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PREFACE 

The 18th International Symposium on Water Management and Hydraulic Engineering (WMHE 2024) 

is organized by the Faculty of Civil Engineering at the Slovak University of Technology in Bratislava 

from 10–14 September 2024 in Štrbské Pleso – the heart of the beautiful nature of the High Tatras in 

Slovakia. The WMHE 2024 Symposium is the next in the series of International Symposiums in the 

field of Water Management and Hydraulic Engineering, organized with the participation of 

the University of Zagreb (Croatia), Gdańsk University of Technology (Poland), Slovak University of 

Technology in Bratislava (Slovak Republic), Ss. Cyril and Methodius University in Skopje (North 

Macedonia), University of Natural Resources and Applied Life Sciences in Vienna (Austria) as well as 

Brno University of Technology (Czech Republic). 

The main goal of the conference is to share transboundary and interdisciplinary knowledge and 

experience between scientists and experts from Central Europe, from older and new EU member states 

as well as from South-East European candidate countries. 

The first Symposium of this type was organized as a bilateral activity between the faculties of Gdańsk 

University of Technology and Zagreb University. Since 1998 (in Dubrovnik), the Slovak University of 

Technology, the Ss. Cyril and Methodius University in Skopje and BOKU University of Natural 

Resources and Applied Life Sciences in Vienna have joined this biannual symposium series. In 2013 

Brno University of Technology, Czech Republic, joined the steering group of WMHE too. 

The aim of the Symposium is to encourage and facilitate communication and exchange of experience 

from recent research work between scientists, engineers and professionals on different aspects of water 

and environmental management and hydraulic engineering, including physical and mathematical 

modelling. Topics of the symposium have been chosen to cover the main elements of integrated water 

resources management, hydraulic engineering, sanitary engineering and sustainable water use, 

hydrology, hydraulics, geotechnical engineering as well as environmental engineering, climate change 

and flood risk management. This successful series started in 1984 and is now regularly organized as a 

two-annual symposium meeting. During the symposium, two lectures will be given by invited 

internationally renowned scientists Prof. Hans – Peter Nachtnebel from BOKU University in Vienna 

and Prof. Jan Szolgay from STU in Bratislava. 

The Symposium is co-organized by the Slovak Society of Environmental Technology under the auspices 

of Prof. Dušan Petráš. 

We are honoured and delighted to invite you to enjoy the symposium in the beautiful nature of the High 

Tatras in Slovakia. 

 

 

Andrej Šoltész 
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CALIBRATION OF THE XBEACH-GRAVEL MODEL 

HANNA MILIČEVIĆ 1, DALIBOR CAREVIĆ 2, DAMJAN BUJAK 3 

1 Faculty of Civil Engineering, University of Zagreb, Croatia, hanna.milicevic@grad.unizg.hr 

2 Faculty of Civil Engineering, University of Zagreb, Croatia, dalibor.carevic@grad.unizg.hr 

 3 Faculty of Civil Engineering, University of Zagreb, Croatia, damjan.bujak@grad.unizg.hr 

1 Abstract  

Despite the natural and economic importance of maintaining gravel beaches in Croatia, there is a lack 

of knowledge about the resilience of the beach to various wave impacts and the frequency of storm 

events, as well as specific numerical models for predicting the morphological response of the gravel 

beach to storm events. This paper summarizes the calibration results of the 1D Xbeach-Gravel model to 

simulate the morphodynamic response of the gravel beach in Croatia during winter. The model 

simulation results show that XBeach-G is able to reproduce the observed change in the cross-shore 

profile under different wave conditions with high quantitative accuracy (BSS≥0.6). 

 

Keywords: Xbeach-Gravel, Artificial beaches, Gravel, Modelling, Storm morphology 

2 Introduction  

The Croatian Eastern Adriatic Coast (CEAC, which stretches over 6000 km along the eastern Adriatic 

between Slovenia and Montenegro [1]) is highly valued for its biodiversity and its small,  fetch limited 

gravel beaches, which have been intensively used by humans for centuries. All values may be affected 

by the current growing tourist demand for beach capacity, which has led to the construction of artificial 

beaches, especially pocket gravel beaches, without sufficient knowledge of the most appropriate 

parameters for design. However, as coasts are subject to numerous natural and man-induced stresses 

that affect their stability [2], coastal managers must be able to incorporate an evidence-based 

understanding of natural processes such as erosion and accretion [1], as well as measures to reduce the 

impact of storm events, in order to effectively assess and maintain coastal safety [2]. The conceptual 

model (Figure 1) linking the morphodynamic response of gravel barriers to the relationship between 

hydrodynamic forces and barrier geometry is widely accepted [3-8]. An increase in relative pressure 

conditions leads to morphological changes in the beach (berm formation, beach erosion), to changes in 

the barrier crest (crest build-up and lowering) or the entire barrier (barrier rollover) [2]. On the artificial 

gravel beaches in Croatia, where the maximum significant wave height does not exceed 3 m, the 

reactions such as berm formation, beach erosion and crest build-up occur most frequently, while the 

others occur very rarely or not at all. Further information on the morphological response of gravel 

beaches to storm events can be found in the publication by [13]. Despite the qualitative understanding 

of the dynamics of gravel barriers, engineers are not able to reliably predict the morphodynamic response 

of gravel coasts to storms [6,9]. Currently, beach management in Croatia is the responsibility of local 

authorities (coastal municipalities and cities) and includes issues of land and sea use, infrastructure 

development, cultural heritage protection, concessions, etc., as well as beach erosion [1]. However, the 

relevant beach management strategies and guidelines are broad and service-oriented [10] and critically 

ignore coastal erosion issues. To address this gap and enable the development and application of 

appropriate adaptation strategies by assessing future changes to beaches, an understanding of coastal 

processes and their impacts at local and regional scales is required. Beaches serve as energy buffers, 

contribute to the ecological diversity of coastal areas and provide recreational opportunities [1]. 

Regardless of which of these functions is the primary focus, a better understanding of the formation and 

evolution of beaches is crucial for effective beach protection in coastal management strategies. Such an 

understanding usually results from comprehensive monitoring. 

 

mailto:dalibor.carevic@grad.unizg.hr
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Therefore, as a first step, it is essential in Croatia to identify vulnerable coastal sites and implement an 

appropriate monitoring plan to collect data at an appropriate spatial and temporal scale [1]. Currently, 

coastal managers are largely forced to rely on empirical models to make quantitative predictions about 

the response of gravel beach to storms [2]. Previous research has shown that applying these models 

outside of their scope of validity can underestimate the severity of storm impacts [2], [11-12], and 

because these models were developed based on data from idealized laboratory studies, this limitation 

also prevents the use of models to accurately predict future storm impacts under changing environmental 

conditions [2]. The researcher's focus is on developing a numerical model to model "cross-shore" and 

"long-shore" sediment transport on a gravel beach. However, mainly process-based models are used, 

almost all of which are geared towards sandy coasts. Numerical models developed for sandy beaches 

can be used to predict the morphological response of gravel beaches, but the fundamental differences 

between the dynamics of sand and gravel beaches preclude their application without significant 

modification [9]. It is therefore a necessary conclusion that no reliable numerical model is currently 

available for predicting the morphological response of gravel beaches to changing wave/tidal conditions 

on the short to medium term time scale (minutes to weeks) [9]. XBeach-Gravel is a 1D numerical model 

specifically designed to simulate the morphological response of gravel beaches to wave events. XBeach-

G is based on the Xbeach model, a numerical model for simulating the effects of storm events on sandy 

coasts. It is better suited for very energetic storm events on coasts with significant wave heights of up 

to 10 m and peak periods of 10 s [13]. The one-dimensionality of the model is its limiting factor as it 

does not allow simulation of longshore processes, but the work of [14] shows how it can be coupled 

with a parametric longshore transport formula to achieve good results. However, the model has hardly 

been modeled, calibrated and validated for coarse-grained gravel beaches [15], especially not for the 

conditions in the Adriatic Sea [14], where gravel beaches are widespread, waves are fetch-limited, and 

storms are less energetic. In this study, we investigate the feasibility of the 1D model XBeach Gravel 

for predicting beach changes, namely the location and height of beach berms after storm events, at the 

artificial gravel beach Ploče in the northwestern part of the city of Rijeka in Kvarner Bay. This paper 

summarizes the results of a research project specifically aimed at developing the ability to predict the 

response of gravel beaches to wave and water level conditions in Croatia through an integrated research 

approach involving field surveys, comprehensive beach monitoring and innovative numerical modeling. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The most common morphological responses of a gravel beach (dashed red lines) to different wave 

action and water levels in Croatia. From left to right, the wave conditions become more energetic and the still 

water level higher, leading to higher maximum water levels on the barrier (zmax). Modified from [2] 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

13 
 

 

 

3 Methods 

3.1 XBeach-G model description 

XBeach is an open-source numerical model originally developed to simulate hydrodynamic and 

morphodynamic processes and effects on sandy coasts with a domain size of kilometers and on the time 

scale of storms. The modeling of storm morphodynamics on gravel beaches is a one-dimensional (cross-

shore transects) extension of the XBeach storm impact model [16] for gravel beaches through the 

application of (a) a non-hydrostatic pressure correction term that allows wave-by-wave modelling of 

surface elevation and depth-averaged flow; (b) a groundwater model that allows simulation of 

infiltration and exfiltration through the permeable gravel bed; and (c) sediment transport relationships 

that account for the transport of gravel bed loads [2]. More about the model description and the 

corresponding equations can be found in [2, 9]. 

3.1.1 Case study site and storm data 

The data used in this paper to calibrate the XBeach-G model for Croatian wave conditions were collected 

as part of the BEACHEX project, i.e. the study of the mechanisms of morphodynamic response and 

restoration of gravel beaches using unmanned aerial vehicles. The artificial gravel beach Ploče, which 

is the subject of this study, is the largest beach complex in the city of Rijeka [17] with a total area of 

14,000 m2 and was built over two existing natural embayments. The beach is protected by three groynes 

extending from the existing headlands. The central groin divides the beach into two parts - the eastern 

and the western, both about 130 m wide (Figure 2). The beach is subject to severe erosion that occurs 

each fall/winter season during heavy storms. Storm events are the main cause of morphological 

processes, especially cross-shore gravel transport on the beaches of the eastern Adriatic [17, 18]. The 

prevailing winds in Kvarner Bay are Bura (NE) and Jugo (SE). Bura is a dry and cold northeasterly wind 

associated with the intrusion of cold air from the polar regions [18], while Jugo blows at a steady speed 

and generates large waves. The focus of this study is on the western beach, where the calibration of the 

model is performed; the eastern part of the beach will be used for model validation in future studies. All 

calibrations and simulations were performed on the profiles shown in Figure 2, referred to as Profile 1, 

Profile 4 and Profile 5. The Ploče beach was surveyed 19 times between January 17, 2020, and February 

26, 2021, outside the summer season and mainly after storm events [17] by the Geodetic Institute Rijeka 

(GZR) and the Faculty of Civil Engineering in Rijeka (GradRi). Before the first survey, twelve ground 

control points (GCPs) were marked along the stable sections of the beach, namely the promenade and 

groynes. In April 2020, a further 16 GCPs were surveyed and the old GCPs were measured again to 

check whether they were still stable [17]. The GCPs are distributed over the entire surveyed beach area 

to avoid extrapolation in the area of interest. After marking, the aerial surveys could be carried out 

relatively quickly using unmanned aerial vehicles (UAVs). As a rule, it took about an hour to survey the 

beach. Further details about the field survey can be found in [17].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Map showing the location of the city of Rijeka (left) and aerial view of Ploče beach with profiles 1, 4, 

5 selected for the simulation (right) 
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3.1.2 Model setup and calibration 

The incoming waves were measured on a wave buoy (Datawell Waverider MkIII) anchored by the 

Hydrographic Institute of the Republic of Croatia at a depth of 57.5 m and located approximately 2.5 

km southeast of Ploče at the geographical coordinates 45°19.588’ N: 14°23.738’ E, WGS 84 system 

[18]. The buoy provided 60 minutes of wave statistics (significant wave height, peak period, wave 

direction and spreading) for the period from December 2019 to February 2021 [13]. Figure 3 shows 

wave climate during the one-year observation period mentioned above and the storm events during this 

period. The tidal and wave boundary conditions for the model are derived from the nearest tide gage in 

Bakar. For this work, 5 field investigations, i.e. three storm/energetic events were selected (Table 1) as 

most of the visible berms formed afterwards. The first event (Table 1) due to the shortest period between 

topographic surveys (only one day), the second event as one of the most severe storms with large 

significant wave height (Table 1) during the observation period, and the third event with milder wave 

conditions but with a clear cross-shore sediment transport process. As we have already mentioned that 

one-dimensionality is a limiting factor of the Xbeach-G model and that it does not allow simulation of 

long-shore processes, the profiles for this study were chosen such that the long-shore sediment transport 

gradient should have the least impact during the storm events (Figure 2). In the first model simulation, 

the entire period of the storm is simulated between the pre-storm survey and the post-storm survey, 

which was possible due to the one-day period between topographic surveys (Table 1). In these cases, 

the initial cross-shore profile in the Xbeach-G model is set to the cross-shore profile measured at low 

tide before the simulated storm [2], and after the final beach profile is obtained using the numerical 

model, it is compared to the field observation after the storm event. To reduce the computational 

requirements and to account for the fact that XBeach-G is designed to simulate storm events and does 

not include processes to model medium- to long-term coastal changes (e.g., longshore transport 

gradients) [2], the duration of the other simulations is shortened to 2.9 h and 4.1 h around the peak due 

to the large time period between the cross-shore profile measurements. The equation 1 for calculating 

the duration.  

t = 
Tp

1.1
∗ n 

 

(1) 

where t is the duration in seconds, Tp is the peak wave period and n is the number of waves.  

The recommended number of waves to reach dynamic equilibrium is 3000 waves [8,19]. The hydraulic 

conductivity and the mean grain size at Ploče beach are based on the suggestions presented in the 

literature by [13]. Further explanations of the chosen parameters for the hydraulic conductivity can be 

found in [13]. The average grain size for the Ploče beach is 0.032 m [13, 17]. The three free model 

parameters related to sediment transport are the inertia coefficient ci, which influences sediment 

transport through shear stress at the bottom, the angle of repose Φ, which controls avalanching and 

influences sediment transport on sloping bottoms, and the bedload transport calibration coefficient g, 

which linearly scales transport rates and gradients [2]. If sufficient data are available, these model 

parameters can be calibrated at each gravel barrier to obtain the most accurate representation of the 

measured cross-shore profile changes. To evaluate the predictive power of the numerical model, three 

different values for the sediment transport parameters (Φ- 35°,45°,55° & g-0.5, 1, 3) were used to find 

the combination best suited to describe berm formation and beach erosion, two processes that occur 

most frequently on Croatian artificial beaches. 
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Figure 3. Wave climate during the one-year observation period (significant wave height, peak wave period and 

wave direction) with identified storm events (red dots) and UAV field survey data (vertical lines) 

 

 

Table 1.  Selected field survey data and associated storm events for the simulation 

DATE 
SURVEY 

LABEL 

STORM 

EVENT 
START OF STORM END OF STORM 

HS [M] TP [S] 

2 MARCH 2020 UAV4 
c 3 MARCH 2020 00:15 3 MARCH 2020 02:28 

 

1.52 

 

4.7 3 MARCH 2020 UAV5 

2 NOVEMBER 2020 UAV14 
h 

16 NOVEMBER 2020 

12:30 

16 NOVEMBER 2020 

160:0 

 
0.80 

 
3.77 24 NOVEMBER 2020 UAV15 

24 NOVEMBER 2020 UAV15 
i 

5 DECEMBER 2020 

00:53 

5 DECEMBER 2020 

22:58 

 

1.78 

 

5.27 
10 DECEMBER 2020 UAV16 

 

3.1.3 Brier Skill Score 

To determine the quality of the model prediction in comparison to the measurement results, the Brier 

skill score is usually used in coastal modeling [2, 20]. In this work, initial geodetic survey (before the 

storm event) is compared with the model prediction [13]. The model prediction should approximate the 

measured geodetic survey (after the event). According to van Rijn, the BSS values in Table 2. show that 

values above 0.6 indicate a good model prediction.  

 
Table 2.  Qualification of different Brier skill score ranges according to van Rijn et.al [21] 

 
Brier Skill Score QUALIFICATION 

0.8-1.0 Excellent 

0.6-0.8 Good 

0.3-0.6 Fair 

0.0-0.3 Poor 

<0 

 

 

 

 

Bad 
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4 Results and discussion 

All of the storm events discussed in Section 3 can be characterized by the formation of berms, where an 

existing berm was eroded, and a new berm was created higher on the beach profile [2].  The figures 

show that the model can qualitatively reproduce the observed changes for both a light and a heavy storm 

(Figures 4,5,6). Different conditions apply for different severity levels of storm events. However, 

quantitatively, Xbeach-G may underestimate the volume of the berm, and the site-specific calibration 

of model parameters related to sediment transport, such as angle of repose (Φ) and sediment transport 

coefficient (g), may change the outcome of the model prediction. The best fit for significant wave 

heights (Hs) equal to or less than 1.5 m is angle of repose (Φ) 55° and transport coefficient (g) 0.5 

(Figure 4,5), for Hs greater than 1.5 m Φ is 35° and sediment transport coefficient (g) is 3 (Figure 6). 

Despite the fact that site-specific calibration is required for the wave climate in Croatia, the overall skill 

of the model prediction is reasonable with an average BSS of 0.8 for the selected parameters (Figure 7). 

According to the van Rijn classification of the different Brier skill score ranges, the results are classified 

as good to excellent. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Modeled (dashed blue line) and measured (blue line before the storm event and orange line after the 

storm event) profiles using parameters resulting from the highest BSS for the UAV4&5 field survey at two 

profiles (Φ=55°, g=0.5) 
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Figure 5.  Modeled (dashed blue line) and measured (blue line before the storm event and orange line after the 

storm event) profiles using parameters resulting from the highest BSS for the UAV14&15 field survey at one 

profile (Φ=55°, g=0.5) 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Modeled (dashed blue line) and measured (blue line before the storm event and orange line after the 

storm event) profiles using parameters resulting from the highest BSS for the UAV15&16 field survey at two 

profiles (Φ=35°, g=3) 
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Figure 7. Relationship between angle of repose (Φ), Brier skill score, and transport coefficient (g) for three 

storm events on different beach profiles 

5 Conclusion 

This paper presents the calibration of the numerical model Xbeach-G for low-energy wave events typical 

of Croatian beaches. Previous studies have shown that high-energy wave events can be simulated with 

a high BSS value of 0.75 without site-specific calibration, and the authors [2] have also found that the 

BSS value of low-energy events can be acceptable if a site-specific calibration of the model is performed 

[13]. The model is calibrated by simulating the morphodynamic response of the Ploče artificial gravel 

beach to 3 separate storm events at 3 different beach profiles. Calibrated parameters are angle of repose 

and sediment transport coefficient (Φ- 35°,45°,55° & g-0.5, 1, 3). The results of the calibration show 

that XBeach-G can be used for the simulation of beach profile changes due to storm events on the eastern 

Adriatic coast. In addition, Xbeach-Gravel is relatively easy to use and faster than full 3D models. These 

model characteristics, together with the model’s ability to simulate wave events on the Adriatic Sea as 

demonstrated in this paper, make the model a potential tool for beach management decisions prior to re-

nourishment projects or the construction of new artificial beaches. 
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1 Abstract 

Determining Manning's roughness coefficient for a fish pass channel can be challenging. To achieve the 

desired depths and velocities, it may lead to serious overestimation its values. Measurements of 

hydraulic parameters were conducted in selected fish passes, and photographs of channel bed were taken 

for grain size analysis. The ImageJ analysis software was used for the determination of the grain 

distribution curves from the photographs. Roughness coefficients were analysed using various 

approaches (empirical relationships, Cowan's method, the step-by-step method). The obtained values 

indicate a considerable dispersion of the Manning's roughness coefficient. 

 

Keywords: fish pass, in situ measurement, grain size distribution curve, image-processing procedure, 

Manning’s roughness coefficient 

2 Introduction  

Close-to-nature fish passes represent an ecological approach to enhance fish migration in river systems 

while maintaining longitudinal connectivity and passability. They imitate the natural environment of the 

stream, incorporating elements such as rocks, boulders, and vegetation to create conditions for migration 

of ichthyofauna. One of the key advantages of close-to-nature fish passes is their ability to accommodate 

a wide range of fish species with varying swimming capabilities. Research [1, 2] has shown that close-

to-nature fish passes can significantly improve fish passage efficiency compared to conventional fish 

passes and demonstrated higher passage rates and reduced stress levels among fish, highlighting the 

effectiveness of these structures in promoting successful migration. 

 

To design a fish pass mimicking the natural stream environment and enabling fish to move upstream 

and downstream more naturally, reflecting the conditions found in the watercourse is complicated. In 

this type of fish pass, water flow is guided by natural elements such as single stones, also known as 

perturbation boulders. These boulders serve to create rest areas or flow shadows (refuges), decrease 

velocities and enhance water depths [3]. And therefore, determination of the Manning´s roughness 

coefficient for such type of river bed can be difficult. Manning's roughness coefficient is a crucial 

parameter in hydraulic calculations for open channels and it is only parameter which is modified when 

using simple equations of hydraulics during the fish pass design process to achieve required depths and 

velocities. 

 

Manning's roughness coefficient considers the roughness of the surface of the stream and helps to 

determine its resistance. The value of the coefficient is usually determined empirically based on 

experiences, equations or experiments. Its value depends also on the hydrology (water level position) 

and season (vegetation, ice) [4, 5, 6]. Roughness coefficients can be analyzed using various approaches, 

including empirical relationships based on the characteristic diameter of the grain of the river bed, 

Cowan's method, and the step-by-step method from the measured hydraulic characteristics of the 

profiles. The values of the Manning's roughness coefficient obtained by different approaches show a 

considerable dispersion. 

mailto:lea.cubanova@stuba.sk
mailto:peter.dusicka@stuba.sk
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3 Methods 

For the purpose of studying the roughness coefficient, newly constructed nature-like fish passes were 

selected, visually resembling their natural environments. The first fish pass on the Hron River belongs 

to the barbel zone, while the second one on the Turiec River is located in the grayling zone (Figure 1). 

Both fish pass channels are constructed using river stones embedded in concrete, overlaid with gravel, 

and incorporating single/perturbation boulders, although they are intended to be operated at different 

hydraulic parameters (depths, widths, velocities, etc.), depending on the target fish species. 

 

  
Figure 1. Location and pictures of the fish passes during maintenance on the Hron River (left) and on the Turiec 

River (right)  

 

The evaluation of the roughness coefficient was done based on Cowan´s method, the optical 

granulometric method, in-situ measurements and values from tables. Photographs of the channel bed 

were taken during the maintenace period at the fish passes at selected locations, and during the operation 

period, the hydraulic and geometric characteristics of the channel were measured in the same locations 

(Figure 2). 
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Figure 2. Measuremets locations at the fish passes – on the Hron River (up) and on the Turiec River (down)  

 

3.1 Cowan´s method 

Cowan's method (Eq (1)) expresses the roughness determination procedure according to the subjective 

judgment of the verbal description of six characteristic parameters of the riverbed (Figure 3, Table 1). 

This method was derived from measurements of small and medium drainage channels and small natural 

streams with a hydraulic radius R < 4.5 m. The resulting roughness coefficient is calculated according 

to the equation [7]: 

 

𝑛 = (𝑛0 + 𝑛1 + 𝑛2 + 𝑛3 + 𝑛4)𝑚5 (1) 

 

Where: n0 – influence of the river bed material (–), 

  n1 – influence of the surface irregularity (–), 

  n2 – the effect of the change in the cross-sectional profile (–), 

  n3 – relative influence of obstacles (–), 

  n4 – influence of vegetation (–), 

  m5 – degree of channel curvature (–). 

 

 
Figure 3. Illustration of individual effects of each parameter from Eq. (1) [8] 

 
Table 1. Characteristics of the riverbed necessary for the calculation of the Eq. (1) of the Cowan´s method [9] 

MATERIAL OF THE RIVER BED (GRAIN SIZE OF THE SUBSTRATE) n0 

soil 0.020 

bedrock 0.025 

fine gravel 0.024 

coarse gravel 0.028 

stones 0.030 – 0.050 

boulders 0.040 – 0.070 

IRREGULARITY OF THE SURFACE  n1 

smooth trough  0.000 

small (weakly eroded or deepened)  0.005 

medium (weak sliding)  0.010 

large (landslides, eroded banks, rocky protrusions)  0.020 
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VARIABILITY OF THE SHAPE OF THE FLOW PROFILE CAUSING TURBULENCE  n2 

change is happening slowly  0.000 

occasional changes from large to small or the current wavering from bank to bank  0.005 

frequent changes 0.010 – 0.015 

EFFECTS OF OBSTACLES (TREES, ROOTS, BOULDERS)  n3 

negligible (a few scattered obstacles)  0.000 

small (obstacles are isolated, occupying 15 % of the area)  0.010 – 0.015 

substantial (connection of obstacles that occupy 15 – 50 % of the area)  0.020 – 0.030 

large (obstacles cover > 50 % of the area or cause turbulence over most of the area)  0.040 – 0.060 

VEGETATION  n4 

no or no effect 0.000 

flexible seedlings or dense grass/macrophytes  0.005 – 0.010 

shrub vegetation, no vegetation at the bottom of the channel, macrophytes reaching the 

entire depth of the flow  
0.010 – 0.025 

young trees with a growth of grasses and herbs, macrophytes twice the depth of the flow  0.025 – 0.050 

brushy growth on the bank, dense growth in the riverbed, trees with a growth of grasses 

and herbs, fully leafed  
0.050 – 0.100 

CURVATURE m5 

small (curvature 1.0 – 1.2)  1.00 

substantial (1.2 – 1.5)  1.15 

large (> 1.5) 1.30 

 

3.2 The grain size distribution curve 

The grain size distribution curve, also known as the particle size distribution curve, is a graphical 

representation of the range of particle sizes present in a sediment or soil sample. Using the sieve method 

the granulometry of the sample is determined. The curve illustrates either the amount of material that 

passes through or is retained on each sieve. It plots the percentage of particles by weight that are smaller 

than a given particle size on the vertical axis against the particle size on the horizontal axis. The curve 

is very practical as data set for many calculations or assessments, e.g. prediction of the soil water 

movement, sedimentation processes in open channels, design of filters in dams, calculation of hydraulic 

conductivity, seepage through dams etc. 

 

A more efficient approach to determine the grain size distribution curve is through the photographic 

method, known as optical granulometry. This method relies on low water levels and is particularly 

suitable for gravel-like sections of streams or reservoirs, offering sufficient accuracy for practical 

applications. By focusing on the granulometric composition of the upper active layer of the bed material, 

which directly interacts with flowing water, it provides valuable insights from a hydraulic perspective. 

The optical granulometry operates under the assumption that the percentage distribution of mass among 

individual fractions mirrors the percentage distribution of surface area among those same fractions. The 

surface area of each fraction is extrapolated from a photograph of the intact bottom material [10]. The 

automated grain size analysis procedure involves digital image processing techniques to automatically 

identify and measure individual grains in sediment samples [11, 12]. 

 

The input data consists of an image of the sediment deposit captured by a digital camera. Samples are 

collected from riverbanks during low water conditions when the sediment is sufficiently exposed and 

by the good light conditions [13, 14]. The ImageJ software is a widely-used powerful and versatile tool 

for grain size analysis from images. For grain size analysis it uses segmentation of the image of the 

sediment sample into individual particles or grains based on user-defined criteria such as size, shape, 

and grayscale intensity (pre-processing steps such as thresholding to distinguish sediment particles from 

the background). Once the particles are segmented, various morphological parameters for each particle 

can be calculated (identification and measurement of the properties of individual particles within the 

image). The software can handle a wide range of sediment types and particle shapes, making it suitable 

for analyzing diverse sediment samples from various environments. The samples are computerized to 

obtain a grain size distribution curve from which the grain diameter needed for the empirical formulas 

to determine the coefficient of roughness could be subtracted. 
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3.3 Equations based on the characteristic grain diameter 

Empirical equations based on the characteristic grain diameter play a crucial role in various fields, 

particularly in geology, hydrology, and sediment transport studies, but they are widely utilized in the 

determination of Manning's roughness coefficient in open-channel flow calculations [15]. These 

equations establish relationships between the size of sample grains and the roughness of channel river 

beds (Table 2), providing a means to estimate Manning's coefficient based on sediment properties [7]. 

Many of these equations for the roughness coefficient n are generally based on the Strickler formula and 

modified usign different constant a, grain diameter d and exponent x [16]: 

 

𝑛 =
1

𝑎
𝑑𝑥 (2) 

 

Where: a – constant (–), 

 d – the characteristic grain diameter of the material (m), 

 x – exponent (–). 

 
Table 2. Strickler´s formula (Eq (2)) modified by various authors [15, 16] 

AUTHOR a d unit for d x (exponent) 

PIRKOVSKÝ 19.40 de (m) 1/6 = 0.167 

ANONYM 38.15 d50 (m) 1/6 = 0.167 

BRAY 16.86 d50 (m) 1/5.6 = 0.179 

GARDE, RAJU 21.30 d50 (m) 1/6 = 0.167 

HENDERSON 29.40 d50 (ft) 1/6 = 0.167 

KEULEGAN 25.30 d50 (m) 1/6 = 0.167 

MATTAS 10.31 d50 (m) 1/5.1 = 0.196 

STRICKLER 24.40 d50 (m) 1/6 = 0.167 

BRAY 17.83 d65 (m) 1/5.6 = 0.179 

IRMAY 24.00 d65 (m) 1/6 = 0.167 

RAUDKIVI 76.90 d65 (mm) 1/6 = 0.167 

HENDERSON 26.31 d75 (m) 1/6 = 0.167 

LANE, CARLSON 21.14 d75 (m) 1/6 = 0.167 

MATTAS 8.70 d84 (m) 1/2.7 = 0.376 

BRAY 20.20 d90 (m) 1/6.3 = 0.160 

IRMAY 40.20 d90 (m) 1/6 = 0.167 

MAYER-PETER, MÜLLER 26.00 d90 (m) 1/6 = 0.167 

 

3.4 Standard step method for non-uniform flow 

The values of the roughness coefficient n can also be derived from the common open-channel hydraulics 

equation, known as the step-by-step method, using data from in-situ measurements such as cross-

sectional area, wetted perimeter, hydraulic radius, discharge, and water level, as follows (in this form 

loss coefficient is considered as zero) [17]: 

 

𝑛 =
√
𝛥𝑦 − 𝑄2

𝛼
2𝑔 (

1
𝐴1
2 −

1
𝐴2
2)

𝑙
⋅
𝐴𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑄
⋅ 𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒

2
3⁄  

(3) 

 

Where: y – water levels difference of neighbouring profiles (m), 

  Q – value of the measured discharge (m3·s−1), 

   – coefficient expressing the uneven distribution of velocity in the profile ( = 1.1) (–), 

  g – gravity acceleration (m·s−2), 

  A1, A2 – flow area of the downstream and upstream profile (m2), 

  l – the length of the section between the downstream and upstream profile (m), 

  Aaverage – mean value of the flow area (m2), 
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  Raverage – mean value of the hydraulic radius (m). 

4 Results and discussion 

Based on the sample pictures of the river bed material of the fish passes (Figure 4), the grain size 

distribution curves were obtained (Figure 5). These curves were used to determine the required 

diameters of the grains of the river bed material and to calculate the Manning’s roughness coefficient 

(Table 3, Figure 6) using the Strickler formula (Eq (2)), which has been modified by different authors 

(Table 2). For comparison, values obtained using Cowan’s method (Eq (1)) and from commonly used 

tables are also provided. 

 

  
Figure 4. Samples of the river bed material – left fish pass on the Hron River, right on the Turiec River 

 

 
Figure 5. Grain size distribution curves for fish passes on the Hron and Turiec Rivers 

 
Table 3. Manning´s roughness coefficient values by different authors 

AUTHOR 

SAMPLE – FISH PASS 

HRON RIVER 

SAMPLE – FISH PASS 

TURIEC RIVER 

di (mm) n (–) di (mm) n (–) 

PIRKOVSKÝ de = 103 0.0353 de = 89 0.0344 

ANONYM d50 = 151 0.0191 d50 = 148 0.0191 

BRAY d50 = 151 0.0423 d50 = 148 0.0421 

GARDE, RAJU d50 = 151 0.0343 d50 = 148 0.0341 

HENDERSON d50 = 151 0.0303 d50 = 148 0.0302 

KEULEGAN d50 = 151 0.0288 d50 = 148 0.0287 

MATTAS d50 = 151 0.0670 d50 = 148 0.0667 

STRICKLER d50 = 151 0.0299 d50 = 148 0.0298 

BRAY d65 = 166 0.0407 d65 = 163 0.0405 

IRMAY d65 = 166 0.0309 d65 = 163 0.0308 

RAUDKIVI d65 = 166 0.0305 d65 = 163 0.0304 

HENDERSON d75 = 178 0.0285 d75 = 167 0.0282 

LANE, CARLSON d75 = 178 0.0355 d75 = 167 0.0351 

MATTAS d84 = 193 0.0620 d84 = 185 0.0610 
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BRAY d90 = 217 0.0388 d90 = 190 0.0379 

IRMAY d90 = 217 0.0193 d90 = 190 0.0189 

MAYER-PETER, MÜLLER d90 = 217 0.0298 d90 = 190 0.0292 

 

Since the grain size distribution curves of the river bed material of both fish passes are very similar 

(Figure 5), the calculated values of the Manning´s roughness coefficient are almost the same for both 

fish passes. The smallest values were obtained by the calculation according to Anonymous and Irmay 

(n = 0.0191 and 0.0193 for the fish pass on the Hron River, n = 0.0191 and 0.0189 for the fish pass on 

the Turiec River), while the maximum values are provided by the formula according to Mattas with d50, 

namely n = 0.0670 for the fish pass on the Hron River and n = 0.0667 for the fish pass on the Turiec 

River. The average roughness value for the fish pass on the Hron River is n = 0.0355 and for the fish 

pass on the Turiec River is n = 0.0351.  

 

 
Figure 6. Graphical interpretation of the obtained results for Manning´s roughness coefficient based on Table 3. 

 

Cowan's method is a systematic approach to estimate Manning’s n by considering several factors 

contributing to roughness, while tabulated values provide empirical estimates based on typical 

conditions. Cowan's method involves summing up various components of roughness: base roughness, 

effects of surface irregularities, variations in shape and size, obstructions, and vegetation or flow 

conditions. Each component adds to the base roughness value, which might lead to a higher cumulative 

value compared to a single empirical estimate. The method is designed to ensure safety and robustness 

in engineering applications, often resulting in more conservative (higher) estimates of roughness to 

account for worst-case scenarios. Table values often represent an average condition, while Cowan’s 

method can account for seasonal or temporary changes in channel conditions, such as increased 

vegetation in summer or debris during floods, which can increase the roughness coefficient. For the both 

fish passes the roughness coefficient was calculated using Eq (1) as follows: 

 

𝑛 = (𝑛0 + 𝑛1 + 𝑛2 + 𝑛3 + 𝑛4)𝑚5 = (0.03 + 0 + 0 + 0.02 + 0) ∙ 1 = 0.050  

 

Note: more variants were assessed (because there is a big range of values for parameters n0 – n4 and m5), 

but the values are not presented here, they were noncomparable with roughness coefficients based on 

Strickler´s formula (Eq (2)) (they were significantly higher, in the range 0.070 – 0.695). 
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The best-known and most detailed tables are presented in work by Ven Te Chow in 1959 [18], where a 

numerical value is assigned to the verbal description of the riverbed or its material. These tables offer a 

comprehensive range of n values for various types of channels and surfaces, such as natural streams, 

lined channels, and floodplains, based on extensive field observations and measurements. Roughness 

coefficient estimation is highly subjective. For the fortified open channels with bottom covered by gravel 

and riprap on the banks, what correspodents to the environment of both fish passes, is value of roughness 

coefficient in the following range of n = 0.023 – 0.036 [15]. 

