
UNIVERSITY OF MISKOLC 

MIKOVINY SÁMUEL DOCTORAL SCHOOL OF EARTH SCIENCES 

Head of the Doctoral School: 

Prof. Dr. Péter Szűcs, professor 

 

 

 

 

 

 

 

 

 

STUDY OF THE PERIODICITY OF PRECIPITATION AND SHALLOW GROUNDWATER 

DATA IN EASTERN HUNGARY WITH A PERSPECTIVE TO THE CARPATHIAN BASIN 

THESIS BOOKLET 

 

 

 

AUTHOR: 

Csaba Ilyés  

hydrogeological engineer 

 

SCIENTIFIC SUPERVISORS: 

Prof. Dr. Péter Szűcs, professor 

Dr. Endre Turai, private professor 

 

Institute of Water Resources and Environmental Management 

 

 

 

Miskolc, 2024 

  



  



 

1 
 

1. Aims 

Our groundwater aquifers are particularly important from the point of view of health, food 

supply, energy, and the ecosystem, a significant part of which is exposed to contemporary 

human and natural influences. In Hungary, 95% of drinking water is produced from deep 

groundwater layers, so the changing climate and extreme weather conditions, even a 

small change in the water cycle, can affect these aquifers and their recharge conditions. 

Therefore, the examination of these effects and consequences is a very important water 

management and water protection issue in the entire Carpathian basin. The effects of 

climate change were collected in detail in several studies, highlighting the affected areas 

in Hungary (Rothárné and Tóth, 2008 and Szlávik, 2003). As the number of extreme 

weather events is expected to increase, dry and wet periods will become more distinct. 

Longer periods without precipitation are forecasted in the dry season, while changes in 

the intensity of precipitation events are expected in the rainy season. An increase in the 

number of large amounts of precipitation falling in a short time is expected, which will 

increase the surface runoff due to the maximum infiltration capacity, so overall the amount 

of water reaching the groundwater table will decrease (Szöllősi-Nagy, 2020). 

Recently, the impact of extreme weather conditions on groundwater has been investigated 

in a number of research projects, including at the University of Miskolc (Darabos et al., 

2018; Madarász et al., 2015). 

During my work, I tried to obtain new information about the recharge of groundwater by 

analyzing the available precipitation and groundwater time series, since in order to 

successfully solve water-related (global and local) problems, the cyclic behavior of the 

components of the water cycle must be understood. The aim of the thesis is to investigate 

the two elements of this hydrological cycle, the precipitation and the shallow groundwater 

layers in the Carpathian Basin, with the help of the available precipitation amounts and 

water level data series, using advanced mathematical methods. 
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2. Applied methods, results – Examination of precipitation data 

Based on the quantity and quality of the available data, I examined the precipitation totals 

in several resolutions for the entire Carpathian basin for the period 1901-2010. Due to the 

separation of local and regional effects, it is particularly important to compare the results 

obtained with other measurement sites in Hungary in addition to the main sample area of 

the research, the regions of Nyírség and Hajdúság. In the course of my work, I used 

spectral analysis based on discrete Fourier transformation to examine the annual, monthly 

and daily precipitation amounts from the measuring stations in Debrecen, Budapest, Pécs 

and Szombathely. With the help of the 110 datapoints included in the annual study, I was 

able to define 7 regional precipitation cycles (Figure 1), in addition to numerous local 

periodic components (Table 1). By using the monthly data, I managed to expand the 

number of nationally definable periods to 13 cycles, and I also showed a number of local 

cycles (Figure 2). 

The large amount of daily data allowed me to perform calculations for several time 

intervals, so the beginning and the end of the 20th century became comparable, and 

possibly the changes could be mapped. 

  



 

3 
 

 

1. Table: Main and minor cycles calculated from the annual rainfall time series  
 

Budapest Debrecen Pécs Szombathely 

T 

[yr]  

[%] 

T 

[yr]  

[%] 

T 

[yr]  

[%] 

T 

[yr]  

[%] 

