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Changes in precipitation and temperature caused by global warming are reasons for the increasing occurrence of 

hydrological extremes such as floods or droughts. The aridity index is a significant indicator of local climate changes and 

is often used for quantifying the long-term climate conditions of a given location. In addition, the values of the aridity 

index are indicators of the water conditions of the area and their potential tendency to change in humidity. Therefore, 

understanding the spatio-temporal patterns of the aridity index is a crucial goal for agricultural and water management of 

watersheds. 

This research investigates the spatial and temporal variations of the aridity indices at 27 climatological stations situated 

in the lowland areas of Slovakia. The stations were divided into three main lowland areas according to their spatial 

location. The United Nations Environmental Program (UNEP) method was used, and 40 years climatological 

measurements data from the Slovak Hydrometeorological Institute (SHMI) was considered for calculating the monthly 

and yearly mean values of the aridity index and assessing its spatial and temporal patterns.   

Trends in the monthly and yearly spatial mean values of the aridity index showed significant variability between selected 

areas. The annual mean of the aridity index of stations situated in the Juhoslovenská kotlina lowland indicates increasing 

trends in the aridity index in winter months and in July. In the case of other lowlands, there were no trends in the monthly 

and yearly values. Other significant differences were observed in the seasonal variability of the mean monthly values of 

the aridity index in selected areas.  
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Introduction 

 

The aridity index is an often used index for characterising 

the long-term climatic conditions of a region. For 

example, studies of the aridity index have shown that 

under conditions of increasing concentrations of CO2, 

the aridity values will increase (Greve et al., 2019). 

Changes in the aridity index offer information about 

the impact of climate change and related climate 

variables on the availability of water. This index is also 

used as an indicator of climate change in many studies, 

where the trends of hydrological variables are 

investigated(Arora, 2002),  and is used as an indicator of 

climate change (Huo et al., 2013; Kafle and Bruins, 

2009). It has also been used for the determination of 

changes in crop yields (Bannayan et al., 2010; Ranjan et 

al., 2012). 

Research of Tomlain and Škvarenina (2007) realized on 

31 meteorological stations in Slovakia showed high 

variability of aridity index in selected stations. They 

divided the station into samples according to vertical 

vegetational zones. The aridity index calculated 

according to the Budyko method was moved in intervals 

1.4–0.4, where AI value constantly decreases with 

the increasing altitude of stations. In the Region of 

central Europe, SPI and SPEI indexes are more 

frequently used to evaluate the drought. Vido et al. 

(2019) evaluated drought in the Horne Pozitavie region 

of Slovakia using the SPEI index. The results showed 

increasing humid conditions in winter and drier 

conditions in spring and summer, with a negative trend 

of SPEI in April, which can have consecutive impacts on 

agricultural yields. Study of Řehoř et al. (2021) shows 

gridded soil‐drought values from the SoilClim model for 

the 1961–2019 period in four lowlands in central Europe 

at altitudes of below 400 m a.s.l.. In the winter half-year, 

linear trends in soil drought decrease progressively but 

are statistically insignificant for all four regions. 

Increasing annual temperature, increasing frequency of 

anticyclonic circulation types, and decreases in cyclonic 

types are probably the main drivers of the changing 

frequency and intensity of soil-drought episodes and their 

distribution over the year. 

To calculation of aridity index, it is necessary to define 

the difference between incoming moisture totals and 

potential outgoing moisture. Several methods have been 

developed for describing and estimating moisture deficit, 

that use different input parameters to estimate the aridity 
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index. Thornthwaite (1948) calculated the values of 

the aridity index as the difference between reference 

evapotranspiration and precipitation divided by reference 

evapotranspiration. UNEP (1997) suggested using 

the ratio of total precipitation to the mean atmospheric 

evaporative demand (expressed as potential 

evapotranspiration). Calculating the aridity index 

according to the UNEP (1997) method requires 

determining the potential evapotranspiration from 

the measured climatological data that represents moisture 

losses. This method was originally developed for 

evaluations of the aridity index on a global scale and for 

its application. The Thornthwaite method was used for 

the calculation of potential evapotranspiration. 

The authors mention a more sophisticated method for 

estimating the evaporation rate, such as „calculating 

evapotranspiration rates for different crop types or 

calculating the soil moisture deficit in relation to 

precipitation and evapotranspiration“. However, this 

method was not used in the study because it requires 

many inputs that are not available worldwide. 