In situ measurements of the basic hydraulic and geometric characteristics of the cross sections in fish 

passes (Figure 7) (Q – discharge, WL – water level, v – velocity, A – cross sectional area, W – wetted 

perimeter, R – hydraulic radius, l – distance between cross sections, y – water level difference, 

i – water level slope) provided inputs for the calculation of the Manning´s roughness coefficient using 

step by step method modified in Eq (3) (Table 4). 

 

  

  
Figure 7. Measured cross sections on the fish passes – Hron and Turiec Rivers 

 
Table 4. Measured data for cross sections on the fish passes and calculated Manning´s roughness coefficient 

PARAMETER UNIT 
FISH PASS HRON RIVER FISH PASS TURIEC RIVER 

pf A pf B pf A pf B 

Q (m3·s−1) 1.25 0.875 

WL (m a. s. l.) 172.79 172.74 396.99 396.48 

v (m·s−1) 0.836 0.844 1.000 0.870 

A (m2) 1.54 1.43 0.93 0.95 

W (m) 7.61 5.25 4.53 4.74 

R (m) 0.203 0.273 0.206 0.200 

l (m) 5.2 37.8 

y (m) 0.053 0.51 

i (–) 0.0102 0.0135 

Aaverage (m2) 1.49 0.94 

Raverage (m) 0.238 0.203 

n (–) 0.0435 0.0432 

 

The value of the roughness coefficient calculated using the step-by-step method based on the measured 

parameters in both fish passes reached value n = 0.0435 for fish pass on the Hron River and n = 0.0432 
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for fish pass on the Turiec River. These values are higher than most empirical formulas and theoretical 

range for described environment of the fish passes based on Chow´s tables [18]. In contrast, Cowan's 

method yielded higher values, as did the empirical Mattas equation based on d50. The best agreement 

was obtained with the empirical Bray formula (based on d50), where n = 0.0423 and n = 0.0421, despite 

the fact that the equation is typically valid for gravel-bed rivers where the median grain size d50 ranges 

up to 128 mm [19]. It may not be accurate for very fine sediments (like silt or clay) or for very large 

boulders. However, the other conditions were met, such as uniform flow conditions (the controlled 

discharge Q into the fish pass is constant and we aimed to avoid highly turbulent or rapidly varied flow 

conditions in terms of fish pass hydraulics), additionally, there were no effects of bed forms (e.g., ripples, 

dunes) or vegetation. 

Performing field measurements and comparing them with empirical based equations, with Cowan's 

method and with table values, provide a more accurate reference to adjust the estimated roughness 

coefficient. Using flow data from the site to calibrate the Manning’s n value will ensure more accurate 

results, as were demonstrated on the presented results. However, since roughness also changes in 

relation to the longitudinal slope (with a steeper slope of the channel bottom, the roughness coefficient 

is also greater), and there are sections with different slopes in the fish passes, the roughness coefficient 

will likely vary from place to place in different parts of the fish passes. 

5 Conclusion 

The roughness coefficient value in natural streams is influenced by surface roughness, vegetation, bed 

irregularity, river bed ground plan, sedimentation and erosion, obstacles in the stream, size and shape of 

the river bed, water stage and flow, seasonal changes, or bed loads [14, 20, 21]. Empirical formulas 

assume uniform flow, which practically does not occur in natural conditions. However, in the case of a 

fish pass, even if close to nature, as described in this article, many influences on the roughness 

coefficient are excluded, or are different than in natural conditions. Whether it is the influence of 

vegetation, which is desirable but regulated, seasonality is also excluded, because in the fish pass is 

constant controlled discharge that increases only during migration periods, bed loads do not occur there, 

the erosion process is eliminated by the construction of the channel bed and irregularities of the river 

bed are negligible. The most serious is the effect of surface roughness (due to pebbles placed in the 

concrete) and obstacles formed by solitary/single/perturbation boulders. The flow is steady non-uniform. 

 

Therefore, the research focused on determination of the Manning's roughness coefficient using different 

approaches, such as Cowan’s method, commonly used tables, empirical formulas based on the diameter 

of the grains determined from the grain size distribution curves, and data from in situ measurements of 

the hydraulic characteristics of the fish pass riverbed. These methods were used for comparison. The 

next step in the process will be to verify the obtained values of Manning's roughness coefficient using 

1D and 2D mathematical models of the investigated fish passes. This step is important to determine the 

reliability and applicability of the empirical equations in determining the roughness coefficient during 

the design phase and hydraulic calculations of new fish passes. 
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1 Abstract 

Bridge piers in rivers locally alter flow conditions in their vicinity, inducing scour and exposing bridge 

elements to increased loads that can lead to bridge failure. This research was conducted in hydraulic 

flume set up for bridge scour experiments, aiming to collect flow data relevant for scour development. 

The bridge pier was placed in the erodible bed and protected with a riprap sloping structure, focusing 

on flow conditions associated with mobile bed. Combinations of flow rates and flow depths were 

selected to include the incipient motion condition and above, targeted to collect the difference in near-

bed flow that transports bed sediment downstream. Experimental data was measured using the Acoustic 

Doppler Velocity Profiler in the bed vicinity with 1mm resolution and 100Hz frequency over the 12 min 

duration. The aim of the paper is to investigate the higher order turbulence statistics (turbulent kinetic 

energy and Reynolds stresses) and the bed elevation change in the near-bed region.  

 

Keywords: erosion, flume, bridge scour, turbulent kinetic energy, Reynolds shear stress 

2 Introduction  

Bridges built across rivers are influenced by the natural morphological development of the river channel, 

including erosion, deposition, and subsequent lateral migration of the channel. Bridge piers can directly 

influence the bed development in their vicinity, causing deposition of the scoured material in the pier 

shadow and subsequent morphological changes downstream. Highest rate of the morphological changes 

occurs during floods [1], which are considered to be most common cause of bridge failures worldwide 

[2]. All the aforementioned processes are intensified under climate change, exposing the existing bridges 

to higher loading and reducing their expected safety [3]. Since most of the large rivers in Croatia are 

free flowing, with regulated and consequently shortened and confined main channels, they are mostly 

affected by erosion [4]. Therefore, it can be considered that many bridges are vulnerable to scour, and 

at high risk of foundation undermining during floods [5]. Different scour countermeasures can be 

installed at bridge piers, tailored for the specific purpose depending on the on the flow characteristics, 

bridge geometry, cost, and environmental impact. Bridges can be locally protected from scour with 

larger stones, which in turn increases the turbulence and requires detailed flow investigation to evaluate 

the effect on the surrounding riverbed. In Croatia, most of the bridges over the large watercourses are 

protected with riprap sloping structure [6], a structure formed with a launchable stone shaped as a cone 

with slope approaching the angle of repose. While riprap sloping structure effectively reduces scour at 

the bridge pier, its effects on the downstream riverbed are unknown and scour estimation at these 

structures is not extensively researched. Considering the shape and size of the structure, the scour 

occurring at its toe will be induced by the turbulence downstream, instead of the downward flow and 

horseshoe vortices characteristic for the unprotected piers. Research on scour is mostly focused on the 

uniform pier geometry, symmetrical pier arrangement, and rarely on complex piers [7]. In the existing 

body of work on interaction of bridge piers with the flow, the critical areas of interest are the zones 

immediately downstream of the pier where the flow experiences intense turbulence [8]. It was shown 

that the turbulent structure patterns around piers are dominantly affected by the pier shape [9]. At the 

same time, the turbulent intensity in the near-bed region was found to be strongest, reducing with the 
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increasing distance from the bed [10]. Additional roughness elements were also found to have influence 

on the turbulence, resulting in higher Reynolds stress [11], which contributes to erosion and scour 

formation [12]. Riprap used as a scour protection next to bridge piers acts as an additional roughness 

element and can be designed using the near-bed turbulence intensity [13]. 

Understanding the flow characteristics and turbulent events at a threshold of motion is therefore crucial 

for understanding the scour development next to the riprap sloping structure. The aim of this study is to 

examine the influence of turbulence on bed deformation that would provide basis for the investigations 

of bed development downstream of the bridge piers protected with riprap sloping structure. The scour 

experiments are conducted for clear-water conditions to differentiate from other sediment transport 

mechanisms and provide information about local scour. However, once the bed development is initiated, 

flow acceleration/deceleration interacts with the bed and local turbulence governs erosion and 

deposition in the pier shadow. To investigate erosion/deposition on a small scale, at a single 

measurement point, flow rate was increased up to the incipient motion conditions which represent 

threshold of sediment entrainment. Turbulence was extracted from the direct velocity measurements, 

and compared with bed change rate to determine which events contribute to erosion and deposition.  

3 Methods 

A set of 5 experimental runs (Q1 ÷ Q5) combining different flow rates and flow depths was conducted 

using the recirculating hydraulic flume. The hydraulic conditions of the experiments correspond to the 

sediment transport threshold condition of the bed composition. Detailed turbulence at the incipient 

motion threshold conditions can be related to the critical flow conditions that lead to erosion and bed 

development. High frequency instantaneous velocity data can be used to extract turbulent events and 

bed deformation at a single point, measured using the high frequency velocimeter [14]. For this research 

flow velocity data was measured along the flume centerline using the acoustic Doppler velocimetry 

profiler Vectrino ADVP configured for the scour experiments [15,16]. The measurement setup was as 

follows: 

• A single 30 mm high near-bed zone was selected for velocimetry measurement 

• The measurement profile consisted of a series of 1 mm cells 

• First measurement point is protruding below the initial bed to collect near-bed data 

• Measurement duration was a total of 12 minutes  

• Five combination of flow rates and flow depths was simulated 

Flow profile was aligned with the position and size of the instrumented particle that will be used in 

subsequent experiments [17, 18]. The correlation of the Reynolds stress (RSS) and turbulent kinetic 

energy (TKE) with bed deformation for different flow rates close to the incipient motion threshold were 

analyzed to determine which events contribute to erosion and deposition. Velocity measurements are 

processed to obtain turbulence values with 100 Hz frequency, and calculate turbulent kinetic energy and 

Reynolds stress in the uw plane, using the following equations: 

 

𝑇𝐾𝐸 =
1

2
∙ (𝑢´̅2 + 𝑣´̅2 +𝑤´̅̅ ̅2) (1) 

 

𝑅𝑆𝑆𝑢𝑤 = −𝜌(𝑢′ ∙ 𝑤′̅̅ ̅̅ ̅̅ ̅̅ ) (2) 

 

Where: u’ – fluctuating component of the streamwise velocity u [mm/s]; v’ – fluctuating component of 

the spanwise velocity v [mm/s]; w’ – fluctuating component of the vertical velocity w [mm/s]; TKE - 

turbulent kinetic energy [mm2/s2]; RSS - Reynolds shear stress [mPa]. 

 

Results were evaluated through bed evolution and corresponding TKE and RSSuw values over time. Bed 

evolution was calculated as absolute bed change in comparison with the in initial, undisturbed state. 

TKE and RSS data are calculated as semi-instantaneous values, averaged at 0.1 s intervals. Through 
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simultaneous analysis of this data changes in TKE and RSS as a direct result of bed deformation can be 

evaluated. Observing initiation of bed material transport as a series of interchanging erosion and bedload 

supply from the upstream allows to compare the differences between TKE and RSS for different bed 

conditions and identify the potential drivers of scour development. 

4 Results and discussion 

The initial flow rate Q1 was used as benchmark, where flow was gradually increased to threshold 

conditions, while the bed was immobile. Flow was gradually increased for subsequent flows until fully 

mobile bed conditions were achieved for Q5. When timeseries of TKE and bed development are plotted 

for the entire duration of the experiment (Figure 1), the following pattern can be observed. Following 

low TKE values for the immobile bed condition (0.001 m2/s2), when flow is increased to Q2 (Figure 1b) 

the initial bed deformation is observed where bed is perturbed, i.e. individual particles begin to move 

accompanied by the variability in the TKE (Figure 1a). Towards the end of the experiment, both the bed 

and TKE stabilize with an average value of +0.23 mm and 0.004 m2/s2, respectively. When flow rate 

increases to Q3 (Figure 1b), TKE doesn’t change in comparison to the previous flow (0.003 m2/s2), 

while the bed level remains stable for the entire duration of the experiment at +0.07 mm over the 

immobile bed (Q1). After the bed has stabilized for the entire duration of the experiment, the flow was 

further increased to Q4 (Figure 1c). At this point significant bed erosion is initiated, and the bed is 

eroded -0.23 mm in comparison to the initial value. Bed erosion is accompanied by the increase in TKE 

values (0.019 m2/s2). Further increase of the flow rate to the Q5 (Figure 1d) results in additional bed 

erosion, where bed level is initially aggraded and afterwards abruptly eroded up to -12 mm. TKE trend 

shows continuous increase for the entire duration of the experiment, while the absolute value remains 

relatively high (0.007 m2/s2), but lower in comparison to Q4. 

 

a) b) 

  
c) d) 

  
Figure 1. Bed evolution (full line) and TKE (square markers) over time for flow rates Q2 (a), Q3 (b), Q4 (c), and 

Q5 (d) 

 

The analysis of the TKE and bed evolution trend was supplemented with the corresponding RSS analysis 

in the uw plane (Figure 2). For the immobile condition, the RSSuw exhibits a different pattern from TKE, 

where RSSuw values are relatively high, at 0.12 Pa on average. Flow increase to Q2 (Figure 2a) doesn’t 

significantly change the RSSuw value, and it remains unchanged on average, (0.11 Pa), but it can be seen 
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that significant proportion of the instantaneous values are negative. The same trend continues for Q3 

(Figure 2b), where bed aggradation is accompanied by the large number of negative RSSuw values, 

reducing an overall average to -0.02 Pa. Further increase of flow rate to Q4 (Figure 2c) and Q5 (Figure 

2d) follows trend as expected –positive RSSuw values are prevailing, and absolute values are increasing. 

The average RSSuw value is 0.31 Pa and 1.32 Pa for Q4 and Q5, respectively. 

 

a) b) 

  
c) d) 

  
Figure 2. Bed evolution (full line) and RSSuw (square markers) over time for flow rates Q2 (a), Q3 (b), Q4 (c), 

and Q5 (d) 

 

5 Conclusion 

This research was conducted in hydraulic flume set up for bridge scour experiments, aiming to collect 

flow data relevant for scour development. Combinations of flow rates and flow depths were selected to 

include the incipient motion condition and above, targeted to collect the difference in near-bed flow that 

transports bed sediment downstream. The influence of TKE and RSS on the bed material transport was 

evaluated through time series cumulative bed change and semi-instantaneous TKE and RSS values for 

different flow conditions. The results show that turbulent kinetic energy and Reynolds stresses show 

distinct patterns, depending on the bed development stage. As expected, positive RSSuw values 

correspond to the bed erosion, as well as high TKE values. At the threshold conditions flow and bed 

conditions stabilize throughout the experiment, with bed adjusting to the change in flow conditions. 

Once the flow conditions are increased over the threshold, sediment entrained upstream is transported 

through the measurement section. From the experiments it can be observed that after the bed 

development is initiated, bedform moves through the system and affects the velocimetry data and 

turbulent characteristics. Once the sediment supply is depleted, bed development is rapidly eroded. The 

results show the potential link between bed development after floods, where flow can further deepen the 

scour hole after the sediment supply diminishes.  
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1 Abstract 

The pressures along the outer contour of the parapet wall on the vertical breakwater without rubble 

mound were analyzed under the action of spectral and monochromatic waves, as well as the 

overtopping only under the action of spectral waves. The parapet wall was analyzed in two 

configurations, the first with the design on the outer side of the breakwater and the second with the 

alignment at the center of the breakwater. When the parapet wall is erected in the center of the 

structure, the maximum forces on the parapet increase almost fourfold compared to the forces acting 

on the parapet wall at the outer side of the structure. The overtopping intensities determined with the 

numerical model agree with the overtopping calculated on the basis of empirical equations.  

 

Keywords: vertical breakwater, parapet wall, wave pressures, overtopping 

2  Introduction 

Vertical breakwaters are structures designed to protect coastlines and maritime infrastructure from the 

impact of sea waves. These structures are often composed of a series of vertical elements, such as 

columns or pillars, strategically arranged to form a protective screen. The vertical orientation allows 

them to effectively reduce wave height and intensity, providing a stable environment for ports and 

coastal developments.  

Parapet walls are built on top of the vertical breakwater and provide an additional layer of protection 

against wave overtopping and forces [1], [2], [3]. Today, parapet walls are often used as a measure for 

the sea level rise adaptation measure acting as an additional protection against overtopping. The design 

of the parapet wall is an important factor in optimizing the overall performance of vertical breakwaters. 

The pressure and forces acting on the breakwater can be reduced by the proper design of the parapet 

wall and its placement at the top of the breakwater. Previous research has mainly focused on the design 

of the curved parapet walls at the outer side of the breakwater. For seas with moderate and low wave 

climate it is possible to use parapet walls that are positioned in the centerline of the breakwater, allowing 

ships to berth from the outside of the breakwater. 

Overtopping is a phenomenon of interaction between wave and structure in which part of the wave 

passes over the top of the structure in the form of a continuous layer of water or spray. Overtopping is a 

complex and non-linear phenomenon that is random in time and space and depends on geometric-

structural and hydrodynamic factors (sea level, height and period of the waves, structure freeboard, etc.). 

The importance of this phenomenon is often underestimated, as the overtopping event itself only occurs 

sporadically. 

The complexity of overtopping assessment is precisely the reason why there are several approaches to 

assessing overtopping intensity itself: numerical modeling, empirical methods, neural networks, and 2D 

and 3D experiments on physical models [4]. 
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Empirical methods - patterns are simplified representations of the complex physics of the process, 

usually presented in a dimensionless form that relates the time-averaged overtopping intensity to the 

main factors that characterize the phenomenon. This approach generally relies on fitting empirical 

expressions to the results of laboratory tests or measurements on a prototype in nature. Several authors 

have quantified the time-averaged overtopping intensity as a function of the main geometric and 

hydraulic parameters: 

 

q =  a ∙ e
−b∙

𝑅𝑐
𝐻𝑠  ∙ √𝑔 ∙ 𝐻𝑠

3 (1) 

 

In Eq. 1 “a” and “b” are the coefficients of the empirical model (a = 0.2 and b = - 4.3 according to [5] ; 

a = 0.05 and b = -2.78 according to [6]; a = 0.082 and b = -3 according to [7]) , and Rc ( freebord ) is 

the vertical distance between the water surface and the top of the breakwater or parapet wall. In the work 

[8] nomograms are given for the calculation of overtopping intensity. For all empirical expressions and 

nomograms, it was assumed that the parapet wall is located on the outer side of the breakwater. The 

above empirical expressions were used for comparison with the values of the (numerical) model 

calculation of the overtopping intensity under the same geometric conditions of the structure (parapet 

wall on the outer side of the breakwater). 

In view of the fact that there are no empirical expressions for the evaluation of the overtopping 

intensity in the case that the parapet wall is shifted towards the center of the breakwater, numerical 

simulations of overtopping for such design geometries were carried out in this work. In addition to the 

overtopping, it is necessary for the design to know the forces and/or pressures that occur along the 

contours of the parapet wall, which was also analyzed as part of this work. 

3  Methodology - numerical model 

The Flow 3D model was used to carry out numerical simulations. The model was developed at the Los 

Alamos National Laboratory in the 1970s and is still being developed and improved by the company 

Flow Science, Inc. ([9], [9], [11], [12]). It is based on the finite volume method and the Eulerian 

approach, which is used to solve the system of equations for the conservation of mass, momentum and 

energy. A structured computational grid in the Cartesian coordinate system is used, and the boundary 

conditions are defined on 6 planar surfaces of the discretization calculation block. The calculation code 

uses the so-called "Volume of Fluid" (VOF) formulation to include impermeable boundaries in the 

computational grid and the corresponding system of equations. 3D impermeable objects are treated as a 

set of finite volumes with associated surfaces, which supports the ability to solve systems of differential 

equations on an orthogonal and structured grid. The free surface is calculated using the VOF technique 

based on the volume fraction of each 3D cell. The mass conservation equation (continuity equation, Eq 

(2)) and the momentum conservation equation (Navier-Stokes equation, Eq (3-5)) in the Cartesian 

coordinate system are: 

 

𝑉𝑓
𝜕𝜌

𝜕𝑡
+
𝜕

𝜕𝑥
(𝜌𝑢𝐴𝑥) +

𝜕

𝜕𝑦
(𝜌𝑣𝐴𝑦) +

𝜕

𝜕𝑧
(𝜌𝑤𝐴𝑧) = 𝑅𝐷𝐼𝐹 + 𝑅𝑆𝑂𝑅 
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where: u, v, w are the components of the velocity vector in the x, y, z directions; RDIF turbulent diffusion 

term; p pressure; RSOR source or sink term; Ax , Ay , Az flow cross-section in the calculation cell; ρ fluid 

density (assumed 1028 kg/m3); Gz gravitational acceleration; fx , fy , fz acceleration due to viscous effect 

in the x, y, z directions based on the divergence of the viscous stress tensor ((1/ρ) ∇ .σ); Vf volume 

fraction of the fluid in the calculation cell calculated based on Eq. 6. 

 
𝜕𝐹

𝜕𝑡
+
1

𝑉𝑓
[
𝜕(𝐹𝐴𝑥𝑢)

𝜕𝑥
+
𝜕(𝐹𝐴𝑦𝑣)

𝜕𝑦
+
𝜕(𝐹𝐴𝑧𝑤)

𝜕𝑧
] = 0 (6) 

 

where: the value of the volume fraction F used to present the amount of fluid in each calculation cell 

(takes values from 0 to 1; 0 – cell filled with gas, 1 – cell completely filled with liquid). 

 

The numerical channel (2D vertical section) has a horizontal bed with a depth of 10 m over an initial 

length of 200 m, after which the depth decreases continuously due to a constant bed slope (1:30). The 

breakwater profile is set 60 m from the start of the bottom slope (260 m from the start of the numerical 

channel, Figure 1) in the case of a breakwater at 8 m depth. For a breakwater at a depth of 6 m, the 

breakwater profile is set 120 m from the start of the bottom slope (320 m from the start of the numerical 

channel), while for a breakwater at a depth of 4 m, the breakwater profile is set 180 m from the start of 

the bottom slope (380 m from the start of the numerical channel). 

 

The spatial discretization of the computational grid with cells of equidistant lengths in x, y and z 

direction (x = y = z = 0.2 m) is applied. The RNG k-ε turbulence model is used in the 

implementation of simulations ([13], [14]), and the heat transfer need not be considered for the problem 

under investigation. The pressure term is solved with an implicit method, the so-called GMRES 

(Improved Generalised Minimum residual ), and viscous stresses explicitly. 

 

The boundary conditions include JONSWAP spectral waves (g= 3.3, s1 = 0.07, s2 = 0.09) at the input 

of the computational grid and a symmetric boundary condition at the sides (model domain width 0.2 m). 

Significant wave heights Hs and peak wave periods Tp (Hs = 3 m, Tp = 6.3 s; Hs = 3.5 m, Tp = 6.9 s) 

for spectral waves, i.e. wave heights H and periods T for monochromatic waves (H = 3 m, T = 6.3 s ; H 

= 3.5 m, T = 6.9 s ; wave steepness L/H = 21), and depths in front of the breakwater (8 m, 6 m and 4 m) 

were varied as part of the analysis. The boundary condition of an impermeable boundary (wall) is used 

for the bottom and atmospheric pressure for the top. The initial conditions are given as a resting state of 

water with a free surface at a constant level and a hydrostatic pressure distribution.¸ 
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Figure 1 Schematic representation of the geometry of the numerical wave channel and the analyzed three 

vertical positions of breakwaters with parapet walls  
Table 1 gives the list of the performed numerical simulations. As an initial condition, representative 

monochromatic waves and irregular waves have been chosen and those represent heavy wave conditions 

in front of the breakwater. Each simulation covers the period of 600s. 

 
Table 1 List of performed numerical simulations Hs-significant wave height; H-wave height, Rc-height of the 

structure above sea level 

Simulation Hs (m) / H (m) Rc/Hs, Rc/H 
breakwater 

depth (m) 
Parapet wall 

1 / 13 3.5 1.14 8 outer side 

2 / 14 3.0 1.33 8 outer side 

3 / 15 3.5 1.14 6 outer side 

4 / 16 3.0 1.33 6 outer side 

5 / 17 3.5 1.14 4 outer side 

6 / 18 3.0 1.33 4 outer side 

7 / 19 3.5 1.14 8 center 

8 / 20 3.0 1.33 8 center 

9 / 21 3.5 1.14 6 center 

10 / 22 3.0 1.33 6 center 

11 / 23 3.5 1.14 4 center 

12 / 24 3.0 1.33 4 center 

4  Discussion of the results  

The dynamic of the force on the parapet wall surface where the pressure gauges are located (integration 

with 14 numerical pressure gauges) is shown in Figure 2 - Figure 5 for spectral waves. From the 

presented figures it is visible that forces exerted on the parapet wall have varibale pattern due to 

occurrence of the irregular waves on the wall. In the cases of the parapet wall positioned on the center 
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of the wall crown much larger forces occurred during simulation.  

 

 
Figure 2 Dynamic of the force per m' of the parapet wall on which the numerical pressure gauges are 

located (analyses 1,3,5 →Hs = 3.5m; parapet wall on the outer side of the breakwater) 

 

 
Figure 3 Dynamic of the force per m' of the parapet wall on which there are numerical pressure gauges 

(analyses 2,4,6 →Hs = 3.0m; parapet wall on the outer side of the breakwater) 
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Figure 4 Dynamic of the force per m' of the parapet wall on which there are numerical pressure gauges 

(analyses 7,9,11 →Hs = 3.5m; parapet wall retracted in the center of the breakwater) 
 

 
Figure 5 Dynamic of the force per m' of parapet wall on which there are numerical pressure gauges 

(analyses 8,10,12 →Hs = 3.0m; parapet wall retracted in the center of the breakwater) 

 

Maximum model pressures at all gauges (from 1 at the base of the parapet wall to 14 at the top of the 

parapet wall) during the simulation period of 600s are shown in Figure 6. Similar in previous graphs, it 

is visible that pressures are larger in the cases of the parapet wall positioned in the center o the crown 

wall, especially in the lower part of the parapet wall around point 1. The resonable explanation for that 

is that volume of the water slides on the crown of the breakwater before it strikes the parapet wall. In 

these conditions, somethimes it happens that volume of the air is entrapped in the mass of water and 

explodes in the strike with the parapet wall what can be clearly observed on the 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

42 
 

 

 

 
Figure 9 in the case of pressure diagram exerted at 72.3s. These conditions happen rarely but produce 

very large pressures as those presented in Figure 6. 

 

 

 
Figure 6 Maximum model pressures on all numerical pressure gauges (from 1 in the base of the 

parapet wall up to 14 at the top of the parapet wall) during the simulation period of 600s (left - H = 

3.5m; right - H= 3.0m; upper graphs present parapet wall in the center of the breakwater and lower 

parapet wall on the outer side) 
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In the context of the previous discussion, it seems better to place the parapet walls on the outer side of 

the breakwater this way avoiding larger forces on the parapet wall. Considering that the parapet wall is 

an integral part of the entire breakwater and produces forces on it, the analysis of forces on the entire 

breakwater were investigated. In particular because the maximum force on the parapet wall and the 

maximum force on the rest of the breakwater (lower part) do not occur at the same moment. For this 

reason, the three largest total forces on the breakwater were calculated for each modeling period of 600s 

with the constant wave conditions. The results are shown in Figure 7. Like the previous conclusions, it 

appears that the total force is greater when the parapet wall is positioned in the center of the crown. 

 

 

 
Figure 7 Total force on the breakwater resulted from numerical model for two different positions of the parapet 

wall on the breakwater crown (in the center and on the outer side); results are for depth d= 6 m and each color 

represents three largest forces in the modeling period of 600s 
 

Figure 8 shows a comparison of the pressure diagrams that occur on the breakwater at different times 

during the simulation. Different colors show pressures of different monochromatic waves approaching 

the breakwater, and solid curves show the diagram corresponding to the maximum force exerted by that 

wave. The dotted curves show the pressure diagrams 0.1 second before and after this time. It can be seen 

from the figure that the Goda’s diagram follows well modeled pressure diagrams and can be used to 

predict forces in the case of a parapet wall located on the outside. The case of the parapet wall in the 

center of the crown is shown in the 
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Figure 9 and there is visible situation of the trapped air explosion at the 72.3 s. The situations with air 

explosions are visible also in the Figure 7 where four dots are positioned extremely to the right of the 

graph showing much larger forces in the case of parapet wall in the center. Additional analysis should 

be performed to find the best method to predict this type of force, which is obviously larger. 

 

 

Figure 8 Pressure diagrams from numerical model test 18 (H=3m) and the position of the parapet wall on the 

outer side of the crown in different moments compared to the Goda’s method 
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Figure 9 Pressure diagrams from numerical model test 24 (H=3m) and the position of the parapet wall in the 

center of the crown in different moments compared to the Goda’s method 

 

A comparison of overtopping (q - m 3 /s/m') obtained by numerical model and application of empirical 

patterns ([6], [7], [15], [5], [8]) is shown in Figure 10. The mean value of overtopping from the results 

of the numerical simulations is 0.016 m 3 /s/m' for Hs = 3m, while the mean value of overtopping based 

on empirical expressions is 0.017 m 3 /s/m'. Furthermore, the mean value of overtopping from the results 

of the numerical simulations is 0.063 m 3 /s/m' for Hs = 3.5m, while the mean value of overtopping based 

on empirical expressions is 0.043 m 3 /s/m'. 

 

 

 
Figure 10 Comparison of overtopping obtained by the numerical model and the application of empirical 

relations (numerical results only for the case of the parapet wall placed on the outer side of the breakwater) 

 

If the parapet wall is moved 3 m away from the edge, the overtopping changes, as shown in Figure 11. 

The average reduction of overtopping is 20% when the parapet wall is moved 3 m towards the center of 

the breakwater. The intensity of overtopping depends significantly on the depth at which the breakwater 

was built, and the maximum overtopping was achieved for a breakwater with a depth of 6 m. 
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Figure 11 Comparison of overtopping intensity for the parapet wall on the outer side of the breakwater and in 

the center 

5  Conclusion 

A numerical model was created to analyze the dynamics of pressures and forces on the parapet wall 

placed on a vertical breakwater under the action of spectral waves. In the numerical simulations, the 

vertical breakwater was placed at depths of 8 m, 6 m and 4 m, with a constant bottom slope (1:30). In 

all simulations performed, the top of the parapet wall is at an elevation of +4.0 m (above the still water 

level), while the height of the breakwater is +1.4 m (the height of the parapet wall is 2.6 m). The parapet 

wall was studied in two configurations, the first with the position on the outside outer side of the 

breakwater and the second with the alignment in the center of the breakwater. The width of the 

breakwater is 6 m, the width of the parapet wall is 1 m. The pressure dynamics at 14 points along the 

outer contour of the parapet wall and the dynamics of overtopping were observed with a time resolution 

of 0.1 s. 

 

 

 

The results of the simulations showed the following: 

- the maximum wave force on the parapet wall is almost four times higher (on average 3.8 for 

spectral waves and 3.7 for monochromatic waves) when the parapet wall is built in the center 

of the breakwater, compared to building the parapet wall at the beginning of the structure. 

- the highest registered pressure for spectral and monochromatic waves occurs at the junction 

between the cover plate of the breakwater and the parapet wall. 

- the total forces on the entire face of the breakwater (breakwater and parapet wall) show a 

negative effect of the placement of the parapet wall in the center of the crown due to the increase 

of the forces by double or almost triple because of the explosion of the trapped air. 

- overtopping intensities calculated with the numerical model (q = 0.016 m 3 /s/m') are very close 

to the values obtained with empirical equations (q = 0.017 m 3 /s/m') in the case of the parapet 

wall on the outer side of the breakwater under wave conditions Hs = 3 m and Tp = 6.3 s, while 

the results of numerical simulations in the case of Hs = 3.5 m and Tp = 6.9 s yield 46 % higher 

overtopping values. 

- if the parapet wall is placed in the center of the structure, the overtopping (on average of all 

simulations) is 20% lower than in the case where the parapet wall is placed at the outer side of 

the breakwater. 
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- the results of the empirical models do not provide information on the difference in overtopping 

intensity depending on the position of the parapet wall and the influence of the depth at which 

the breakwater was built, which is why it is necessary to carry out numerical simulations or tests 

on a physical model. 

 

Reference:  

[1]. Ravindar, R., Sriram, V.: Impact Pressure and Forces on a Vertical Wall with Different Types 

of Parapet. Journal of Waterway, Port, Coastal, and Ocean Engineering, 147 (2021), 3, (2021), 

pp. 04021007. https://doi.org/10.1061/(ASCE)WW.1943-5460.0000635 

[2]. Castellino, M., Romanoa, A., Larab, J., Losada, I., Girolamoa, P.: Confined-crest impact: forces 

dimensional analysis and extension of the Goda’s formulae to recurved parapets. Coastal 

Engineering., 163 (2021), pp. 103814, https://doi.org/10.1016/j.coastaleng.2020.103814 

[3]. Kortenhaus, J. Pearson, T. Bruce, N. Allsop, J. Van der Meer, Influence of parapets and recurves 

on wave overtopping and wave loading of complex vertical walls, in: Proc. Coastal Structures 

(ASCE), pp. 369–81, 2003. 

[4]. EurOtop, 2018. Manual on wave overtopping of sea defences and related structures. Van der 

Meer, J.W., Allsop, N.W.H., Bruce, T., De Rouck, J., Kortenhaus, A., Pullen, T., Schüttrumpf, 

H., Troch, P. and Zanuttigh, B., www.overtopping-manual.com. 

[5]. Franco, L., de Gerloni , M., van der Meer , JW: Wave overtopping at vertical and composite 

breakwaters , 24th International Conference on Coastal Engineering , Kobe, Japan, pp. 1030-

1045 1994. 

[6]. Allsop, N. W. H., Besley, P., & Madurini, L.: Overtopping performance of vertical and 

composite breakwaters, seawalls and low reflection alternatives, 1995, Paper presented at the 

final MCS Project Workshop, Alderney, UK. 

[7]. Coastal Engineering Manual Part VI: Design of Coastal Project Elements. EM 1110-2-

1100, 2012 
[8]. Goda, Y.: Random Seas and Design of Maritime Structures , World Scientific Publishing , 

Singapore, 2000. 

[9]. Hirt , CW and Nicholas, B.: Flow-3D User's Manual, Flow Science Inc. 1998. 

[10]. Prosperetti , A., Tryggvason , G.: Computational Methods for Multiphase Flow , 

Cambridge University Press, (2007) pp. 488 . https://doi.org/10.1017/CBO9780511607486 

[11]. Bombardelli , FA, Meireles , I., Matos , J.: Laboratory measurements and multi- block 

numerical simulations of the I mean flow and turbulence in the non-aerated skimming flow 

region of steep stepped spillways , Environ . Fluid Mech ., 11 (2011), pp . 263–288. 

https://doi.org/10.1007/s10652-010-9188-6 

[12]. Bombardelli , F. A.: Computational multi- phase fluid dynamics to address flows past 

hydraulic structures , Proceedings of the 4th IAHR International Symposium on Hydraulics 

Structures , Porto, Portugal, pp . 9-11, 2012. 

