 34.53 32.00 28.0 19.31 
Feb 32.32 27.00 16.0 22.25 
Mar 37.77 34.50 39.0 23.78 
Apr 42.46 37.50 19.0 26.72 
May 62.05 54.50 39.0 37.40 
Jun 65.36 59.25 53.0 34.68 
Jul 65.56 58.30 49.0 39.25 
Aug 59.62 51.50 57.0 36.08 
Sept 50.03 43.35 31.0 33.39 
Oct 49.64 46.00 60.0 33.00 
Nov 49.61 40.90 31.0 31.94 
Dec 44.38 42.40 37.0 24.29 
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Fig. 4. Boxplots of the monthly precipitation amount (mm). 
The boxes indicate the interquartile range, while the black line in the middle is the median. 

 
 
 
 
 

3.2. Trends of the examined time series 

Following the steps of time series analysis written about in Section 2.2, a 
significant linear trend can be detected in spring (α = 0.05, Table 3, Fig. 5.). 
Regarding the homogeneity of the time series, it should be noted that in case of 
only one time series, a change point could be detected by the Pettitt’s test. This 
one is spring (p-value = 0.032). The change point took place in 1945, and no other 
change point could be found. Therefore, to be sure to detect a real trend, the time 
series was divided into two parts, but no significant trends could be seen in the 
separated parts. The Pettitt’s test suggests a significant downward shift of the 
mean (Fig. 5), that can be the same proof of the changes, as the precipitation 
decrease can be realized not only as a gradual change, but also as an abrupt shift 
of the mean. 

When analyzing the trends of the monthly precipitation sums, significant 
monotonic trends can be determined for April and October (Table 4). In April, 
9.1 mm per 100 years declining trend could be found, and in October the average 
decrease was 11.08 mm per 100 years. These results are in good coincidence with 
the findings of Kocsis and Anda (2018) and Kocsis et al. (2020) at Keszthely 
(western Hungary). It should be highlighted that Keszthely and 
Mosonmagyaróvár are about 150 km far from each other, and there is the Bakony 
Hills region as a barrier for the vapour flows that can modify the direction of the 
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air movements. Keszthely’s microclimate is affected by the Balaton Lake. As a 
similarity, the proximity of the Mosoni-Danube River can be mentioned in the 
case of Mosonmagyaróvár. 
 
 
 
 

Table 3. Results of the time series analysis 

  Linear slope 
coefficient 

p-value of 
t-test 

Kolmogorov-
Smirnov p-value 

Kendall 
tau 

p-value of 
MK test 

Annual -0.353 0.072 0.2     
Spring -0.213 0.026* 0.2     
Summer 0.014 0.908 0.2     
Fall -0.115 0.249 0.2     
Winter -0.043 0.591 0.002* -0.035 0.522 
* significant at the 5% significance level 

 
 
 

 

Fig. 5. Time series of the precipitation amount measured at Mosonmagyaróvár in spring (1871–
2020). The blue line represents the observed data, while the black dotted line shows the 
significant decreasing linear trend. The red vertical line indicates the breakpoint obtained by 
the Pettitt’s test and the red dashed lines show the means of the precipitation data in the 
separated time intervals. 
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Table 4. Results of the time series analysis of the monthly precipitation amounts 

Month Linear slope 
coefficient 

p-value of 
t-test 

Kolmogorov-
Smirnov p-value 

Kendall 
tau 

p-value of 
MK test 

Sen's 
slope 

Jan 0.009 0.798 0.013* 0.015 0.791 0.005 
Feb 0.014 0.744 0.002* 0.037 0.501 0.024 
Mar -0.049 0.274 0.001* -0.071 0.199 -0.048 
Apr -0.104 0.038* 0.001* -0.107 0.048* -0.092 
May -0.060 0.397 0.001* -0.035 0.521 -0.042 
Jun -0.007 0.918 0.021* 0.001 0.979 0.000 
Jul 0.034 0.652 0.001* 0.017 0.753 0.019 
Aug -0.013 0.854 0.001* 0.021 0.71 0.023 
Sept 0.018 0.771 0.001* -0.013 0.81 -0.013 
Oct -0.132 0.033* 0.032* -0.11 0.046* -0.112 
Nov -0.002 0.980 0.001* 0.028 0.619 0.026 
Dec -0.062 0.178 0.02* -0.057 0.305 -0.045 
* significant at the 5% significance level 

 
 
 
 

3.3. Trends of the vegetation period of winter wheat 

The precipitation conditions of the vegetation period of winter wheat were also 
studied, and the precipitation sums between September and the consecutive June 
were analyzed. The requirement for normality of the residuals of the linear trend 
was fulfilled (p-value of the Kolmogorov-Smirnov test was 0.087), therefore its 
slope can be interpreted as it was significant at the 5% significance level (p-value 
= 0.022). There was no significant change point in the time series (p-value = 
0.108). A declining tendency could be detected by 0.411 mm per year on average. 
This means 40.89 mm less precipitation in a 100-year period. 