The aridity index calculated by this method does not 

consider the effect of seasonal variations in 

climatological inputs. The climate of an area can be 

categorized into five classes (Şarlak and Mahmood Agha, 

2018): 

 Humid →AI ≥ 0.65 

 Drought sub-humid →0.5 ≤ AI < 0.65 

 Semi-arid →0.2 ≤ AI < 0.5 

 Arid areas →0.05 ≤ AI < 0.2 

 Hyper-arid →AI < 0.05 

 
For the calculation of the Aridity Index, a wide range of 

climatological variables measurements are necessary, 

especially for the estimation of reference 

evapotranspiration which is used instead of potential 

evapotranspiration. Reference evapotranspiration (ET0) 

is a specific type of the potential value of 

evapotranspiration, which has been described as “the rate 

of evapotranspiration from a hypothetical reference crop 

with an assumed crop height of 0.12 m., a fixed surface 

resistance of 70 s m-1 and an albedo equal to 0.23, closely 

resembling an extensive surface of green grass” (Smith 

et al., 1990). FAO-56 Penman-Monteith equation for 

calculation of ET0 (Eq.2) was utilized to calculate 

reference evapotranspiration. This method is commonly 

used as the benchmark method in research aimed at 

determining the water deficit of an area and evaluations 

of droughts (Ficklin et al., 2015). 

Identification of the changes in the aridity index yields 

essential input for the management of watersheds and 

management of agricultural land. However, despite 

the many studies in various countries and regions on 

trends in the aridity index, only a few analyses are 

available for the Slovak Republic. This study aims to 

characterize temporal changes in the aridity index and 

determine the spatial distribution of AI values for 

identifying areas in the lowland regions of Slovakia 

the most endangered by aridity. 
 

Materials and methods 
 

Climatological data from 27 climatological stations of 

the maximum, minimum and mean air temperature, 

the wind speed at a 2 m height, actual water pressure, 

precipitation and duration of the sunsets in daily time step 

for the period from 1980 to 2019 was accessed from 

the Slovak Hydrometeorological Institute (SHMI). 

The 40-year period was considered to assess the spatial 

and temporal pattern of the aridity index. The list of 27 

climatological stations (Fig. 1) was divided into three 

groups based on the lowland geomorphological units of 

Slovakia, i.e., a) Podunajská and Záhorská nížina 

lowland – the western part b) Juhoslovenská kotlina 

lowland – the central part and c) Východoslovenská 

nížina lowland – the eastern part. These three areas are 

the most important in terms of agricultural production in 

Slovakia; therefore, it is useful to get to know how they 

deal with water. Especially nowadays and recently when 

the impact of the soil drought, meteorological and 

hydrological drought is much stronger. 

 

 

 
Fig. 1.  Stations with measured meteorological data on selected lowland areas 

of Slovakia.  
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For calculating the aridity index (AI), the worldwide used 

UNEP (1997)method was selected. This method 

describes the aridity index as a deficiency of moisture 

under normal climatic conditions and is expressed as 

a ratio between total precipitation and potential 

evapotranspiration (Eq. 1, UNEP, 1997). According to 

Nastos et al. (2013), this method is suitable to use to 

appraise spatial patterns of aridity at a country or regional 

scale. The universal equation for calculating the Aridity 

Index is: 

 

𝐴𝐼 =
𝑃𝑖

𝐸𝑇0𝑖
                                                                                           (1) 

 

where 

Pi     – sum of precipitation for selected time step [mm i-1] 

ET0i – sum of reference evapotranspiration for selected 

time step [mm i-1]  

 

The reference evapotranspiration in a daily step, which 

replaced potential evapotranspiration, was calculated 

using the FAO reference evapotranspiration equation for 

grass (Eq.2), according to the Penman–Monteith method 

(Allen et al., 1998). Replacement of the basic, low input 

required method for estimation of the potential 

evapotranspiration by a more sophistical method for 

calculating the reference evapotranspiration has been 

used in many studies (Koffi and Komla, 2015; Spinoni et 

al., 2015). This method provides better results for more 

specified regions, and, according to Sentelhas et al. 