[13]. Yakhot , V., Orszag , SA.: Renormalization group analysis of turbulence . I. Basic 

theory , J. Sci. Comput, 1 (1986), pp. 3–51. https://doi.org/10.1007/BF01061452 

[14]. Yakhot , V., Smith, LM: The renormalization group , the ɛ- expansion and derivation 

of turbulence models , J. Sci. Computer, 7 (1992), pp 35–61. https://doi.org/ 

10.1007/BF01060210 

[15]. Franco, C., Franco, L.: Overtopping Formulas for Caisson Breakwaters with 

Nonbreaking 3D Wave , Journal of Waterway, Port, Coastal, and Ocean Engineering, 125 

(1999), 2, pp. 98–108. https://doi.org/10.1061/(ASCE)0733-950X(1999)125:2(98) 

https://doi.org/10.1061/(ASCE)WW.1943-5460.0000635
https://doi.org/10.1016/j.coastaleng.2020.103814
https://doi.org/10.1017/CBO9780511607486
https://doi.org/10.1007/s10652-010-9188-6
https://doi.org/10.1007/BF01061452
https://doi.org/10.1061/(ASCE)0733-950X(1999)125:2(98)


 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

48 
 

 

 

EFFECTIVE METHODS FOR THE HYDRAULIC ASSESSMENT OF COMBINED FUNCTIONAL 

STRUCTURES INVOLVING SMALL WATER AND DRY RESERVOIRS 

JIŘÍ SKOKAN 1, ALEŠ DRÁB 2 

1 Brno University of Technology, Czech Republic, 212397@vutbr.cz 

1 Abstract 

The paper explores current options for the hydraulic assessment of combined functional structures 

involving small water and dry reservoirs. The pursuit of cost savings often leads to the use of this type 

of flow control structure, which can pose significant hydraulic challenges. Economically, experimental 

research using physical models is typically not feasible for assessing hydraulic designs in such cases. 

Consequently, the paper primarily emphasizes the use of analytical and numerical calculations. For a 

thorough hydraulic assessment of the associated structure, a 3D numerical model was employed, 

encompassing all components of the structure, including the safety spillway, stilling pool, apron, and 

bottom outlet. Analytical calculations, coupled with a 1D numerical model, were applied for preliminary 

designs of the basic dimensions of the structure and comparison with the results of the 3D numerical 

model. The proposed computational procedures were verified through their application in the design of 

a dry reservoir in the locality of Kroměříž in the Czech Republic. In conclusion, the authors delve into 

a detailed discussion of the obtained results and provide recommendations for the practical application 

of these findings in engineering practice and within other research endeavours. 

 

Keywords: dry reservoirs, small water reservoirs, hydraulic structures, flow control objects, one-

dimensional model, three-dimensional model, safety, flood wave 

2 Introduction 

The paper focuses on the determination of the capacity of flow control objects of small water and dry 

retention reservoirs using analytical methods, and 1D and 3D numerical models. Small water reservoirs 

and corresponding dry retention reservoirs are defined according to the Czech technical standard [1] as 

earth-filled dams with a volume of controllable storage capacity of up to 2 million m3 of water and their 

height does not exceed 9 m. The requirements for dry retention reservoirs are described in more detail 

in the Czech technical standard [2]. Bureau of Reclamation [3] defines small reservoirs according to 

their purpose, design parameters and main construction material.  

The calculation of the capacity of flow control objects of small water and dry retention reservoirs directly 

affects its design parameters and vice versa. In practical engineering applications, simple analytical 

methods based mainly on one-dimensional (1D) and steady-state flow are used to determine the capacity 

of functional objects, as described, for example, in [4]. The advantage of these methods is fast and low-

cost calculation in a commonly available spreadsheet. These methods work very well under conditions 

that match their simplifying assumptions, i.e., the flow can be well approximated in 1D and hydraulic 

phenomena such as overflow or outlet opening occur in an unsubmerged regime. Smaller dry retention 

reservoirs with a maximum height of 5 m are proposed on small streams in the Czech Republic [5] to 

capture flash floods with a repetition period of 5 to 100 years. The above-mentioned phenomena, such 

as unsubmerged overflow or discharge through the bottom outlet in the entire range of designed 

discharges, cannot be guaranteed on these objects, because the functional object of the reservoir is 

almost always affected by the tailwater during flood conditions due to its low height. This impact 

negatively affects the capacity of the designed object. The design can always be supported by 

experimental research on a physical model [6], but the cost of doing so usually does not reflect the 

significance of such small water structures. Currently, it is advisable to use a 1D numerical model or a 

three-dimensional (3D) CFD model to verify the parameters of the designed hydraulic structure. 
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Analysing the design by other independent methods can help reveal uncertainties and weaknesses in the 

design or, conversely, point out significantly over-dimensioned elements of the hydraulic structure. In 

the following chapters, we will discuss the problem of determining the capacity of flow control objects 

in more detail and apply the findings to a practical application of the recent proposal of a dry retention 

reservoir in the locality of the town of Kroměříž in the Czech Republic.  

3 Methods 

The chapter presents the methods used for the design and capacity assessment of the water structure's 

flow control objects. In principle, there are several possible approaches: 

- analytical solutions, 

- numerical models, 

- experimental model research (not within the paper). 

3.1 Analytical solution 

The analytical calculations are suitable for determining the basic dimensions of the structure and its flow 

control objects, e.g. the apron, the bottom outlet and the safety spillway. The equations solving for steady 

uniform or non-uniform flow, discharge through the opening and weir overflow are considered standard 

practice. The disadvantage of these methods is the considerable uncertainty in the simplifying 

assumptions we include in the calculation, e.g. that the flow is 1D or uniform. In engineering practice, 

the most commonly used equation for steady, uniform, free-surface flow is the Chézy equation [7] (1): 

𝑣 = 𝐶√𝑅𝐽0 (1) 

where 𝑣 is the mean velocity in ms-1, 𝐶 is Chézy's velocity coefficient in m0.5s-1, 𝑅 is the hydraulic radius 

in m, 𝐽0 is the grade of the energy (or ground) line. 

The application of the Chézy equation is justifiable only in the case of a preliminary design of the object 

dimensions and the results must always be verified by more appropriate and accurate methods. The 

Chézy equation can be used to determine the capacity of the bottom outlet or the apron. 

For the solution of the discharge through the opening or the bottom outlet without the influence of the 

inflow velocity, we apply the relations corresponding to the submergence rate of the outlet jet [7], [8] 

(the vena contracta): 

A. for free surface flow unaffected by tailwater (2): 𝑄 = 𝑚𝑏√2𝑔ℎ
3
2 (2) 

B. for free surface flow affected by tailwater (3): 𝑄 = 𝜑𝑏ℎ𝜎√2𝑔(ℎ − ℎ𝜎) (3) 

C. for flooded inlet and outlet unaffected by tailwater (4): 𝑄 =
2

3
𝜇𝑏√2𝑔 (𝑧2

3
2 − 𝑧1

3
2) (4) 

D. for fully submerged inlet and partly submerged outlet (5): 
𝑄1 =

2

3
𝜇1𝑏√2𝑔 (𝐻𝜎

3
2

− 𝑧1

3
2) 

𝑄2 = 𝜇2𝑎2𝑏√2𝑔𝐻𝜎 

𝑄 = 𝑄1 +𝑄2 

(5) 

E. for fully submerged inlet and outlet (6): 𝑄 = 𝜇𝑎𝑏√2𝑔𝐻 (6) 

where 𝑄 is the discharge in m3s-1, 𝑚 is the discharge coefficient, 𝜇, 𝜇1 and 𝜇2 are the opening's discharge 

coefficients, 𝑏 is the width of the opening in m, 𝜑 is the velocity coefficient, 𝑔 is the gravitational 

constant in ms-2 (9.81 ms-2), other variables are shown in Figure 1 and have dimension m. 

The above equations are valid for rectangular openings. In other technical literature, e.g. [7], 

corresponding relations can be found in other notations. For short bottom outlets, where the effect of 

friction can be neglected, values of 𝑚 = 0.36−0.16, 𝜇 = 0.65−0.75 a 𝜑 = 0.96−0.79 are generally 

considered [7], [8]. 
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Figure 1. Schematic of the discharge through the opening 

For the solution of the discharge over the safety spillway it is appropriate to use the Bazin weir equation 

assuming neglect of the inflow velocity [8], [9] (7): 

𝑄 = 𝜎𝑧𝑚𝑏0√2𝑔ℎ
3
2 (7) 

where 𝜎𝑧 is the submergence coefficient, 𝑏0 is the effective width of the spillway (for the designed 

spillways it is practically the same as the free width of the spillway 𝑏) in m and ℎ is the headwater 

elevation. 

The discharge coefficient can be determined e.g. by: 

A. Kramer [9] (8):  𝑚 =
2

3
∙ [1,02 −

1,015

ℎ
𝑟 + 2,08

+ [0,04 ∙ (
ℎ

𝑟
+ 0,19)

2

+ 0,0223] ∙
𝑟

𝑠1
] (8) 

B. Rehbock [8] (9): 𝑚 =
2

3
∙ [0.312 + 0.09

ℎ

𝑠1
+√0.3 − 0.01 ∙ (5 −

ℎ

𝑟
)] (9) 

C. Stara [10] (10): 

𝑚
= 0.349494

+ 0.307084

ℎ
𝑠1

(
ℎ
𝑠1
)
1.62877

+ (
𝑠1
2𝑟)

−1.45694
+ 0.223402

 
(10) 

where r is the radius of curvature of the weir crest in m a s1 is the height of the weir crest above the 

upper bottom in m. 

The submergence coefficient for negative pressure spillways with a circular rounded crest has not yet 

been reliably determined; they are mainly used for safety spillways on higher water structures, where 

the nappe is not affected by tailwater [4], [11]. In the past, the submergence of negative pressure 

elliptically curved weirs was studied by Rozanov [12], his results can be well approximated by the 

empirical equation (11): 

𝜎𝑧 = [−0.78332 ∙ (
ℎ𝑧
ℎ
+ 0.15)

1.74

+ 1]

1
1.97

 (11) 

 

where 
ℎ𝑧

ℎ
 is the submergence ratio of the nappe. The equation is valid within the range of − 0.15 ≤

ℎ𝑧

ℎ
≤ 

1. 

For circular rounded weirs, the submergence coefficient according to [8] is often used in engineering 

practice, which can be well approximated by the empirical equation (12): 
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𝜎𝑧 = [−0.99128 ∙ (
ℎ𝑧
ℎ
)
5.25

+ 1]

1
1.56

 (12) 

where 
ℎ𝑧

ℎ
 is the submergence ratio of the nappe. The equation is valid within the range of 0 ≤

ℎ𝑧

ℎ
≤ 1. 

3.2 1D model 

We assume that discharge, mean velocity and flow area are only a function of position and independent 

of time. In such flow, we deal with frictional losses along the length and contraction/expansion losses. 

The problem can be solved by dividing the channel along its length into sub-sections and using 

Bernoulli's equation (13) related to the reference plane [13]: 

𝑖0𝑗∆𝐿 + ℎ𝑖 +
𝛼𝑣𝑖

2

2𝑔
= ℎ𝑖+1 +

𝛼𝑣𝑖+1
2

2𝑔
+ ℎ𝑧𝑗 (13) 

where i0j is the grade of the ground in the sub-section, ΔL is the length of the sub-section in m, hi, hi+1 is 

the water surface elevation in the profiles in m, α is the kinematic energy coefficient, vi, vi+1 is the mean 

velocity in profiles in ms-1, g is the gravitational constant in ms-2 (9.81 ms-2), hzj are the energy losses in 

the sub-section in m. 

Contraction/expansion losses should be expressed as (14) [13]: 

ℎ𝑧𝑚 = 𝜉
(𝑣𝑖

2 − 𝑣𝑖+1
2 )

2𝑔
 (14) 

And the friction loss can be expressed by the slope of the energy line (15) [13]: 

ℎ𝑧𝑡 =
𝑄2

𝑆𝑝𝑗
2 𝐶𝑝𝑗

2 𝑅𝑝𝑗
∙ ∆𝐿 (15) 

where ℎ𝑧𝑚 is the contraction/expansion loss in m, 𝜉 is the contraction/expansion loss coefficient (0−1), 

ℎ𝑧𝑡 is the friction loss in m, 𝑄 is discharge in m3s-1, 𝑆 flow area in m2, 𝐶 is Chézy's velocity coefficient 

in m0.5s-1 a 𝑅 is the hydraulic radius in m. 

This method is suitable for the estimation of the water surface elevations in an apron or chute. The 

discharge through the bottom outlet and the safety spillway are solved by equations (2) to (12) from 

Chapter 3.1. 

3.3 Hydraulic jump 

By designing a part of the chute with a supercritical slope, theoretically a critical depth, a supercritical 

flow and subsequently a hydraulic jump can occur. Hydraulically, the calculation of the depth and length 

of the hydraulic jump and the sequent depths can be solved in several ways, see eq. (16) to (20): 

A. by solving the general momentum 

equation [7]: 

𝛽𝑄2

𝑔𝑆
+ 𝑧𝑆 = 𝜃(𝑦) (16) 

B. by TBD [14]: ℎ1 =
𝑞1

√2𝑔(𝐸𝑣 + 𝑧𝑣 − 𝑧1 − ℎ1
 

ℎ2 =
ℎ1
2
(√1 +

8𝑞1
2

𝑔ℎ1
3 − 1) 

 

(17) 

C. by [15] for rectangular channels: ℎ2
ℎ1
= 0,5 ∙ [(1 + 8 ∙ 𝐹𝑟1

2)
1
2 − 1] (18) 

D. by [15] for conoidal channels: 𝐿

=
6,4 ∙ ℎ1 ∙ (𝐹𝑟1

2 − 1)
1
2

1 + 0,32 ∙ (tan 𝛾 + tan 𝛿𝑠) ∙ (𝐹𝑟1
2 − 1)

1
2 ∙
ℎ1
𝑏𝑠1

 

𝛿𝑠 =
(tan 𝛿 − tan 𝛾) ∙ ℎ1

𝐻
+ tan 𝛾 

(19) 
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ℎ2 = ℎ1 +
0,114 ∙ 𝑘 ∙ 𝐿

1,2 − 0,2 ∙ (
𝑏1
ℎ1
)

1
3

 

The length of the hydraulic jump is determined according to equation (19) or according to Novák [8] 

(20): 

𝐿 = 𝐾 ∙ (ℎ2 − ℎ1) (20) 

It is advisable to assess the stilling pool according to Čertousov [16] (21): 

𝜎 =
𝐻 + 𝑑

ℎ2
∈ 〈1,05 𝑡𝑜 1,10〉 (21) 

where β is the Boussinesq’s coefficient, Q is the discharge in m3s-1, z is the centre of gravity of the flow 

area in m, S is the flow area in m2, g is the gravitational constant in ms-2 (9.81 ms-2), θ(y) is the hydraulic 

jump function, h1 is the upstream depth in m, q1 is the specific discharge in m2s-1, Ev is the energy head 

above the chute in m, zv is the bottom elevation above the chute in m, z1 is the elevation of the bottom 

of the stilling pool in m, h2 is the downstream depth m, Fr is Froude number, L is the length of the 

hydraulic jump in m, γ and δ are the angles of expansion of the stilling pool in rad, H is the depth in the 

downstream channel m, bs1 is the mean channel width in m, b1 is the bottom width in m, K is a coefficient 

in the range of 4 to 5.5 and d is the stilling pool depth in m. The variables are shown in Figure 2. 

 
Figure 2. Schematic of the stilling pool and hydraulic jump 

3.4 3D model 

3.4.1 Mathematical model 

The mathematical apparatus consists of continuity equation, momentum equation and turbulent model. 

The continuity equation is of the form (22) [17]: 

𝑉𝐹
𝜕𝜌

𝜕𝑡
+
𝜕

𝜕𝑥
(𝜌𝑢𝐴𝑥) + 𝑅

𝜕

𝜕𝑦
(𝜌𝑣𝐴𝑦) +

𝜕

𝜕𝑧
(𝜌𝑤𝐴𝑧) + 𝛾

𝜌𝑢𝐴𝑥
𝑥

= 𝑅𝐷𝐼𝐹 + 𝑅𝑆𝑂𝑅 (22) 

where VF is the fractional volume in m3, ρ is the density of the medium in kgm-3, u, v and w are the 

components of the velocity vector in ms-1, Ax, Ay and Az are the fractional flow areas in m2, R is the 

coefficient for the transformation to the cylindrical coordinate system, γ is the coefficient for the 

transformation to the cylindrical coordinate system, RDIF is the turbulent diffusion term inkgs-1 a RSOR is 

the source or sink in kgs-1. 

The momentum equations can be written as eq. (23) to (25) [17]: 
𝜕𝑢

𝜕𝑡
+
1

𝑉𝐹
{𝑢𝐴𝑥

𝜕𝑢

𝜕𝑥
+ 𝑣𝐴𝑦𝑅

𝜕𝑢

𝜕𝑦
+ 𝑤𝐴𝑧

𝜕𝑢

𝜕𝑧
} − 𝛾

𝐴𝑦𝑣
2

𝑥𝑉𝐹
= −

1

𝜌

𝜕𝑝

𝜕𝑥
+ 𝐺𝑥 + 𝑓𝑥 − 𝑏𝑥 −

𝑅𝑆𝑂𝑅
𝜌𝑉𝐹

(𝑢 − 𝑢𝑤 − 𝛿𝑢𝑠) (23) 

𝜕𝑣

𝜕𝑡
+
1

𝑉𝐹
{𝑢𝐴𝑥

𝜕𝑣

𝜕𝑥
+ 𝑣𝐴𝑦𝑅

𝜕𝑣

𝜕𝑦
+ 𝑤𝐴𝑧

𝜕𝑣

𝜕𝑧
} + 𝛾

𝐴𝑦𝑢𝑣

𝑥𝑉𝐹
= −

1

𝜌
(𝑅
𝜕𝑝

𝜕𝑦
) + 𝐺𝑦 + 𝑓𝑦 − 𝑏𝑦 −

𝑅𝑆𝑂𝑅
𝜌𝑉𝐹

(𝑣 − 𝑣𝑤 − 𝛿𝑣𝑠) (24) 

𝜕𝑤

𝜕𝑡
+
1

𝑉𝐹
{𝑢𝐴𝑥

𝜕𝑤

𝜕𝑥
+ 𝑣𝐴𝑦𝑅

𝜕𝑤

𝜕𝑦
+ 𝑤𝐴𝑧

𝜕𝑤

𝜕𝑧
} = −

1

𝜌

𝜕𝑝

𝜕𝑧
+ 𝐺𝑧 + 𝑓𝑧 − 𝑏𝑧 −

𝑅𝑆𝑂𝑅
𝜌𝑉𝐹

(𝑤 − 𝑤𝑤 − 𝛿𝑤𝑠) (25) 

where u, v and w are the components of the velocity vector in ms-1, VF is the fractional volume in m3, 

Ax, Ay and Az are the fractional flow areas in m2, R is the coefficient for the transformation to the 

cylindrical coordinate system, γ is the coefficient for the transformation to the cylindrical coordinate 
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system, p is pressure in Pa, ρ is the density of the medium in kgm-3, Gx, Gy and Gz are the components 

of the acceleration vector of the body in ms-2, fx, fy and fz are the components of the gravitational 

acceleration vector in ms-2, bx, by and bz are the energy losses in the porous medium in m. 

 

LES (large eddy simulation) was chosen as the turbulence model. In simplified terms, the LES model 

can be described as quantifying directly all computationally resolvable turbulent flow structures and 

approximating only computationally indistinguishable phenomena. The effects of turbulence that are 

too small to be solved by direct numerical simulation are represented by the turbulent viscosity 𝜈𝑇, 

which is given by (26) [17]: 

𝜗𝑇 = (𝑐𝐿)
2 ∙ √2𝑒𝑖𝑗2𝑒𝑗𝑖 (26) 

where 𝜈𝑇 je kinematic turbulent viscosity in m2s-1, L is the length scale (in this case the size of the 

computational grid cells) in m, eij and eji are the components of the strain rate tensor in s-1 a c is the 

Smagorinsky coefficient. 

3.4.2 Numerical model 

The flow through the object was simulated by the CFD software Flow-3D, which is based on the finite 

volume method. Further information can be found in the documentation [17]. 

3.5 Flood wave transformation 

Discrete point simulation was used for flood outflow modelling. The general equation of the 

transformation without evaporation and seepage in differential form is (25) [14]: 
𝑑𝑉(𝑡)

𝑑𝑡
= 𝑄(𝑡) − 𝑂(𝑉(𝑡)) (27) 

A suitable solution to equation (25) is to use the 4th order Runge - Kutta method for 1st order differential 

equations [14], equations (25) to (29): 

𝑉1 − 𝑉0 =
𝐾1 + 2𝐾2 + 2𝐾3 + 𝐾4

6
 (28) 

𝐾1 = ∆𝑡 ∙ (𝑄(𝑡) − 𝑂(𝑉(𝑡))) (29) 

𝐾2 = ∆𝑡 (𝑄(𝑡 + ∆𝑡) − 𝑂 (𝑉(𝑡) +
𝐾1
2
)) (30) 

𝐾3 = ∆𝑡 (𝑄(𝑡 + ∆𝑡) − 𝑂 (𝑉(𝑡) +
𝐾2
2
)) (31) 

𝐾4 = ∆𝑡(𝑄(𝑡 + ∆𝑡) − 𝑂(𝑉(𝑡) + 𝐾3)) (32) 

where V is the volume in the reservoir in m3, t is time in s, Q is inflow in m3/s, O is outflow in m3/s, Δt 

time-step in s, V0 is the initial volume in the reservoir in m3, V1 is the volume at time t0 + Δt in m3. 

3.6 Practical application (case study) 

The practical application of the above-described methods will be carried out on the proposed dry 

reservoir in the locality of the city of Kroměříž in the Czech Republic. It is a low concrete flow control 

object with an internal width of 7 m and a height of 4.9 m (see Figure 3). 
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Figure 3. Visualization of the designed object 

3.6.1 Analytical solution and 1D model 

The calculation was performed under the assumption that water is a continuum and its properties are 

constant, the flow is adiabatic, single-phase and mixing with air occurs to a negligible extent. A strong 

assumption is that the flow is steady and, in the case of the analytical solution, uniform. The basic input 

data are the geometric parameters of the flow control object, in the case of the 1D model selected cross-

sections of the object in which the calculation of non-uniform flow is performed. 

3.6.2 3D model 

The extent of the model is such as to ensure that the flow is not affected by boundary and initial 

conditions. The numerical simulations were performed under the assumption that water is a continuum 

and its properties are constant, the flow is adiabatic, single-phase and mixing with air occurs to a 

negligible extent, and the effect of flow turbulence can be approximated by the LES model. Gravitational 

acceleration has been set to 𝑔 = 9.81 ms-2. The medium used is water at temperature 𝑇 = 20 °C, density 

𝜌 = 1000 kg∙m-3 and molecular viscosity 𝜇 = 0.001 Pa∙s-1. Flow-3D uses an orthogonal, structured 

computational mesh. For this computation, a 0.05 m resolution mesh with a total number of 35 million 

cells was used. The final configuration of the mesh was preceded by a series of test calculations with 

different computational cell sizes ranging from 0.025 to 0.125 m to analyze the independence of the 

results on the computational mesh. The basic input data is the 3D body of the designed dry retention 

reservoir flow control object, surface roughness and boundary conditions. The 3D model of the dry 

retention reservoir object was created using Autodesk Fusion 360 software. The surface roughness was 

determined as the Nikaraudse equivalent sand roughness, with a value of 𝑘𝑠 = 0.00139 mm for concrete 

structures and 𝑘𝑠 = 0.5 mm for the channel and other surfaces [19]. To analyze the independence of the 

results on the computational mesh, it is useful to monitor selected variables in the model and compare 

their values for each tested computational cell size. When independence on the computational mesh is 

achieved, the further discretization of the mesh domain is no longer significant and the result closely 

approximates the continuous solution. [18] 

3.6.3 Flood wave transformation 

For the calculations of the transformation effect of the reservoir, the hydrographs at the inflow to the 

reservoir developed in [20] are used. Determination of hydrographs by a non-authorised organisation, 

see [21], is only possible during the design study phase; for further project documentation, it is necessary 

to request these data from an authorised organisation in the Czech Republic. The transformation is 

performed according to chapter 3.5 and the pre-calculated rating curves of the flow control object 

according to the respective methods in chapter 3 are used to determine the outflow from the reservoir. 

The transformation simulation is recommended by the Czech technical standard [21]. 

4 Results and discussion 

Figure 4 shows the rating curves of the safety spillway and the bottom outlet. In the case of a discharge 

through an unsubmerged bottom outlet, the analytical solution generates the greatest capacity. 

bottom outlet 4.5 ∙ 1.8 m2 

Eq. (1) to (6) 

safety spillway 2 ∙ 36 m 

Eq. (7) to (12) 

stilling pool 

Eq. (16) to (21) 

apron 

Eq. (1) and (13) to (15) 
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Compared to the 1D or 3D model, the analytical solution neglects the influence of the tailwater in the 

case of an unsubmerged inlet, which results in a significant difference in capacity. The submergence of 

the bottom outlet opening results in a loss of capacity, where at a water surface elevation of 6 m the 

outlet is already so submerged that it is almost non-functional compared to the safety spillway. 

Interestingly, the capacity of the submerged bottom outlet, which is certainly not negligible, can be 

determined with relatively good accuracy by analytical methods, as well as by a 1D or 3D model. Figure 

4 shows that the rating curves of the safety spillway are almost identical up to discharge Q = 80 m3s-1. 

At higher discharges, the nappe is influenced by the tailwater and the differences between the rating 

curves increase. In the case of analytical solutions and 1D models, the flooding of the nappe is 

considered from the condition when the tailwater level exceeds the crest of the spillway; this assumption 

is rather simplistic in the case of negative pressure spillways. 

 
Figure 4. Rating curves of safety spillway (left) and bottom outlet (right) 

The results in Figure 5 show that the calculated values of hydraulic jump depths and lengths vary 

considerably. It is not possible to solve the hydraulic jump in the analytical solution, we do not know its 

upstream depth. In the 1D models, we consider the development of critical depth and supercritical flow 

at all discharges. The 3D model shows the formation of a supercritical flow and hydraulic jump only at 

discharge 𝑄 ≥ 120 m3s-1, at lower discharges, the water surface elevation does not reach below the 

critical depth. From the results of the 3D model, the stilling pool seems to be over-dimensioned and it 

would be advisable to test a version without the stilling pool or its non-embedded variant, e.g. with 

fortification with a heavy rock bed. 

 
 

Figure 5. Sequent depths (left), and lengths (middle) of hydraulic jump and buoyancy (right) 
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Figure 6 shows the peak outflows and inflows in the reservoir for different methods of determining the 

capacity of the flow control object. Figure 7 shows the peak water surface elevations in the reservoir. 

The peak outflow from the reservoir during the Q5 to Q100 (where Q5 means flood with a repetition period 

of 5 years etc.) flood wave transformation is significantly influenced by the determined capacity of the 

bottom outlet. Its value varies by up to 18 % depending on the method used to determine capacity. The 

highest peak outflow is obtained from the analytical solution of the capacity of the object. The difference 

in peak-to-peak between the 1D models is minimal, and the difference between the 1D and 3D models 

is about 6%. These differences propagate to the length of the reservoir transformation effect, where 

compared to the analytical solution, the 1D and 3D model variants show up to twice the transformation 

length, the difference between the 1D and 3D models being about 11%. During a flood of Q500 or higher, 

a safety spillway is included in the transformation effect of the reservoir. Differences in the peak 

discharge are reduced by connecting the safety spillway and are in the units of percentages, because the 

differences in the spillway capacities are minimal in the case of an unsubmerged nappe and its influence 

on the discharge increases higher with the water surface elevation in the reservoir than the influence 

from the bottom outlet (which decreases). 

 
Figure 6. Peak discharges at inflow and outflow 

 
Figure 7. Max water surface elevations in the reservoir 

5 Conclusion 

Analytical hydraulic calculations are affected by significant uncertainties due to the simplifying 

assumptions they refer to. Therefore, the capacity was verified with a 1D numeric model. This solution 

provided basic information on the flow regime and water surface elevations in the associated dry 

reservoir's flow control object and highlighted other unresolved uncertainties that may compromise the 

safety of the reservoir, such as the occurrence and evolution of the hydraulic jump, the effect of 

submergence of the safety spillway and the bottom outlet, the capacity of the bottom outlet, the capacity 

of the spillway, and the longitudinal variability of the water surface elevation in the apron and chute. 

These uncertainties are common in reservoir designs where control profiles with known discharge 

parameters are not present (designed). These uncertainties could be resolved by experimental model 

research on a physical model of the flow control object. However, it can be assumed that, due to the 

lower significance of the proposed hydraulic structure, it will not be subjected to experimental research 

on the physical model. Therefore, a hydraulic analysis with 3D numerical software comes into 

consideration, which in this case can provide results for the hydraulic assessment or optimization of the 
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designed parameters of the object. 3D hydraulic calculations were performed in Flow - 3D software. 

The results show that the differences in the methods used are significant, especially in the range of 

extreme flows that can occur, i.e. Q500 and higher. The differences are up to 18% for the specified 

capacity of the safety spillway and the bottom outlet. The results show that the analytical solution of a 

specific flow control object is far from sufficient and it is necessary to assess the object hydraulically at 

least with a 1D model. The uncertainties in the hydraulic assessment of the stilling pool are mainly due 

to the assumption that due to the depression of the bottom of the stilling pool, we can consider the 

formation of a critical depth and a supercritical flow. This assumption seems to be unjustified from the 

results of the 3D model, at the discharge of Q1 to Q500 the critical depth is not observed, it is flooded by 

the tailwater, in the profile of the stilling pool the supercritical flow is only observed at the discharge of 

Q1000. The difference in the determined capacities is moderated by the transformation effect of the 

reservoir when solving the unsteady flood wave transformation simulation. It is worth mentioning that 

3D numerical models are affected by significant uncertainties when using inappropriate methods, e.g. 

inappropriate resolution of the mesh domain, inappropriate turbulence model, sensitive boundary 

conditions or neglect of flow aeration, simplifying assumptions need to be evaluated in more detail in 

the conceptual model. Currently, there is no complete manual or workflow methodology for 

hydrotechnical research based on a 3D numerical model. 
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1 Abstract 

This paper presents a study on local scour around a bridge riprap- protected pier. Riprap sloping structure 

is the most common method used to protect piers against scour on large Croatian rivers. Although the 

riprap sloping structure protects the pier from further scouring, a deflected scour hole appears 

downstream of the bridge profile. To investigate how the riprap disturbs the flow field around the pier, 

a numerical model is established in Flow-3D. Numerical simulation considers small-scale riprap sloping 

structure under submerged flood conditions. The results provide insight into the flow patterns that cause 

the scouring process downstream of the bridge profile.  

 

Keywords: bridge pier, local scour, riprap protection, numerical model, Flow-3D 

2 Introduction 

Local scour at bridge piers is the primary mechanism of bridge failure. One of the most widely used 

methods to mitigate the impact of scouring on bridge piers is the riprap countermeasure. The type of 

riprap protection used on large Croatian rives is the riprap sloping structure [1]. This riprap structure is 

composed of launchable stones radially placed around the bridge pier and above the original riverbed 

level.  

Although the riprap structure prevents further sediment erosion around the pier, it has been observed 

that riverbed deepening continues downstream of the bridge profile. The scour hole that is moved 

downstream is the opposite phenomenon that appears at single piers, where scour typically occurs at the 

upstream pier nose. In addition, in study on scour around different pier arrangements has been noticed 

that scour hole also appears downstream of the group of piers [2]. The reason could be similar as for 

scour around spur dikes, deflection of the main current away from the longitudinal axis induced by large 

flow obstruction. 

Previous research has proposed a similarity between riprap sloping structure and complex piers, 

particularly in the widening of contours at the lower part of both structures [3]. Thus, the flow around 

the riprap can be described based on two processes: flow around the riprap and overflow above the top 

of the riprap under high water conditions.  

In the literature, numerical models are frequently used for three-dimensional hydraulic simulations due 

to their flexibility, efficiency, and ability to provide detailed results across a wide range of scenarios. 

One of the most powerful CFD software in simulating scouring process is Flow-3D [4] [5] [6]. For 

instance, Flow-3D was used to analyze the sensitivity of bed roughness, where increasing the roughness 

by up to 7.5 times resulted in increase of scour depths around bridge piers up to 40% [7]. Additionally, 

sensitivity analyses of cell size were also carried out in Flow-3D, revealing that a 60% reduction in cell 

size led to a 20% increase in piers scour depth [8]. Chandara et al. [9] tested the influence of different 

turbulence models in Flow-3D on scour formation around bridge piers. Results showed that the LES 

turbulence model generates more realistic flow pattern and consequently larger scour depths, while for 

mailto:antonija.harasti@grad.unizg.hr
mailto:gordon.gilja@grad.unizg.hr
mailto:nikola.adzaga@grad.unizg.hr
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spur dikes, RNG turbulence model proved to be more accurate in predicting scour depth [10]. 

Given that scour around riprap protection presents a global challenge in many regions, it is important to 

investigate processes that cause this unexplored phenomenon. The aim of this paper is to use Flow-3D 

to simulate flow around the riprap sloping structure installed at bridge pier and to understand how flow 

pattern influences downstream scour phenomenon. 

3 Numerical model  

3.1 Governing equations 

Flow-3D is CFD software that solves RANS equations to describe the motion of turbulent flow, where 

governing equations are the continuity equation 𝛿(𝑣𝑒𝑙 ∙ 𝐴) 𝛿𝑥⁄  = 0 and the momentum equation as 

follows: 

 
𝛿�̅�

𝛿𝑡
+ �̅�

𝛿�̅�

𝛿𝑦
= −

1

𝜌

𝛿�̅�

𝛿𝑥
+
𝛿

𝛿𝑦
(2𝜈𝑓𝑠𝑥𝑦̅̅ ̅̅ − 𝜏𝑥𝑦̅̅ ̅̅ )  , (1) 

where 𝑢 is the velocity component in 𝑥 direction, 𝑝 is the pressure, 𝜈𝑓 is fluid kinetic viscosity, 𝑠𝑥𝑦 is 

the strain rate tensor and 𝜏𝑥𝑦 is the Reynolds stress tensor which equations are following: 

𝑠𝑥𝑦 =
1

2
(
𝛿𝑢
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𝛿𝑣
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𝛿𝑢
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3
𝜌𝑘 , (3) 

where 𝑣 is the velocity component in 𝑦 direction, 𝜈𝑡 is turbulence viscosity, and 𝑘 is the turbulent kinetic 

energy 𝑘 =
1

2
∙ 𝑢𝑥

′ 𝑢𝑦
′̅̅ ̅̅ ̅̅ ̅ . To close the Reynolds averaging process and represent the effect of turbulence, 

the LES turbulence model is selected to calculate turbulence viscosity parameter. LES turbulence model 

directly resolves large eddies in turbulent flow. Adequate selection of turbulence model is important for 

modeling scour due to its direct influence on local shear stress – the main indicator for bed-load erosion. 

Many studies recommend LES turbulence model for scour simulations because of its capability to 

captures the dynamics of larger turbulent structures while modelling the effects of smaller eddies [9]. 

However, in comparison to other turbulence models (RNG, k-𝜀, k-𝜔), LES is computationally more 

expensive because it requires very fine mesh [10]. Near-wall boundary conditions, represented as near 

bed fluid velocity, are defined using logarithmic law with the consideration of bed surface roughness: 

𝑢 = 𝑢𝜏 ∙ [
1

𝜅
∙ ln(

𝑦
𝜈𝑓
𝑢𝜏
+ 𝑘𝑠

)], (4) 

where 𝑢𝜏 = √𝜏 𝜌⁄  is the shear velocity, y is distance from wall, κ is Von Kármán constant (0.4187), and 

𝑘𝑠 = 𝑐𝑠 ∙ 𝑑50 is surface roughness as a function of a median grain size. Hydraulic roughness in numerical 

model accounts for all imperfection on the surface and can be manually modified by user-defined 

coefficient 𝑐𝑠 – roughness height multiplier. Incresing the roughness height affects the increase in shear 

stress and consequently increase scour and deposition magnitudes.  