4. Discussion 

During the last years, Europe has been exposed to a continuous period of dry 
conditions, leading to increasingly frequent agricultural, meteorological, and 
hydrological droughts across the continent. The years 2021 and 2022 caused one 
of the most severe water shortages in Europe and Hungary in the past decades. 
Because of the historic drought of 2022, the yields of autumn and summer crops 
fell below the average of previous years. 

Wheat, by origin, is a plant that generally prefers drier conditions, as its gene 
center is located in the Fertile Crescent of the Middle East. During centuries of 
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breeding in Central Europe, the goal was to make the plant thrive under the local 
continental-type climate as much as possible, but even this essentially means drier 
conditions. 

Wheat is a moderately water-demanding crop, requiring approximately 350–
410 mm of precipitation in growing seasons with average weather conditions, 
when proper agrotechnics are applied. Its transpiration coefficient is 300–350 l/kg 
of dry matter (Harmati, 1987). 

Our studies found that there has been a tendency to the reorganization of 
precipitation amounts in Mosonmagyaróvár between 1871 and 2020. Analysis of 
the data shows that both the spring and autumn periods have experienced a 
decrease, which was significant in the case of some months, in precipitation. This 
is particularly harmful for winter wheat, as these periods correspond to the 
phenological phases that greatly determine the quantity and quality of the yield. 

The sowing time of winter wheat must be chosen so that the wheat can 
establish itself before the onset of winter. The crop's response to sowing time is 
specific and genetically determined, it generally occurs between September 20 
and October 30, but it can be extended until early November. 

From the perspective of water supply, the autumn period is critical in 
Hungary, as it is often dry, which can result in poor germination and uneven wheat 
stands. Our study results also indicate a significant decreasing trend in 
precipitation in October. The accompanying extreme weather conditions are 
generally unfavorable for wheat development and yield. Extremely dry autumn 
weather makes the proper germination, early development, establishment of a 
strong plant stand, and successful overwintering impossible. Germination can 
begin, only if the sown seeds receive sufficient water and the temperature is 
appropriate (Varga-Haszonits et al., 2006). 

The tillering phase lasts from December to the end of March, during which 
the formation of the secondary root system occurs. If there is a significant drought 
during this period, tillering may be delayed or fail. The more developed the 
secondary root system is the more resilient the wheat becomes. 

The heading phase in our region lasts from mid-April to the end of May, 
which is the period of intense growth. The amount of precipitation during this 
period has a decisive impact on the maximum height of the varieties. During 
heading, wheat requires an uninterrupted water supply, as this phase - which lasts 
about 30 days - produces the most dry matter, nearly 50% of the total amount. 
Unfavourable water conditions disrupt plant development. If drought occurs 
during this developmental stage, the yield can be reduced to half. The vegetative 
organs become smaller, and assimilation activity decreases, leading to 
underdeveloped flowering organs in the spikes. 

For this reason, it is crucial to ensure optimal soil moisture during this period, 
from mid-April to the end of May. The water demand closely approaches the 
evapotranspiration rate during this time, i.e., around 150–160 mm over this 
approximately 6-week period. The deeper and better water-managed the soil is, 



 

386 

and the more abundant the natural precipitation is, the less irrigation is needed. 
However, higher production targets require better water availability (Harmati, 
1987). The significant decrease in April and spring precipitation amounts can 
therefore be a cause for serious concern. 

The heading-flowering phase, which lasts for a relatively short time, is also 
a critical period (Varga-Haszonits et al., 2006). Due to high temperatures and poor 
water supply, partial death of the flowering organs occurs, resulting in incomplete 
fertilization and a significant decrease in yield. If the autumn and winter are wet 
and the spring is not too dry, the moisture stored in the soil can meet the water 
requirements of these two phases without irrigation, especially in deep, fertile 
soils. In a dry year, or shallow soils, irrigation before or during this critical period 
is essential and effective. 

