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SUMMARY 

The use of statistical methods for short-term forecasts of the underground water regime 
indicators (level, underground flow) assumes the existence of long-term series of monitoring 
observations. We performed forecasting of the underground flow to the Southern Bug River 
(Vinnytsia region) by the method of time series forecasting using the data of hydrogeological 
observations from 1980 to 2020. Neural networks (NM), which are computing systems 
capable of adaptation and learning by analyzing positive and negative influences, was used  
to forecast time series. Multilayer perceptrons (MLP) and radial basis function (RBF) were 
used as the network basis for prediction, and identical, logistic, and hyperbolic functions as 
the activation function of hidden neurons. Forecasts obtained using RBF networks turned out 
to be the best. The most successful was a network of twelve input and twenty hidden neurons. 
The identified tendency to increase groundwater flow during 2022-2023 is confirmed by the 
end of the 5-6 year cyclical period, characteristic of low-water years, and the increase in the 
annual amount of atmospheric precipitation in 2021-2022.  
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Introduction 
 
In the conditions of global warming, with significant risks of hydrogeological drought, the threat of 
water resources depletion appears quite real for sustainable water supply. In this regard, the demand 
for the development and improvement of forecasting methods is significantly updated. 
 
Among the modern approaches to forecasting indicators of the groundwater regime, modeling 
methods prevail. For example, the "gwflow" module for the SWAT+ simulation code (Bailey et al., 
2020) is used to simulate subsurface hydrogeological processes; for one-day forecasting of 
groundwater fluctuations, the LSTM (long short-term memory) network approach proved itself well 
(Shin et al., 2020). Digital platforms (such as SimCopiapo) are being created that combine integrated 
modeling with modeling of decision options for water resources management in river basins (Rojas et 
al., 2022). It can be effective to forecast groundwater levels based on calculations of changes in their 
balance under the influence of previously known or well-predicted natural or anthropogenic factors. 
Despite the popularity of modeling methods, in some cases, in the absence of data on the variability of 
pressure values across the area, statistical methods can be used for forecasting. The main condition for 
their application is, at the very least, the presence of long series of observations on the forecast 
indicator, and best of all, on regime-forming factors. 
 
Discussion of research results 
 
Forecasting of underground flow by the method of time series forecasting  involves the use of a model 
for predicting future values based on the values of previous years. It can be used for preliminary 
approximate estimates of the statistical regularity of data. For our analysis, we used the data of 
calculations of monthly underground flow to the Southern Bug River in the area of Khmilnyk, 
Vinnytsia Region. Calculations performed using a numerical method based on monitoring 
observations of the State Geology and Subsoil Service of Ukraine in 1980-2020 provided a number of 
492 values. Fourier spectral analysis (Fig. 1) and wavelet analysis were used to detect the periodicity 
of oscillations. The periods of 12 months and 8 years were most clearly manifested. In addition, the 
wavelet analysis method made it possible to establish the start and end times of 8-year, 5-6-year and 
other, less distinct cycles (Shevchenko et al., 2021). 
 

Spectral analysis: Q

Number of observations: 492
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Figure 1 The periodogram of the total monthly underground flow to the Southern Bug River in the 
area of the Khmilnyk city fluctuations for the period 1980-2020 
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The standard exponential smoothing method was chosen for the initial test forecasting. Unfortunately, 
this method did not provide satisfactory forecasting results, and the obtained forecast trend 
corresponded to harmonic fluctuations. 
 
It was decided to use neural networks (NM) for forecasting time series. NMs are computational 
systems capable of adaptation and learning by analyzing positive and negative impacts. The 
elementary converter in such network is an artificial neuron - an analogue of a biological neuron. 
Signs of the feasibility of using neural networks for predicting time-varying values are: no algorithm 
or unknown principles of problem solving, but a sufficient number of examples; a large amount of 
input information; data are incomplete or redundant, noisy, partially contradictory. We used 
multilayer perceptrons (MLP) and radial basis function (RBF) as a network basis for forecasting. 
Identical, logistic, and hyperbolic functions were used as the activation function of hidden and output 
neurons. For MLP, networks with the number of hidden neurons from 1 to 10 were analyzed, and for 
RBF, the number of hidden neurons was from 7 to 21. All predictions obtained with the help of MLP 
networks were in the form of harmonic damped oscillations followed by postposition. Forecasts 
obtained using RBF networks turned out to be somewhat better. In our opinion, the network with 
twelve input and twenty hidden neurons and, accordingly, one output became the most attractive and 
successful in solving the task. The main characteristics of the neural network RBF 12-20-1: test 
performance 0.635; learning error 5.336; test error 9.41; the activation function of hidden neurons is 
Gaussian. To build networks, the calculation results were divided into three zones: training, control 
and test (Fig. 2).  
 

 
 
Figure 2 Distribution of calculated and network forecast values until the beginning of 2024 for 
groundwater flow to the Southern Bug River from its left bank in Khmilnyk town (for GWL 2,5-4,5 m) 
 
According to the forecast, groundwater flow to the river will increase in 2023. Comparing the actual 
and forecast values in the test area, it can be predicted that the future peak values will be in the range 
from the extremes obtained on the graph to their doubled values, and possibly their product by 2.5. 
The accuracy of the obtained model was checked by the normality of the distribution of residuals. It 
turned out to be asymmetric, which indicates a distribution far from normal. 
 