To model scour and deposition patterns around riprap structure in Flow-3D, a sediment transport model 

is fully coupled with 3D hydraulic solver. The sediment transport model simulates the changes of the 

geometry of the packed bed – erodible solid object that represent bed channel. Sediment transport is 

described through entrainment and deposition of suspended sediment, and rolling, hopping and sliding 

of bedload sediment. The amount of eroded packed sediment is calculated in each cell at each time step 

as fraction of packed sediment. The open area fraction and open volume fraction of packed bed interface 

is calculated with FAVOR technique [11] based on structured computational rectangular mesh. 

Sediments can be defined with up to 10 different non-cohesive species, specified by grain size, density 

of sediment, critical shear stress, and angle of repose. The amount of rolling and sliding sediment 

motions along the packed bed are calculated by one of the three different bedload transport equations 

(Nielsen 1992, Meyer-Peter Müller 1948, and Van Rijn 1984). If critical shear stress is exceeded, smaller 
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grains are entrained into the suspension, which velocity is calculated based on Mastbergen and Van Den 

Berg equation [12]. Transition from suspended sediment to packed bed sediment is defined as settling 

velocity of grains defined by Soulsby deposition equation [13].  

 

3.2 Numerical setup  

Riprap sloping structure around pier were set up in the small-scale model to replicate typical natural 

high-water conditions of submerged structure. The riprap is designed as non-erodible solid object, 8 cm 

above the flat bed, and with diameter at the bed channel of 30 cm. The channel is represented by the 

packed bed that is 2 m long, 0.8 m wide, and 0.1 cm thick. Packed bed is composed of uniform sand 

material sediment, containing only one sediment species with the mean diameter of 0.2 mm, mass 

density of 2650 kg/m3, angle of repose of 32°, and packing fraction is 0.64. Twenty centimeters long 

rough packed bed is added at the inlet of the channel that is composed of larger grain size (1 cm) to 

induce fully developed turbulent flow and prevent erosion at the inlet. Figure 1 shows the experimental 

small-scale setup of characteristic riprap sloping structure around the pier in hydraulic flume. 

 

 

Figure 1. Configuration of numerical model represeting characteristic riprap sloping structure geometry in small 

scale flume 

 

In this study the Meyer-Peter Muller equation is adopted for bedload transport equation. The selected 

bed load coefficient is a default value of 8, used for middle bed load transport rates. Critical Shields 

parameter is 0.05, while entertainment transport coefficient is 0.0018.  

The inlet boundary condition is flow with longitudinal vector direction and uniform outflow specified 

with water surface elevation at the outlet. Numerical technique adopted to model free water surface is 

volume of fluid (VoF) method [14]. The initial water surface elevation is 16.5 cm, and in the beginning 

of the experiment discharge rate was gradually increased from 2 l/s to 28 l/s. After reaching steady flow 

of 28 l/s, that is in clear water scour condition, simulation was performed for 166 minutes, when 

equilibrium condition is achieved.  

Computational mesh consists of 168,000 cells in total, with finer mesh cell sizes close to the riprap of 

0.008 m which sizes gradually increase in all directions up to 0.02 m at the domain boundaries (Figure 

2).  

 

 

Figure 2. Computational mesh structure composed of rectangular planes 

 

3.3 Validation setup  

Since many assumptions and adopted coefficients are involved in numerical model, results were 

compared to the experimental data from the physical model. Validate of numerical simulation was based 
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on the same hydraulic boundary conditions. Experiments in physical model reached equilibrium scour 

depth of 3.2 cm after 30 hours. In numerical model, temporal evolution of scour depth has been observed 

during simulation. After 150 minutes the scour depth of 3.0 cm scour was no longer changing, it suggests 

that an equilibrium state has been reached. Contours of the equilibrium scour development for both the 

numerical and physical model are illustrated in Figure 3, where good agreement with measurements in 

physical model are observed.  

 

 

Figure 3. Scour development [in cm] around riprap sloping structure represented with contour lines for 

numerical model (upper part) and for physical model (down part) 

 

Error in maximum scour depth is equal to 6.6 %, while the location of maximum scour depth in 

numerical model has been slightly moved downstream. Figure 4 presents temporal development of 

maximum scour depth comparing to experimental values scour hole evolution during time. According 

to the presented results, we can conclude that accuracy of numerical simulation of scour around riprap 

sloping structure is acceptable. 

 

 

Figure 4. Temporal development od scour hole downstream of riprap sloping structure measured in physical 

model and simulated in numerical model  

4 Results and discussion 

The purpose of this study is to investigate the flow pattern that influences local scour around riprap 

sloping structure. Figure 5 shows bathymetry of scoured bed after reaching equilibrium stage. Results 

show a typical formation of two symmetrical scour holes slightly moved downstream as a consequence 

of disturbed flow field around the riprap sloping structure. The flow field around riprap is presented 

with streamlines on the right side of Figure 5 that illustrate strong vortex region behind the riprap where 

scouring occurs. The vertical direction of streamlines indicates that conditions for lifting sediments 

particles from the packed bed are achieved.  
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Figure 5. Surface bed bathymetry around riprap sloping structure at the equilibrium stage (left); streamlines 

flowing around riprap sloping structure (right) 

 

The strong downflow, that usually appears in front of the single piers, is absent in this riprap-protected 

pier. The downflow usually initiates development of horseshoe vortex – primary mechanism for scour 

evolution in front of the single pier. Velocity vectors in front of the pier are directed up to the upstream 

riprap slope, which is the reason why the downflow-horseshoe system and upstream scour hole do not 

appear. Instead, flow approaches riprap-protected pier, separates in two strong currents that flow around 

and over the top of the riprap and consequently cause pair of deflected scour holes. Those two currents 

accelerate until the bed surface is eroded in a form of two elongated and deflected scour holes. Figure 6 

presents velocity distribution at three longitudinal profiles: through the central axis of the channel, 

through the maximum scour hole depth and in the middle of the previous two profiles. The first 

longitudinal profile, through the center of the channel, shows that velocities in the wake region, behind 

the riprap, are small, with dominant vertical direction. The second longitudinal profile, through the inner 

slope of the scour hole, is characterized by the strong vortex system and flow acceleration above the 

riprap. The third longitudinal profile, through the maximum scour depth, shows an increase in total 

velocity values above the scour hole, with dominant x-direction of the vectors.  
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Figure 6. Longitudinal flow velocity distribution through three profiles: at the channel axis (y = 0.4m); 5 cm 

away from the axis; and at the maximum scour depth (0.51 m)  

 

The scour region behind the riprap spreads approximately 2 times the riprap diameter to downstream, 

after which channel surface is flat. The first signs of deposition appear in the riprap wake region, 

between two symmetrical scour holes, while the greatest amount of deposited material can be noticed 

right behind the developed scour holes (Figure 5). To understand why sediment particles are deposited 

between the scour holes, cross-sectional profile through the maximum scour depth is plotted (Figure 7). 

Transverse velocities indicate two symmetrical counter-rotating vortices above each scour hole. 

Velocities in y-direction are large enough to move the particles towards the central axis, where they 

deposit because velocities in x-direction are too small to carry sediment along the channel.  

 

 

Figure 7. Transverse low velocity distribution at the cross section where the scour depth is maximum 

 

To analyze the flow velocity more detailly, Figure 8 shows velocity distribution near the bottom at layer 

1.5 cm above the initial bed level. It can be noticed that scouring is primarily influenced by main flow 
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acceleration in the downstream area where the wake vortex region meets the main longitudinal flow. 

 

  
Figure 8. Flow field distribution around the riprap sloping structure at the equilibrium stage 

5 Conclusion 

This paper presents a numerical study on local scour around riprap sloping structure. Numerical 

simulation results revealed how flow structure influence scour hole development downstream of riprap-

protected bridge piers. The approaching streamlines are directed up along the upstream slope of the 

riprap structure. Streamlines above the riprap accelerate and flow around the pier, resulting in the 

formation of counter-rotating vortices downstream. According to the presented results, a pair of counter-

rotating vortices eject sediment from the scour holes towards the channel axis, while the main flow 

carries sediment downstream along the channel. At a distance of approximately two riprap diameters, 

the disturbed flow pattern dissipates, where the eroded sediment is deposited onto the flat packed bed. 

This study proved capability of sediment scour model in Flow-3D, fully coupled with hydrodynamic 

solver, 3D modelling of local scour around riprap sloping structure.  

Riprap protection does not resolve the scouring issue; instead, it relocates the scour hole downstream 

within the river channel. This displacement is probably due to the elevation of the riprap structure above 

the riverbed level, which reduces the flow area and consequently increases the velocity of the water. In 

addition, the riprap surface is hydraulically very rough, which contributes to an increased turbulence 

intensity. To mitigate the effects of turbulence near the pier, it is suggested the riprap structure to be 

designed with a lower height. Future research should focus on analyzing different riprap heights to 

reduce the depth of the scour hole. 
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1 Abstract 

Floating breakwaters protect ships in marinas, especially in partially sheltered areas like the eastern 

Adriatic coast. Consequently, thoroughly assessing wave energy transmission under the floating 

breakwater is essential. This paper evaluates Ruol et al.'s equation for estimating wave energy 

transmission through π-type floating breakwaters coefficient using lab measurements. The findings 

suggest that decreasing water depth causes an increase in the transmission coefficient. Furthermore, it 

has been observed that the empirical equation gives an underestimation of measurements by 25% when 

both 1.0<Tp/Th<1.20 and d/h<0.2. 

 

Keywords: floating breakwater, waves, transmission coefficient, wave energy, marinas 

2 Introduction  

In the context of marina, a basin refers to a water surface that is either naturally formed or constructed 

to provide protection and security for the port. The marina maneuvering area and the marina mooring 

area are the main components of a protected basin. In order to safeguard the port and marina water areas 

from the impact of incoming waves, a range of coastal engineering structures have been constructed. 

These structures are designed to have a dual role, both facilitating safe navigation and providing shelter 

against the forces of nature. To ensure the safety and security of the port water area, various internal 

maritime structures have been implemented. These structures include the coastal wall, breakwater, pier, 

fortification, dolphin, buoy, and the arranged shore.  

 

Breakwaters and similar structures are the most used coastal protection structures for safeguarding the 

basin. Within the protected water area, breakwaters play a crucial functional role by mitigating wave-

induced agitation to an acceptable level. Typically, when we talk about acceptable wave agitation within 

protected water areas, we are referring to the values that are recommended by [1] or the guidelines set 

by the local authorities. 

 

The most common application of a floating breakwater is seen in smaller marinas that experience a mild 

wave climate, characterized by wave periods of up to 4 seconds and wave heights of up to 1.5 meters 

[2]. In this study, we will specifically concentrate on the π floating breakwater as one of the various 

shapes of the cross-section of floating pontoons. The breakwater that is being considered has a cross-

section in the shape of a rectangle, with two side plates that are pointed downwards. This particular 

shape resembles the Greek letter π, which is why this type of breakwater is referred to as such [3]. The 

individual prefabricated elements of the floating breakwater are securely connected to one another, and 

each one is individually anchored in place. The π-type breakwater has seen some research in the field of 

coastal engineering, with Ruol’s equation giving the ability to predict the transmission coefficient of the 
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floating breakwater [4].  

 

The aim of this study is to verify the validity of the Ruol et al., 2013 formula [4] for calculating the 

transmission coefficient under a π-type floating breakwater influenced by spectral waves. This study 

will focus on a region that was not tested during the equation construction, namely the low relative draft 

region (d/h < 0.2) [5]. Description is also given for the influence of water depth and overtopping over 

the floating breakwater. 

3 Methods 

3.1 Laboratory experiments 

The tests, which were conducted in a wave flume, took place at the Faculty of Civil Engineering, 

University of Zagreb. To ensure proper fit within the wave flume, a scaling factor of 1:21 was applied 

to both the floating breakwater model and the generated waves. By analyzing the measured significant 

wave heights both in front of and behind the pontoon model, we were able to determine the 

corresponding transmission coefficients (Kt). Due to the limitations of the wave flume geometry, the 

tests that were conducted solely concentrated on the application of the orthogonal wave approach on the 

floating breakwater.  

 

The wave flume is constructed with plywood side walls, while the bottom and side walls are lined with 

waterproof insulation for added protection. Figure1 shows that on a specific section of the wave channel, 

glass panels have been installed on both sides. The primary function of these panels is to provide the 

means to visually monitor the hydraulic phenomenology. Figure 2 provides the dimensions of the wave 

flume, indicating that it has a length of 18.35 m, a width of 1 m, and a height of 1.1 m. The depth in the 

wave flume decreases by 0.1 m when the bottom is raised at a distance of 7.6 m from the wave generator 

as indicated in Figure 2. The raised bottom, constructed from a durable wood material, provides the 

ideal surface for securely fastening the structures to the bottom of the wave channel. The implementation 

of this method guarantees that the waterproof membrane, which is carefully installed around the flume 

perimeter, remains completely intact without any damage during the installation process. Constructed 

from smaller stone blocks with an average diameter of 0.3 m, the dissipation section is situated at the 

end of the wave flume, as depicted in Figure 1. The main objective of the dissipation section is to 

effectively minimize wave reflection that would occur at the end wall of the wave flume. The laboratory 

conducted tests by utilizing a wave generator of the "piston" type, which was manufactured by the 

Danish Hydraulic Institute (DHI) and featured an integrated AWACS system (Active Wave Absorption 

Control System). By utilizing this system, it becomes possible to avoid the negative consequences 

associated with wave reflection from the generator plate. Consequently, this enables the collection of 

longer and uninterrupted measurements of the wave climate both in front of and behind the model 

breakwater.  

 

The physical model of the floating breakwater is constructed according to the prototype model BRK 

5320, which is manufactured by Marinetek, and has been placed at a distance of 14.9 m from the 

beginning of the flume. In order to convert the parameter values from prototype scale to the scale of the 

physical model, a physical model length scale of 1:21 was adopted. The model, which is depicted in 

Figure 1, was created utilizing a 3D printer. The BRK 5320 model has a width of 0.24 m and a length 

of 0.95 m. The floating breakwater features plates that are 0.09 m in length. The downward orientation 

of these plates and their resemblance to the Greek letter π are what give this type of breakwater its name. 

The model, as depicted in Figures 1 and 2, is securely anchored with the use of four anchor ropes. In 

order to anchor the pontoon model, each chain is attached to one edge of the pontoon and to anchor 

blocks placed on the seabed. These anchor blocks are alternatively known as "corpo morte". The length 

of each rope measures 1.93 meters, and there are anchor blocks weighing 1 kg placed at each end, with 

a distance of 0.9 meters between them. The floating breakwater is equipped with weighted plates, which 

serve to enhance both its weight and draft. This action was required to ensure that the floating breakwater 
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meets the draft requirements outlined in the Marinetek usability guidelines. The removal of these plates 

leads to a decrease in the breakwater's draft. 

 

 
Figure 1. Photographs of a) the dissipation chamber at the end of the wave flume and b) the model of the BRK 

5320 floating breakwater model with 4 mooring ropes 

 

 

 
Figure 2. Drawing of the wave flume and installed equipment with indicated positions of the physical pontoon 

model and the positions of the measuring probes for monitoring the water surface elevation in front of and 

behind the tested floating breakwater 

 

A time series of 3 minutes was used for statistical processing in order to achieve a comprehensive 

analysis of the spectral wave records, which provide a more detailed representation of the natural wave 

climate compared to simpler monochromatic waves. The selected characteristic spectral waves are 

typically found in seas comparable to the Adriatic in terms of fetch length, wind strength, and direction. 

By adjusting the significant wave height from 0.048 m to 0.057 m and the wave length from 0.952 m to 

1.667 m, a range of wave steepness levels corresponding to 1/20 to 1/35 was achieved in the model 

scale. Furthermore, we tested the effects of three different water depths, specifically 0.55 m, 0.35 m, 

and 0.27 m. A grand total of 72 tests were conducted on the floating breakwater. 

 

In order to monitor the dynamics of the water surface, a total of 8 measuring probes were set up. The 

probes in question were strategically placed at different distances from the starting point of the channel, 

as shown in Figure 2. Eight capacitive probes were strategically positioned near the floating breakwater 

to measure the transmission of wave energy. The first four probes (G1 - G4) were strategically placed 

in front of the breakwater to ensure precise measurements of the incoming wave parameters. 

Furthermore, to analyze the wave characteristics of the waves that transmitted through the floating 

breakwater, we made sure to carefully position the remaining four probes (G5 - G8) behind the 

breakwater. To effectively prevent undersampling, or aliasing, we can set the sampling frequency of the 

capacitive probes to 40 Hz. The spectral wave transmission was analyzed by separating the waves into 

incident and reflected waves. The ability to separate the data allowed for the determination of wave 

a) b) 
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heights, which, in turn, could be used in subsequent the coefficients of transmission, Kt. The reflected 

and transmitted wave signals have been separated using Zelt’s method [6]. The placement of the wave 

gauges, which are labeled as G1-G8, has been carefully determined based on their respective distances 

from the wave generator. Specifically, G1 is positioned at 5.67 m, G2 at 6.37 m, G3 at 6.52 m, G4 at 

6.63 m, G5 at 14.79 m, G6 at 15.49 m, G7 at 15.64 m, and G8 at 15.75 m.  

3.2 Empirical equations for predicting the transmission coefficients 

When a wave encounters a barrier, its energy can be divided into three distinct parts: the transmitted 

part, the reflected part, and the part that dissipates through the complex process of flowing around the 

structure. Although direct measurement of energy losses is not feasible, it is possible to indirectly infer 

them by analyzing the reflection and transmission of energy. In the two-dimensional case, the energy 

balance equation for a submerged structure can be expressed in a general form: 

 

 

 2 2 21 R T VK K K= + +  (1) 

 

In this equation, we define Kr as the portion of energy that is reflected, Kt as the portion that is 

transmitted, and Kv as the portion that is dissipated as heat. Macagno, in his 1954 paper, proposed an 

equation that deals with the prediction of the transmitted wave energy passing through a fixed 

submerged structure [7] :  
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In this equation, the wave number (k), breakwater width (w), depth (h), and structure draft (d) are all 

variables that need to be considered. In order to use Macagno's formula for predicting the transmission 

coefficient, it is important to note that it is only applicable for a specific type of pontoon and certain 

additional constraints must be taken into account. In the case when the draft (d) is equal to the water 

depth (h), transmission unexpectedly occurs, even though it is not anticipated. In the application of 

Macagno's formula to estimate the transmission coefficient for irregular waves, the wavelength 

parameter is substituted with the average wavelength value, which is determined by calculating the 

average wave period (T = Tp / 1.1) and then using it in the formula. Due to the inaccuracy of the results 

obtained when applying the formula to the π-type pontoon, it has become necessary to enhance and 

modify Macagno's formula. In the work conducted by Ruol [4], they present the improvement and 

extension of Macagno's equation. The researchers provide a semi-empirical formula in their study, 

which can be used to calculate the transmission coefficient of π-type pontoons. The problem arises 

primarily due to the challenge in defining the natural heave period, Th, for various types of breakwaters. 

The researchers at [4] developed a methodology to address this issue, which ultimately resulted in the 

formulation of the following formula for Th: 
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Where ωh is the natural heave frequency of a particular floating π-type breakwater. After that they 
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defined the scaling parameter which is related to the aformentioned natural heave frequency ωh is 

calculated by: 
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Where σ = 0.1922 and X0 = 0.7919. The scaling factor β is used to scale the transmission coefficient 

calculated using Macagano’s equation. For more details about this method for prediction of transmission 

coefficient of a floating breakwater, the reader is referred to [4]. Some limitations of this semi-empirical 

equation have been detected, such as the calibrated range of the relative draft which is d/h = [0.20 – 

0.45]. In this paper, we will examine the range of the relative draft d/h which is outside the calibrated 

range, d/h = [0.10 – 0.21]. 

4 Results and discussion 

4.1 Influence of depth on wave energy transmission 

According to the data presented in Figure 3, there is a noticeable trend indicating that the measured 

transmission of wave energy decreases with the reduction in water depth at the location of the floating 

breakwater, as shown by the filled box plots (red, yellow and green). Specifically, at a depth of 0.55 m, 

the transmission coefficient ranges from 0.57 to 0.92, with a mean value of 0.76 and a median of 0.78. 

For a depth of 0.35 m, the transmission coefficient varies from 0.57 to 0.83, with a mean value of 0.72 

and a median of 0.74. At a depth of 0.27 m, the transmission coefficient ranges from 0.56 to 0.81, with 

a mean value of 0.68 and a median of 0.67. These data reveal that the maximum, mean, and median 

values of the set of measured transmission coefficient decrease as water depth decreases, whereas the 

minimum value remains relatively constant across all depths. In contrast, the predicted transmission 

coefficients, represented by the hatched box plots (green, cyan and purple) based on the Ruol’s equation, 

exhibit a slight but opposite trend. For a depth of 0.55 m, the transmission coefficient ranges from 0.43 

to 0.88, with a mean value of 0.72 and a median of 0.75. At a depth of 0.35 m, the transmission 

coefficient ranges from 0.43 to 0.90, with a mean value of 0.74 and a median of 0.77. For the depth of 

0.27 m, the transmission coefficient ranges from 0.44 to 0.92, with a mean value of 0.71 and a median 

of 0.70. Interestingly, the predicted values using Ruol’s equation suggest that the transmission 

coefficient should be highest at the shallowest depth, which contrasts with the observed data trend in 

this study. 
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Figure 3. Results of the transmission coefficient, Kt, measurements by depth categories: box plots filled with 

color represent the measured values in this study, while hatched box plots indicate the predicted transmission 

coefficients according to the Ruol et al., 2013 equation [4] 

 

The reason for this variation may be due to the occurrence of overtopping on the floating breakwater, 

which was visually observed in the majority of the tests carried out in this research (Figure 4). With 

shallower depths, there is a greater rise in wave height (shoaling) along the wave flume, which then 

results in more wave breaking and overtopping over the floating breakwater. This overtopping 

mechanism causes greater energy dissipation and lower wave energy transmission.  

 

Greater energy dissipation can be seen by looking at Figure 5. Firstly, the reflection coefficient rises 

with the decline of the water depth, which is an expected behavior because there is a higher blockage 

percentage of the flow area in the water column. Furthermore, by using the relation in Equation 1, the 

energy dissipation can be calculated, which shows that indeed the highest energy dissipation is for the 

shallowest case.  

 

It is important to note that the research conducted by Ruol et al., 2013 did not include cases with 

overtopping. The Ruol et al., 2013 study used plates on the front of the floating breakwater to block 

overtopping. Consequently, overtopping over the floating pontoon was not taken into account when 

developing the equation for predicting the transmission coefficient provided by Ruol et al., 2013 

(description given in Section 3.2). It should be additionally noted that these tests were out of the 

calibration range of the Ruol et al., 2013 equation which was constructed for d/h in range [0.20 – 0.45], 

while these measurements were done in the [0.10 – 0.21] range [5].  

 

 
Figure 4. Photograph of waves overtopping the floating breakwater during a test run 
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Figure 5. Results of the a) reflection coefficient, Kr, and b) dissipation coefficients, Kv, measurements by depth 

categories  

4.2 Comparison of measured data with empirical predictions (Ruol, 2013) 

In Figure 6, the relationship between the ratio of the measured transmission coefficient, Kt, and the 

transmission coefficient predicted by the Ruol’s equation, Kt-Ruol, is shown relative to the ratio of the 

peak wave period to the natural oscillation period of the floating breakwater. For small values of Tp/Th 

(1.0 < Tp/Th < 1.20), the formula underestimates by approximately 25%. For values of Tp/Th   > 1.20 the 

Ruol’s equation mostly follows the observation done in this study. Minor discrepancies are found if we 

observe Figure 5 in the region Tp/Th > 1.20. For example, we can notice that for measurement results 

where the depth is 0.27 m, there is a slightly higher degree of error. In these cases, the formula 

overestimates by 15%, while for a depth of 0.55 m, the formula is almost entirely accurate.   

 

 

 
Figure 6. Ratio of the measured transmission coefficient, Kt, to the transmission coefficient predicted by Ruol et 

al., 2013 equation, Kt-Ruol, in relation to the ratio of the peak wave period to the natural oscillation period of the 

floating breakwater 

 

The discrepancy due to water depth variation is probably due to overtopping of the floating breakwater, 

which is not considered when constructing the semi-empirical equation of Ruol (discussed in section 

4.1). The discrepancy for low values of Tp/Th is not readily apparent. It seems that for peak wave periods 

Due to 

Overtopping 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

74 
 

 

 

that are near the resonant frequency of the floating breakwater, the measured transmission coefficients 

are 25% higher than the ones predicted using the Ruol equation. It should be noted that this is an 

important region, because this is the region most designer would be aiming for, in other words, the 

operating region of the floating breakwater (Kt of about 0.5). The authors suspect that for relatively low 

relative drafts, d/h < 0.2, which are out of the calibration range for the Ruol’s equation, the semi-

empirical does not hold in the Tp/Th < 1.2 region. In order to remedy this issue, the author are giving a 

simple correction method in Section 4.3 for this case.  

4.3 Simple expression for the transmission coefficient prediction for low relative draft cases 

In cases where the relative draft d/h is less than 0.2 and the ratio of the peak wave period to the natural 

oscillation period of the floating breakwater (Tp/Th) is less than 1.2, we can establish a relationship 

between the transmission coefficient and the correction of the Ruol’s equation. The relationship being 

discussed can be better understood by referring to Figure 7. 

 

The data presented in Figure 7 is essentially a portion of the larger dataset depicted in Figure 6. But 

Figure 7 focus on the Tp/Th < 1.2 region, which is now seen to be problematic when using the Ruol’s 

equation.  

 

 
Figure 7. Ratio of the measured transmission coefficient, Kt, to the transmission coefficient predicted by Ruol et 

al., 2013 equation, Kt-Ruol, in relation to the ratio of the peak wave period to the natural oscillation period of the 

floating breakwater, with the added fitted line that approximates the relationship between the two non-

dimensional parameters 

 

Figure 7 displays a fitted line that represents the relative transmission coefficient (Kt-Ruol/Kt) and the ratio 

between the peak wave period and the natural oscillation period of the floating breakwater (Tp/Th), 

providing an expression for determining these values. The coefficient of determination (R2) of the fitted 

line is 0.66, which suggests that the fitted line provides a reasonably accurate description of the data 

points. It is recommended to pursue this corrective relationship only in scenarios where there is a low 

relative draft and the ratio of Tp to Th falls between 1 and 1.2. If the value Tp/Th falls outside of this 

range, it is possible that the formula could yield inaccurate results for the transmission coefficient. The 

expression is provided here in a format that is more practical and can be easily utilized: 
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5 Conclusion 

Breakwaters play a crucial role in protecting port water areas. A literature review shows that existing 

methods for assessing transmission are not always accurate for π-type floating breakwaters. The 

equation of Ruol, presents itself as the most capable method for predicting wave transmission for π-type 

floating breakwaters. In order to verify this equation in out-of-range cases of low relative draft (d/h < 

0.2), laboratory tests were conducted in the Hydraulic Laboratory. The spectral waves characteristics 

used are conditions commonly met in the Adriatic Sea. 

 

Analysis of the measurement results revealed a clear impact of water depth on the wave energy 

transmission coefficient. With decreasing water depth, a decrease in the transmission coefficient is 

observed. The transmission coefficient obtained by using the Ruol’s equation shows a slight but opposite 

trend. This can be attributed to the phenomenon of overtopping over the floating breakwater that 

occurred in most tests, which was not considered in Ruol’s research.  

 

Comparing the ratio of the transmission coefficient calculated according to the Ruol’s equation and the 

transmission coefficient obtained from measurements relative to the ratio of the peak wave period to the 

natural oscillation period of the floating breakwater, we conclude that for small values of (1.0 < Tp/Th < 

1.20), the formula underestimates by approximately 25%. Based on the data obtained from 

measurements in this study, a simple mathematical formulation was derived to give a correction for the 

transmission coefficient calculated using Ruol, 2013 in this region.  It is important to note that this region 

is the one that is aimed by the coastal engineer when designing the breakwater, as it is close to Kt = 0.5-

0.6, which makes this important in practice. While the region where Tp/Th < 1 is associated with Kt < 

0.5.   

 

Furthermore, more laboratory and numerical modeling is required in future research to explore the low 

relative draft region (especially for Tp/Th < 1 region) and the influence of overtopping on the transmission 

coefficient. The authors of this study recognize the potential for higher attenuation coefficients if the 

wave direction is not perpendicular to the pontoon breakwater's alignment. However, since the 

laboratory tests were conducted in a wave channel, such testing was not possible. Furthermore, it is 

characteristic of live sea waves that wave energy is dispersed directionally, which results in an increased 

attenuation coefficient compared to those obtained in this study. Finally, interconnecting multiple 

pontoon sections would also result in further increases in the attenuation coefficient. It is also noted that 

the tested pontoons in the observed range of wave heights and wavelengths did not exhibit floating 

instability, nor was there any movement of anchor blocks observed when subjected to the largest test 

waves.  
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1 Abstract 

Water supply systems in such transient regimes should be hydraulically analyzed by means of basic 

equations for unsteady flow. For the needs of this research, by using the method of characteristics, a 

custom mathematical model HTM is developed for the purpose of water supply network analysis in 

conditions of unsteady flow, i.e. with this mathematical model, the characteristics of the water hammer 

in closed systems for water transport under pressure can be seen. In addition, a physical model in ratio 

1:1 has been made for in-situ analyses of pressure change in occurrence of water hammer in the water 

supply system. 

 

Keywords: Water supply system; water hammer; mathematical model; experimental (in-situ) model 

2 Introduction  

Water supply systems are complex systems which may consist of reservoirs, water treatment, water 

supply pipes which can be gravitational or pump-type, pressure regulators, valves, tanks and household 

water supply installations [1]. This complexity of water supply systems leads to water flow under 

pressure where flow and pressure change during time – unsteady water flow. 

 

The phenomenon of water hammer in water supply networks is an inevitable occurrence which is most 

often initiated by pump stations, valves, hydro-mechanical equipment etc., and is distributed in the entire 

water supply network, especially noticeable in the areas of big height, pipeline sections with small 

hydrostatic pressure, etc. However, the water hammer parameters which can cause damage to the 

pipelines, hydro-mechanical equipment and to cause certain water pollution in the system are the most 

significant to engineers. The water hammer occurrence can have significant influence on water quality 

through the influence of cavitation, movement of particular microscopic particles may occur which are 

deposited as biofilm along the pipe volume – occurrence of "red water" in the water supply system. 

Also, in the occurrence of cavitation, if there are certain irregularities existing in pipe connection and 

small cracks in them, the possibility of underground waters infiltration in the water supply system cannot 

be excluded, which can amount from several liters to hundreds of liters depending on the opening size. 

The air captured in pipelines has also been shown to cause a lot of harm in the ductile pipes from the 

aspect of corrosion appearance inside the pipes, by which there is a direct influence on their quality [1]. 

 

Unsteady flow, i.e. water hammer occurrence in water supply systems represents challenge for scientific 

research from the aspect of making mathematical models for simulation of water hammer, which 

afterwards would be applied in projecting and managing water supply systems. Therefore, for the 

purposes of this research, by applying the method of characteristics, the HTM (Hydraulic Transient 

Model) mathematical model has been made for analysis of the water hammer in pumping water supply 

system, and the results obtained from the analytical model are calibrated and verified on a physical 

model – in-situ on real water supply system. 

mailto:taseski@gf.ukim.edu.mk
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3 Numerical Model 

There are many factors [1] which have influence on the flow under pressure, i.e. on the phenomenon of 

water hammer, such as: geometrical characteristics of the pipeline, material from which the pipeline is 

made, physical and pressure-deformable characteristics of water, distribution of flow speed in the cross 

section of the pipeline, dissipation of energy due to friction. 

 

Starting points in the mathematical description of the water hammer are the basic equations in fluid 

mechanics: 

 

The equation for maintenance of movement quantity, which, for unsteady flow in closed systems under 

pressure such convective acceleration is ignored, has the following form [1]: 

𝜕𝑉

𝜕𝑡
+ 𝑉

𝜕𝑉

𝜕𝑥
+
𝜆

2𝐷
𝑉|𝑉| = 0 (1) 

 

Continuity equation which, for unsteady flow of elastic fluid in elastic environment with assumed that 

pipe disposition is very small regarding the change in piezometric head, and instead of derivation the 

inclination of the pipe is introduced. Also, it is assumed that fluid thickness changes very little regarding 

piezometric head, has the following form: 

𝜕𝑃

𝜕𝑡
+ 𝑉

𝜕𝑃

𝜕𝑥
− 𝑉𝑠𝑖𝑛𝛼 + 𝑉
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𝑔

𝜕𝑉

𝜕𝑥
= 0 (2) 

 

In Eq. (1) and (2), P denotes the static pressure at the centerline of the pipeline at location x and time t, 

V is the average velocity of flow, D is the pipe diameter, λ is the friction factor in the Darcy-Weisbach 

formula, x is the distance along the centerline of the pipe, α is the angle between the horizontal and the 

centreline of the pipe, taken as positive for the pipe sloping downwards in the direction of positive x, g 

is the gravitational constant; and a is the celerity of the pressure surge, i.e. the velocity with which the 

surge is propagated relative to the liquid. The positive direction for V coincides with that for x. 

3.1 Method for Solving Partial Differential Equations 

The method of characteristics exceptionally solved both positive and negative pressure waves and has 

remained one of the widely applied methods [1,2–6]. Therefore, the method of characteristics has been 

proven in the research so far as a method of exceptional compatibility with numerical solutions and the 

same one is applied in this research. 

 

By the method of characteristics, the basic partial differential equations which are not integrable in 

closed form are transformed into ordinary differential equations which have solution in closed form 

[1,7–11]. Basic equations, continuity equation and dynamic equation can be marked with L1 и L2: 

𝐿1 =
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+ 𝑉
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𝜕𝑥
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𝐿2 =
𝜕𝑃

𝜕𝑡
+ 𝑉

𝜕𝑃

𝜕𝑥
− 𝑉𝑠𝑖𝑛𝛼 + 𝑉

𝑎2

𝑔

𝜕𝑉

𝜕𝑥
= 0 (4) 

 

From the previously stated equations, it can be concluded that it is a question of two families of curves, 

which are practically straight lines, where the propagation speed is constant and variously larger than 

the basic flow speed, and thus the system of two partial differential equations transforms into a system 

of four ordinary differential equations marked with C+ и C– which determine straight lines: 
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𝑑𝑃

𝑑𝑡
+
𝑎

𝑔

𝑑𝑉

𝑑𝑡
+
𝜆

2𝐷
𝑣|𝑣| = 0

𝑑𝑥

𝑑𝑡
= +𝑎 }

 

 
𝐶+ (5) 

𝑑𝑃

𝑑𝑡
−
𝑎

𝑔

𝑑𝑉

𝑑𝑡
+
𝜆

2𝐷
𝑣|𝑣| = 0

𝑑𝑥

𝑑𝑡
= −𝑎 }

 

 
𝐶− (6) 

3.2 Numerical Model 

Figure 1 shows discretization of physical system in numerical network with calculating steps Δx and Δt 

where the solutions are obtained in the section of positive and negative lines of characteristics [3,7]. 