Winter wheat takes up the most water during the flowering and fertilization 
period (from the middle of May to early June), but the pre-ripening period is also 
significant in terms of water consumption. Lack of precipitation during the 
ripening period can result in deformed, shrivelled grains, and the kernels may 
shrink. In May and June, the average required amount of precipitation is about 
115 mm (Harmati, 1987). Full maturity in Hungary typically occurs in the first 
part of July. If the weather is too rainy at this time, the grains may become 
overripe, and their baking quality can deteriorate. 

In the Carpathian Basin and Hungary, extreme weather events have become 
more frequent, and it is also unfavourable that precipitation shows decreasing 
tendencies. Such a modification of the main water intake factor, together with 
unfavourable thermal changes affecting the water loss side of the water balance, 
may endanger the water supply of winter wheat. Most climate simulations suggest 
that this trend will continue in the future, and even decade-long extremes may 
occur in the second half of the century. 

5. Conclusions 

The main findings of this research are that between 1871 and 2020 decreasing 
trends were detected in April and October, and a significant downward shift of 
the mean can be found in spring. For the growing period of winter wheat 
(September- June), a significant precipitation decline can be demonstrated. 

The entire area of Hungary is suitable for the cultivation of winter wheat, but 
due to climate change, the weather could be extreme sometimes. Unfortunately, 
dry years and even droughts are becoming more and more frequent. Such 
problems may also occur in the studied region. Therefore, we considered it 
important to quantify the trends in precipitation conditions based on the longest 
data series available. The good agreement with the results of previous, similar 
research on Keszthely suggests that the conclusions drawn from our investigations 
may be more general. 
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Winter wheat yields are expected to decrease by 8% by 2050 and by 21% by 
2100 in Hungary (Kemény et al., 2019), but the results may differ significantly by 
the model used for prognostications. More intensive nutrient management and 
irrigation cannot even compensate for the negative impact of climate change on 
average (Kemény et al., 2019). The negative effects of climate change and more 
frequent dry periods can be mitigated in two ways: with passive and active 
methods. The passive methods are the right choice of varieties, as well as efficient 
agrotechnics in terms of water conservation and water use. Active intervention 
could be achieved through irrigation to reduce the water deficit. 

With agrotechnics adapted to the environment and genotypes, we can keep 
the yield quantity and quality stable, and it is important to use genotypes that are 
not only capable of achieving high yield and good quality but are also able to keep 
it stable under different meteorological conditions and on different quality soils, 
with different agrotechnical levels. These varieties are characterized by good 
stress tolerance - such as drought tolerance, excellent winter resistance, and better 
resistance to diseases and pests, as well as good or excellent adaptability and a 
good reaction to agrotechnics. It is advisable to select successive plants in such a 
way that plants with lower and higher water consumption follow each other in the 
crop rotation. 

A fundamental consideration for Hungary must be the use of a water-saving 
soil cultivation system that is minimized as much as possible. Preference should 
be given to tillage tools without rotation, sealing the soil at the optimal time, and 
increasing the water absorption and water retention capacity of the soil. In terms 
of nutrient supply, plant stands in better condition and can withstand drought 
better. The close interactive relationship between water and nutrient supply in our 
cultivated plants is well known. It is important to emphasize that the water supply 
plays a key role in the vegetative and generative development and crop formation 
of field plants; however, it also affects the effectiveness of various agrotechnical 
inputs (e.g., soil cultivation, plant protection, etc.). 

In the case of sowing technology, the stand density of plants primarily affects 
the drought tolerance of plants. It is a common misconception that the sowing rate 
should be increased with the intention of "sowing more so that some will remain". 
This actually results in the opposite effect. By choosing the right sowing time, we 
can avoid the coincidence of the phenophase of the given plant species, which is 
sensitive to water shortage, and the typically dry period of the given area. Plant 
protection can also contribute to better drought tolerance of plant populations. 
Adequate weed control is particularly important, as weeds not only consume more 
water than cultivated plants, but they can take up water much more aggressively. 