(2010) and many other authors, is a universal standard for 

estimating reference evapotranspiration. The daily 

values of reference evapotranspiration were recalculated 

for monthly and yearly totals.  

 

𝐸𝑇0 =
0.408∗∆∗(𝑅𝑁−𝐺)+ϒ

900

𝑇+273
∗𝑢2+(𝑒𝑠−𝑒𝑎)

∆+ϒ∗(1+0.34∗𝑈2)
                               (2) 

 

where 

ET0     – reference evapotranspiration [mm day-1]; 

Rn      – net radiation at the crop surface [MJ m-2 day-1]; 

 G       – soil heat flux density [MJ m-2 day-1]; 

 T        – mean daily air temperature at 2 m height [°C]; 

 u2       – wind speed at 2 m height [m s-1]; 

 es       – saturation vapor pressure [kPa]; 

 ea       – actual vapor pressure [kPa]; 

 es - ea – saturation vapor pressure deficit [kPa]; 

 D       – slope vapor pressure curve [kPa °C-1]; 

 ϒ        – psychrometric constant [kPa °C-1]. 

 

Fig. 2 shows the seasonal distribution of the monthly 

values of the reference evapotranspiration, calculated by 

the Penman–Monteith equation. 

 

The Penman-Monteith method (Allen et al., 1998) 

requires input data of the air temperature, relative air 

humidity (or vapour pressure), wind speed, and solar net 

radiation. The dataset of the solar net radiation is not 

accessible in the SHMI database; and it is necessary to 

calculate it according to one of the available methods. 

The daily values of the solar net radiation were calculated 

according to the FAO-56 methodology(Allen et al., 

1998), which is part of the methodology for estimation of 

reference evapotranspiration by the FAO method, where 

the most important input is the duration of the sunset 

(eq.3).  

 

Rn=[(1 − 𝛼) ∗ 𝑅𝑠]-[𝜎 ∗ [
𝑇𝑚𝑎𝑥,𝐾+𝑇𝑚𝑖𝑛,𝐾

2
] ∗ (0.34 − 0.14√𝑒𝑎) ∗

(1.35 ∗  
𝑅𝑠

𝑅𝑠0
− 0.35)]                                                                             (3) 

 

where 

Rn         – net radiation at the crop surface [MJ m-2 day-1]; 

α        – albedo or canopy reflection coefficient, 

σ       – Stefan-Boltzmann constant [4.903 10-9 MJ K-4 

m-2 day-1]; 

Rs      – the incoming solar radiation [MJ m-2 day-1]; 

Rs0     – clear-sky solar radiation [MJ m-2 day-1]; 

Tmax,K– maximum absolute temperature during a 24-

hour period [K = °C + 273.16]; 

Tmin,K – minimum absolute temperature during a 24-hour 

period [K = °C + 273.16]. 

 

 

 
Fig. 2.  Seasonal distribution of the monthly values of the reference 

evapotranspiration-areal mean value (the dark line is the median of the values, light 

border around the median is variance of the value). 
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Unfortunately, sunset duration data is unavailable in 

a length equal to length of the other climatologic data 

used. We cannot estimate this value from the value of any 

other accessible variable; therefore, the missing solar net 

radiation results were supplemented by reanalyzing 

the remote sensing data from the ERA5 dataset of 

the hourly data of net radiation on a single level, 

produced by Copernicus (2022). The values of 

the reanalyzed remote sensing data were calibrated by 

a simple linear model with net radiation derived from 

the measured data, with a Pearson correlation coefficient 

of 0.69, i.e., a moderate degree of correlation. 

The missing values of the calculated time series were 

replaced with data from these calibrated ERA5 net 

radiation datasets. 

Mann-Kendall’s   non-parametric    test    was   used  for  

evaluating the monotonic tendencies of the aridity 

indices over time (Bevan and Kendall, 1971; Mann, 

1945). This method for testing the trends was also 

recommended by the World Meteorological 

Organization (2009). The nature of the test is 

a correlation between the data ranks and sequences of 

a time series (Wang et al., 2020). For the calculation of 

the slope, the Theil–Sen (TS) method was applied (Sen, 

1968; Theil, 1992). 