2.8 45.65 3.1 41.11 2.9 88.95 2.8 50.20 

3 48.83 3.4 56.89 3.2 61.44 3 44.10 

3.3 47.93 3.6 100.00 3.6 95.02 3.5 71.06 

3.6 90.15 4.3 71.45 3.9 64.36 3.9 54.00 

3.9 29.79 4.6 28.36 4.1 82.77 4.2 55.97 

4.3 41.42 5 77.45 4.5 100.00 4.5 21.06 

4.5 40.03 5.6 55.18 5 99.50 5 52.84 

5 90.88 6.1 61.87 5.6 55.28 5.5 30.80 

5.3 32.98 6.5 49.59 6.1 66.19 6.3 47.78 

5.7 41.75 7 30.45 6.7 32.68 6.8 32.11 

6.2 33.63 7.7 24.24 7.6 60.27 7.8 40.63 

6.6 33.23 10.4 26.52 9.9 67.53 8.5 51.41 

7.5 30.02 13.5 69.34 12 54.49 9.5 47.53 

8.3 40.12 21.8 43.45 14.3 65.71 10.4 49.95 

10.6 53.15 31.6 77.77 18.1 43.87 11.8 80.05 

12.4 60.56 51 27.46 31.6 73.43 13.3 61.30 

14 57.74   51 55.10 15.6 72.15 

19.8 59.76     26.7 100.00 

24.4 40.03     36 80.94 

31.3 17.05     59 65.26 

47 47.17       
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1. Figure: Cycles calculated from annual data, common periods marked 

 

 

2. Figure: Cycles calculated from monthly data, marked with common periods 

 

In the course of my work, I further examined the periods defined in Debrecen. 

As a next step in order to get to know the area better, I used the property of the discrete 

Fourier transformation, that if the amplitude spectrum and the phase angle are known, the 

original time series can be restored. If I only use the main and secondary cycles I have 

shown, a deterministic time series can be generated, even beyond the time interval under 

investigation, making an estimate for the future. 
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To prepare the forecast, I selected the Debrecen measuring station. Using the monthly 

and annual precipitation amounts of the 110-year database, I made forecasts based on 

several scenarios. During the tests, the learning phase is the previously used period 

between 1901-2010, while the validation phase is the period that has passed since then 

until 2020. 

 

3. Figure: The forecast calculated from Debrecen's annual precipitation data using 10 

cycles 

In the first case, I used the 10 most dominant periods, the correlation coefficient of the 

calculated data series with the original measured precipitation amounts is 0.69, which is 

considered a moderately strong correlation. During the validation period, it is 0.66 (Figure 

3). 
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4. Figure: The forecast calculated from Debrecen's annual precipitation data using 10 

cycles 

For the second calculation, all 18 major and minor cycles were used, so the correlation 

coefficient also increased, 0.73 in the teaching period, which is significantly higher (Figure 

4). The validation phase is highlighted separately in Figure 5. 

 

5. Figure: Correlation coefficients of the validation phase 
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The fact that a lower correlation coefficient can be calculated by using more periods 

during the validation phase can be an additional research direction in the future to 

determine which is the optimal number of periods to achieve the highest correlation. 

During the calculations, deterministic calculated precipitation amount time series were 

also produced using the monthly data series, however, with the help of 15 periods, only a 

correlation coefficient of 0.47 was detected, which can be described as a weak 

relationship. 

By increasing the number of periods and using the most dominant 164 cycles, I only got a 

correlation coefficient value of 0.62. The variability in monthly precipitation amounts is 

basically much greater than in the case of annual precipitation amounts, so the method 

did not prove to be effective for preparing this kind of forecast. 

For further investigations, I used the Wavelet analysis methodology, which can be used to 

determine the time dependence and temporality of a dominant cycle. The sine wave with 

the appropriate period and unit amplitude was used. Each wavelet shows a maximum 

value near 4 places (correlation coefficient above 0.5), in the decades 1910, 1940, 1960, 

1970. Within this is the wavelet of the 4.3-year cycle in Debrecen, with 4 maximum values, 

(in order) in 1918, 1971, 1973 and 1916. The years of the 1910s and 1960s almost always 

show the most dominant values of the cycles, while they are much less dominant after the 

2000s. The wavelet result of the 4.3-year cycle is shown as an example in Figure 6. 

 

6. Figure: The result of the wavelet analysis of the 4.3-year cycle 
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As the last step in the analysis of the precipitation data, I examined how global climate 

phenomena affect the precipitation amounts measured in Debrecen. Using the 

methodology of cross-correlation and cross-spectral analysis, I examined the measured 

parameters of the Northern Oscillation, North Atlantic Oscillation, Atlantic Multidecadal 

Oscillation, Pacific-, and Southern Oscillation for the monthly precipitation totals. Based on 

the results of the linear analysis, the small but demonstrable relationship of remote 

connections present in the northern hemisphere can be quantified, however, the climate 

phenomena occurring in remote parts of the planet are not linearly related to the 

precipitation (Figures 7-8). 