In these times, we can irrigate only 2% (approximately 100,000 ha) of the 
domestic arable land in Hungary, which is extremely small. Wheat is a plant that 
prefers drier conditions since its genetic center is located in the area called the 
Fertile Crescent of the Middle East. During centuries of breeding in Central 
Europe, the aim was to make the plant thrive under the local continental climate 
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as well as possible in the continental-type climate, but even this basically means 
drier conditions. Under normal weather conditions, there is no need to irrigate 
winter wheat. In the case of extremely dry months, it is worth watering the plants. 

Nowadays, one of the most important questions of arable crop production is 
how we can ensure optimal water supply for plants under changing and less 
favorable climatic conditions. In this, it must be taken into account that passive 
agrotechnical elements play a decisive role, as the irrigated area is extremely 
limited in Hungary today. This is the key issue for the further development of 
domestic crop production. We wanted to contribute to this with our work 
quantifying regional precipitation conditions and trends. 

References 

Araus, J. L., Slafer, G.A., Royo, C., and Serret, M.D., 2008: Breeding for Yield Potential and Stress 
Adaptation in Cereals. Critical Rev.Plant Sc. 27, 377–412.  
https://doi.org/10.1080/07352680802467736 

Asadieh, B. and Krakauer, N.Y., 2015: Global trends in extreme precipitation: Climate models versus 
observations. Hydrol. Earth Syst. Sci. 19(2), 877–891. https://doi.org/10.5194/hess-19-877-2015 

Bartholy, J. and Pográcz, R., 2007: Regional analysis of extreme temperature and precipitation indices 
for the Carpathian Basin from 1946 to 2001. Glob. Planet. Change 57(1–2), 83–95. 
https://doi.org/10.1016/j.gloplacha.2006.11.002 

Bartholy, J. and Pongrácz, R., 2010: Analysis of precipitation conditions for the Carpathian Basin based 
on extreme indices in the 20th century and climate simulations for 2050 and 2100. Phys. Chemist. 
Earth 35, 43–51. https://doi.org/10.1016/j.pce.2010.03.011 

Bartholy, J., Pongrácz, R., and Gelybó, Gy., 2007: Regional climate change in Hungary for 2071–2100. 
Appl. Ecol. Environ. Res. 5, 1–17. https://doi.org/10.15666/aeer/0501_001017 

Bartholy, J., Pongrácz, R., and Kis, A., 2015: Projected changes of extreme precipitation using 
multimodel approach. Időjárás 119, 129–142. 

Berényi, A., Bartholy, J., and Pongrácz, R., 2023: Analysis of precipitation-related climatic conditions 
in European plain regions. Weather Climate Extr. 42, 100610.  
https://doi.org/10.1016/j.wace.2023.100610 

van den Besselaar, E.J.M., Klein Tank, A.M.G., and Buishand, T.A., 2012: Trends in European 
precipitation extremes over 1951-2010. Int. J. Climatol. 33, 2682–2689. 
https://doi.org/10.1002/joc.3619 

Bormann, H., Ahlhorn, F., and Klenke, T., 2012: Adaptation of water management to regional climate 
change in a coastal region – hydrological change vs. community perception and strategies. J. 
Hydrol. 454–455, 64–75. https://doi.org/10.1016/j.jhydrol.2012.05.063 

Dingman, S.L., 2015: Physical hydrology (3rd ed.). Long Grove, IL: Waveland Press. 
Donat, M.G., Lowry, A.L., Alexander, L.V., O’Gorman, P.A., and Maher, N., 2016: More extreme 

precipitation in the world’s dry and wet regions. Nat. Clim. Change 5, 508–513. 
https://doi.org/10.1038/nclimate2941 

Gavrilov, M. B., Tosic, I., Markovic, S. B., Unkasevic, M., and Petrovic, P., 2016: Analysis of annual 
and seasonal temperature trends using the Mann- Kendall test in Vojvodina, Serbia. Időjárás 120, 
183–198. 