 
Figure 1. Numerical network for the method of characteristics 

According to the given numerical method, the equations (5) and (6) may be written in the following 

manner: 

𝑑

𝑑𝑡
(𝑃 ±

𝑎

𝑔
𝑉) + 𝜆

𝑎

𝐷

𝑉|𝑉|

2𝑔
= 0 (7) 

 

The previously stated equation can be integrated lengthwise of the positive and negative characteristic, 

i.e. lengthwise along the lines AP and BP, as follows and after the integration, the equations of positive 

and negative characteristics are written as follows: 

𝑃𝑃 − 𝑃𝐴
𝛥𝑡

+
𝑎

𝑔

𝑉𝑃 − 𝑉𝐴
𝛥𝑡

+
𝜆𝑎

2𝑔𝐷
𝑉𝐴|𝑉𝐴| = 0 (8) 

PP − PB
Δt

−
a

g

VP − VB
Δt

+
λa

2gD
VB|VB| = 0 (9) 

 

If it is known that in the hydraulic analysis it is important to determine the flow change and height 

position of the hydrodynamic line in any section along the pipe, and in a certain time interval, additional 

approximation is introduced that the cross section of the pipe along its entire length is constant, and if it 

is known that median speed can be determined by the equation V=Q/A, the previously stated equations, 

knowing the numerical network, for the pressure, can be written in the following form: 

𝑃𝑖
𝑛+1 = 𝑃𝑖−1

𝑛 − 𝐵(𝑄𝑖
𝑛+1 + 𝑄𝑖−1

𝑛 ) − 𝑀𝑄𝑖−1
𝑛 |𝑄𝑖−1

𝑛 | = 0 (10) 
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𝑃𝑖
𝑛+1 = 𝑃𝑖−1

𝑛 + 𝐵(𝑄𝑖
𝑛+1 − 𝑄𝑖−1

𝑛 ) + 𝑀𝑄𝑖+1
𝑛 |𝑄𝑖+1

𝑛 | = 0 (11) 

 

If: 

𝐵 =
𝑎

𝑔𝐴
          and          𝑀 =

𝜆𝛥𝑥

2𝑔𝐷𝐴2
= 0 (12) 

 

If the flow parameters in the time interval (n) are known, then the following is obtained: 

𝑃𝑖
𝑛+1 = 𝐶𝑃 − 𝐵𝑄𝑖

𝑛+1 (13) 

𝑃𝑖
𝑛+1 = 𝐶𝑀 + 𝐵𝑄𝑖

𝑛+1 (14) 

 

Where: 

𝐶𝑃 = 𝑃𝑖−1
𝑛 + 𝐵𝑄𝑖−1

𝑛 −𝑀𝑄𝑖−1
𝑛 |𝑄𝑖−1

𝑛 | (15) 

𝐶𝑀 = 𝑃𝑖+1
𝑛 + 𝐵𝑄𝑖+1

𝑛 +𝑀𝑄𝑖+1
𝑛 |𝑄𝑖+1

𝑛 | = 0 (16) 

 

From the equations (13) and (14), the basic equation of characteristics is obtained for determining the 

peak elevation of the hydrodynamic line: 

𝑃𝑖
𝑛+1 =

𝐶𝑃 + 𝐶𝑀

2
 (17) 

3.3 Time Interval Selection for Analysis of Borderline Conditions 

In real water supply systems, the problem with analysis of water hammer is always reduced to analysis 

of more complex systems, whereas initial and borderline conditions there are several possible ones that 

occur – characteristic forms of equations for borderline conditions. It is important to be mentioned here 

that the selection of the time calculation step has a big influence on the solution for each individual part 

of the complex system. 

 

In order to determine borderline conditions in connecting one or more pipes of different geometrical and 

hydraulic characteristics, it is assumed that directions of positive C+ and negative C– characteristic cut 

in one point. This assumption in complex systems, such as water supply systems, is very rarely accurate, 

since the inclination of each line of characteristics depends on the propagation wave, flow speed in the 

pipe, horizontal position of the pipes connected in one joint and the number of sections in which the 

pipe is divided [1]. 

 

According to the previously stated, it can be said that in certain period, the lines of positive and negative 

characteristics of the connected pipes will not cut in one point. It can be said that this is a basic problem 

in making the mathematical model for the water hammer analysis. Due to it, in making of the 

mathematical model, certain assumptions about the time interval should be made in order to overcome 

this problem. Namely, time step should be selected in order to fulfill the Courant–Friedrichs–Lewy 

(CFL) "Δx≥aΔt" condition of stability [7], i.e.: 

𝛥𝑡 =
𝛥𝑥

𝑚𝑎𝑥|𝑣 + 𝑎|
=

𝛥𝑥

𝑉 + 𝑎
=

𝐿

𝑁(𝑉 + 𝑎)
 (18) 

 

One approach by which satisfactory results can be obtained is to reduce the time step – this procedure 

is used in creating the mathematical-numerical model. Namely, the time step is reduced for all pipes up 

to the value which enables the characteristic lines of all pipes to cut into one point. The pipe with the 
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smallest value of time step is called "control pipe" of the model. This approach in the model of the joint 

position itself where pipes are connected, will "force" the characteristic lines in some way to cut into 

one point. However, in the initial and final borderline conditions, cutting of characteristic lines in 

rectangular grid will not be provided. In order to overcome this problem, additional interpolations should 

be made which make the mathematical model more complex, by which the condition for the 

characteristic lines to cut in one point, and initial and final conditions to cut in a rectangular grid will 

not be disturbed. This means that pipe sections should increase in all pipes that have primarily had time 

step larger than the "control pipe" by which the need for interpolation becomes smaller. Finally, as 

presented in figure 2, in the state obtained, the characteristic lines for all pipes are cut in rectangular grid 

and they all have the same time step. 

 
Figure 2. Connecting characteristic lines with identical time step 

 

3.3.1 Borderline Conditions 

Serial connection of two pipes in one joint: 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒:     𝑃1,𝑁
𝑛+1 = 𝑃2,1

𝑛+1 = 𝑃 (19) 

𝐹𝑙𝑜𝑤:     𝑄1
𝑛+1 =

(𝑃1
𝑛+1 − 𝐶𝑀)

𝐵
 (20) 

 

Connection of several pipes in one joint: 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒:    𝑃𝑛+1 =

𝐶𝑃1
𝐵1

+
𝐶𝑀2

𝐵2
+
𝐶𝑀3

𝐵3
+
𝐶𝑀4

𝐵4
1
𝐵1
+
1
𝐵2
+
1
𝐵3
+
1
𝐵4

 (21) 

𝐹𝑙𝑜𝑤:    − 𝑄1,𝑁
𝑛+1 =

𝑃𝑛+1

𝐵1
−
𝐶𝑃1
𝐵1

;      −𝑄2,𝑁
𝑛+1 =

𝑃𝑛+1

𝐵2
−
𝐶𝑃2
𝐵2

;      −𝑄3,𝑁
𝑛+1 =

𝑃𝑛+1

𝐵3
−
𝐶𝑃3
𝐵3

 (22) 

 

Tank at the end of pipeline: 

 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒:    𝑃𝑛+1 = 𝑃𝑅 (23) 

𝐹𝑙𝑜𝑤:    𝑄1
𝑛+1 =

(𝑃1
𝑛+1 − 𝐶𝑀)

𝐵
 (24) 

 

Pump as borderline condition: 

 

There are several methods of presenting pumps as borderline conditions in the mathematical models for 

water hammer analysis in water supply networks. For preliminary analyses of the water hammer in water 

supply networks, as a characteristic of the pump, the parabola as a pump performance curve can be used 

[8]: 
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𝐻𝑃 = 𝐻0 + 𝐴𝑄
2 + 𝐵𝑄 (25) 

 

 
Figure 3. Pump as Borderline Condition 

 

At the ends of the suction and pressing pipes which are connected to the pump, figure 3, the flow and 

height of the hydrodynamic line are unknown. From the continuity equation and the assumption that 

both cuts before and after the pump are at a small distance, it can be understood that Qs = Qp = Q. On 

the other hand, for determining the heights of the hydrodynamic line, the equations of positive and 

negative characteristic lines are used: 

𝐻𝑃 = 𝑃𝑃 − 𝑃𝑆 +
(𝑉𝑃

2 − 𝑉𝑆
2)

2𝑔
 (26) 

4 Development of HTM Mathematical Model 

The mathematical model HTM is created in a way that it can analyze water supply system only in 

unsteady regime. The steady regime which dominates in the system before the occurrence of the 

unsteady state is taken from already made up-to-date software packages for analysis of systems under 

pressure, such as EPANET. 

 

   

 
Figure 4. Schematic presentation of the real water supply system (Ø-pipe diameter, PN-Pipe’s nominal pressure)  

 

Such created mathematical model HTM is applied on real – existing water supply system, figure 4. The 

analyzed real water supply system is a pumping water supply system with reservoir beyond an inhabited 

place, while the water supply network is of branching system. Regarding the fact that it is a pumping 

water supply system, the initiator of the unsteady state is the pump station, i.e. in this system, the water 

hammer occurrence will be analyzed during pump switching on and off in the pump station. 
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In defining time step of the analysis, all recommendations previously stated are taken into consideration, 

and in this case the time step is Δt = 0.02 sec. 

5 Experimental Model 

For the calibration of the mathematical model HTM in this research, suitable measuring equipment has 

been made and built-in at certain critical places of the real water supply system, which is actually 

physical model in ratio 1:1. A characteristic of this water supply system is that the distribution of the 

consumers – households is at a large difference in height, i.e. from the minimum peak elevation of 724 

m up to the maximum of 810 m, while the maximum water level in the tank is 824 m, i.e. such water 

supply system has a hydrostatic pressure from 14 to 100 m. 

 

In the planning phase of this water supply system, all recommendations for dimensioning of water 

supply systems with assumed quasi-steady flow regime along the lines are observed. According to the 

calculations, it can be concluded that in none of the parts of the water supply network there are pressures 

larger than the maximum ones and smaller than the minimum ones - there are no negative pressures. 

However, in phase of certain part exploitation, frequent defects started occurring during time. Certainly, 

the reasons for occurrence of these defects cannot be explained by the operator/user of the system – i.e. 

frequent excuses refer to the quality of the material from which the pipes are made – they have no 

capacity to endure the pressure of 90 m although they are dimensioned by the manufacturer for such 

pressure. Is that the fact? 

5.1 Program and Dynamics of Experimental Measurements 

From the analysis of water supply network, terrain configuration, distribution of consumers and 

geometrical characteristics of the lines, the need for selection of a total of twenty measuring places 

emerged, by which entire coverage of network was provided. Figure 5 presents locations of all 

measuring places.  

 

 
Figure 5. Arrangement of measuring places 

5.2 Calibration of the Mathematical Model HTM with the Physical (in-situ) Model 

For the calibration of the water supply systems in unsteady regime – in water hammer occurrence, there 

are certain recommendations which are used in steady regime, i.e.: calibration of pressure in joint 
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positions, calibration of flow along lines, calibration of hydraulic gradient.  

 

However, in the analysis of the obtained results, it has been shown that previous calibrations in steady 

regime are not enough for successful calibration of the mathematical model HTM with the physical (in-

situ) model to be made. This conclusion owes to the fact that the material from which the pipelines are 

made, and their thickness have the biggest influence on the speed of pressure wave propagation through 

one water supply system. At this point it can be easily said that for the calibration of mathematical 

models for water hammer analysis, in addition to the parameters during stationary mode, it is essential 

to further determine – calibrate the speed of propagation of the pressure wave. Considering that the 

analyzed system is a branched water supply network as well as the limitation in available equipment, 

the measured pressures in the analyzed points were used as parameters for calibration.  

 

The statistical operation error variance (σ2) was used for data analysis. The error variance is proportional 

to the sum of the square of the differences between the measured and modelled responses (i.e., 

proportional to the objective function) and represents the unbiased sample variance of the model error 

after calibration (i.e., the objective function divided by the number of data points minus the number of 

model parameters) as shown in Equation 27 [3]: 

𝜎2 =
1

𝑀 − 𝑁
∑(𝐻𝑖

𝑚 − 𝐻𝑖)
2

𝑀

𝑖=1

 (27) 

where M is the number of measured data points, N is the number of model parameters, Hi
m is the 

measured pressure response and Hi is the predicted pressure response. 

6 Results and Discussion 

As it was previously mentioned in this paper, the need for this research was imposed by the fact to find 

out reasons for occurrence of defects in real water supply system which is subject to analysis. Namely, 

in the analyzed system from the very beginning of its exploitation of sections with small pressures, 

frequent occurrence of defects has been noticed, and defects of the pumping system pipeline near the 

pump station have started appearing later. 

 

In addition, in the following figures there are output results of the performed analysis presented, i.e. for 

the characteristic states - during pump switching on and off. 
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(a) 

 

 
(b) 

Figure 10. Characteristics of water hammer, experimental from performed in-situ measurements and analytical 

from HTM model during pump (a) switching on and (b) switching off in the pump station 

 

If we analyze the graphs of the pressure change in the pump station (measuring place M-1), where in 

the immediate vicinity frequent defects can be noticed, it can be noted that in both switching on and off 

of the pump, the maximum pressure in water hammer occurrence is larger than 100 m (10 bar), whereas 

in steady regime of operation, the same one is smaller than 100 m (10 bar), i.e. it does not exceed the 

value of 90 m (9 bar), and if it is known that on that line to the pump station the pipeline is from HDPE 

PE100 NP 10 bar, it can be immediately concluded that water hammer occurrence is the reason for 

occurrence of defects along that line. It is understandable that in the initial exploitation period these 

defects have not been noticed, which primarily owes to the age of the pipe material which, during time, 

due to constant exposure to pressure above the maximum permitted one has led to material wear and 

tear – the pipeline has lost its elasticity and defects have increased occurring. 

 

While analyzing the graph of pressure change at the measuring position M-7, it can be noticed that in 

state of switching off the pump, there are negative pressures occurring which due to limitation of 

capability of measuring equipment, which can measure only positive values of the pressure, they are not 

detected on the experimental model (in-situ). However, on the graph it can be noticed that in the period 

of the negative pressure occurrence, the measuring device shows zero value. Precisely the occurrence 

of negative pressure – vacuum in the pipeline, in the very beginning of the system exploitation, and 

occurrence of frequent defects has been noticed in the immediate vicinity of the measuring place М-7. 

It is important to be mentioned here that water hammer occurrence in real water supply system takes 

place during each pump switching on and off, i.e. it happens several times during the day, and exactly 

besides the occurrence of increased/decreased pressures in the system, the main reason for occurrence 

of defects is the frequency – repetition of increased, i.e. decreased pressures. 

7 Conclusions 

From the aspect of hydraulic analysis, water supply systems where occurrence of water hammer is 

expected should be analyzed and dimensioned in such manner that they can be "adjusted" to both steady 
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and unsteady flow regime. This recommendation should especially be respected in water supply systems 

in which in the exploitation phase there is even slightest possibility of water hammer occurrence, such 

as pumping water supply systems with reservoirs beyond inhabited place, i.e. as the analyzed system in 

this research. Actually, as it can be seen from the results in this research of the subject, it is significant 

to analyze the locations with increased pressure, but also the locations with minimum pressures in order 

to avoid occurrence of vacuum in these sections. 
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1 Abstract 

Aquatic vegetation significantly influences fluvial dynamics and sediment budgets. This study 

investigates the impact of in-channel vegetation on flow resistance and sediment storage in a lowland 

Slovak stream, using field data from 2018 and 2023. The findings reveal that increased vegetation 

between 2018 and 2023 resulted in reduced flow velocity and discharge, alongside a substantial rise in 

sediment storage. Sediment accumulation in 2023 ranged from 3927 to ~5800 kg/m², up to 50% higher 

than in 2018.  

 

Keywords: River, Aquatic vegetation, Flow characteristics, Flow resistance, Sediment budgets 

2 Introduction 

Vegetation, whether located on the floodplain, along the banks, or in the channel, significantly 

influences fluvial system dynamics and plays a central role in river management. This study specifically 

examines in-channel aquatic vegetation, composed mainly of macrophytes, both submerged and 

emergent, which are vital components of many lowland river ecosystems. In-channel vegetation 

increases local and boundary flow resistance [1, 2], traditionally viewed as problematic due to increased 

energy losses [2]. Consequently, mean velocity decreases, limiting the river channel’s capacity to 

convey discharge, potentially heightening flood risks by increasing depth [2]. This study emphasizes 

addressing the resistance aspect of aquatic vegetation in fluvial hydrodynamics, particularly in areas 

where vegetation reduces the river’s conveyance capacity. 

Studies on vegetated river flows have typically examined the impact of vegetation on flow velocity 

profiles and shear stress distributions, both in fully vegetated beds and around patches of vegetation [1, 

3]. Vegetation patches create regions of reduced flow velocity and shear stress that promote local 

sedimentation [1]. Researchers have scrutinized the influence of vegetation elements, whether rigid or 

flexible, as sources of drag within water flow, employing laboratory experiments [4] and numerical 

modeling [5] to understand vegetation-flow interactions and analyze flow fields, particularly velocity 

profiles and turbulence [1, 3], as well as energy loss [2]. Initially, they have developed methods to 

predict drags of aquatic vegetation based on flow and plant characteristics such as plant form, 

morphology, size, height and density of vegetation patches [1, 3]. This is crucial for facilitating 

parameterizations of aquatic vegetation-induced flow resistance. One aspect of the interactions between 

vegetation, river flows, and transported sediments that remains relatively understudied pertains to their 

role in the within-channel storage of fine sediment, a factor of potential significance in comprehending 

the sediment budget within river reaches and catchment areas [6]. Research into sediment budgets has 

yielded significant insights into both the natural and anthropogenic sources, storages, and transfers of 

sediment across riverine landscapes. Accurately estimating in-channel sediment storage, particularly of 

fine sediment, is essential not only for the sediment budget assessments but also due to the profound 

impact of fine sediment on the structure and function of river ecosystems [7]. 

In recent decades, research has elucidated the significant role of aquatic vegetation in sediment 

retention and landform development within riverine environments. This change in river channel 

morphodynamics has underscored the potentially positive ecological effects of vegetative presence [8, 

9]. Specifically, regions characterized by low flow velocities facilitate the accumulation of particulate 

nutrients [10]. Moreover, aquatic vegetation has been shown to exert a positive influence on water 
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quality by uptaking heavy metals and nutrients, as well as by fostering oxygenation in stagnant locales 

[11]. Additionally, vegetative coverage serves to increase soil integrity, while root systems bolster soil 

stability, thereby mitigating erosion risks. Consequently, aquatic plants assume the role of ecosystem 

engineers, creating favorable conditions conducive to the establishment and persistence of vegetative 

canopies [12]. These contributions may facilitate the development of stable habitats supportive of both 

terrestrial and aquatic wildlife. Moreover, the spatial heterogeneity engendered by vegetative presence 

within river flows fosters habitat complexity, thus augmenting biodiversity within aquatic ecosystems. 

Consequently, the processes governed by vegetation emerge as pivotal components in the dynamics of 

river channels, underscoring their paramount importance in numerical modeling endeavors aimed at 

simulating the morphological evolution of alluvial river systems. 

This study assesses the influence of aquatic vegetation on flow dynamics, including velocity, flow 

resistance, and sediment deposition. Utilizing field data collected from four stream cross-sections in the 

years 2018 and 2023, the research examines the impacts of in-channel vegetation on flow patterns and 

sediment accumulation over time. The primary objective is to evaluate sediment storage within the 

active channel of a lowland stream, with a specific focus on understanding how the presence of aquatic 

vegetation influences flow characteristics and sedimentation dynamics across years. 

3 Applied method in the study area 

The selected cross-sections were located on a lowland stream named Gabčíkovo-Topoľníky in 

southwestern Slovakia, not far from the capital city of Bratislava. This stream exhibits all typical 

characteristics of lowland rivers, including a low water surface slope (low gradient rivers < 2 m/km), 

low flow energy and velocity, homogeneous morphology and bed forms across the selected reach 

(mostly dune), high relative submergence or small-scale roughness (R/d84 > 10, where R is the hydraulic 

radius and d84 is the grain size diameter at which 84% of the particles in a sediment sample are finer), 

and the presence of vegetation. In lowland rivers, relative submergence is usually high, and sediment 

motion is only initiated with low shear stress. Therefore, the effects of relative submergence on sediment 

transport rate can often be neglected [2, 13, 14]. One of the significant resistance components in lowland 

rivers is due to the presence of aquatic vegetation, which complicates flow resistance calculations. 

Okhravi et al. [2] stated that approaches connecting dynamic flow characteristics and velocity 

distribution over a river course with flow resistance values (such as Manning’s roughness and Darcy-

Weisbach friction factor) can incorporate the effects of vegetation into flow resistance calculations. 

These methods utilize flow discharge as the characteristic that shapes the channel and take into account 

the irregular bed topography and water elevation variations, often referred to as the hydraulic geometry 

approach. 

The applied method is fully described in the referenced paper by the authors of this work [2]. We use 

the developed predictor, which connects Manning’s roughness to dimensionless unit discharge 

(q*= (
Q

w⁄ ) √gR3Sf⁄ ), as given in Eq. 1. The values of nr will be compared with the traditional method of 

Manning’s calculation (nm= R2/3Sf
1/2 u⁄ ) in the following part of the paper. 

nr = 0.32q*-0.978
 (1) 

In this study, we selected a 4-kilometer reach of the Gabčíkovo-Topoľníky channel in southwestern 

Slovakia (Fig. 1). This reach includes four uniformly spaced cross-sections: two upstream and two 

downstream of a bridge prone to accumulated vegetative debris (Fig. 2) and submerged vegetation. 

Aquatic plants in the channel are permanently submerged species, while grass and shrubs are found on 

stream banks and floodplains and are not always submerged. 

Field velocity measurements were performed using the SonTek RiverSurveyor-M9 during two field 

visits in 2018 and 2023. Analysis of bathymetric data and streamwise velocity distribution was 

conducted to examine sediment depth changes across the reach over time. The measured and calculated 

hydraulic parameters for the corresponding years are summarized in Tables 1 and 2. The relevant 

parameters include: flow depth (h), stream width (w), wetted area (A) and perimeter (P), longitudinal 

slope of the water surface (Sf), flow velocity (u), shear/friction velocity (u*), flow discharge (Q), area of 

retained sediments (As) in the bed channel, Froude number (Fr), and roughness coefficients (n).  
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Figure 1. Location of four cross-sections at the Gabčíkovo-Topoľníky stream channel 

 

The method used to quantify sediment retention at each cross-section of the selected reach involved 

measuring the depth of fine sediments from the surface to the underlying rocks using graded metal rods. 

As shown in Fig. 2, a handheld graded metal rod, equipped with a bubble level, was employed by a 

person to measure sediment depth at one-meter intervals across the stream, from bank to bank. Depth 

changes and associated storage areas over time (measured in 2018 and 2023) were recorded in the same 

vegetation type within the reach (Tables 1 and 2). The area of fine retained sediment (As) was calculated 

from the measured sediment depths, based on the differences between the base (rock level) and the 

surface level of fine sediment in each stream cross-profile. Similar studies on fine sediment budgets in 

river beds have used a unit of kg/m², and to ensure comparability, we also report the retained sediment 

in this weight unit. To convert the storage area (As in Table 1) to this typical unit, we used the average 

density of rocks (ρ
m

= 2650 kg/m3) and assumed a porosity (ϕ) of 0.4, as shown in Eq. 2, which is suitable 

for relatively fine sediments, similar to the study by Gurnell and Bertoldi [6]. Vs is the total volume of 

fine sediments calculated by As with a unit length of one meter. The porosity value can range from 0.25 

to 0.45, with lower values corresponding to more heterogeneous and coarser sediments [15, 16]. 

ms = ρ
m

(1 - ϕ)Vs (2) 

The calculated flow and sediment characteristics from the two measurement periods were compared 

to address changes in the stream bed and quantify sediment retention by aquatic vegetation. In this study, 

we focus on total sediment retention rather than just fine sediment retention within the stream channel. 

The relationship between sediment deposition and changes in flow characteristics will be further 

analyzed and compared with relevant field studies. 

4 Results and discussion 

The calculated and measured hydraulic parameters, along with As, from the same reach in the two 

measurement periods, 2018 and 2023, are summarized in Tables 1 and 2, respectively. The width of the 

cross-sections has remained almost unchanged along the stream reach from 2018 to 2023, as has the 

hydraulic radius for each corresponding cross-section. However, flow parameters and the water surface 

slope have altered between the two measurements. Since there have been no construction activities 

nearby and no extreme changes in flow throughout the reach, there are no external sources affecting the 
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cross-sectional geometric shape or sediment size distribution in the selected reach. Therefore, the 

changes in flow parameters can be attributed to the presence, density, and properties of the vegetation 

within the channel. 

 

Figure 2. Typical view of submerged aquatic vegetation in the studied stream channel 

 

Table 1. Hydraulic parameters of four selected cross-sections: May 2018 measurements 
Sections h 

(m) 

w 

(m) 

A 

(m2) 

P 

(m) 

R 

(m) 

Sf u 

(m/s) 

u* 

(m/s) 

Q 

(m3/s) 

As 

(m2) 

Fr nm nr 

S1 1.49 16 22.41 18.73 1.20 0.000038 0.120 0.021 1.88 2.73 0.035 0.08 0.07 

S2 1.41 16.5 21.36 19.10 1.12 0.000014 0.115 0.012 1.90 2.54 0.035 0.04 0.04 

S3 1.57 14.5 21.77 17.85 1.22 0.000016 0.103 0.014 1.93 1.75 0.03 0.05 0.04 

S4 1.76 17.0 27.03 20.13 1.34 0.000053 0.090 0.026 2.00 2.47 0.025 0.12 0.10 

Table 2. Hydraulic parameters of four selected cross-sections: June 2023 measurements 
Sections h 

(m) 

w 

(m) 

A 

(m2) 

P 

(m) 

R 

(m) 

Sf u 

(m/s) 

u* 

(m/s) 

Q 

(m3/s) 

As 

(m2) 

Fr nm nr 

S1 1.59 16.5 25.25 19.4 1.3 0.000092 0.062 0.034 1.39 3.62 0.017 0.21 0.17 

S2 1.48 15.5 20.86 18.35 1.14 0.000057 0.061 0.025 1.31 2.62 0.018 0.13 0.11 

S3 1.60 14.5 22.15 17.89 1.24 0.000066 0.064 0.028 1.69 2.62 0.018 0.12 0.10 

S4 1.70 17.0 27.23 20.14 1.35 0.000043 0.044 0.023 1.47 3.27 0.012 0.15 0.12 

The results showed the decrease in total discharge and section-averaged velocity in 2023 as well as Fr 

numbers, attributed to denser vegetation in 2023 compared to 2018. The role of aquatic vegetation has 

recently been assessed in lowland streams [17, 18]. According to the literature and this research, 

increased vegetation leads to a decrease in velocity and water conveyance power in a river channel, 

which results in higher Manning roughness values (nm) and the one developed (nr) under the previous 

research work of the authors [2]. It is worth noting that nr indicated a good fit compared to nm 

estimations, despite a 20% underestimation.  

Patches of aquatic vegetation can impact the sedimentation process by creating areas of reduced flow 

velocity through the capture of flow momentum and a decrease in turbulence velocity [1], thereby 

promoting sedimentation [19]. A similar pattern can be observed when comparing the corresponding 

values of As in each cross-profile. The rate of increase in As (the area between the black star line and the 

blue square line in Fig. 3) could be as high as 50% (S3 in Tabels 1&2) due to the presence of vegetation 

and the resultant lower velocity. This points to the role of aquatic vegetation in influencing sediment 

storage [3], primarily through the retention and stabilization of predominantly sand and finer sediments 

within the channel [6]. The findings of our study indicate significant retention of fine sediment (0.001-



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

91 
 

 

2 mm) by aquatic vegetation in the Gabčíkovo-Topoľníky channel, which are important insights for the 

prediction of sediment budgets and river functioning.  

The conversion of As to the typical mass unit of kg/m² is presented in Fig. 4, which shows a higher 

range of retained sediments in 2023 at the same cross-section locations compared to the data measured 

in 2018. The average sediment retained across the entire cross-profiles is up to an order of magnitude 

higher than the average sediment retained in the active channel area of the River Blackwater in England 

in the spring of 2009, as reported in the study by Gurnell and Bertoldi [6]. This reflects the fact that very 

low flow velocities in low-gradient rivers in lowland areas provide conditions for deep fine sediment 

accumulations compared to higher flow energy in gravel-bed rivers [20]. Additionally, the flow depth 

in lowland rivers is usually greater than in gravel-bed rivers [2], facilitating sediment deposition near 

the bed. For example, the reported larger depth in the River Blackwater is almost 7-8 times smaller than 

the average flow depths measured in this study. 

 
Figure 3. Variations in retained sediments within four stream cross-profiles (S1-S4) in 2018 and 2023 

The measurement periods in May 2018 and June 2023 were selected to be close together to minimize 

the impact of temporal variation on the results. The quantities of retained sediment can fluctuate over 

time due to changes in river dynamics and the volume and distribution of aquatic vegetation [17]. The 

locations of fine sediment accumulations are also influenced by river power and the type of aquatic 

vegetation, whether emergent or submerged. Consequently, the spatial distribution of fine sediments 

will be varied over time [6]. The complexity of interactions between flow, sediment, and vegetation in 

river restoration and management has been addressed by O'Briain et al. [18]. Their study focused on the 

role of vegetation in influencing flow velocity, water depth, and substrate, which drives channel 

adjustments and landform development through biogeomorphic succession in a lowland river in Ireland. 

Their findings highlighted that vegetation regulates sediment dynamics, enhances river morphology, 

and creates diverse habitat patches, contributing to the river’s natural renaturalization. We aim to use 

the preliminary results of this study, along with findings from the literature, to extend our assessment of 

the proportions of fine sediment retained by aquatic vegetation over larger stream reaches and longer 
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time frames. 

 

Figure 4. Quantity 2of retained sediment in each cross-profile (S1-S4) in 2018 and 2023 

5 Conclusions 

This study demonstrates the substantial influence of aquatic vegetation on flow characteristics and 

sediment retention within a lowland stream system. The comparison of hydraulic parameters between 

2018 and 2023 measurements reveals that increased vegetation density significantly reduces flow 

velocity and discharge. This reduction is due to increased hydraulic resistance and the absorption of 

momentum by dense vegetation, which leads to decreased turbulence and sediment entrainment, 

resulting in higher sediment retention. These effects are primarily observed in fine sediment 

accumulation, with a calculated increase in sediment storage of up to 50%, as shown by the analysis of 

cross-sectional profiles (Fig. 3 and Tables 1 & 2) and the quantity of retained sediments in kg/m² (Fig. 

4). These findings align with existing literature and highlight the role of aquatic vegetation in influencing 

stream bed morphology. This research contributes to a more comprehensive understanding of sediment 

budgets in lowland rivers, which is critical for river ecosystem functions. Further research is 

recommended to explore the long-term impacts of vegetation on sediment retention across larger river 

reaches. Additionally, investigating the influence of different vegetation types on flow characteristics 

and sediment deposition would be valuable for informing river restoration and management practices. 
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1 Abstract 

Numerical modelling plays a crucial role in designing and evaluating fish passes, particularly  

close-to-nature fish pass designs. However, these simulations pose challenges due to complex 

geometries requiring precise mesh resolution and adherence to time-step limitations. This study 

investigates a rock ramp fish pass on the Myjava stream, renaturalized by weir removal.  

The two-dimensional HEC-RAS model was developed to assess low-flow conditions critical for fish 

migration. Calibration employed in-situ data. Governing equations (diffusion wave, shallow water 

with/without turbulence) were compared, while shallow water equations with turbulence yielding the 

best agreement with measurements. The model captured flow patterns around individual boulders, 

highlighting the limitations of the HEC-RAS for detailed simulations of small, complex areas. 

 

Keywords: fish pass, HEC-RAS, 2D model, shallow water equations, diffusion wave equations, Courant 

number. 

2 Introduction  

Designing fish passes is essential for overcoming barriers in streams and restoring aquatic  

ecosystems [1]. Fish passes mimic natural conditions to help fish navigate around obstacles like dams, 

supporting by the European Union's goal of preserving biodiversity. 2D hydraulic modelling has become 

a key tool in fish pass design [2]. Detailed water flow can be simulated in these structures using software 

like the HEC-RAS as one dimensional [3] or two dimensional [4]. To conduct unsteady flow analyses 

this software utilizes equations such as the diffusion wave and shallow water equation, with options for 

turbulence models. Developing a 2D fish pass model involves considering type of fish pass (in terms of 

very detailed geometry of internal environment), materials (considered by the Manning´s roughness 

coefficient) and appropriate boundary conditions, which are specified to accurately simulate the 

hydraulic conditions. The Courant criterion is crucial in ensuring stable model computation by 

determining the appropriate time step relative to the spatial resolution, preventing numerical 

instabilities. Numerical methods solve water flow equations, producing visualizations of velocities, 

water depths, and other parameters. This study compares using of different computational equations and 

turbulence models, enhancing the effectiveness and efficiency of fish passes design.  

3 Methods 

3.1 Location of the fish pass 

The study was conducted on a fish pass located on the Myjava River at rkm 26.500, in the cadastral area 

of the Senica town in western Slovakia. The long-term annual flow rate in the profile of the fish pass is 

Qa = 2.11 m3∙s−1 [5]. A fixed weir was built on the stream to mitigate the slope and stabilize the riverbed 

of the Myjava River in the past (Figure 1). The weir thus constructed formed an obstacle in the stream 

and did not allow ichthyofauna migration [5].  

 

Fixed weir no longer fulfilled its purpose and was therefore replaced by a full-river bed passage in form 

of rock-ramp fish pass (Figure 2). A depression is located in the centre of the constructed ramp, which 

enables the migration of ichthyofauna even at lower stages, and individual/perturbation stones are 
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arranged in a chessboard pattern in the bottom of the ramp. 

 

 
Figure 12. Original fixed weir [6] 

 

 
Figure 13 Built rock ramp fish pass [8] 

3.2 Rock ramp fish pass design 

The rock ramp fish pass is designed to mimic natural environment for ichthyofauna to swim both 

upstream and downstream, facilitating bidirectional migration. The flow is directed through natural-

looking elements, such as boulders and stones, which help to reduce velocities and increase water depths. 

These elements are arranged to create flow shadows and pools that provide resting and refuge areas for 

fish during migration through the fish pass. 

 

According to the Methodology [7] of the Water Research Institute (WRI, Bratislava, Slovakia), the 

modeled fish pass belongs to the barbel fish zone and recommended design parameters are as follows 

[9]: 

• maximum cross-sectional velocity 1.2 m·s−1, 

• maximum longitudinal slope 1:100 (1%), 

• minimum water depth in the main streamline 0.40 m, 

• minimum flooded width in water level 2.0 m. 

 

The ramp is located across the entire width of the river bed with boulders placed on banks (black dots 

in Figure 5), these are important by the higher flows, and in the middle part of ramp (circles 

in Figure 5), these stones allows fish migration almost throughout the whole year when flows are low 
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and moderate (Figure 3). 

 

 
Figure 14 Boulders on the river bed bottom of the fish pass 

 

Parameters of the fish pass [5]: 

• the total length of the fish pass is 19.4 m, 

• overcoming a head of 0.81 m, 

• slope of the fish pass is 4.17 %, 

• middle part of the fish pass is shaped as triangle with the width in the base of 5.6 m, 

• the boulders are arranged in a chessboard pattern in a span of 0.93 m in eight profiles, which 

are 2.0 m apart, 

• the stones in the bottom have a size of 20 - 40 cm and the vertical resting boulders in the profiles 

have a transverse width of 30 - 40 cm. 

3.3 Model HEC – RAS 

The analysis of the existing fish pass employed the U.S. Army Corps of Engineers, Hydrologic 

Engineering Center's River Analysis System (HEC-RAS) software, version 6.3.1. This program enables 

the computation of one-dimensional and two-dimensional water flow under both steady and unsteady 

flow regimes.  