 

7. Figure: Cross-correlation between AO and Carpathian basin precipitation 
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8. Figure: Cross amplitude between AO and Carpathian basin precipitation 

Since the examined area has significant needs for drinking, medicinal and irrigation water, 

a better understanding of its recharge is of strategic importance. My new research results 

from the immediate area of Debrecen can help to better understand local precipitation 

events and support a better determination of the recharge of groundwater layers in the 

future. 

3. Applied methods, results – Grouping of groundwater data 

In the course of my work, I systematically selected 45 groundwater monitoring wells from 

the area of Hajdúság and Nyírség that are typical of the region. The characteristic of the 

wells is that they were measured over several time horizons, and in many cases, they are 

incomplete and sporadic. The goal was to develop a method based on which these time 

series can be grouped. 

Based on the literature I have processed, analyzes based on time series analysis and 

neural networks are well suited for the analysis of groundwater data. However, these 

models have not yet been directly used to group data. The essence of my new approach 

is to combine these statistical methods with the grouping mathematical methodology in 

order to be able to perform the grouping even on my extremely incomplete and sporadic 

data set. In the first step, I broke down the time series based on their dynamic 
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characteristics and grouped them. In the second step, I projected the time series into n-

dimensional spaces with the help of neural networks, thus estimating the common 

components. Finally, I compared the results of the two methodologies. 

Based on a thorough review of the existing literature, I believe that such a complex 

evaluation of the partial results so far has not been carried out, therefore I consider the 

research results presented in my thesis to be significant from the point of view of scientific 

and day-to-day water management, and partly of a methodological nature that can also be 

used in practice. With the basic equation, I was able to describe the annual flow of 

groundwater typical of the area, and I also managed to determine monthly coefficients. 

By increasing the complexity of the equations, I first performed trend-stationary and then 

difference-stationary modeling. 

In the first round of grouping, I used the estimated coefficients of the trend-stationary 

autoregressive models - 12-month seasonal dummy variables and the coefficients of the 

1- and 2-month lag variable. It can be concluded from the trained three groups (Figure 9) 

that they can be arranged in a row according to the average depth - with significant 

internal dispersion. The average depth of group 1 is 241 cm, group 2 346 cm and group 3 

480 cm. 

 

9. Figure: The results of the grouping based on the geographical location of the wells (with 

linear modeling) 
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In the second step, due to the nature of the data and frequent incomplete data, I chose a 

clustering procedure based on a neural network. When using neural networks, I did not 

make any prior assumptions about the form of the function, so it was possible to validate 

the clustering created in the first step. I estimated the neural network using the Adam 

optimization procedure, using the mean squared error (MSE) as the error function. I 

determined the cycle number, i.e. the stopping point of learning, using a validation 

sample. The results of the neural network are the coordinates of the embedding of the 

wells in 4-dimensional space, whose distances from each other represent the similarity of 

the dynamics of the wells. Based on these, I determined the clustering based on the 

methodology already performed on the results of the time series analysis. 

 

10. Figure: The results of the grouping based on the geographical location of the wells 

(with a neural network) 

Comparing the two procedures, it can be concluded that despite the significantly flexible 

function form and increased degrees of freedom, the two completely different 

methodologies led to very similar results. Overall, it can be said that the developed 

methodology is suitable for the simultaneous analysis of this kind of data set. Sporadic 

time series of groundwater wells can be grouped based on dynamic characteristics using 

time series analysis and neural networks. The groups formed in this way are 

homogeneous in terms of their dynamic nature, so the information of incomplete data sets 

can be compressed. With the method, the depth limits of the groups in a given area can 

be specified using mathematical relationships. 
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4. Applied methods, results – Periodic components of shallow 

groundwater data 

During my work, I used the methodology used in the analysis of precipitation time series, 

in order to better understand and quantify the relationship. In the first round, I examined 

the long-term data series of three selected shallow groundwater wells using discrete 

Fourier transformation-based spectral analysis. I also compared the data from the 

groundwater well in the Debrecen area with the results of the rainfall data, and I chose the 

results of the wells from Nyírség and Danube-Tisza Interfluve as an outlook for the 

calculations. With the help of cross-correlation and cross-spectral analysis, I managed to 

determine delay times for the case of several monitoring wells in the Hajdúság area, and I 

also calculated the periodic components inherent in the relationship. 