Groisman, P.Y., Knight, R.W., Easterling, D.R., Karl, T.R., Hegerl, G.C., and Razuvaev, V.N., 2005: 
Trends in intense precipitation in the climate record. J. Climate 18 (9), 1326–1350. 
https://doi.org/10.1175/JCLI3339.1 

Harmati, I., 1987: A búza vízigénye, vízfogyasztása, és vizhasznositása. (Water requirements, water 
consumption and water utilisation of wheat.) In (Ed. Barabas Z.) Wheat Production Manual. 
Mezőgazdasági Kiadó, Budapest, pp.: 414-415. (in Hungarian) 



 

389 

Hall, J.W., Brown, S., Nicholls, R.J., Pidgeon, N.F., and Watson, R.T., 2012: Proportionate adaptation. 
Nat. Clim. Change 2 (12), 833–834. https://doi.org/10.1038/nclimate1749 

Helsel, D. R. and Hirsh, R. M., 2002: Trend analysis. In: Techniques of Water-Resources Investigations 
of the United States Geological Survey Book 4, Hydrologic Analysis and Interpretation Chapter 
A3: Statistical Methods in Water Resources. Chapter 12: 327. 

Hipel, K.W. and McLeod, A. I., 1994: Time series modelling of water resources and environmental 
systems. Elsevier, Amsterdam, The Netherlands: 864–866, 924–925. 

Hoekstra, A. and Mekonnen, M., 2012: The water footprint of humanity. Proc. Natl. Acad. Sci. USA 109, 
3232–3237. https://doi.org/10.1073/pnas.1109936109 

Hu, Z., Liu, S., Zhong, G., Lin, H., and Zhou, Z., 2020: Modified Mann-Kendall trend test for 
hydrological time series under the scaling hypothesis and its application. Hydrol. Sc. J. 65 (14), 
2419–2438. https://doi.org/10.1080/02626667.2020.1810253 

Hungarian Statistical Office: Major crop’s cultivation area. https://www.ksh.hu/s/kiadvanyok/a-fontosabb-
novenyek-vetesterulete-2024-junius-
1/index.html#:~:text=Haz%C3%A1nkban%20a%20sz%C3%A1nt%C3%B3ter%C3%BClet%20legnagy
obb%20r%C3%A9sz%C3%A9n%20gabonaf%C3%A9l%C3%A9ket%20termesztenek.%202024-
ben,%C5%91szi%20b%C3%BAz%C3%A1%C3%A9%20%28875%20ezer%20hekt%C3%A1r%29%2
0a%20legnagyobb%20kiterjed%C3%A9s%C5%B1. (in Hungarian) 

IPCC, 2012: Intergovernmental Panel on Climate Change In: Field, C.B., Barros, V., Stocker, T.F., Qin, 
D., Dokken, D.J., Ebi, K.L., Mastrandrea, M.D., Mach, K.J., Plattner, G.-K., Allen, S.K., Tignor, 
M. and Midgley, P.M. (Eds.), Managing the Risks of Extreme Events and Disasters to Advance 
Climate Change Adaptation. A Special Report of Working Groups I and II of the 
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, UK, and 
New York, NY, USA. 

IPCC, 2021: Intergovernmental Panel on Climate Change: Climate Change 2021: The Physical Science 
Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental 
Panel on Climate Change. Edited by Masson-Delmotte, V.P., Zhai, A., Pirani, S.L., Connors, C., 
P´ean, S., Berger, N., Caud, Y., Chen, L., Goldfarb, M.I., Gomis, M., Huang, K., Leitzell, E., 
Lonnoy, J.B.R., Matthews, T.K., Maycock, T., Waterfield, O., Yelekçi, R. and Yu, B.Z. Cambridge 
University Press Cambridge United Kingdom and New York NY USA. 

Jaleel, C.A. and Llorente, B.E., 2009: Drought stress in plants: A review on water relations. Bioscie. 
Res. 6(1), 20–27. 

Janssen, E., Wuebbles, D.J., Kunkel, K.E., Olsen, S.C., and Goodman, A., 2014: Observational and 
model-based trends and projections of extreme precipitation over the contiguous United States. 
Earth’s Future 2 (2), 99–113. 

Kemény, G., Molnár, A., and Fogarasi, J., (eds.), 2019: Modeling the impact of climate change for the 
key cereal crops in Hungary. Agricultural Books. NAIK Agricultural Research Institute, 
Budapest. ISBN 978-963-491-605-5 (in Hungarian) https://doi.org/10.1002/2013EF000185 

Kendall, M.G., 1975. Rank correlation methods. Charles Griffin, London 
Kocsis, T. and Anda, A., 2018: Parametric or non-parametric: analysis of rainfall time series at a 

Hungarian meteorological station. Időjárás 122, 203–216.  
https://doi.org/10.28974/idojaras.2018.2.6 