3.3.1 Model Creation Process 

The fish pass surface was generated from the project, which formed the basis for this study. The fish 

pass layout included points with elevations, which were connected in Autodesk Civil 3D. A digital 

elevation model (DEM) of the area where the fish pass is located was downloaded from the freely 

available ZBGIS [11] mapping portal. Both surfaces were combined into one to create the fish pass 

surface with the Myjava stream upstream and downstream the fish pass (Figure 4), which was exported 

in Tag Image File Format (.tif). Cross-section profiles identified from the situation were exported 

as a shapefile (.shp), which applied in the results analysis. The created fish pass surface file was imported 

into the RAS Mapper into the terrain layer. Boulders were designed in the fish pass and inserted 

into a copy of the surface according to the situation. A boulder with a width of 0.40 m was inserted, and 

the surface at the boulder location was raised by 0.40 m based on the technical report. Following the 

boulder insertion, the geometry was created and assigned the surface with boulders. The spacing of 

points in the computational mesh was set to 1.50 m, with a denser spacing of 0.10 m in the fish pass area 

for improved accuracy. The Manning's roughness coefficient was assigned according to the project  

as n = 0.059 [5]. This value corresponds to the roughness of small streams at lower water stages 

with greater profile irregularities, occasional pools, shallows, and stones [12]. Boundary conditions were 

set for polygons defined in the geometry. For the inflow, a flow hydrograph was set for 24 hours 

with a uniform flow, as hydrological records with a detailed measurement step are not available 

in the locality, and a constant inflow is considered for the purpose of verifying the fish pass parameters. 
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For the outflow, the normal depth was specified, which is determined by the longitudinal slope 

of the water surface. 

 

 
Figure 15 The surface of the fish pass with the Myjava river bed upstream and downstream 

3.3.2 HEC-RAS equations 

HEC-RAS (Hydrologic Engineering Center-River Analysis System) offers two primary equation sets 

for simulating 2D unsteady flow [10]: 

1. Diffusion Wave Equation (DWE) (Eq. (1) – 2D form of momentum equations for diffusion 

wave): 

 

𝑔𝛻𝐻 = −𝑐𝑓𝑉 (1) 

 

where: 

g – gravitational acceleration (m·s−2), 

𝛻𝐻 – gradient of elevation (m), 

cf – friction coefficient (s−1), 

V – velocity vector (m·s−1) (V = (u, v)). 

 

DWE is a simplified form of the Saint-Venant equations, neglecting the convective acceleration 

term and assuming zero wave celerity. This translates to faster computations but may 

compromise accuracy, especially for rapidly changing flows. DWE finds application 

in scenarios with moderate velocities and mild channel slopes, offering a good balance 

between speed and accuracy. 

2. Shallow Water Equations (SWEs) (Eq. (2) – 2D form of momentum equations for shallow 

water): 

 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
= −𝑔

𝜕𝐻

𝜕𝑥
+ 𝜈𝑡 (

𝜕2𝑢

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
) − 𝑐𝑓 ⋅ 𝑢 + 𝑓 ⋅ 𝑣 

𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
= −𝑔

𝜕𝐻

𝜕𝑦
+ 𝜈𝑡 (

𝜕2𝑣

𝜕𝑥2
+
𝜕2𝑣

𝜕𝑦2
) − 𝑐𝑓 ⋅ 𝑣 + 𝑓 ⋅ 𝑢 

(2) 

 

where: 

u, v – velocities in the Cartesian directions (m·s−1), 

t – time (s), 
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g – gravitational acceleration (m·s−2), 

H – water surface elevation (m), 

t – horizontal eddy viscosity coefficient (m2·s−1), 

cf – friction coefficient (s−1), 

f – Coriolis parameter (s−1). 

 

SWEs represent a more complete description of fluid motion, accounting for mass 

and momentum conservation. They provide detailed insights into complex flow features like 

eddies and vortices, particularly when turbulence effects are significant. HEC-RAS employs 

an implicit finite volume solver for SWEs (Euler-Lagrangian Method) enabling larger time steps 

compared to explicit methods.  

Additionally, SWEs come with two options regarding turbulence: 

• With Turbulence Model:  

This approach incorporates the influence of turbulence on flow behavior, enhancing 

accuracy in scenarios with high velocities or complex geometries. However, it demands 

more computational resources. 

• Without Turbulence Model: This simplifies calculations by assuming laminar flow, 

making it suitable for situations with negligible turbulence or steady flows over gentle 

slopes. 

 

The selection between SWEs and DWE depends on the complexity of the flow and desired level 

of detail. SWEs with a turbulence model are ideal for capturing intricate flow patterns in hydraulic 

structures or areas with high velocities. DWE is a better choice for simpler scenarios with moderate 

velocities and gentle slopes, where computational efficiency is a priority. Refer to the HEC-RAS user 

manual for further guidance on selecting the appropriate equation set for your specific modeling needs. 

3.3.3 Courant Criterion 

An appropriate computational time step must be selected for the modeled computational mesh. 

The choice of time step is a function of the cell size and the water flow velocity in that cell. In general, 

the time step must be chosen so that the Courant criterion is fulfilled [10]: 

• Diffusion Wave Equation: 

 

C =
𝑉. ∆𝑇

∆𝑋
≤ 2,0    (𝐶𝑚𝑎𝑥  = 5,0) (3) 

 

• Shallow Water Equation - Euler-Lagrangian Method (SWE-ELM): 

 

C =
𝑉. ∆𝑇

∆𝑋
≤ 1,0    (𝐶𝑚𝑎𝑥  = 3,0) (4) 

 

where: 

C - Courant number, 

V - water flow velocity (m∙s-1), 

ΔT - computational time step (s), 

ΔX - average cell size (m). 

 

A computational time step of 0.10 s was selected, which is the smallest possible computational time step 

in the HEC-RAS model. The Courant criterion then according to Eq. (3) and Eq. (4): 

 

𝐶 =
𝑉 ∙ ∆𝑇

∆𝑋
=
2 ∙ 0,1

0,1
= 2 (5) 
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where: 

C = 2 (Courant number), where Cmax = 5.0, or 3.0, 

V = 2 m∙s-1 (water flow velocity) (maximum assumed velocity in the fish pass according 

to measurements), 

ΔT = 0.1 s (computational time step) (smallest time step and also the most suitable to meet 

the Courant criterion condition), 

ΔX = 0.1 m (average cell size) (size of the detailed cell in the rock ramp area). 

 

It can be concluded that the selected computational time step and cell size of the created detailed mesh 

in the fish pass (rock ramp) area meets the Courant number condition specified in the HEC-RAS 

software manual. To create a stable model 3 computational plans were created, where the computational 

methods/equations were changed. 

4 Results and discussion 

This study aimed to develop a simulation model of a recently implemented fish pass on the Myjava 

stream. The focus was on simulating critical low flow conditions. A specific flow rate of 0.451 m³·s-1 

approximately equal to Q330), measured in-situ during 2019, was chosen for this analysis. This low flow 

scenario is very important for verifying critical conditions to maintain adequate hydraulic parameters 

for fish migration, even during dry periods [8]. 

4.1 Comparison of Simulation with Measurement 

The WRI measurement results were used to calibrate the constructed simulation model. 

As a boundary condition was entered measured flow rate of 0.451 m3∙s-1 for all plans. Measurements 

were performed in eight profiles (Figure 5) between the boulders, each in five verticals (Figure 6) [8]. 

For each profile, the course of the measured flow velocities was evaluated and compared with the results 

from the model (Figure 7, 8, 9 and 10). 

 

 
Figure 16 The situation with marked profiles from the measurement 
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Figure 17 Cross section with marked vertical lines from the measurement 

4.1.1 Plan 1 

In the first plan was necessary to verify the stability of the model and the course of the calculation. 

In the 2D flow settings was chose the diffusion wave equation, which is more stable. After 

the calculation was compared the flow velocity profiles with the measurements (Figure 10). 

The velocities calculated in this scenario were higher than those measured (Figure 7 and 10). It can be 

concluded that the trend of the velocities has approximately the same shape but is not identical to the 

measurement (Figure 10). The inundated water level width is smaller than the measured state  

according to the simulation. 

 

 
Figure 18 View of velocity field contours for plan 1 

4.1.2 Plan 2 

In the second plan was changed the equation to SWE-ELM without turbulence to see if the calculation 

is also stable for another complex equation. After the calculation, flow shadows could be seen 

in the results (Figure 10), which are created behind the boulders. This plan was closer to the real state, 

so this equation was used for the calculation of the next plan. The flow velocity profile was smaller than 

in plan 1, but still did not correspond to the measurements (Figure 8 and 10). 

 

 
Figure 19 View of velocity field contours for plan 2 
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4.1.3 Plan 3 

Since was assumed turbulent flow in the fish pass, turbulence was added to the calculation in the stable 

plan 2, so the equation SWE-ELM with turbulence was entered. The flow velocity profile was minimally 

affected (Figure 10), but the velocities in the center of the fish pass decreased (Figure 9 and 10). 

 

 
Figure 20 View of velocity field contours for plan 3 
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Figure 21 Results comparison of WRI measurement and study plans 1,2 and 3 for all eight profiles 

5 Conclusion 

2D simulation software is a valuable tool for simulating and visualizing water flow in various situations 

and conditions. To create a correct and most accurate model, it is necessary to obtain appropriate 

technical and hydrological data. Knowledge in the software utilized is essential, 

as it influences the precise definition of initial and boundary conditions, as well as the selection 

of numerical methods, to ensure the accuracy and relevance of the results. The analysis of the models 

carried out so far indicates the need to choose an appropriate calculation equation, to include 

a turbulence model, as well as to choose a time step that meets the Courant criterion, so that the model 

is stable. All of this affected the total simulation time (simulation of one plan took 3 hours). 

Due to the required detail of the model (stones with a size of 40 cm must be covered with a computational 

grid with a cell size of 0.1 m), the smallest simulation time step of 0.1 s must be chosen. This brings us 

closer to the limits of the HEC-RAS model for calculating a relatively small area, but with high detail.  

 

The next step in the solution will be the calibration of the model. To achieve accurate results, it will be 

necessary to change Manning´s roughness coefficient or the computational time step. Since the program 

in this case no longer allows a smaller time step, only changing the roughness in the entire fish pass 

or individually around solitary boulders is possible. 2D software is a good tool for verifying the design 

of fish passes, where the most important condition is the creation of a suitable velocity field 

and sufficient depths for the ichthyofauna that occurs. 

 

The simulations with different governing equations revealed that the DWE resulted in higher maximum 

velocity but smaller flooded width, while the SWE-ELM led to lower vertical velocities and larger 

flooded width. SWE-ELM accurately captured the flow shadows behind boulders, which were not 

captured by in-situ measurements. Further measurements at higher water levels are recommended 

for a more comprehensive analysis of the fish pass and verification of the calibrated model. This will 

allow for a better understanding of flow dynamics and model validation over a wider range of hydraulic 

conditions. 

 

In conclusion, SWE-ELM with turbulence modeling stands out as the preferred approach in the HEC-

RAS for designing efficient and fish-friendly passages. This method offers a superior grasp 

of the complexities of flow within the fish pass by incorporating both intricate flow features 

and the influence of turbulence. This enhanced accuracy is paramount for ensuring the functionality 

and success of the fish pass design. While simpler models may offer faster computation times, 

they come at the cost of neglecting crucial details that can significantly impact fish passage. Engineers 

can create fish passes that optimize flow conditions and promote successful fish migration by leveraging 

the strengths of SWE-ELM with turbulence modeling. 
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1 Abstract 

The goal of developing a mathematical model to analyze the occurrence of non-stationary flow is to 

conduct an analysis of an existing pressure pipeline - specifically, a siphon from an irrigation system in 

Macedonia. In this system, when a defect occurs in the pipeline, particularly in the section experiencing 

the highest pressure, the phenomenon of non-stationary flow arises - creating a significant vacuum 

within the pipeline, leading to a massive breakdown. Specifically, this concerns a steel pipeline with a 

diameter of D=1640 mm, operating at a maximum working pressure of 8.2 bar in the lowest part of the 

siphon. When non-stationarity occurs, a substantial negative pressure (vacuum) emerges, resulting in 

complete destruction of the pipeline over a length of 500 m.  

 

Keywords: method of characteristics, unsteady flow, water hammer, negative pressure 

2 Introduction  

The appearance of unsteady flow in a pressurized pipeline is a constant occurrence and, depending on 

the magnitude of pressure and flow changes in the pipeline, it can cause significant damage to the 

pipeline. Therefore, even in pipelines where large oscillations in flow and pressure are least expected to 

occur within a short time interval, it is necessary to conduct hydraulic analyses for unsteady flow. These 

analyses are much more complex than those for steady flow and require more time, which is why they 

are not always performed.  

 

However, with today's capabilities of computer technology, it is possible to perform hydraulic analyses 

for unsteady flow by appropriately applying the basic hydraulic equations and methods for solving them 

within previously defined boundary conditions that vary depending on each specific case. 

In such analyses, the first step is to detect the causes of the occurrence of unsteady flow, which can be 

various and include: 

- secondary opening or closing of a valve at the beginning, middle or end of the pipeline 

- improper commissioning of the pipeline 

- defect occurrence of a pipeline, etc. 

 

According to the aforementioned, in this paper, by detecting the causes of unsteadiness and the 

geometric characteristics of the system – the pipeline, the procedure for creating a hydraulic model for 

unsteady flow will be presented. This model will be applied to a real pipeline to detect the causes of 

failures within it. 

 

Additionally, with the mathematical model thus created, it will be possible to determine whether the 

occurrence of unsteady flow will cause damage to part or the entire pipeline. This primarily depends on 

the material and diameter of the pipeline, as well as the initiator of the unsteadiness, which are the basic 

input parameters in the model. 

mailto:taseski@gf.ukim.edu.mk
mailto:nikolatudence@gmail.com
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3 Basic equations for unsteady flow 

According to Wylie [3] (1993), the water hammer is defined as the hydraulic variable occurrence of 

flow, which causes an increase of overpressure in a pipeline system. The unsteady flow can be generated 

by certain operational measures such as: opening or closing of the valve, turning the pumps on or off, 

abrupt cracking of the pipe etc. 

 

Starting points in the mathematical description of the unsteady flow [4] are the basic laws in the 

mechanics of fluids: 

- Dynamic equation – equation of motion and 

- Continuity equation 

 

The final form of the dynamic equation for unsteady flow in closed systems under pressure: 

 

𝜕𝑉

𝜕𝑡
+ 𝑉

𝜕𝑉

𝜕𝑥
+
𝜆

2𝐷
𝑉|𝑉| = 0 (1) 

 

The convective acceleration V∂V/∂x or acceleration along the pipe is significantly lower compared to 

the local acceleration ∂V/∂t or acceleration over time, so mostly that convective acceleration is 

overlooked, and the dynamic equation is written: 

𝜕𝑉

𝜕𝑡
+ 𝑔

𝜕𝑃

𝜕𝑥
+
𝜆

2𝐷
𝑉|𝑉| = 0 (2) 

 

Assuming that the density of the fluid changes very little in terms of piezometric height (ρ = const), the 

equation of continuity gets the following form: 

𝑉
𝜕𝑃

𝜕𝑥
+
𝜕𝑃

𝜕𝑡
− 𝑉𝑠𝑖𝑛𝛼 +

𝑎2

𝑔

𝜕𝑉

𝜕𝑥
= 0 (3) 

 

Where а is the speed of propagation of the pressure wave and it is determined by the ratio of compression 

of the fluid and the module of elasticity of the tube: 

𝑎 = √
𝐾

𝜌 (1 +
𝐾
𝐸
𝐷
𝑒
𝑐1)

 (4) 

 

The coefficient c1 depends of the pipe anchorage and is equal to: 

- c1=1–μ/2 – pipe anchorage only at the upstream 

- c1=1–μ2 – pipe anchorage throughout against axial movement 

- c1=1 – pipe anchorage with expansion joints throughout 

 

In Eq. (1) to (4), P denotes the static pressure at the centerline of the pipeline at location x and time t, V 

is the average velocity of flow, D is the pipe diameter, λ is the friction factor in the Darcy-Weisbach 

formula, x is the distance along the centerline of the pipe, α is the angle between the horizontal and the 

centreline of the pipe, taken as positive for the pipe sloping downwards in the direction of positive x, g 

is the gravitational constant; and a is the celerity of the pressure surge, i.e. the velocity with which the 

surge is propagated relative to the liquid. The positive direction for V coincides with that for x. 

3.1 Method of characteristics for solving basic equations of unsteady flow 

With the method of characteristics [5] the basic partial differential equations which are not integrable in 

closed form, are transformed into ordinary differential equations which have a solution in a closed form. 
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The basic equations, the equation of continuity and the dynamic equation can be designated with L1 и 

L2: 

𝐿1 =
𝜕𝑉

𝜕𝑡
+ 𝑉

𝜕𝑉

𝜕𝑥
+ 𝑔

𝜕𝑃

𝜕𝑥
+
𝜆

2𝐷
𝑉|𝑉| = 0 (5) 

𝐿2 =
𝜕𝑃

𝜕𝑡
+ 𝑉

𝜕𝑃

𝜕𝑥
− 𝑉𝑠𝑖𝑛𝛼 + 𝑉

𝑎2

𝑔

𝜕𝑉

𝜕𝑥
= 0 (6) 

 

These linear equations can be combined as follows: 

𝐿 = 𝐿1 + 𝜒𝐿2 = 𝜒 [(𝑉 +
𝑔

𝜒
)
𝜕П

𝜕𝑥
+
𝜕П

𝜕𝑡
] + [(𝑉 + 𝜒

𝑎2

𝑔
)
𝜕𝑉

𝜕𝑥
+
𝜕𝑉

𝜕𝑡
] +

𝜆

2𝐷
𝑉|𝑉| − 𝜒𝑉 𝑠𝑖𝑛 𝛼 = 0 (7) 

 

The two dependent variables, the speed V and the pressure П are in a function from the position and 

time, V=V(x,t) и П=П(x,t). The material statements of these dependent variables are total accelerations 

which are determined by the convective and local acceleration: 

𝑑𝑃

𝑑𝑡
=
𝜕𝑃

𝜕𝑥

𝑑𝑥

𝑑𝑡
+
𝜕𝑃

𝜕𝑡
 (8) 

𝑑𝑉

𝑑𝑡
=
𝜕𝑉

𝜕𝑥

𝑑𝑥

𝑑𝑡
+
𝜕𝑉

𝜕𝑡
 (9) 

Comparing the expression of the convective acceleration of equation (7) to those of equations (8) and 

(9), follows: 

𝑑𝑥

𝑑𝑡
= 𝑉 +

𝑔

𝜒
= 𝑉 +

𝜒𝑎2

𝑔
 (10) 

Then equation (7) is written: 

𝜒
𝑑𝑃

𝑑𝑡
+
𝑑𝑉

𝑑𝑡
+
𝜆

2𝐷
𝑉|𝑉| − 𝜒𝑔 𝑠𝑖𝑛 𝛼 = 0 (11) 

The solution of equation (11) is: 

𝜒 = ±
𝑔

𝑎
 (12) 

𝑑𝑥

𝑑𝑡
= 𝑉 ± 𝑎 (13) 

 

From the previous equation it can be concluded that it’s about two families of curves that are practically 

straight lines, where the speed of propagation is constant and many times faster than the basic flow, so 

the system of two partial differential equations are transformed into system of ordinary four differential 

equations which are marked with a C+ and C– and determine straight lines: 

𝑑𝑃

𝑑𝑡
+
𝑎

𝑔

𝑑𝑉

𝑑𝑡
+
𝜆

2𝐷
𝑉|𝑉| = 0

𝑑𝑥

𝑑𝑡
= +𝑎 }

 

 
𝐶+ (14) 

𝑑𝑃

𝑑𝑡
−
𝑎

𝑔

𝑑𝑉

𝑑𝑡
+
𝜆

2𝐷
𝑉|𝑉| = 0

𝑑𝑥

𝑑𝑡
= −𝑎 }

 

 
𝐶− (15) 

According the given numerical network, equations (14) and (15) can be written as follows: 
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𝑑

𝑑𝑡
(𝑃 ±

𝑎

𝑔
𝑉) + 𝜆

𝑎

𝐷

𝑉|𝑉|

2𝑔
∓ 𝑉 𝑠𝑖𝑛 𝛼 = 0 (16) 

 

The previous equation can be integrated along the positive and negative characteristics, i.e. along the 

length of the lines AP and BP, as follows: 

∫
𝑑

𝑑𝑡
(𝑃 +

𝑎

𝑔
𝑉)

𝑡𝑃

𝑡𝐴

𝑑𝑡 + ∫ (𝜆
𝑎

𝐷

𝑉|𝑉|

2𝑔
− 𝑉 𝑠𝑖𝑛 𝛼) 𝑑𝑡

𝑡𝑃

𝑡𝐴

= 0 (17) 

∫
𝑑

𝑑𝑡
(𝑃 −

𝑎

𝑔
𝑉)

𝑡𝑃

𝑡𝐵

𝑑𝑡 + ∫ (𝜆
𝑎

𝐷

𝑉|𝑉|

2𝑔
+ 𝑉 𝑠𝑖𝑛 𝛼)𝑑𝑡

𝑡𝑃

𝑡𝐵

= 0  (18) 

 

After integration, equations of positive and negative characteristic are written: 

𝑃𝑃 − 𝑃𝐴
𝛥𝑡

+
𝑎

𝑔

𝑉𝑃 − 𝑉𝐴
𝛥𝑡

+
𝜆𝑎

2𝑔𝐷
𝑉𝐴|𝑉𝐴| = 0 (19) 

𝑃𝑃 − 𝑃𝐵
𝛥𝑡

+
𝑎

𝑔

𝑉𝑃 − 𝑉𝐵
𝛥𝑡

+
𝜆𝑎

2𝑔𝐷
𝑉𝐵|𝑉𝐵| = 0 (20) 

 

If it is known that in the hydraulic analysis it is important to determine the flow change and height 

position of the hydrodynamic line in any section along the pipe, and in a certain time interval, additional 

approximation is introduced that the cross section of the pipe along its entire length is constant, and if it 

is known that median speed can be determined by the equation V=Q/A, the previously stated equations, 

knowing the numerical network, for the pressure, can be written in the following form: 

𝑃𝑖
𝑛+1 = 𝑃𝑖−1

𝑛 − 𝐵(𝑄𝑖
𝑛+1 + 𝑄𝑖−1

𝑛 ) − 𝑀𝑄𝑖−1
𝑛 |𝑄𝑖−1

𝑛 | = 0 (21) 

𝑃𝑖
𝑛+1 = 𝑃𝑖−1

𝑛 + 𝐵(𝑄𝑖
𝑛+1 − 𝑄𝑖−1

𝑛 ) + 𝑀𝑄𝑖+1
𝑛 |𝑄𝑖+1

𝑛 | = 0 (22) 

 

If: 

𝐵 =
𝑎

𝑔𝐴
          and          𝑀 =

𝜆𝛥𝑥

2𝑔𝐷𝐴2
= 0 (23) 

 

Using the previous equations, for the pressure, i.e. for the height position of the hydrodynamic line, it 

can be written: 

𝑃𝑖
𝑛+1 = 𝐶𝑃 − 𝐵𝑄𝑖

𝑛+1 (24) 

𝑃𝑖
𝑛+1 = 𝐶𝑀 + 𝐵𝑄𝑖

𝑛+1 (25) 

 

In the previous equations the article which include the slope of the pipes (sinα) is very small and often 

overlooked, so the equations (24) and (25) are written: 

𝐶𝑃 = 𝑃𝑖−1
𝑛 − 𝐵𝑄𝑖−1

𝑛 −𝑀𝑄𝑖−1
𝑛 |𝑄𝑖−1

𝑛 | = 0 (26) 

𝐶𝑀 = 𝑃𝑖+1
𝑛 − 𝐵𝑄𝑖+1

𝑛 +𝑀𝑄𝑖+1
𝑛 |𝑄𝑖+1

𝑛 | = 0 (27) 

 

Knowing the piezometric height (Pi) in the time period (n+1), the flow (Qi) is determined by equations 

(26) and (27). 
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𝑃𝑖
𝑛+1 =

𝐶𝑃 + 𝐶𝑀

2
 (28) 

3.2 Borderline Conditions 

The conditions of the flow that govern within the boundary of the system under pressure – the water 

supply system is defined as boundary conditions. Their definition is of crucial importance for getting 

the solution at the points in the system. Follow-on are the most common cases of boundary conditions 

encountered in the water supply systems [1, 2]. 

 

Serial connection of two pipes in a junction 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒: 𝐶𝑃 = 𝛱1,𝑁
𝑛+1 = П2,1

𝑛+1 = П𝑛+1 (29) 

Flow: 𝑄1,𝑁
𝑛+1 = 𝑄2,1

𝑛+1 = 𝑄𝑛+1 =
𝐶𝑃1−𝐶𝑀2

𝐵1+𝐵2
 (30) 

 

Reservoir (open channel) at the end of pipeline 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒: П1
𝑛+1 = П𝑅  (31) 

Flow:   𝑄1
𝑛+1 =

(П𝑛+1−𝐶𝑀)

𝐵
 (32) 

Valve at the middle of the pipeline (pipe break point) 

Pressure: П1,𝑁
𝑛+1 = 𝐶𝑃1 − 𝐵1𝑄1,𝑁

𝑛+1,   П2,1
𝑛+1 = 𝐶𝑀2 − 𝐵2𝑄2,1

𝑛+1,   

𝐶𝑃1 − 𝐵1𝑄
𝑛+1 − 𝐶𝑀2 − 𝐵2𝑄

𝑛+1 − 𝐶1𝑄
𝑛+1|𝑄𝑛+1| = 0 

(33) 

𝐹𝑙𝑜𝑤: 𝑄𝑛+1 =
−(𝐵1 + 𝐵2) + √(𝐵1 + 𝐵2)

2 + 4𝐶1(𝐶𝑃1 − 𝐶𝑀2)

2𝐶1
 (34) 

4 Development and application of Mathematical Model 

Unsteady flow in pipelines that transport pressurized water is a constant occurrence, regardless of the 

geometric characteristics of the pipeline, the amount of water being transported, the change in 

hydrostatic and hydrodynamic pressure along the length of the pipeline during steady-state conditions, 

as well as the boundary conditions at the entry and exit of the siphon. However, the magnitude of the 

changes in pressure and water flow in the siphon primarily depends on the cause of the unsteady flow, 

i.e., the initiator of the unsteadiness, which can be varied, including: 

- Sudden release of water during siphon filling 

- Opening/closing of a valve along the length or at the end of the siphon 

- Defect in the pipeline – bursting of the pipe and sudden draining of the siphon 

 

The application of the hydraulic model for unsteady flow aims to analyze the oscillations in flow and 

pressure in a pressurized pipeline - siphon in the event of a defect along the length of the pipeline - Case 

study of the siphon from the irrigation system "Makarija". Specifically, this involves analyzing a 

pipeline constructed in 1965 with a length of 2150 m and a maximum flow rate of 3.8 m3/s. The pipeline 

is constructed from two materials: 

- In the section where pressures are lower than 3.5 bars, reinforced concrete pipes lined on the 

inside with a steel sheet, 4 mm tgick and with a diameter of 1640 mm, have been applied. 

- For the sections where the pressure in the pipeline exceeds 3.5 bars, steel pipes with a diameter 

of 1640 mm are used. The thickness of the pipe varies depending on the pressure: 6 mm, 8 mm 

and 9 mm. 

On May 27, 2023, a major incident occurred in the lowest part of the pipeline - the siphon (see Fig.1), 
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resulting in damage to a total length of 400-450 meters of the pipeline (see Fig.2). Although it was 

initially considered that such a failure was likely due to multiple factors such as aging of the pipe, local 

deformations, or torsion in the cross-section of the pipeline, the question arises as to why the damage 

extended over such a length if the defect occurred only in a small part of the pipe. 

 

 

 
Figure 1. Layout and profile of the pipeline location of the defect, and the par that is damaged 

 

It is important to note that no issues were observed in the operation of the siphon before the incident. 

Practically, for the siphon operator, such a major failure is a surprise and challenge to define the exact 

causes of the failure, and it is crucial to prevent its recurrence in the future. 

 

   
Figure 2. Condition of the pipeline after the accident 

 

According to basic hydrotechnical observations of the pipeline's condition after the accident, it is clear 

that the cause of such a failure is the occurrence of a vacuum in the pipeline, or the presence of unsteady 

flow. Therefore, the primary goal of this study is to develop a hydraulic model to analyze unsteady flow 
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in a pressurized pipeline, focusing on examining changes in flow and pressure when unsteadiness occurs 

due to a pipeline defect. In the hydraulic modeling process, the pipeline defect is simulated as a boundary 

condition, acting like a valve that opens within fractions of a second. Its dimensions correspond to the 

size of the opening where the defect occurred. 

 

For the analysis of unsteady flow, the characteristics of both the pipeline and the water as a fluid are 

also significant, as provided in the following Table 1. 

 
Table 1. Material characteristics of pipelines and water as fluid 

Characteristics Value 

STEEL PIPES 

Young modulus of elasticity 207 GPa 

Poisson factor 0.30 

FLUID – WATER 

Temperature  20°C 

Density 998 kg/m3 

Modulus of elasticity  2.19 GPa 

Kinematic viscosity  1.01×10-6 m2/s 

5 Results and Discussion 

In hydraulic analysis, the first step involves calibration and verification of the model under steady-state 

operation of the system. Through the model, it was practically confirmed that the maximum capacity of 

the pipeline is 3.8 m3/s. This calibrated model serves as the basis for hydraulic analysis under unsteady 

flow conditions. 

 

 
Figure 3. Maximum and minimum possible pressures in each part of the pipeline 

 

Based on the results for the maximum and minimum possible pressures for each part of the pipeline 

shown in the graph (Figure 3), it can be concluded that the occurrence of the highest negative pressure 

– vacuum – appears from the very beginning of the pipeline and continues up to after the 600th meter. 

 

The graph for the maximum and minimum possible pressures also shows the occurrence of negative 

pressure ranging from -1 to -1.5 bar in the last 200-300 meters of the final section of the pipeline. 

Although it was initially assumed that there was no damage in this section, after obtaining the results 
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from the model and conducting a follow-up field inspection, minor insignificant damages were found in 

this part of the pipeline. This is primarily due to the fact that the minimum pressures are not sufficiently 

high to cause a complete collapse of the pipeline in that section. 

 

P1: P2: 

  
P3: P4: 

  
Figure 4. Results from the hydraulic model at characteristic points along the pipeline 

6 Conclusions 

The occurrence of unsteady flow in a pressurized pipeline, is a common phenomenon. However, the 

occurrence of such rapid accidental draining of the pipeline and the resulting unsteadiness with 

significant negative pressures is an accidental event. Such occurrences are not typically anticipated 

during the design phase of these systems. 

 

The main cause of such a major accident is the occurrence of the initial defect - the bursting of the 

pipeline, specifically in the section where maximum pressures are present. This created conditions for 

the onset of significant negative pressures in a very short period - fractions of a second, where there was 

no opportunity to eliminate them, leading to a catastrophic failure of substantial proportions. 

 

The occurrence of such a failure – a rupture of a large section of the pipeline – is highly unlikely and 

practically impossible to predict during the design phase, as well as later during the operational phase, 

with technical measures that would protect the pipeline while still being economically justified. 
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1 Abstract 

The objective of the work is twofold: improve modelling procedure of mean monthly flows prediction 

by supervised learning and find the appropriate way to treat small hydrological dataset, with less than 

800 samples. Chosen models are artificial neural networks (ANN), support vector machine (SVM), 

histogram gradient boosting regressor (HGBR) and elastic net (EN). All models are supervised learning 

models, applied in chain modelling procedure. Afterwards, models with optimised hyperparameters 

were combined into different ensembles in order to maximise performance on the calibration part of the 

data.  

 

Keywords: ensemble learning, chain models, supervised learning, mean monthly flow, genetic algorithm 

2 Introduction  

Mean monthly flow is of particular importance for long-term planning in water resources management, 

therefore, simplified and robust procedure could be of benefit for both practitioners and researchers. The 

applied methodology generally consists of the following steps: 1. Dataset preparation, inspection, and 

split, 2. Data analysis and treatment, 3. Selection of features, 4. Choice of models, 5. Optimization of 

model hyperparameters and creation of final model, 6. Evaluation of model. The emphasis of the work 

is on the 4th and the 5th step, while the other steps are covered briefly. Dataset was split into training, 

calibration and verification parts in ratios 40, 15 and 45%.  

The work is the continuation of previous research in which the accuracy of ANN and SVM were 

exhaustively analysed [1] followed by development of hyperparameter optimization procedure by GA 

and simulated annealing [2]. It is also the continuation of recent research in which genetic algorithm 

was tested for optimization of chain model’s hyperparameters, by maximization of coefficient of 

determination and by minimization of scaled root mean squared error [3]. In this work ensemble models 

are created based on the single models developed in previous research. 

The goal of the research is to model mean monthly flow at hydrological station Vinalić, located on river 

Cetina in the Republic of Croatia, by using precipitation and temperature from three near-by stations 

(meteorological station Knin, precipitation gauge Vinalić and climatological station Sinj). Previously 

developed supervised learning models [3], with hyperparameters optimized by genetic algorithm (GA) 

were used as base models for creation of ensemble models, in order to improve accuracy. Python 

environment and its libraries scikit-learn [4,5], pandas [6] and tensorflow [7] in Anaconda software [8] 

were used for development of all procedures. 

3 Methods 

3.1 Dataset preparation, data treatment and selection of features  

Overall mean (1946-2015) flow at Vinalić is 11,88 m3/s with standard deviation of 9,48 m3/s. As 

independent (also called input variable) variables, monthly mean, maximum and accumulated 

precipitation (Knin and Vinalić), and mean, minimum and maximum temperatures (Knin and Sinj) were 

created from existing historical time series of data (a total of 12 input variables). A total of 675 samples 

were left for modelling after the preparation and inspection of data. The given dataset consisting of 65 
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years of data (1951-2015) for all stations [9,10] was split into training, calibration, and verification parts 

in ratios 40, 15 and 45 % (in order 270, 101 and 304 samples). Any further analysis of the data was done 

on the training and the calibration part, while the verification part was left intact to avoid any leakage 

of information to the model or the modeller and to preserve consistency of the model.  

 

Based on the merged set of the flow data from the training and calibration parts (270+101 = 371 

samples), fast Fourier transform is applied to obtain periodicities and produce additional features 

similarly as recommended in time series forecasting tutorial [7]. Yearly and half-yearly periodicity 

described by sine and cosine functions showed significant correlation with flow and were chosen as four 

additional input variables. To avoid the occupation of space, it is noted that any further information 

about stations and data may be found in previously published papers [1-3]. All in all, at the end of the 

3rd step, 16 input variables with 18 consecutive steps (12 past steps and 6 future steps corresponding to 

6 steps of mean monthly flows) for each variable were prepared, resulting in totally 288 features and 

263 training, 98 calibration, and 297 verification samples. For prediction in chain modelling manner, 6 

successive mean monthly flows per each sample were prepared. In the chain modelling procedure, 

successive mean monthly flows are predicted based on the features and already predicted preceding 

flows. So, the first predicted flow Qavm (t) is predicted solely based on 288 features, the second Qavm 

(t+1) is predicted based on 288 features and already predicted preceding flow Qavm (t). The last one of 

the 6 outputs Qavm (t+5) is predicted based on 288 features and already predicted preceding flows Qavm 

(t), Qavm (t+1), …, Qavm (t+4). 

3.2 Creation of ensemble models 

Supervised learning models chosen for prediction are artificial neural network (ANN), support vector 

machine (SVM), histogram gradient boosting regressor (HGBR), and elastic net (EN). Previously 

(before creation of ensemble models), genetic algorithm (GA) has been applied to select optimal model 

hyperparameters of each model due to the criteria of maximization of the coefficient of determination 

(R2), and also due to the criteria of minimization of scaled root mean squared error (*RMSE). The details 

and results related to the optimization were provided in previous research [3]. Hyperparameters 

optimized by GA due to the criteria of minimization of *RMSE are chosen as hyperparameters of base 

models (ANN, SVM, HGBR, EN).  