 

Results 

 

The results of the seasonal distribution show a different 

course of the mean monthly values of the aridity index in 

selected areas (Fig.3). The most significant difference 

in  the seasonal  distribution  is in the  case  of stations in 

 

 

 
Fig. 3.  Seasonal distribution of the mean monthly aridity index for selected areas 

(the dark line is median of the values, light border around the median is the variance 

of the values). 
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the Východoslovenská nížina lowland, where the mean 

monthly value of the aridity index is at its maximum in 

the summer months. 

The seasonal distribution of the AI in the Záhorská and 

Podunajská nížina lowlands (Fig. 3) shows humid 

condition in the winter months and only becoming to 

semi-arid in April. The highest range of values appears in 

December. The seasonal distribution of AI in the stations 

in the Východoslovenská nížina lowland show a very 

similar course of AI; however, it is essential to point out 

that the values are higher than in other areas, and 

the Juhoslovenská kotlina lowland remains a dry humid 

area during all the months on average.  

Moreover, the notable seasonal distribution of AI (Fig. 3) 

is for the Východoslovenská nížina lowland. At the end 

of the winter and in the early spring, the values of AI 

decrease below 0.5, which means that the area belongs to 

a semi-arid zone. This could be crucial for farmers in 

the spring season when vegetation and crops most 

demand water. It could increase costs for farmers to 

maintain healthy and vital plants. Another interesting fact 

is that the range of values is broad during all the months. 

This phenomenon is determined by the variability 

of the meteorological elements in the continental climate 

conditions representing the eastern part of Slovakia. 

The linear regression with the trendline equation was 

derived from the yearly and monthly data (Fig. 4). To 

determine the significance of the trends, the Mann-

Kendall trend test and the Thein-Sen slope were used. 

According to the results of the trends of the yearly values 

of AI, an increasing trend was identified by the Mann-

Kendall test and the Thein-Sen slope on the monthly and 

yearly values in the case of the Juhoslovenská kotlina 

lowland. The trend analyses of the aridity index in the 

Juhoslovenská kotlina lowland with a significant level of 

α=0.05 showed a p-value of 0.0071 with a slope of 

0.0059 for the yearly values and a p-value of 0.0000068 

with a slope of 0.00066 for the monthly values. 

The trend analyses of the monthly mean values for each 

month separately show the significant increasing trends 

of AI in the winter months- from December to February 

and in July (Table 1), in the station in the Juhoslovenská 

kotlina lowland. In the winter months of January and 

February, this phenomenon could be caused by 

a combination of an increasing precipitation trend and 

a decreasing trend of ET0, the same situation occurs in 

July. In December, the increasing value of AI is probably 

caused  by actual  and previous  months  with decreasing 

 

 

Záhorská and Podunajská                     Východoslovenská                               Juhoslovenská 

 

Fig. 4.  Trends in the yearly mean aridity index and yearly sum of the reference 

evapotranspiration and precipitation for stations in selected areas – Linear regression. 
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value of ET0, which continues to February. There is no 

trend in the monthly and yearly data in the spring and 

autumn months. 

There were no recognized trends in the aridity index and 

precipitation in other areas. There is only a decreasing 

trend of ET0, which is not significant enough to result in 

changes in the trends of the aridity index. 

Another unexpected result is the difference between 

the seasonal distribution of the mean monthly 

precipitation and the seasonal distribution of the mean 

monthly aridity index values for the Juhoslovenská 

kotlina lowland. While the maximum monthly 

precipitation is concentrated in the summer months, i.e., 

from May to July (Fig. 5), the values of the aridity index 

are minimal in these months, with the maximum in 

the winter months, where the precipitation is in its 

minimal values. This impact is different in other selected 

areas, where the impact of the distribution of the monthly 

values of precipitation is discernible in the distribution of 

the monthly values of AI. 

The pie charts (Fig. 6) below represent the fraction of 

each month allocated to a category of AI in the selected 

areas. Fig. 6 shows the highest frequency of months in 

the hyper-arid category (2.5%) and in the humid category 

of area in the stations of Juhoslovenská kotlina lowland 

with a fraction of 45.5% (Fig. 6). This area has 

the largethest ratio of months with edge categories of 

aridity index. Recognition of the spatial variability of 

the drought risk is significant for its management. On 

the other hand, the most considerable portion of 

the month adjunct to an area of semi-arid and dry sub-

humid regions occurs in the stations in 

the Východoslovenská kotlina lowland, where is 

the highest fraction of months assigned like arid regions 

at the same time. 