Kocsis, T., Kovács-Székely, I., and Anda A., 2017: Comparison of parametric and non-parametric time-
series analysis methods on a long-term meteorological data set. Cent Eur Geol 60, 316–332. 
https://doi.org/10.1556/24.60.2017.011 

Kocsis, T., Kovács-Székely, I., and Anda A., 2020: Homogeneity tests and non-parametric analyses of 
tendencies in precipitation time series in Keszthely, Western Hungary. Theor. Appl. Climatol. 
139, 849–859. https://doi.org/10.1007/s00704-019-03014-4 

Kocsis, T., Pongrácz, R., Hatvani, I. G., Magyar, N., Anda, A., and Kovács-Székely, I. 2024: Seasonal 
trends in the Early Twentieth Century Warming (ETCW) in a centennial instrumental temperature 
record from Central Europe. Hungarian Geograph. Bull 73(1), 3–16. 
https://doi.org/10.15201/hungeobull.73.1.1  

Lakatos, M. and Bihari, Z., 2011: A közelmúlt megfigyelt hőmérsékleti és csapadéktendenciái 
[Temperature and precipitation tendencies observed in the recent past]. – In: Bartholy, J., Bozó, 



 

390 

L., Haszpra, L. (Eds): Klímaváltozás 2011. Hungarian Meteorological Society, Budapest, 146–
169. (in Hungarian) 

Lee, T.C., Chan, K.Y., Chan, H.S., and Kok, M.H., 2011: Projections of extreme rainfall in Hong Kong in the 
21st century. Acta. Meteor. Sin. 25 (6), 691–709. https://doi.org/10.1007/s13351-011-0601-y 

Liu, J.J., Fu, Z.H., and Liu, W.F., 2023: Impacts of precipitation variations on agricultural water scarcity 
under historical and future climate change. J. Hydrol. 617, 128999.  
https://doi.org/10.1016/j.jhydrol.2022.128999 

Liu,. L, Xu, Z.X., and Huang, J.X., 2012: Spatio-temporal variation and abrupt changes for major climate 
variables in the Taihu Basin, China. Stoch Environ Res Risk Assess 26(4),777–791. 
https://doi.org/10.1007/s00477-011-0547-8  

Lone, B. A., Qayoom, S., Nazir, A., Ahanger, S. A., Basu, U., Bhat, T. A., Dar, Z. A., Mushtaq, M., El 
Sabagh, A., Soufan, W., ur Rahman, M. H., and El-Agamy, R. F., 2022. Climatic trends of variable 
temperature environment: A complete time series analysis during 1980-2020. Atmosphere. 13, 
749. https://doi.org/10.3390/atmos13050749 

Madsen, H., Lawrence, D., Lang, M., Martinkova, M., and Kjeldsen, T.R., 2014: Review of trend 
analysis and climate change projections of extreme precipitation and floods in Europe. J. Hydrol. 
519, 3634–3650. https://doi.org/10.1016/j.jhydrol.2014.11.003 

Mann, H. B., 1945. Nonparametric tests against trend. Econometrica. 13, 245–259. 
https://doi.org/10.2307/1907187 

Mosaad, M.G., Ortiz-Ferrara,G., and Mahalaksmi,V., 1995: Tiller development and contribution on 
yield under different moisture regime in two Triticum species. J. Agronomy Corp Sci. 174 (3), 
173–180. https://doi.org/10.1111/j.1439-037X.1995.tb01100.x 

Norrant, C. and Douguédroit, A., 2005: Monthly and daily precipitation trends in the Mediterranean 
(1950–2000). Theor. Appl. Climatol. 83 (1–4), 89–106.  
https://doi.org/10.1007/s00704-005-0163-y 

Ntegeka, V. and Willems, P., 2008: Trends and multidecadal oscillations in rainfall extremes, based on 
a more than 100-year time series of 10 min rainfall intensities at Uccle, Belgium. Water Resour. 
Res. 44 (7), W07402. https://doi.org/10.1029/2007WR006471 

Olesen, J.E. and Bindi, M., 2002: Consequences of climate change for European agricultural 
productivity, land use and policy. Eur. J. Agron. 16, 239–262. 
https://doi.org/10.1016/S1161-0301(02)00004-7 

Olesen, J.E., Trnka, M., Kersebaum, K.C., Skjelvåg, A.O., Seguin, B., Peltonen-Sainio, P., Rossi, F., 
Kozyra, J., and Micale, F., 2011: Impacts and adaptation of European crop production systems to 
climate change. Eur. J. Agron. 34, 96–112. https://doi.org/10.1016/j.eja.2010.11.003 

Pachauri, R.K., Allen, M., Barros, V., Broome, J., Cramer, W., Christ, R., Church, J., Clarke, L., Dahe, 
Q., and Dasgupta, P., 2014: Climate Change 2014: Synthesis Report. Contribution of Working 
Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change. 