 

As concluded from the previous research, in the terms of accuracy, the results of optimization by using 

these two different criteria are not substantially different on the calibration part of the data - *RMSE 

obtained slightly better results for SVM, and slightly worse results for ANN. Overall optimization for 

*RMSE took 1100,7 minutes (ANN-680,3; SVM-13,1; HGBR-395,2; EN-12,1 minutes), while for R2 

took 1111,2 minutes (ANN-746,1; SVM-4,3; HGBR-332,1; EN-28,7 minutes). In terms of total duration 

of procedures there is no significant difference. Therefore, it cannot be concluded that any of the 

optimization criteria achieves better or worse results. However, generally there is a wide range of 

hyperparameter’s values to choose from, causing inefficient retrieval of optimal values when those are 

manually chosen. So, in terms of methodology, as one of the crucial steps in creation of supervised 

learning model, both criteria can be of a benefit for efficient retrieval of accurate model by developed 

automatised optimization procedure.   

 

Afterwards, models with optimized hyperparameters were combined into 7 different ensembles in order 

to maximize performance on calibration part of the data. Results of single and ensemble models are 

shown in the Table 1.  

 
Table 1. Results of single and ensemble models on training and calibration parts 

 TRAINING CALIBRATION 

 R2 [/] MAE [m3/s] RMSE [m3/s] R2 [/] MAE [m3/s] RMSE [m3/s] 

ANN 0.858 2.801 3.621 0.567 5.374 7.087 

SVM 0.985 0.472 1.168 0.574 5.245 7.034 

HGBR 0.996 0.374 0.575 0.561 5.216 7.136 

HGBR* (Q.=0.95) 0.337 6.238 7.813 0.143 8.365 9.978 
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EN 0.739 3.658 4.907 0.629 5.127 6.570 

EN-ANN 0.770 3.428 4.603 0.659 4.770 6.292 

EN-ANN-ANN 0.843 2.880 3.810 0.671 4.553 6.178 

EN-HGBR*-ANN 0.798 3.285 4.312 0.644 4.938 6.431 

ANN-EN-HGBR*-ANN 0.845 2.875 3.781 0.650 4.765 6.377 

ANN-EN-HGBR*-SVM 0.832 2.941 3.942 0.610 5.042 6.728 

ANN-EN-HGBR*-EN 0.834 2.974 3.921 0.627 5.061 6.585 

D-D-EN-ANN-ANN 0.841 2.855 3.825 0.665 4.564 6.234 

 

As performance metrics, coefficient of determination (R2), mean absolute error (MAE) and root mean 

square error (RMSE) were chosen. It was decided to use HGBR as sort of bias for high flows (HGBR*) 

in ensembles, that is, for prediction of upper 95 % quantile. Therefore, HBGR’s hyperparameters were 

optimized with quantile loss function, while the single model was used with (HGBR*) and without 

(HGBR) quantile estimation, and both of them with optimised hyperparameters.  

 

Among single (base) models, the highest accuracy on the calibration part of the data was obtained by 

EN. Neither of the single models provided significantly more accurate than the other models. Beside the 

results in Table 1, in order to illustrate mentioned, the comparison of observed and predicted flow for 

ANN and EN are shown in the Figure 1. Beside highest accuracy, EN is simple model, with low amount 

of duration for training. Therefore, it seemed logical to use it in the ensemble model. As the ensemble 

model, stacking regressor (SR) was used. SR combines the outputs of base models and use them as the 

input for final model (bold in the Table 1). Final model predicts final results based on the results of base 

models (single models) by using them as input variables (stacks results into the final result) [5]. So, to 

train SR it is needed to choose base models and train the final model. For a final model, it was expected 

that satisfying results could be obtained by ANN. The best performance considering accuracy and 

consistency on training and calibration parts, absence of overfitting, and bias, was achieved by 

ensembles EN-ANN-ANN and D-D-EN-ANN-ANN. The abbreviation D-D indicates two dummy 

regressors – simple regressors which were introduced to produce bias for low and high flows, in 

particular for this ensemble, for prediction of 10 % and 90 % quantile (Figure 2).  
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Figure 1. Comparision of observed and predicted mean monthly flow by ANN and EN on calibration part 

 

In order to give closer insight into the model’s performance on the calibration part of the data, graphs 

with comparison of observed and predicted mean monthly flow by EN and D-D-EN-ANN-ANN are 

plotted (Figure 3). It can be visually noted that by solely using the EN, the values of flows in range 10-

30 m3/s are generally well described, and that models generally follow the tendency of flows. However, 

models fail to accurately describe high (> 30 m3/s) and low (<10 m3/s) flows. By adding the D10 and 

D90 base models, the prediction of the lower and upper quantiles of flow becomes more accurate in the 

lower flow zone. 6 same successive observed values of flows (orange colour) represent the parts of the 

6 successive samples of chains, as presented on the graphs. Another improvement of the model’s 

performance is reflected in the fact that ensemble model does not make any, or makes less errors, like 

predicting negative values. On the Figure 1 it can be noted that both ANN and EN predict negative 

values around samples 61 and 95. Out of 2166 predicted values on both training and calibration parts (6 

values in chain times 361 samples), ANN produced 58 negative values, and EN produced 63 negative 

values. Ensemble model D-D-EN-ANN-ANN produced 11 negative values out of 2166, while EN-

ANN-ANN did not produce any negative values. Following minimum values were obtained by EN-

ANN-ANN (training + calibration) for Qavm(t), …,Qavm(t+1): 0.64, 0.43, 1.21, 1.259, 0.20, 0.43.  
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Figure 2. Performance of dummy models D10 (up) and D90 (down) used as base models for D-D-EN-ANN-

ANN, calibration part 
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Figure 3. Comparison of observed and predicted mean monthly flow by EN and D-D-EN-ANN-ANN on 

calibration part 

 

4 Results and discussion 

Given below is the standard deviation of residuals obtained based on the difference of observed and 

predicted values on the training and calibration parts for each successive chain (Table 2). After the 

calibration process, training and calibration parts of the output flow were concatenated, separately for 

observed and for predicted values (a total of 371 samples). The process is illustrated in Figure 4. For 

each member of the chain (Qavm(t),…, Qavm(t+1)), standard deviation of residuals is separately 

calculated.  

 
Table 2. Standard deviation of residuals obtained based on difference of observed and predicted values, on 

training and calibration parts – for every successive chain 
 STANDARD DEVIATION OF RESIDUALS [m3/s] 

 Qavm(t) Qavm (t+1) Qavm (t+2)  Qavm (t+3) Qavm (t+4) Qavm (t+5) 

EN 5.44 

Qavm

 5.4

3712099293

6864 

Qavm+1

 5.4

4597745917

8124 

Qavm+2

 5.4

6516997053

7657 

Qavm+3

 5.3

6141895144

5059 

Qavm+4

 5.3

4331686726

5.45 5.47 5.36 5.34 5.49 

EN-ANN-ANN 4.86 4.30 4.44 4.99 4.49 4.41 

D-D-EN-ANN-ANN 4.54 4.58 4.56 4.68 4.58 4.75 
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Figure 4. Concatenated training and calibration parts of observed values and values predicted by EN-ANN-ANN 

 

The accuracy of models calculated on the verification part (Table 3) shows the best performance of D-

D-EN-ANN-ANN. Although the used metrics reveal meaningful information of model’s performance, 

it could be wrong to conclude that the D-D-EN-ANN-ANN is the model with the highest accuracy. D-

D-EN-ANN-ANN produced 13 negative values, out of 1782 (6 values in chain times 297 samples), with 

minimums: 0.70, -1.26, 0.21, 0.08, -0.38 and 0.10 for members of chain, in order Qavm(t),…,Qavm(t+5). 

EN-ANN-ANN did not produce any negative values (minimums are 0.98, 0.55, 1.22, 1.19, 0.22, 0.37, 

in order). In the previous description, crossing of confidence intervals into the area of negative values is 

neglected.  

 
Table 3. Results of single model EN, and ensemble models EN-ANN-ANN and D-D-EN-ANN-ANN on 

verification part of the data 
 VERIFICATION 

 R2 [/] MAE [m3/s] RMSE [m3/s] 

EN 0.678 3.716 4.862 

EN-ANN-ANN 0.752 3.098 4.267 

D-D-EN-ANN-ANN 0.773 2.934 4.08 
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Figure 5. Comparision of observed and predicted mean monthly flow by EN-ANN-ANN and D-D-EN-ANN-

ANN on calibration part, on every 6th step, with 95 % confidence intervals 

 

 

Figure 6. Comparision of observed and predicted mean monthly flow by EN-ANN-ANN on calibration part 

 

For a better insight into the model’s performance, the comparison of the observed and every 6th step of 

the predicted mean monthly flows by EN-ANN-ANN and D-D-EN-ANN-ANN on the calibration part 

is given in Figures 5 and 6. Highlighted blue are the standard deviations of residuals with 95 % 
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confidence (the difference between the measured and the predicted data on the training and calibration 

steps). On both models a relatively inaccurate prediction of the flow can be observed in the zones of 

higher flows (> 30 m3/s). A similar situation can be observed in the verification part as well (Figure 7), 

while the lower flow zones (< 10 m3/s) show a more accurate prediction. 

 

 
Figure 7. Comparision of observed and predicted mean monthly flow by EN-ANN-ANN on verification part, on 

every 6th step, with 95 % confidence intervals  

 

5 Conclusion 

The application of the ensemble model has shown improvement in the verification part dataset when 

compared to the single (base) models showcased in previous research. Specifically, this applies to the 

lower and higher flow zones (10 and 95% quantile), which were predicted relatively inaccurately with 

the single models. Additional advancement was achieved by including the base model expressly set to 

predict the upper 90 % and the lower 10 % of the flow. All in all, ensemble modelling presents improved 

and yet simple modelling technique by incorporating quality sides of several base models into one 

model. Moving forward with the development of the ensemble model, the goal will be to further improve 

prediction of flows in the high flow area. Maybe additional improvements should be sought in 

appropriate calculation of confidence intervals (e.g., by quantile-quantile regression or Monte Carlo 

simulation). As the supervised learning models “learn” based on the observed data, in circumstances 

where the highest flows are in fact the least frequent flows, it is irrational to expect significant 
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improvements in predictions of high flows area. But appropriately incorporating the confidence intervals 

could help to surpass shortcomings in modelling procedures and provide meaningful information about 

the predicted flow.  
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1 Abstract 

This study compares two methods of measuring precipitation: standard tipping-bucket rain gauge vs. 

precision weighable lysimeter. Lysimeter measurements were chosen as the reference measurement 

method. The comparative experiment lasted 4 years (2019–2022). The comparison showed that 

the tipping-bucket rain gauge underestimates the rainfall compared to the lysimeter. Cumulative 

precipitation for the entire monitored period captured by the rain gauge was 2.8% lower compared to 

lysimeter measurements. A comparison based on precipitation intensity showed a decreasing trend in 

measurement accuracy with increasing precipitation intensity. 

 

Keywords: precision weighable lysimeter, tipping-bucket rain gauge, precipitation measurement, 

rainfall intensity 

2 Introduction  

Measuring the amount of precipitation and its distribution in time and space is extremely important for 

hydrological, climatological and agricultural purposes [1], [2]. Atmospheric precipitation can be defined 

as water that reaches the earth's surface in a liquid or solid state through the process of condensation 

from the clouds. Most precipitation falls by gravity in the form of rain or snow. Other forms are drizzle, 

ice hail, snow grains and ice pellets. Moisture from the atmosphere can also be transferred to the earth's 

surface through the process of condensation in the form of dew, frost, rime, fog, or soil water vapour 

adsorption, but these forms are not included in the definition of precipitation according to the World 

Meteorological Organization (WMO) [3]. 

The most common conventional (or standard) instrument for measuring precipitation are rain gauges. 

They are devices with a precisely defined surface area. According to the method of measurement, we 

distinguish several types of rain gauges. Accumulation rain gauges are the simplest, where the amount 

of precipitation is directly read using the scale on the collection container. Another type is weighing rain 

gauges, where precipitation mass is measured on the scales. The last group consists of the so-called 

tipping-bucket rain gauges, in which water from the collection area is directed through a funnel into 

tipping-bucket with a precisely defined volume. The number of flips of the tipping-bucket is measured 

(e.g. one flip = 0.1 mm precipitation). The disadvantage of tipping-bucket rain gauges is that, unless 

they are heated, they can only measure liquid precipitation in the form of rain. For meteorological 

purposes, rain gauges are usually placed at a height of 0.5 to 1.5 m above the ground. 

The shape, size and height of the rain gauge installation are sources of systematic and random 

measurement errors. The most common systematic error is the deformation of the pressure field above 

the surface area of the rain gauge caused by wind blowing [4]. This error increases with the height of 

the rain gauge installation [5]. Other systematic errors are losses caused by wetting the walls of the rain 

gauge and subsequent evaporation and loses caused by out-splashing of water during heavy rains. 

Random errors are most often associated with a relatively small collecting area of rain gauges, which 

may not be sufficiently representative. Errors caused by incorrect readings, including incorrectly read 

times, are also classified as random errors. 

With the introduction of modern lysimeters with precise weighing systems, great progress has been 

made in the accuracy of precipitation measurements [6]. A large surface area located at ground level 
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significantly eliminates the influence of both systematic and random errors. High weighing accuracy in 

combination with a relatively large surface area guarantees high sensitivity of precipitation measurement 

(up to 0.01 mm). Another advantage of lysimeters is that they can capture precipitation in all forms 

(including dew, frost, condensed water vapor, etc.). Precipitation measurement using lysimeters often 

serves as a reference method when comparing with other precipitation measurement methods [7]. 

The aim of this work is to evaluate and compare the results of precipitation measurement using a tipping-

bucket rain gauge and a precise weighable lysimeter in the conditions of the humid continental climate 

of the Eastern Slovak Lowland (ESL). 

3 Methods 

3.1 Experimental site 

The experiment was carried out at the Petrovce lysimeter station. The station is located in the eastern 

part of Slovakia, in the northern part of the ESL (Figure 1). The altitude of the lowland varies from about 

100 to 180 m above sea level. According to the Slovak Hydrometeorological Institute [8], it is a warm, 

slightly humid area with a mild winter (average annual air temperature 10°C; average annual 

precipitation 600–700 mm). 

 

 
 

Figure 1. Location of the study area 

3.2 Lysimetric station 

The lysimeter station (Umwelt-Geräte-Technik (UGT), GmbH., Germany) is managed by the Institute 

of Hydrology of the Slovak Academy of Sciences (Figure 2). The station was built in 2014 and put into 

operation in 2015. It contains five weighable lysimeters (Lys 1, Lys 2, ... Lys 5), a hydrological well, a 

meteorological station and solar panels that provide energy for the entire station (Figure 3). A more 

detailed description of the lysimeter station along with technical parameters is available in the literature 

[9], [10]. Lysimeters are equipped with a regulation system that allows maintaining the selected height 

of the groundwater level. During the duration of the experiment, this height was maintained at the level 

of -1m below the ground. The cylinders stand on a three-point electronic weighing system that monitors 

the weight of the lysimeters with a resolution of 10 g, which for a lysimeter surface area of 1 m2 

corresponds to the equivalent of 0.01 mm of water column. Measured data are continuously stored in 
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dataloggers and from there are sent to the server once a day via a wireless connection. A Savitzky-Golay 

filter [11] was used to smooth out noise during weight measurement. All data from the lysimeter station 

are processed and stored with a time interval of one hour. 

 

 
 

Figure 2. Lysimetric station in Petrovce 

 

 
 

Figure 3. Scheme of the lysimeter station 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

127 
 

 

 

3.3 Tipping-bucket rain gauge 

In this comparative study, an automatic tipping-bucket (TB) rain gauge (Lambrecht, Germany) was used 

in an unheated version (Figure 4). It is installed at a height of 1 m. Its tipping-bucket holds 2 cm³ (2 g) 

of water. A surface area of 200 cm² (according to the standard of the WMO [3]) means that one flip of 

the bucket corresponds to a 0.1 mm of precipitation. Recorded precipitation values are stored as hourly 

totals. According to the manufacturer, the accuracy of the device is ±2%. 

 

 
 

Figure 4. Location of the tipping-bucket rain gauge in the lysimeter station 

 

3.4 Precipitation data from lysimeter 

Precipitation from lysimeters is derived from mass. The total mass of the lysimeter is affected by the 

flows at its upper and lower limits. At the upper limit, ongoing evapotranspiration contributes to 

reducing the weight of the lysimeter. This includes evaporation from the surface of the soil and 

vegetation. Conversely, the mass increase is caused by precipitation (in all forms) and also by the 

condensation of water vapor on the surface in the form of dew and frost. Lysimeters are equipped with 

groundwater level (GWL) regulation, which also affects lysimeter mass. It is caused by water flows at 

the lower boundary of the lysimeters (BF – boundary flows). Water inflow (+) or outflow (-) at the lower 

boundary results in an increase or decrease of mass. Since GWL was held constant, positive BF values 

represent capillary rise and negative BF values represent gravitational flux into GWL. The procedure 

according to [12] was used to calculate precipitation from lysimeters (PLys): 

 
     (Δ𝑊 ± 𝐵𝐹) < 0 → 𝐸𝑇a = Δ𝑊 ∧ 𝑃Lys + 𝑁𝑅𝑊 = 0 

              𝑃TB > 0 → 𝑃Lys = Δ𝑊 ∧ 𝑁𝑅𝑊 = 0      (1) 

     (Δ𝑊 ± 𝐵𝐹) ≥ 0 → 𝐸𝑇a = 0 ∧ 𝑃Lys + 𝑁𝑅𝑊 = Δ𝑊  

        𝑃TB = 0 → 𝑃Lys = 0 ∧ 𝑁𝑅𝑊 = Δ𝑊 

 

where: ΔW is change in water content of the lysimeter, BF are flows at the lower boundary of the 

lysimeter, PLys is the precipitation reaching the lysimeter, PTB is the precipitation recorded by tipping-

bucket rain gauge, NRW is the non-rainfall water (dew, fog and soil water vapour adsorption) on the 

surface and ETa is the actual evapotranspiration. Since the surface area of lysimeters is 1 m2 (1 kg of 

water per m2 ≈ 1 l m–2 = 1 mm of water column), all the above terms are given in a unit of length [mm]. 

Equations (1) assume that precipitation and evaporation cannot take place during the same time interval 

(1 hour). The mass loss of the lysimeter ((ΔW ± BF) < 0) is due to ETa and the weight gain ((ΔW ± BF) 

> 0) is due to either PLys or NRW. If a precipitation event on the rain gauge in weather station is recorded 

(PTB>0) and the weight of the lysimeter is increased at the same time, then the weight gain is assigned 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

128 
 

 

 

to the PLys. Otherwise, the weight gain is attributed to NRW. 

3.5 Data availability and data preparation 

The experiment was carried out from 2019 to 2022 (Table 1). Precipitation data from both TB and 

lysimeters were obtained during four consecutive periods, interrupted by three winter breaks. 

 
Table 1. Observed periods and numbers of precipitation days, hours and precipitation events 

 Months Days Hours Precipitation events 

 observed 

(period) 

observed observed count 

(avg. duration [hours]) (with precipitation) (with precipitation) 

2019 
9 

(01.03.2019–30.11.2019) 

275 

(106) 

6 600 

(567) 

178 

(3.2) 

2020 
9 

(01.03.2020–30.11.2020) 

275 

(123) 

6 600 

(623) 

194 

(3.2) 

2021 
9 

(01.03.2021–30.11.2021) 

275 

(104) 

6 600 

(455) 

168 

(2.7) 

2022 
9 

(01.03.2022–30.11.2022) 

275 

(89) 

6 600 

(416) 

152 

(2.7) 

Ʃ 36 
1 100 

(422) 

26 400 

(2 061) 

692 

(3.0) 

 

As the unheated TB used cannot record non-liquid precipitation, periods with snowfall were omitted. It 

follows from the procedure given in equations (1) that only liquid precipitation, which is able to be 

captured by TB and the time-corresponding precipitation recorded by lysimeters, were included in the 

comparative study. The purpose was to exclude all non-liquid precipitation (snow, snow grains, snow 

pellets, ice pellets) and NRW (dew, fog, soil water vapour adsorption). 

Precipitation was classified based on the classification of precipitation intensity (i) according to WMO 

criteria (Table 2). This classification was used as a basis for the evaluation of the comparison of 

precipitation measurements according to i (based on the reference PLys). According to this classification, 

the boundary between slight and moderate drizzle is 0.1 mm h–1. Due to the sensitivity of the TB 

measurement (0.1 mm), fine drizzle and NRW cannot be clearly distinguished using the TB only. Since 

the total amount of precipitation classified as “slight rain” represents almost half of the total amount of 

precipitation in this study, this category was divided into two intervals. Precipitation in the form of 

drizzle was assigned to the category of “slight rain”. 

 
Table 2. Classification of precipitation into intervals according to their intensity based on the WMO [3] 

                Type Intensity [mm h-1] Intensity interval 

Drizzle 

Slight i < 0.1 

I. 
Moderate 0.1 ≤ i < 0.5 

Heavy i ≥ 0.5 

Rain 

Slight 
i < 1.0 

1.0 ≤ i < 2.5 II. 

Moderate 2.5 ≤ i < 10.0 III. 

Heavy 10.0 ≤ i < 50.0 
IV. 

Violent i ≥ 50.0 

 

In this study, precipitation was evaluated in the form of hourly and daily totals and also in the form of 

precipitation events of variable duration. The lysimeter precipitation data were considered as reference 

in relation to the TB data for the following reasons: an order of magnitude higher sensitivity of 

precipitation measurement (0.01 vs. 0.1 mm), 50 times larger collecting area (10 000 vs. 200 cm2), 

measurement height above the ground (0 vs. 1 m) and five measurement repetitions (5 x Lys vs. 1 x 

TB). 
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4 Results and discussion 

4.1 Data availability and data preparation 

During the investigated period, precipitation was measured using five lysimeters. Therefore five sets of 

hourly totals (PLys1, PLys2,..., PLys5) were obtained. Simple statistics is presented in Table 3. 

 
Table 3. Parameters of the statistical probability distribution of five datasets from lysimeters 

 PLys 1 PLys 2 PLys 3 PLys 4 PLys 5 PLys (avg.) 

Count [-] 2 061 2 061 2 061 2 061 2 061 2 061 

Cummulative P [mm] 2 078 2 103 2 074 2 048 2 077 2 076 

Relative error [-] 1.00 1.01 1.00 0.99 1.00 1.00 

Range [mm h-1] 33.75 32.43 33.68 33.40 34.14 33.48 

Mean [mm h-1] 1.01 1.02 1.01 0.99 1.01 1.01 

Median [mm h-1] 0.40 0.41 0.40 0.40 0.40 0.40 

Standard deviation [mm h-1] 1.95 1.95 1.94 1.92 1.97 1.94 

Standard skewness [-] 124 121 125 125 126 124 

Standard kurtosis [-] 677 627 683 687 694 674 

 

The average value from five lysimeters is 2 076 mm. Relative to their average value, the cumulative 

precipitation measured by Lys 2 is 1% higher than the average, and conversely, the cumulative 

precipitation measured by Lys 4 is 1% lower. On the remaining three lysimeters, these deviations were 

negligible. The statistical parameters of the probability distribution presented in Table 3 indicate a very 

high similarity of all five measured sets. Negligible differences in precipitation measured using five 

lysimeters allow us to use their average values in the next part of the study: 

 
(PLys=(PLys1+PLys2+PLys3+PLys4+PLys5)/5)          (2) 

  

4.2 Comparison of cumulative precipitation data 

A comparison of the cumulative rainfall recorded by the rain gauge and lysimeters during the four-year 

monitoring period is shown in Figure 5. 

 

 
 

Figure 5. Cumulative precipitation measured by tipping-bucket rain gauge and lysimeters 
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A total of 2 076 mm of precipitation was recorded using lysimeters and 2 019 mm using a rain gauge. 

The difference of 57 mm means, in relative terms, a total underestimation of TB measurements 

compared to Lys by -2.8%. Underestimations were recorded during all four compared annual periods. 

The biggest difference –26 mm (-5.3%) was measured in 2021. In 2019, 2020 and 2022 it was -11 mm 

(-1.7%), -6 mm (-1.1%) and -15 mm (-3.8%) respectively. The reason for the interannual differences is 

probably due to the different distribution of precipitation during individual years. 

Some results of the comparison of cumulative precipitation measured by tipping-bucket rain gauges and 

lysimeters published in the literature compared to this study are summarized in Table 4. In all cases, 

cumulative precipitation measured by TB was lower than precipitation measured by LYS. The overall 

underestimation of TB measurements compared to LYS ranged from -6.8 to -12.7% in published studies. 

In this study, an underestimation of -2.85% was measured, which is a significantly smaller value. 

 
Table 4. Comparison of the results of published studies with the results of precipitation measurements using 

tipping-bucket rain gauges and lysimeters 
Site Year Observed 

days 

Cum. PTB 

[mm] 

Cum. PLys 

[mm] 

Rel. Difference [%] 

Berlin, Germany [13] 2012, 2013 389 580 664 -12.7 

SW Siberia, Russia [14] 2016 114 158 170 -6.8 

Vienna, Austria [15] 2011 229 365 416 -12.3 

ESL, Slovakia 

(this study) 

2019, 2020, 

2021, 2022 

1 100 2 019 2 076 -2.8 

 

4.3 Comparison of precipitation measurements at hourly, daily and precipitation event scale 

Comparison of hourly and daily totals and totals of precipitation events is shown in Figure 6. In all cases, 

a very high degree of correlation was achieved when the coefficient of determination (r2) exceeded 

the value of 0.99. 

 

 
 

Figure 6. Relationship between precipitation data obtained by tipping-bucket rain gauge (PTB) and lysimeter 

(Plys) on a daily and hourly basis and on a precipitation event basis (dashed is 1:1 line) 

 

The highest correlation was achieved when comparing precipitation events (r2=0.996), the lowest for 

hourly totals (r2=0.990). In all comparisons, there was an overall underestimation of the measured 

precipitation using TB compared to the reference values from the lysimeters. The mean absolute error 

(MAE) and root mean square error (RMSE) values indicate how similar the compared values are (zero 

value indicates that the compared values are identical). Both MAE and RMSE values are lowest for 

hourly totals and highest for daily totals. Simple statistics from precipitation measurements using TB 

and Lys is presented in Table 5. The table shows that the average hourly amount of precipitation is about 

1 mm, the average daily amount is less than 5 mm. During a precipitation event, approximately 3 mm 

of precipitation falls on average. 
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Table 5. Basic statistical parameters of measured precipitation obtained by tipping-bucket rain gauge (TB) and 

lysimeters (Lys) on a daily and hourly basis and on the basis of precipitation events 
 TB Lys 

Hourly totals      [mm h-1] 

Min 0.1 0.00 

Max 30.9 33.48 

Average 0.98 1.01 

Median 0.4 0.41 

Daily totals         [mm d-1] 

Min 0.1 0.00 

Max 48.9 53.83 

Average 4.8 4.92 

Median 2.1 2.26 

Precipitation events [mm event-1] 

Min 0.1 0.00 

Max 48.9 53.83 

Average 2.9 3.00 

Median 0.6 0.60 

Avg. duration [h] 3.0 3.0 

Avg. intensity [mm h-1] 0.8 0.8 

 

4.4 Comparison of precipitation measurements according to precipitation intensity 

According to the values in Table 6, precipitation occurred most often from interval I. (i < 1.0 mm h-1). 

With an occurrence frequency of 72%, however, they accounted for only 22% of the total amount of 

precipitation. As the intensity increases, the frequency of precipitation also decreases. The frequency of 

occurrence of precipitation in the interval IV. (i > 10.0 mm h-1) was only 1%, but these precipitations 

represented 12% of the total precipitation. Precipitation with the largest share in the total amount of 

precipitation (39%) was from interval III. (2.5 ≤ i < 10.0 mm h-1). 

 
Table 6. Distribution of measured precipitation according to intensity 

 Intensity interval 

 I. II. III. IV. (I.–IV.) 

Frequency 1 492 370 184 15 2 061 

Total P [mm] 457 752 800 247 2 076 

Frequency of occurence 72% 18% 9% 1% 100% 

Contribution to total P 22% 28% 39% 12% 100% 

 

The results of the comparison according to the intensity of precipitation are shown in Figure 7. The r2 

values indicate a high degree of correlation for all monitored precipitation intensity intervals, while 

precipitation with a higher intensity showed a slightly higher degree of correlation. The comparison of 

the measured precipitation using TB and the reference Lys shows that the differences between TB and 

Lys increase with increasing precipitation intensity. The differences between the measurements grow 

exponentially, which is declared by the exponentially increasing values of RMSE (from 0.09 to 1.53 

mm h-1) and MAE (from 0.07 to 1.17 mm h-1). The values of the bias parameter indicate an increasing 

trend of underestimation of precipitation measurements using TB compared to Lys: the higher 

the precipitation intensity, the larger the measured deficit. 

The overall underestimation of precipitation measurements using TB versus Lys is caused by 

the interaction of a number of random and systematic errors. Among the most important are the losses 

caused by the wind, the height of the TB installation, the wetting of the TB walls with subsequent water 

evaporation and the relatively small collecting area of the TB. With an increase in the intensity of 

precipitation, losses due to "out-splashing of water" also increase. During the time required to tip over 

the tipping bucket in the TB, small water losses occur, which increase with the increasing intensity of 

precipitation.  
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Figure 7. Values of Root Mean Square Error (RMSE), Mean Absolute Error (MAE), bias and coefficient of 

determination (r2) for individual precipitation intensity intervals 

5 Conclusion 

The study compares two methods of measuring precipitation: measuring with a tipping-bucket rain 

gauge and measuring precipitation based on lysimeter measurements. The lysimeter determination of 

precipitation was chosen as the reference method. The comparison showed that the tipping-bucket rain 

gauge underestimates the precipitation compared to the lysimeter. Cumulative precipitation for the entire 

monitored period captured by the rain gauge was -2.8% lower compared to lysimeter measurements. 

The stated results indicate a relatively high reliability of precipitation measurements using standard 

tipping-bucket rain gauges. The advantage of lysimeter measurement of precipitation is higher accuracy 

and the possibility of capturing precipitation in all forms. The disadvantage is the incomparably higher 

costs of building and operating a lysimeter station. 

 

Acknowledgements 

This research was funded by the Scientific Grant Agency of the Ministry of Education, Research, 

Development and Youth of the Slovak Republic: (project VEGA No. 2/0025/24). 

 

References: 

[1] Šoltész, A., Zeleňáková, M., Čubanová, L., Šugareková, M., Abd-Elhamid, H.: Environmental 

Impact Assessment and Hydraulic Modelling of Different Flood Protection Measures. Water, 13, 

art. no. 786, 2021. 

[2] Almikaeel, W., Čubanová, L., Šoltész, A.: Hydrological drought forecasting using machine 

learning – Gidra River case study. Water, 14, art. no. 387, 2022. 

[3] WMO: Guide to Instruments and Methods of Observation (WMO-No. 8). World Meteorological 

Organisation, Geneva, 2021. 

[4] Sevruk, B., Hertig, J.A., Spiess, R.: The effect of a precipitation gauge orifice rim on the wind field 

deformation as investigated in a wind tunnel. Atmospheric Environment. Part A. General Topics, 

25, pp. 1173-1179, 1991. 

[5] Sevruk, B.: Adjustment oftipping-bucket precipitation gauge measurements. Atmospheric 

Research, 42, pp. 237-246, 1996. 

[6] Kohfahl, C., Saalting, M.W.: Comparising precision lysimeter rainfall measurements against rain 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

133 
 

 

 

gauges in a coastal dune belt, Spain. Journal of Hydrology, 591, art. no. 125580, 2020. 

[7] Schnepper, T., Groh, J., Gerke, H.H., Reichert, B., Pütz, T.: Evaluation of precipitation 

measurement methods using data from precision lysimeter network. Hydrology and Earth System 

Sciences, 27, pp. 3265-3292, 2023. 

[8] SHMU: Klimatický atlas Slovenska [Climate atlas of Slovakia]. Slovenský hydrometeorologický 

ústav, 2015. 

[9] Tall, A., Pavelková, D.: Results of water balance measurements in a sandy and silty-loam soil 

profile using lysimeters. Journal of Water and Land Development, 45, pp. 179-184, 2020. 

[10] Matušek, I., Reth, S., Heerdt, Ch., Hrčková, K., Gubiš, J., Tall, A.: Review of lysimeter stations in 

Slovakia, 17. Gumpensteiner Lysimetertagung : Lysimeter Research - Options and Limits, 

Gumpenstein, pp. 209-2012, 2017. 

[11] Savitzky, A., Golay, M.J.E.: Smoothing and differentiation of data by simplified least squares 

procedures. Analytical Chemistry, 36, pp. 1627-1639, 1964. 

[12] Schrader, F., Durner, W., Fank, J., Gebler, S., Pütz, T., Hannes, M., Wollschläger, U.: Estimating 

Precipitation and Actual Evapotranspiration from Precision Lysimeter Measurements. Procedia 

Environmental Sciences, 19, pp. 543-552, 2013. 

[13] Hoffmann, M., Schwartengräber, R., Wessolek, G., Peters, A.: Comparison of simple rain gauge 

measurements with precision lysimeter data. Atmospheric Research,174-175, pp. 120-123, 2016. 

[14] Haselow, L., Meissner, R., Rupp, H., Miegel, K.: Evaluation of precipitation measurements 

methods under field conditions during a summer season: A comparison of the standard rain gauge 

with a weighable lysimeter and a piezoelectric precipitation sensor. Journal of Hydrology, 575, pp. 

537-543, 2019. 

[15] Nolz, R., Cepuder, P., Kammerer, G.,: Determining soil water-balance components using an 

irrigated grass lysimeter in NE Austria. Journal of Plant Nutrition and Soil Science, 177, pp. 237-

244, 2014. 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

134 
 

 

 

ANALYSIS OF SELECTED SOIL WATER BALANCE MEMBERS OBTAINED BY CALCULATION 

AND LYSIMETRIC MEASUREMENT 

BRANISLAV KANDRA 1, ANDREJ TALL 1, MILAN GOMBOŠ 1, DANA PAVELKOVÁ 1, 

1 Institute of Hydrology, Slovak Academy of Sciences, Dúbravská cesta 9, 841 04 Bratislava, Slovakia, kandra@uh.savba.sk 

 

1 Abstract 

The presented work focused on model HYDRUS-1D verification using lysimetric measurements. Linear 

regression showed high agreement between measured and calculated actual evapotranspiration (ETa) 

values (R2=0.93; SE=0.05). The cumulative difference between the calculated and the measured ETa was 

42 mm (9%) for the evaluated period. In the case of reference evapotranspiration (ETref), the newer 

calculation approach proved more appropriate with the measured ETa (R2=0.94, SE=0.05), where 

the total difference was only 9 mm (2%). The performance of the mathematical model is assessed as 

satisfactory for the analysis of the soil water regime. 

 

Keywords: weighable lysimeters, soil water regime, evapotranspiration, unsaturated soil zone, 

numerical simulation, water balance of soil 

2 Introduction  

When balancing water in the soil, evapotranspiration is an essential component on the outflow side [1], 

[2]. Two sub-processes are involved in evapotranspiration. The first of them is transpiration, which takes 

place through the stomata cells of plants and is an important production factor [3], [4]. The second is 

evaporation from the free surface. The evapotranspiration amount depends primarily on meteorological 

conditions and soil moisture. Soil moisture affects whether there is enough water for evapotranspiration 

and whether its potential will be reached. If this is not the case, an evapotranspiration deficit arises. 

The evapotranspiration can be quantified either directly by measurement or by calculation [5]. The water 

balance on a lysimeter is one of the evapotranspiration measuring methods [6]. The lysimeter makes it 

possible to quantify the flows at the upper and lower edges of the balanced soil zone. With the exact soil 

weight measurement, it is possible to express the evapotranspiration by water balance. Currently, 

lysimeter research is again coming to the attention of science society in the home and world [7].  

Recently, several modern lysimeter stations have been built in Slovakia. One of them is also a station 

located in Petrovce nad Laborcom, which was the source of data processed in this contribution. 