The range of the mean long-term values of the aridity 

index over the Slovak lowland stations is from 0.39 

to 1.00 (Fig.7). The highest mean long-term values 

of the aridity index were estimated at the two stations of 

the Juhoslovenská kotlina lowland, i.e., Revúca and 

Malinec (0.99 and 1.0). The lowest value of the long-term 

aridity index was identified at the Gabčíkovo 

climatological station, where a value represents a semi-

arida semi-arid climatic region. 

In general, if we consider every area studied as 

a homogenous part, then we can assume that the climate 

of the central part of Slovakia in the Juhoslovenská 

kotlina lowland is categorized as a humid region 

according to the long-term mean value of the aridity 

index of 0.65. The Podunajská, Záhorská (AI=0.49) and 

Východoslovenská nížina lowland (AI=0.45) belong to 

semi-arid regions with a higher drought risk. 

 

 

Table 1.  Results from the Mann-Kendall trend analyses of the monthly values for each 

month separately (red-significant trend α=0.05, yellow-low significant trend 

α=0.1) 

Zahorská and Podunajská 

lowland 

Month 

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

AI             

P             

ET0    ↑  ↑       

 

 

Juhoslovenská 

lowland 

Month 

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

AI ↑ ↑     ↑     ↑ 

P ↑ ↑     ↑ ↑     

ET0 ↓ ↓       ↓ ↓ ↓ ↓ 

 

 

Vychodoslovenská 

lowland 

Month 

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

AI             

P             

ET0    ↑  ↑ ↑ ↑   ↑  
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Fig. 5.  Seasonal distribution of the long-term total monthly precipitation. 

 

 

 

Fig. 6.  Categorization of the months according the mean value of aridity index. 

 

 

 
Fig. 7.  Spatial distribution of the mean long-term aridity index. 

 

 

 

 

 

Conclusion 

 

The results show significant increasing trend in monthly 

values of AI (α=0.05) in the case of the Juhoslovenská 

kotlina Lowland, with the p-value 7*10-6 and Sen´s slope 

0.0007 and p-value 0.007 and Sen´s slope 0.006 in yearly 

values. The seasonal distribution of the aridity index in 

the Juhoslovenská kotlina, Záhorská, and Podunajská 

nížina lowlands have two local minimums, the most 

significant in April (Juhosl. = 0.47, Zahor. and Pod. = 

0.33) and the second local minimum in August (Juhosl. 

= 0.52, Záhor. and Pod. = 0.46). The maximum values of 
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the aridity index were identified in the winter months in 

both areas, in November on Juhoslovenska nížina 

lowland (AI=1.55) and in December for Záhorská and 

Podunajská nížina lowland (AI=0.83). The third local 

minimum can be recognized in October in the case of 

the Záhorská and Podunajská nížina lowland. In 

the Vychodoslovenská nížina lowland, the monthly 

distribution of aridity index values is different from other 

areas, and the maximum values are recognized in the late 

spring and summer – in May (AI=0.49) and July 

(AI=0.54). The minimum AI values was detected in 

March (AI=0.32), with a second local minimum in 

August (AI=0.42). These differences could be caused by 

differences in the climate of these regions because in 

the eastern part of Slovakia the climatic characteristics 

are more continental than in the western part of Slovakia. 

In the long-term trends of AI, we can find the significant 

increasing trends in the Juhoslovenská kotlina Lowland 

in the yearly and monthly mean values. Detailed trend 

analyses for each month separately show the significant 

increasing trends of AI in the winter months, i.e., from 

December to February and in July. The differing yearly 

distribution of the monthly mean values of the aridity 

index than in the monthly distribution of precipitation in 

the Juhoslovenská kotlina lowland may imply that in this 

area, the precipitation does not have the same impact on 

the distribution of the mean aridity values, as in the case 

of the other selected areas.  To interpretation of 

the relationship between these characteristics, it is 

necessary to carefully and consider all possibilities, 

because in some cases, the ostensible relationship could 

occur by changes in other related characteristics caused 

by climate change. Describing the relationship between 

climatic characteristics and the aridity index will be 

the goal of our following research. 
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