One can try to increase the reliability of forecasting by selecting from the general series of 
observations periods based on the homogeneity of certain characteristics. For example, according to 
the sign of water content – low-water and high-water stages; according to the duration of the rhythms 
in the fluctuations of the indicator – periods of 7-8-year and 5-6-year cycles (Shevchenko et al., 2021); 
according to the sign of the charge of the static electric field of the surface atmosphere – groups of 
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years with a negative, neutral and positive charge. From the analysis of chronological graphs of GWT 
and groundwater flow to the river, it is also possible to distinguish sections (periods, stages) with a 
distinctive nature of the regime of these indicators. So, for example, in the chronological series of 
calculated values of groundwater flow to the Southern Bug River, at the GWT of 2.5-4.5 m, two 
stages were distinguished (Shevchenko et al., 2019): 1980-1998 - monotonous growth of groundwater 
flow (especially intensive in period 1985-1997) and 1999-2020 – with an unclear general trend, 
however, high-amplitude flow fluctuations and two maximum values for the entire observation period 
(2005, 2014). In the second stage, a decrease in the time intervals between minimum runoff is also 
observed (from 6 to 2-3 years). In addition, until 1998, there was an increase in the amount of 
precipitation, and then - a decrease, which was accompanied by a noticeable decrease in the flow of 
the river. Also, the selection of the first stage is justified by the presence of synchronous changes in 
the 11-year solar activity cycles  and global temperature (Laba et al., 2013), which are later disrupted. 
Certain changes in the groundwater regime also took place in 2011-2013, when the 8-year cycle was 
replaced by fluctuations of indicators with a rhythm of 5-6 years. 
 
Rainfall is a traditional predictor that increases the reliability of forecasting indicators of groundwater 
recharge and discharge. It has been proven that the decrease in the duration and amount of rainfall 
causes an increase in the duration of meteorological drought, which in the near future leads to a higher 
degree of groundwater vulnerability to drought. At the same time, the average duration of a 
hydrogeological drought is longer than a meteorological drought (Hsin-Fu Yeh & Hsin-Li Hsu, 2019), 
which is confirmed by the data of observations of the GWT regime in 2021-2022, when an increase in 
the amount of precipitation did not lead to a rapid water levels recovery  in observation wells and 
mine wells of rural settlements in the majority part of Ukraine  territory. Estimates of precipitation, 
river runoff, and cloud formation are also performed using neural networks and analysis of satellite 
images of areas using Persiann software (Wheater Howard Hydrological modeling, 2008). According 
to the results of the multiple correlation analysis of the values of underground flow to the river from 
the Island area for the period 1999-2017 with data on precipitation, temperature and surface runoff 
(predictors), it was possible to obtain the most successful quadratic regression equation with 
acceptable coefficients of multiple correlation R = 0.735, determination R2 =0.539; with a 
significance level of p = 10-5. However, in it, the amount of river runoff has a dominant influence on 
groundwater consumption in the riverside area. Thanks to the division of the observation time into 
two stages, it was possible to find out that the role of precipitation in the stage of high-amplitude 
changes in flow significantly decreased, while the role of river runoff, on the contrary, increased. This 
means that the reason for the activation of groundwater reserves is, first of all, the strengthening of 
their water exchange with the river due to the increase in the pressure gradient of the groundwater 
flow. For the left-bank part of the Southern Bug River catchment, where the GWTs have a greater 
depth (up to 4.5 m), the dependence of underground flow on temperature turned out to be more 
significant. 
 
When forecasting the infiltration supply for individual stages selected by the sign of the electric field 
of the surface atmosphere, the most accurate regression models were obtained for periods with a 
neutral charge (for the logarithmic model R = 0.96; R2 = 0.92). At the same time, infiltration nutrition 
has the highest coefficient of multiple correlation with precipitation (0.63 according to Pearson). 
 
For the period of relatively abundant water years (1989-2010), characterized by the dominance of 7-8 
annual cycles, a non-optimized regression model of underground flow with good performance was 
obtained (R = 0,73, R2 = 0,53): 

Qgw = – 1889,01 + 7,743.GWT + 0,0171.P + 0,049.t – 0,188.Qs 

where P – precipitation, t – temperature of the surface atmosphere, Qs – runoff of the river water. 
The results obtained with its help repeat the fluctuations of the actual values, although with a smaller 
amplitude (Fig. 3). Such a model can be used to forecast a period starting in 2021 and lasting 
approximately 22 years (similar to the duration of the previous similar period).  
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Figure 3 Comparison of actual and forecast values of groundwater flow for a relatively abundant 
period (1989-2010), obtained by regression models with four predictors 
 
Conclusions 
 
Among the tested methods of forecasting hydrogeological indicators, the most realistic results were 
obtained using the method of neural networks. The identified tendency to increase groundwater flow 
during 2022-2023 is confirmed by the end of the 5-6 year cyclical period, characteristic of low-water 
years, and the increase in the annual amount of atmospheric precipitation in 2021-2022. The 
regression equations derived from the results of multiple correlation also make it possible to predict 
the value of groundwater flow, which are included in the range of average deviations on the extreme 
decline and rise segments, which coincide with the actual fluctuations of the indicator. 
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