 

11. Figure: Spectrums of monthly sampling precipitation and groundwater level time series 

in Debrecen 
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2. Table: Lengths and relative weights of the most dominant cycles in the precipitation and 

groundwater level time series in Debrecen 

Debrecen 

number 

prec. 

(rel. weight) 

GW level 

(rel. weight) 

1. 1 yr  

(100%) 

1 yr  

(100%) 

2. 0.5 yr  

(57.6%) 

12.3 yr  

(77.3%) 

3. 4.92 yr  

(25.5%) 

15 yr  

(45.4%) 

4. 1.23 yr  

(24%) 

18.9 yr  

(43.2%) 

5. 31.5 yr  

(23.8%) 

5 yr  

(41.7%) 

6. 2.39 yr  

(23.6%) 

10.5 yr  

(40.7%) 

7. 3.67 yr  

(22.4%) 

26.6 yr  

(38.1%) 

8. 1.62 yr  

(22.2%) 

9 yr  

(32.9%) 

9. 0.8 yr  

(22.1%) 

2.38 yr  

(32.9%) 

10. 6.08 yr  

(21.4%) 

3.67 yr  

(32.2%) 

11. 13.7 yr  

(21.1%) 

3.33 yr  

(31.4%) 

 

Examining the spectra of the monthly sampling precipitation and groundwater level time 

series in Debrecen, it can be seen that the 1-year, 2.5-year, 3.7-year and 5-year cycles 

appear in the time series of both parameters, therefore these cycles are caused by 

deterministic effects which they trigger periodic changes in both rainfall and groundwater 

levels. Two longer-term cycles can be detected in the time series of both parameters, but 

they do not occur with exactly the same period time (Figure 11, Table 2). 
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For the cross-correlation and cross-spectral studies, I used the long-term groundwater 

level time series in 11 Hajdúság and Nyírség areas, as well as the monthly precipitation 

amounts measured in Debrecen. 

 

12. Figure: Results of cross-correlation calculations 

Based on the results, it can be seen that a large amount of co-movement can be observed 

in the time series of the wells, the shift occurs between 8-10 months, which correlates 

best with the depth of the well. 

According to the results of the cross-spectral analysis, based on the period times, it can 

be seen that most of the wells have a periodicity of around 8 months, and some of them 

have a periodicity of around half a year. A 3-4 month cycle was also detected in two thirds 

of the wells. At the two measuring points located in Debrecen, I also showed the period 

times greater than the annual period. 

For a more detailed examination, daily data with a better resolution than monthly data 

should be used (Figure 13). 
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13. Figure: Groundwater level-precipitation cross-amplitude functions of the individual 

measurement sites 

In order to carry out tests with daily data, I compared the data series of several 

groundwater monitoring wells from the Debrecen area. 

 

14. Figure: The result of the cross-correlation calculation in Debrecen, based on daily data 

Examining the relationship between time series of water level measured in wells and 

precipitation, no clear result can be shown in many cases. In the case of those wells 

where a clear maximum was detected during the examination of the relationship, a time 

lag of 3-4 days could be calculated. 
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15. Figure: Groundwater level-precipitation cross-amplitude functions of the individual 

measurement sites 

Overall, during the spectral analysis, 25 and 27 cycles were detected from the two 

groundwater wells in Eastern Hungary, while only 18 from the one located between the 

Danube and Tisza. 

The results of the cross-correlation studies show similarities with the findings of Ubell 

(1953) and with the several-month shift detected by Gy. Szabó (1960) in groundwater 

monitoring wells in Pest. Based on these, the displacement of several months 

successfully detected at the depth I investigated shows a real relationship in the 

investigated area. 

In summary, it can be concluded that with the complex analysis of the rainfall totals and 

the groundwater level time series, it was possible to quantify many known relationships, 

several cycles with similar periods of time were detected from both data sets, thus 

demonstrating the direct relationship within the water cycle. I also successfully calculated 

the delay time of the connections near Hajdúság, Nyírség and Debrecen from monthly 

and daily data. Based on this, in the case of monthly values, a 7-8 month relationship can 

be demonstrated in the area, while in the case of daily values, a faster 3-4 day 

relationship can be found. I successfully made an estimate from the annual precipitation 

amounts, as well as demonstrated the effects of climate phenomena in the amount of 

precipitation. During the grouping of the data from the groundwater wells, I performed a 
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cluster analysis using a new methodology, using the dynamic components inherent in the 

time series. 