Pettitt, A.N. 1979: A Non-parametric Approach to the Change-point Problem. Appl. Stat. 28(2), 126–
135. 

Pohlert, T., 2016: Non-parametric trends and change-point detection. 
https://doi.org/10.32614/CRAN.package.trend 

Sen, P. K., 1968. Estimates of the regression coefficient based on Kendall’s tau. J. Amer. Stat. Assoc. 
63, 1379-1389. https://doi.org/10.1080/01621459.1968.10480934 

Singh, S, Singh S. K., Kanga, S., kr Shrivastava, P., Sajan, B., Meraj, G., Kumar, P., Đurin, B., Krajčić, 
N., and Dogančić, D., 2024: Analysis of hydrological changes in the Banas  
River: Analysing Bisalpur Dam impact and trends of the water scarcity. Results Engin. 22, 
101978. https://doi.org/10.1016/j.rineng.2024.101978 

Spinoni, J., Naumann, G., Vogt, J.V., and Barbosa, P., 2015: European drought climatologies and trends 
based on a multi-indicator approach. Glob. Planet Change. 127, 50–57. 
https://doi.org/10.1016/j.gloplacha.2015.01.012 

Sun, Q., Zhang, X., Zwiers, F., Westra, S., and Alexander L.V., 2021: A global, continental, and regional 
analysis of changes in extreme precipitation. J. Climate 34 (1), 243–258. 
https://doi.org/10.1175/JCLI-D-19-0892.1 



 

391 

Szentimrey, T., 1999: Multiple Analysis of Series for Homogenization (MASH). Proceedings of the 2nd 
Seminar for Homogenization of Surface Climatological Data, Budapest, Hungary; WMO, 
WCDMP 41, 27–46. 

Tabari, H. and Willems, P., 2018: Seasonally varying footprint of climate change on precipitation in the 
Middle East. Sci. Rep. 8, 4435. https://doi.org/10.1038/s41598-018-22795-8 

Varga-Haszonits, Z., Varga, Z., Lantos, Zs., and Enzsölné, Gerencsér E., 2006: Az éghajlati 
változékonyság és az agroökoszisztémák. (Climatic variability and agroecosystems) Monocopy, 
Mosonmagyaróvár. (in Hungarian) 

Wang, G., Wang, D., Trenberth, K.E., Erfanian, A., Yu, M., Bosilovich, M.G., and Parr, D.T., 2017: The 
peak structure and future changes of the relationships between extreme precipitation and 
temperature. Nat. Clim. Change 7 (4), 268–275. https://doi.org/10.1038/nclimate3239 

Ward, F.A. and Pulido-Velazquez, M., 2008: Water conservation in irrigation can increase water use. 
Proc. Natl. Acad. Sci. USA 105 (47), 18215–18220. https://doi.org/10.1073/pnas.0805554105 

Wen, X., Fang, G., Qi, H., Zhou, L., and Gao, Y., 2016: Changes of temperature and precipitation 
extremes in China: Past and future. Theor. Appl. Climatol. 126 (1–2), 369–383.  
https://doi.org/10.1007/s00704-015-1584-x 

Zhang, L., Chen, F., and Lei, Y.D., 2020: Climate change and shifts in cropping systems together 
exacerbate China’s water scarcity. Environ. Res. Lett. 15 (10), 104060. 
https://doi.org/10.1088/1748-9326/abb1f2 

Zhao, N., Yue, T., Li, H., Zhang, L., Yin, X., and Liu, Y., 2018: Spatio-temporal changes over Beijing-
Tianjin-Hebei region. China. Atmos Res. 202, 156–168.  
https://doi.org/10.1016/j.atmosres.2017.11.029 

Zobel, Z., Wang, J., Wuebbles, D.J., and Kotamarthi, V.R., 2018: Analyses for high-resolution 
projections through the end of the 21st century for precipitation extremes over the United States. 
Earth’s Future 6 (10), 1471–1490. 