The results help to learn about the temporality of precipitation and groundwater, and help 

to understand the patterns and relationships inherent in the replenishment of subsurface 

layers. Based on the tests, I formulated the theses presented in Chapter 5. 

5. Theses 

Thesis 1: I have developed a complex set of methods for the analysis of long-term 

hydrometeorological data, which is suitable for determining the deterministic and 

stochastic nature of the data series, as well as for making medium-term (5-10 years) 

forecasts. The set of methods includes the spectral analysis based on the discrete Fourier 

transformation, the prediction method made from the obtained cycles, and the wavelet 

analysis performed on the obtained cycles. 

Thesis 2: From the 110-year-long annual and monthly precipitation total time series 

measured at four meteorological stations (Szombathely, Pécs, Budapest and Debrecen) 

in the country, which represent different domestic climatic conditions, I detected 13 

common cycles in the temporal evolution of precipitation by means of spectral analysis. 

The cycles are the 0.4 years; 0.5 years old; 1 year old; 1.14 years old; 1.2 years old; 2.75 

years 3 years; 3.5 years old; 4.5 years old; 5 years old; 6.2 years old; 7.6 and 12-13 

years, behind which are global and regional climate phenomena. In addition, I defined 

additional local cycles in the data series of the measurement points. 

Thesis 3: By examining the temporal dependence of the periods found in the Debrecen 

precipitation time series with the help of wavelet analysis, I determined when the 

deterministic and stochastic components were stronger in the period between 1900-2010. 

Based on the results, I determined that the deterministic effects were the most significant 

in the 1920-30 and 1960-70 decades. Thanks to the results, it can be stated that already 

earlier, in the 20th century, there were alternating periods when deterministic effects were 

more dominant and periods when stochastic effects prevailed more strongly, which is 

proven by the correlation values determined during the calculations. 

Thesis 4: Based on the cycles obtained by the spectral analysis of the 110-year rainfall 

time series, I made a medium-term forecast for the sample area until 2030 based on 

several scenarios using the data measured in Debrecen. The estimate made using the 10 

dominant periods gave a correlation coefficient of 0.68, while with the 18 cycles it gave a 

correlation coefficient of 0.73 compared to the original measured precipitation. The 

estimate was validated in the period between 2010-2020, with correlation coefficient 

values of 0.65 and 0.53. The analysis enables medium-term forecasting of annual 

precipitation values. 

Thesis 5: Based on the cross-correlation and cross-spectral analysis of precipitation data 

and climate indices, I showed that in the case of certain global climate phenomena (AO, 

AMO and NAO), a clear linear relationship between climate oscillations and Carpathian 

basin precipitation can be demonstrated. 
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Thesis 6: I proved that the sporadic time series of shallow groundwater wells from the 

Hajdúság and Nyírség areas can be grouped based on dynamic characteristics, using 

time series analysis and neural networks. The depth limits of well groups can be defined 

in a given area. Thus, if we want to group the wells based on their dynamic 

characteristics, the average depth of the groundwater in the investigated area can be well 

predicted. The clusters formed in this way are suitable for further analyses. 

Thesis 7: From the monthly average water level data of the selected groundwater 

monitoring wells of the Danube-Tisza junction, Hajdúság, and Nyírség, as well as the time 

series of the monthly precipitation amounts associated with them, I have demonstrated 

several similarities in the field of cyclical phenomena. The time series selected from all 

three areas includes the 1, 11-12, 5-5.5, and the 3.7-year cycle in two sample areas. In 

the periodicity analysis of both groundwater and precipitation data, I identified 1, 4,9-5; 

2.38-2.39; 3.67, as well as a 12-13 year long cycle, behind which are the changes of the 

seasons, the effect of sunspot activity, and global climate phenomena. This confirms that 

the effects on groundwater strongly depend on the amount of precipitation. 

Thesis 8: On the basis of cross-correlation and cross-spectral studies on the time series 

of rainfall and water level measured in the Hajdúság area, I established delay times and 

periods for each measuring site. Based on monthly data, a large-scale delay of 8-10 

months on average can be detected in the relationship between precipitation and 

groundwater, which can be considered an integrating effect expressed in months. Using 

daily data, a delay time of 3-4 days was calculated for the immediate area of Debrecen, 

which is the concrete physical connection between the two parameters. 
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