Computational methods are based on the soil water regime numerical simulation by mathematical 

models. Mathematical models make it possible to calculate the individual components of the water 

balance and thus also the amount of evapotranspiration through water uptake by plant roots and surface 

flow. The model represents a cheap and fast tool for obtaining the necessary data if verified by correct 

measurements. The submitted contribution is focused on the HYDRUS-1D model verification by the 

lysimeter. Hourly totals of calculated and lysimetrically measured actual evapotranspiration were 

analysed for 148 days (May 27, 2017 – October 21, 2017). Model verification was performed using 

mathematical statistics methods. Moisture conditions in the lysimeter were maintained to achieve 

evapotranspiration potential. At the same time, this made it possible to verify the appropriateness of 

using two approaches for calculating reference evapotranspiration with measured and calculated actual 

evapotranspiration. 
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3 Methods 

3.1 Research site description 

The research site is near the Petrovce nad Laborcom village cca 5 km from the Michalovce district town 

(N 48° 47.540'; E 21° 53.175'; 117 m a.s.l.). In March 2014, the construction of a lysimeter station began 

in the closed area, which is currently under the administration of the Laborec basin. The station was 

fully commissioned in the spring of 2015 (Figure 1).  

The station consists of 5 lysimeters stored in two separate plastic containers. Each lysimeter consists of 

a steel cylinder with an area of 1 m2 and a height of 2.5 m. Soil monoliths in the cylinders were sampled 

from different sites of the East Slovak Lowland (ESL). These undisturbed samples best represented 

the soils of ESL. Each lysimeter has an adjustable groundwater level (GWL) system connected to 

a nearby well that serves as a water source. A meteorological station providing meteorological elements 

data is also a part of the lysimeter unit. All monoliths are weighed on scales with an accuracy of 

±0.01 kg. The plant cover in the cylinders consists of grass maintained to a height of 12 cm.  

 

 
Figure 1. Lysimeter station in Petrovce nad Laborcom 

 

The studied monolith contains soil sampled near the Poľany village in southeast ESL. The soil profile 

is mainly loamy-sandy to sandy, changing to sandy loam in the upper part (Figure 2). 
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Figure 2. Soil texture of the Poľany site 

3.2 Lysimeter data processing 

A lysimeter is a tool that allows quantifying the individual components of the water regime of soils 

through their balance in the soil – plant – atmosphere system [8]. In general, it can be expressed such 

a balance by a simple balance equation: 

 
ΔW=(P+I+D+CR)-(ETa+SW) (1) 

 

where (ΔW) is the water content change in the lysimeter over time depending on the water inflow or 

outflow through the upper and lower boundaries of the balanced soil zone. The upper boundary is the 

area where the balanced soil zone interacts with the vegetation cover and the atmosphere. Here, water 

infiltrates from precipitation (P) or irrigation (I) and at the same time evaporates into the atmosphere 

through evapotranspiration (ETa). Dew (D) is the amount of condensed water on the surface of the soil 

monolith. The lower boundary is the interaction area of the balanced soil zone with groundwater. Here 

the water inflow occurs from the groundwater into the balanced zone by capillary rise (CR), and the 

outflow from the balanced zone is by gravity flow towards the groundwater (SW – seepage water). If 

the values of individual balance equation members are known, it is then possible to simply express the 

values of ETa. Next, it was necessary to modify the balance Eq. (1) into the form Eq. (2) [9]: 

 
ETa=Plys+D-∆W+BF (2) 

 

The lysimeter body with soil monolith represents a balanced zone, and therefore the lysimeter weight is 

an important output parameter. Each change in weight by 1 kg represents a change in soil water content 

ΔW by 1 mm relative to the lysimeter area of 1 m2. Irrigation was not applied here, and the groundwater 

level was set at a constant level of 1 m below the ground during the entire period. The precipitation 

obtained from the lysimeter (Plys) was used to eliminate the inaccuracy of the rain gauge in the equation 

[10]. The rain gauge tended to underestimate the real precipitation, leading to faulty ETa values. Flows 

at the bottom edge of the lysimeter (BF – bottom fluxes, BF=CR-SW) have a positive value in the case 

that water flows into the lysimeter, which compensates for capillary losses. Conversely, negative BF 

values represent the water outflow from the lysimeter i.e. gravity flow to GWL. The quantification of 

the water balance members in the lysimeter was based on the following conditions: 

IF(ΔW-BF)<0→ETa=(ΔW-BF)∧(Plys+D)=0 
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IF(ΔW-BF)>0→ETa=0∧(Plys+D)=(ΔW-BF) 

 

The water content decrease of the lysimeter ((ΔW-BF)<0) is due to evapotranspiration (ETa) and the 

water content increase ((ΔW-BF)>0) is due to either precipitation (Plys) or dew formation (D). Suppose 

a precipitation event on the rain gauge in the weather station is recorded when the water content of the 

lysimeter is increased. In that case, the increase in water content is assigned to precipitation (Plys). 

Otherwise, the water content gain is attributed to the dew (D). 

3.3 Model used description 

The mathematical model HYDRUS-1D in version 4 was used to calculate the analyzed members of 

the balance equation in the evaluated period. HYDRUS-1D is a one-dimensional model calculating 

the water flow, heat transfer and movement of soluble substances involved in subsequent first-order 

reactions in variably saturated soils [11]. It is based on the solution of the Richards equation for variably 

saturated flow and on the advection-dispersion type of equations for the heat transfer and soluble 

substances. The flow equation takes into account the uptake of water by plant roots. 

The model setting corresponded to the real conditions in the lysimeter before and during the simulation. 

The simulated soil profile with a thickness of 2.5 m was divided into 20 material layers. The selected 

van Genuchten-Mualem hydraulic model [12] was single-pore without hysteresis. The laboratory-

measured hydrophysical characteristics were defined for each layer, i.e. van Genuchten parameters of 

analytical expression of water retention curves and saturated hydraulic conductivity values. Next, it was 

necessary to set the initial and boundary conditions. The initial moisture of the individual soil layers, at 

the beginning of the simulation, corresponded to the real moisture in the lysimeter. The time-dependent 

upper boundary condition consisted of daily data of meteorological elements from the meteorological 

station and the rain gauge (atmospheric precipitation, solar radiation, maximum and minimum air 

temperature, air humidity and wind speed). The time-dependent lower boundary condition was 

a constant groundwater level set to 1 m below the ground. The phenological characteristics were also 

constant to the following values: grass height 12 cm, albedo 0.23, LAI (leaf area index) 2.88 and root 

depth 30 cm. The calculated actual evapotranspiration totals ETa were obtained by summing the amount 

of water drawn from the soil by plant roots (transpiration) and water from the surface flux at the interface 

between the soil surface, plant cover and the atmosphere (evaporation). The Feddes reduction model 

[13] with grassland parameters was chosen for plant root water uptake. The calculation of reference 

evapotranspiration (ETref) was based on the Penman-Monteith combination Eq. (3) recommended by 

FAO [14] in the HYDRUS-1D model: 

 

ETref=

0.408 ∆ (Rn-G)+γ 
Cn

Thr+273
 u2 (es-ea)

∆+γ (1+Cd u2)
 

(3) 

 

where Rn is the radiation balance of the crop surface [MJ/m2/h]; G is the heat flux in the soil [MJ/m2/h]; 

Thr is the average hourly air temperature at a height from 1.5 to 2.5 m [°C]; u2 is the average hourly wind 

speed at a height of 2 m [m/s]; es is the pressure of saturated water vapor up to 2.5 m [kPa]; and ea is 

the average actual pressure of water vapor at a height of 1.5 to 2.5 m [kPa]; Δ is the derivation of 

saturated water vapor pressure at air temperature Thr [kPa/°C]; γ is the psychrometric constant [kPa/°C]; 

Cn and Cd are constants that vary according to the reference type. The values of the constants in the 

model are Cn=900 and Cd=0.34. The newer approach of calculating ETref according to Eq. (3) with 

the values of constants Cn=37 and Cd=0.24 (day hours), and 0.96 (night hours) was also chosen for 

comparison [15]. 

4 Results and discussion 

Figure 3 shows the hourly ETa courses calculated by the model and obtained by balancing via lysimeter 

with ETref courses according to different approaches [14], [15]. For a better overview, the figure shows 

the first five days of June from the whole analyzed period (May 27, 2017 – October 21, 2017). Here, 
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the agreement between calculated and measured ETa totals is visible clearly. The moisture conditions in 

the lysimeter were maintained to achieve the maximum possible evapotranspiration using a constant 

groundwater level of 1 m below the ground. Also, authors [16] dealt with the effect of setting the lower 

boundary condition on evapotranspiration and water balance in the soil. Therefore, ΔET ≈ 0 applied for 

the evapotranspiration deficit ΔET given by the difference between ETref and ETa. This also made it 

possible to verify the accuracy of various ETref calculation approaches. The figure also shows a high 

degree of agreement between ETa and ETref. 

 

 
Figure 3. Comparison of the calculated and measured actual evapotranspiration (ETa) and reference 

evapotranspiration (ETref) during five days at the beginning of June  

 

The results of the linear regression show a high degree of dependence between the measured and 

calculated evapotranspiration values (Figure 4). The hourly ETa totals calculated by the model correlate 

very well with the measured values by the lysimeter (Figure 4a). This is indicated by the high 

determination coefficient value R2=0.93. Deviations range from -0.37 (MIN) to 0.25 (MAX). 

The standard deviation SE=0.05 means that the values differ minimally from each other. ETref values 

calculated by two different approaches are also correlated. The differences in total ETref calculated 

according to the older [14] and the newer [15] approach are minimal (Figure 4b). The deviations with 

the determination coefficient values are shown in Table 1. The ETref calculation according to different 

approaches with the measured ETa shows some differences (Figure 4c and 4d). In the case of the older 

approach, the calculation overestimates the measurement and the determination coefficient is slightly 

lower (R2=0.93) compared to the newer approach, where R2=0.94. Similarly, as determination 

coefficients, the values of deviations show in favor of the newer approach for calculating ETref towards 

measured ETa (Table 1).  
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Figure 4.  Linear dependencies between measured and calculated values of evapotranspiration 

 

The differences between the measured and calculated evapotranspiration values for the entire analyzed 

period are in the Figure 5a. For illustration, the cumulative values of all water balance members are 

shown in the figure too. From the cumulative lines it follows, the total difference between calculated 

and measured ETa is 42.02 mm. In the case of ETref, the difference resulting from the two calculation 

approaches is 33.21 mm. By comparing the measured ETa with ETref, there is a smaller difference with 

the newer ETref calculation approach (8.97 mm) compared to the older one (42.18 mm). Figure 5b shows 

the cumulative ΔW values in the lysimeter. The ΔW courses are expressed from the measured and 

calculated water balance members. The results show that the model overestimated ΔW by 18 mm. This 

is due to the model's inaccuracy in quantifying the fluxes at the lower boundary of the balanced soil 

zone. The cumulative BF difference between calculation and measurement was 59 mm. This was 

reflected in higher values of ΔW and ETa differences. The averages of the hourly evapotranspiration 

totals for individual months of the analyzed period gradually decreased. The highest average 

evapotranspiration totals were between May and August. Consequently, they significantly decreased in 

September and October. Average hourly totals of measured and calculated ETa in individual months are 

as follows: May (0.20; 0.21 mm), June (0.19; 0.20 mm), July (0.17; 0.19 mm), August (0.16; 0.17 mm), 

September (0.08; 0.09 mm) and October (0.05; 0.06 mm). 
 

Table 1. Deviations and coefficients of determination (R2) between measured and calculated evapotranspiration 
EVAPOTRANSPIRATION ΔMAX ΔMIN SE R2 

ETa lyzimeter – ETa model 0.25 -0.37 0.05 0.93 
**ETref – *ETref 0.06 -0.09 0.01 0.99 

ETa lyzimeter – *ETref 0.25 -0.37 0.05 0.93 

ETa lyzimeter – **ETref 0.23 -0.31 0.05 0.94 

*ETref  [14], **ETref  [15] 
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Figure 5.  Cumulative values of analyzed balance members in the evaluated period (BF – bottom fluxes, ETa – 

actual evapotranspiration, Plys – precipitation, ETref – reference evapotranspiration, D – dew, ΔW – water content 

change in the evaluated soil profile. 

5 Conclusion 

The verification of the HYDRUS-1D model was performed on hourly ETa totals for the period from 

May 27, 2017 to October 21. 2017. At the same time, ETa totals were expressed using a water balance 

on a weighable lysimeter. The model setup corresponded to the real conditions in the lysimeter. 

The groundwater level was set constant at 1 m below the ground to achieve maximum 

evapotranspiration, while the condition ΔET=(ETref-ETa)≈0 was valid. In this way, verifying the 

accuracy of two different ETref calculation approaches with measured and calculated ETa was possible. 

Linear regression showed high agreement between measured and calculated ETa values (R2=0.93; 

SE=0.05). The cumulative difference between the calculated and the measured ETa was 42 mm (9%) 

for the evaluated period. In the case of ETref, the newer calculation approach proved more appropriate 

with the measured ETa (R
2=0.94; SE=0.05), where the total difference was only 9 mm (2%). Quantified 

deviations between measured and calculated values are most significant at BF (59 mm), which caused 

corresponding differences at ETa (42 mm) and ΔW (18 mm). In general, however, it can be concluded 

that the model reliably simulates trends in the development of the balance members. 

The verification results showed that the HYDRUS-1D model is suitable for use in conditions simulating 

the existing soil profile in the investigated lysimeter. Using all available data from a nearby weather 

station, hydrophysical characteristics of the soil profile, and phenological characteristics of the crops, it 

can reliably estimate the amount of evapotranspiration. 
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1 Abstract  

Sustainable river basin water management can be achieved if appropriate flow, sediment regimes, and 

related river morphology quality are guaranteed. The obligation to define the environmental flow (E-

flow) in the European Water Framework Directive (WFD) is not explicit and there is no official E-flow 

assessment methodology in the Republic of Croatia. In the previous research and paper, an innovative 

holistic E-flow assessment model for the present scenario was developed and presented. This paper 

presents the continuation of the research and the assessment of E-flow under the impact of climate 

change by the Soil Water Assessment Tool (SWAT).  

 

Keywords: holistic approach, environmental objectives WFD, E-flow, climate change, SWAT, 

biological indicators, limited data, Sutla River Basin 

2 Introduction  

Related to the defined 17 United Nations (UN) Sustainable Development Goals (SDGs) for Sustainable 

Development until 2030, with an emphasis on SDG13 - Response to Climate Change, the need to analyse 

the impact of humans and climate change on water resources, and the future needs of human society 

regarding water resources, are crucial for defining sustainable integrated water management of the river 

basin. The intensive use of soil and water resources results in an imbalance between the environmental 

and economic objectives of the river basin management. Sustainable integrated river basin water 

management and environment objectives Water Framework Directive (WFD) can be achieved only if 

appropriate flow, sediment and nutrients (total Nitrogen (N) and total Phosphorus (P)) regimes, and 

related river morphology quality are guaranteed. There is no explicit obligation to define E-flow, and 

the implementation of the WFD is more focused on water quality. Most EU countries have developed 

procedures for investigating and determining the E-flow related to specific climatic, hydro-graphic, and 

hydrological conditions. In the Republic of Croatia, there is no official methodology to define the E-

flow, and an innovative holistic model for the present scenario was developed and proposed in the paper 

by Ćosić-Flajsig G. et al., 2020 [1]. Despite the lack of appropriate monitoring, the holistic approach to 

E-flow assessment can contribute to the definition of E-flow. It includes all data analysis and available 

research to gain new knowledge about the river basin and its water bodies and assess the E-flow. The 

scientific research in this paper is based on the results of the Soil Water Assessment Tool (SWAT) 

model, hydrological analysis, biological investigations, and holistic approach assessment of the E-flow 

under the climate change impacts in data-limited river basins. This paper presents the proposed 

methodology of E-flow assessment under the climate change impacts based on the holistic approach to 

the E-flow assessment model under the climate change impact for the Sutla River basin case study. The 

results and discussion of the Sutla River basin case study using the developed holistic E-flow assessment 

model under the climate change impacts, and comparisons with existing well-known approaches and 

mailto:barbara.karleusa@uniri.hr
mailto:ivan.vuckovic@elektroprojekt.hr
mailto:matjaz.glavan@bf.uni-lj.si
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methodologies, have been presented after that. 

3 Proposed methodology  

The E-flow assessment model under the climate change impact is based on the developed innovative 

holistic approach presented in the paper by Ćosić-Flajsig G. et al., 2020 [1]. Further research aims to 

determine the impact of climate change on the holistic assessed E-flow by modelling low flows, 

sediment, total N, and total P under eight future climate change scenarios in the data-limited river basin, 

using Indicators of Hydrological Alterations (IHAs) and biological indicators for the Sutla River 

downstream of the dam Vonarje. The model is based on the river basin pressures with climate change 

analysis, the occurrence of hydrological extreme impacts, and a program of basic and supplementary 

measures. Past (scenarios 2), present (scenario 1), and future scenarios (scenarios 3) were analysed with 

the SWAT model based on land use, climatic and hydrological data, climate change models, the presence 

or lack of the reservoir, municipal wastewater measures, and agriculture measures [2]. In addition, the 

holistically assessed E-flow for future scenarios for the profile on the Sutla River, as well as the 

holistically assessed E-flow for the present scenario, is proposed by linking hydrological, 

morphological, and ecological characteristics based on the research of the Sutla River, and the 

composition and abundance of biological quality elements. The proposed methodology is presented in 

Figure 1. It is prepared as the modified methodology developed by Gopal in [3].  

 

 
Figure 1 Methodology of a holistic approach to the assessment of E-flow for present scenario and future climate 

change impact scenarios (modified methodology from [3]) 

 

Biological indicators have been used to improve the methodology of a holistic approach to the 

assessment of E-flow for present scenarios and future climate change impact scenarios.  

Biological indicators 
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Verification of the sufficiency of the defined value of ecologically acceptable flow by hydrological 

methods for the development of the necessary spatial and temporal dynamics of the basic ecological 

indicators (e.g. downstream of water intakes) downstream of the dam, necessity for ensuring the living 

conditions of characteristic fish is based on the hydraulic calculation.  

The hydraulic calculation checks: 

- water depth at characteristic cross-sections of watercourses or their parts provided by retained 

inflow defined by hydrological methods, 

- water velocity at characteristic cross-sections of watercourses or their parts provided by retained 

inflow defined by hydrological methods, 

- bottom coverage on characteristic cross-sections of watercourses or their parts that ensures 

retained inflow defined by hydrological methods [4],[5]. 

The basic ecological requirements of the selected indicator fish species, Barbus balcanicus, i.e. 

individual stages of their development, are presented in Table 1. 
 

Table 1. Presentation of the basic ecological requirements of selected indicator species [4], [5] 

 

  Key abiotic factors important for fish communities 

Biogeographical 

area 
Life stage Water depth in cm 

Water velocity 

in cm/s 

Water 

temperature    

C 

Dissolved 

oxygen 

mg/l 

Barbus balcanicus 

Spawning 
Greater than body height  

20 - 45 
35 - 50 4 - 17 (14) * Above 6 

<Fry About 30 6 - 20 (15) * Above 6 

Adults 
Greater than body height 

20 - 45 
35 - 50 4 - 20 Above 6 

*Figures in parenthesis () = optimum value 

 

The flow values are corrected after determining the deviation of the obtained values from those that 

ensure the living conditions for the survival of the characteristic indicator species fish Barbus balcanicus 

(Table 1). It is defined as the flow section between water intake and restitution.  

FUTURE scenarios 3 (with (3a) and without reservoir (3b)) were prepared concerning planned 

municipal wastewater and agricultural measures. The White Paper of the European Commission 

“Adapting to climate change: Towards a European framework for action” (COM/2009/147) was issued 

in April 2009 and sets out a framework to reduce the EU’s vulnerability to the impact of climate change. 

On the basis of the climate change adaptation strategies for Croatia (until 2070) and Slovenia (until 

2050) and the results of the regional and national models of Slovenian Environmental Agency – ARSO, 

future scenarios with six models, for the Representative Concentration Pathway (RCP) 4.5 (moderately 

optimistic scenario) and RCP 8.5 (pessimistic scenario) for the 2020–2050 and 2070–2100 periods for 

the Sutla River Basin (Figure 5), six dynamically downscaled regional climate models (RCMs), CCLM4 

(drivModel: CNRM-CERFACS-CNRM-CM5), CCLM4 (drivModel: MPI-M-MPI-ESM-LR), 

HIRHAM5, INERIS, RACMO22E and RCA4), were prepared at the local river basin level using bias 

correction (BC) methods using empirical quantile mapping (EQM). To prevent unrealistic results at the 

daily level, BC was performed for precipitation, maximum air temperature, minimum air temperature, 

relative humidity, global solar radiation, and wind speed.  

For the Sutla River Basin, eight FUTURE scenarios were developed:  

- with reservoir (superscript presents the selected RCP and time period explained in following 

parentheses): 3a1 (RCP 4.5 2020–2050), 3a2 (RCP 4.5 2070–2100), 3a3 (RCP 8.5 2020–2050), 3a4 

(RCP 8.5 2070–2100) and  

- without reservoir: 3b1 (RCP 4.5 2020–2050), 3b2 (RCP 4.5 2070–2100), 3b3 (RCP 8.5 2020–2050) 

and 3b4 (RCP 8.5 2070– 2100) [2]. 

For each scenario, six characteristic climate models were used to obtain the variability in inputs and 

outputs described in (Figure 3). 
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Figure 3. Average temperature (°C) - BC deviation from 1981–2010 related to RCP 4.5 and RCP 8.5, six 

characteristic climate models and periods (a), average precipitation (mm) - BC deviation from 1981–2010 related 

to RCP 4.5 and RCP 8.5, and six characteristic climate models and periods (b) [2]. 

 

3.1 Sutla Case Study  

Considering the specific climatic, hydrographic and hydrological conditions and the definition of E-

flow, each EU country has developed procedures for their investigation and determination. This paper 

presents the significant pressures that have affected the transboundary rural Sutla River basin between 

Croatia and Slovenia. In this paper it is continued with the E-flow assessment under the climate change 

impact, downstream of the dam Vonarje. The dam was built on the Sutla River in 1980 as a multipurpose 

hydrotechnical facility. The “biological minimum” downstream of the dam Vonarje was defined in the 

1980s, as a flow of 120 l/s. To achieve the good water status and the environmental objectives of the 

river basin, rather than using the biological minimum flow downstream of the dam, it is necessary to 

define the E-flow.  

Determination of E-flow means finding a balance between the water demand of the ecosystem and socio-

economic setting, which necessarily leads to a holistic and comprehensive approach based on 

management of water resources in open channels.  

The following principles need to be respected: 

− E- flow is a quantity of water that provides for an ecological balance and preserves natural stability 

of an aquatic ecosystem, 

− any abstraction of water from any watercourse asks for investigation into consequences such activity 

could cause upon an aquatic ecosystem, 

− special attention should be paid to the protection of rare and endangered flora and fauna which is 

important for protection of ecological balance while taking care of flora and fauna which is the basic 

link in a food chain, 

− to determine the E-flow, it is necessary to analyse all changes regarding both quantity and quality of 

water in the watercourse, 

− since every watercourse is specific for its natural characteristics as well as for hydraulic engineering 

facilities already built or planned to be built on it, it is particularly important to have all related data. 

The flow value is corrected after having determined deviations of obtained values from the values that 

ensure living conditions needed for survival of characteristic indicator species (Table 1). It is also 

necessary to take into consideration the sufficiency of the retained inflow for ensuring of necessary 

dynamics of living conditions throughout the year. This refers not only to indicator species, but to other 

species characteristic for the area under consideration as well. The defined E-flow values, as a rule, are 

such quantities of water which ensure ecological balance, namely preserve stability of the parent 

watercourse ecosystem in the reach under consideration (a reach between the intake structure and 

restitution). 

In order to define the E-flow in the parent watercourse it is necessary to know, in addition to the 

hydrological data, what are the natural characteristics of the river.  
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Each river or its reach is specific for its natural characteristics, thus it is necessary to carry out field 

investigations. The field investigations are intended for collecting the information on basic biological-

ecological characteristics of each potential site for determination of the environmental flow. Further, all 

such sites need to be photographed, the river channel, its vegetation, and the existing water inflows and 

intake structures. Analyzed river longitudinal profile and the Sutla Lake (reservoir) volume are 

prerequisites for maintaining the river ecosystem upstream and downstream from the lake ecosystem 

itself, and the proposal for the definition of an environmentally acceptable stream flow downstream of 

the dam has been prepared. The water quality management model that supports good water status is 

based on information from the Croatian Water monitoring program, particularly downstream of 

dams/reservoirs, including in the Sutla River Basin.  

The holistic approach defines the E-flow for the present status, for the profile downstream of the dam, 

as presented in the previous research and paper [1], linking hydrological, morphological, and ecological 

characteristics based on the exploration of the Sutla River and its biological communities. The E-flow 

for the present scenario obtained by the hydrological method of vegetation with dry and wet period 

amounts to 0.504 m³/s. The selection of biological indicator fish species Barbus balcanicus and 

accompanying fish species downstream of the dam was important because the entire Sutla River is 

protected as a NATURA 2000 site. Barbus balcanicus spawns between April and June, and the 

spawning period requires a water depth greater than 40 cm and a water velocity greater than 49 cm/s. E-

flow should be increased to 0.98 m³/s to meet the requirements of fish bioindicators (Barbus balcanicus) 

and allow the ecosystem to function normally (Figure 2).  

 

 

 

Figure 2. Barbel (hrv.: potočna mrena) Barbus balcanicus. 

The finally defined E-flow downstream of the dam Vonarje is 0.98 m³/s [1].  

Past, present, and future scenarios have been analysed by the SWAT model based on land use, climate 

and hydrological data, climate change data, presence or lack of the reservoir, and municipal wastewater 

and agriculture measures. The impact assessment was modelled by the SWAT to apply the basic and 

supplementary measures. This research aims to develop a water quality management model of rural 

transboundary basins to achieve environmental objectives. The model is based on river basin pressure 

analysis with climate changes and the occurrence of hydrological extreme impacts, as well as the 

program of basic and supplementary measures. Eight future climate change scenarios were obtained 

with optimistic RCP 4.5 and pessimistic RCP 8.5 forecasts for two periods (2020–2050, 2070 –2100), 

both with and without reservoir. The most significant influence of nutrients, sediment, and hot spots on 

river basin surface water, as shown by the surface water monitoring results and the risks of not achieving 

good water status and water eutrophication, have been demonstrated. This paper aims to determine the 

impact of current measures on future situations with the inclusion of climate change impact to create the 

basis for analysis and proposal of tailor-made measures [2]. 

4 Results and discussion 

Related to the proposed Methodology of a holistic approach to assessing E-flow for present and future 

climate change impact scenarios (Figure 1), some characterizing flow regimes related to the 32 

indicators of hydrological alternations (IHAS) describing, have been done. They are presented in Table 

3. Species fish Barbus balcanicus – barbel is bioindicator for E-flow for the water body downstream of 
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the Vonarje dam, is defined for the present scenario and future scenarios. Also, longitudinal continuity 

of watercourses, except Vonarje dam, is assessed for the present scenario and future scenarios. 

The reliability and effectiveness of this approach were illustrated by analyzing the potential impact of 

climate change by the SWAT model on the water availability downstream of the Vonarje dam on the 

Sutla River. For the flow for the past scenarios, Qav,year, the values are like the values of the present 

scenario. The values of Qav,year for the future scenario is lowest for RCP 4.5 (2020–2050), followed by 

the values for RCP 8.5 (2070–2100). In Table 2 are presented average annual numerical modelling 

results for present, past, and future scenarios for SUBBASIN 2, for the water body downstream of the 

dam Vonarje. 

 

Table 2.  Average annual numerical modelling results for present, past, and future scenarios for SUBBASIN 2 

Scenario 
Qav,year (m3/s) 

av.(min,max)% 

Sediment (t) 

av.(min,max)% 

Total N (t) 

av.(min,max)% 

Total P (t) 

av.(min,max)% 

PRESENT 1 1,67(m3/s)  2409 (t) 298275 (t) 19957 (t) 

PAST 2a 2 % 62 % 42 % 59 % 

PAST 2b   0% 62 % 42 % 39 % 

FUTURE 3a1 6% (-9;17) 7% (-15;18) 0% (-10;7) 0% (-5;4) 

FUTURE 3a2 21% (-4;49) 14% (-18;44) 7% (-17;26) 0% (-9;7) 

FUTURE 3a3 14% (3;33) 14% (-5;29) 4% (-8;17) 1% (-3;5) 

FUTURE 3a4 28% (5;91) 20% (-13;105) 8% (-10;50) 0% (-8;15) 

FUTURE 3b1 4% (-12;15) 10% (-16;23) 2% (-10;13) 0% (-5;4) 

FUTURE 3b2 18% (-6;44) 14% (-18;44) 7% (-12;26) 0% (-9;7) 

FUTURE 3b3 11% (1;30) 14% (-5;29) 4% (-8;17) 1% (-3;5) 

FUTURE 3b4 25% (3;86) 20% (-13;104) 8% (-10;51) 0% (-8;15) 

Note: Average percentage change values for past and future scenarios (in the brackets are the minimum and maximum % 

change according to the different climate models) are defined according to the absolute values of the present scenario. 

 

The SWAT model results of the for the past (2a - with reservoir, 2b - without reservoir), present and 

future scenarios, for the values of the sediment, total N and total P are presented in Table 2. The values 

are significantly higher than the value of the present scenario given the implemented wastewater and 

agricultural basic measures that did not exist in the past. For the future scenarios, the higher values of 

sediment (average: 7 % - 20% and maximum 105% than in the present scenario) and higher values of 

Total N (average: 0% - 8% and maximum 51% than in the present scenario) greatly impact the 

ecosystem of fish bioindicator (Barbus balcanicus) (Table 2). In some scenarios, the range of these 

values shows an average flow of up to 28% with the interval of minimum and maximum values (-12; 

91), 20% for sediment with the interval of minimum and maximum values (-18; 105). Minimum and 

maximum values for the total N (-17;51) and total P (-9;15).  

For the future scenarios are presented values of the Qav,year (average: 4 5 – 25 % and minimum 12% than 

in the present scenario). 

The analyses of the minimum daily flow downstream of the dam Vonarje have been prepared and 

presented in the Table 3. It has been prepared on the base of the average daily flow results of the 8 future 

scenarios with six climate models for SUBBASIN 2, for the water body downstream of the dam Vonarje. 
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Table 3. Specific Average daily flow modelling results of the future scenarios downstream of Vonarje dam for 

SUBBASIN 2 

Scenario  
Qav, month. (m3/s) 

av.(min,max) 

Qav, month. (m3/s) 

dry period 

April –September) 

av. (min, max) 

Qav, month. (m3/s) 

wet period 

(October– -Marth 

av. (min, max) 

FUTURE 3a1 1,48 (0,11;7,44) 1.58 (0,09; 7,42) 1.88 (0,05; 8,92) 

FUTURE 3a2 1,68 (7,27; 0,14) 2,36 (0,13; 6,97) 1,94 (0,19; 6,26) 

FUTURE 3a3 1,59 (0,12; 7,68) 1,24 (0,13; 6,23) 1,92 (0,14; 7,68) 

FUTURE 3a4 1,80 (0,12; 7,84) 1,50 (0,13; 7,89) 2,31 (0,19; 7,30) 

FUTURE 3b1 1,46 (0,08; 7,40) 1,31 (0,09;5,99) 1,69 (1,10;6,00 

FUTURE 3b2 1,64 (0,11; 7,25) 1,29 (0,11;6,95) 1,98 (0,17;6,42) 

FUTURE 3b3 1,55 (0,11; 7,62) 1,89 (0,12;6,16) 1,93 (0,13;7,62) 

FUTURE 3b4 1,76 (0,11; 8,21) 1,26 (0,11;7,35) 2,26 (0,19;7,28) 

 

Hydrological analyses do not significantly indicate a trend of decreasing mean monthly flows, but they 

indicate a trend of increasing mean minimum flows, with significant extremes of their minimum and 

maximum values occurring.  It is especially important for dry period (average: 1,24 m3/s – 2,36 m3/s 

and minimum 0,09 m3/s). 

The presented research contributes to the knowledge and understanding of climate change impacts using 

long-term predictions of six different RCMs on the level of local river basin quantity (river flow) and 

quality (sediment load, total nitrogen load, and total phosphorus load) states of surface waters. 

The application of the developed methodology has proven to be appropriate for the Sutla River Basin 

case study.  

In the future work, the available limited data on river basins related to biological data and climate change 

impact modeling results by the SWAT model (hydrological data, sediment, and nutrient data), will be 

widely presented. On the base of the hydraulic parameters, biotic and abiotic parameters for fish species 

Barbus balcanicus - barbel (bioindicator) it will be able to correct daily stream flow downstream of the 

dam Vonarje and proposed E-flow for the future scenarios for dry and wet period. Using the holistic 

approach, linking hydrological, morphological, and ecological characteristics based on exploring the 

Sutla River and its biological communities, the E-flow for the present status has been defined for the 

profile downstream of the dam [1]. The E-flow for the profile on the Sutla River was defined by linking 

sediment and nutrient pressures, and hydrological, hydraulic, morphological, and ecological 

characteristics based on the research of the Sutla River and its biological communities.  

The consequences of flow regime change are manifold. Related water quantity and water quality 

(ecological and chemical water status) issues can provoke socio-economic and environmental problems 

[5]. In particular, river ecosystem health and the provision of ecosystem services are threatened as 

further modifications of natural flow patterns will make species more vulnerable to extinction. 

Freshwater ecosystems might somehow adapt to the new conditions and probably find a new 

equilibrium. However, Schneider C. et al., 2013 [6] emphasized that, according to ecological impact 

analyses quoted, this will presumably be accompanied by a loss in biodiversity, at which especially 

endangered and specialized species could become extinct or be replaced by invasive species. At some 

point, thresholds could be crossed with unforeseeable consequences for mankind as presented in the 

paper by Jenkins M., 2003 [7]. In the paper, Schneider C. et al., 2013 [6] show that the need for E-flow 

actions is further increasing under climate change, and various effects of climate change need to be 

considered. To reduce further stress on river ecosystems, it is necessary to involve adaptive E-flow 

management. 
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5 Conclusion 

The application of the developed methodology, presented in this paper, has proven to be appropriate for 

the Sutla River Basin case study. This method enables broader acquisition of basic knowledge, which 

includes natural processes and sources of pollution, analysis of the eutrophication process, and 

decreasing the risk of eutrophication by selecting the optimal set of mitigation measures. The presented 

research suggests the necessity of a holistic approach to E-flow assessment under the impacts of climate 

change as an additional measure of WFD. The holistic approach defines the E-flow for a profile on the 

Sutla River by linking hydrological, morphological, and ecological characteristics based on the 

exploration of the Sutla River and its biological communities, which makes this research unique. The 

full implementation of a holistic approach to the E-flow definition requires the enhancement of 

exploratory hydrological and biological monitoring that enables the use of habitat modeling. The 

environmental objectives of WFD achievement must be guaranteed by appropriate flow, sediment 

regime, and hydromorphology.  

The presented research contributes to the knowledge and understanding of climate change impacts using 

long-term predictions of eight future climate change scenarios with six models and six different RCMs 

at the level of local river basin quantity (river flow) and quality (sediment load, total nitrogen load, and 

total phosphorus load) states of surface waters. The detailed research of the proposed methodology for 

E-flow assessment downstream of the Sutla River dam under the climate change impact, according to 

average monthly and annual seasonal values for flow, sediment, total N, and total P with IHAs and 

biological indicators, which presented in this paper gives a new E -flow holistic assessment under 

climate change impact.  

The shortcomings/uncertainties of this research are the absence of an adequate monitoring system and 

limited data in the river basin. The implementation of the E-flow of the proper monitoring system is the 

recommendation for policymakers and stakeholders.  
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TESTING THE PARAMETERS OF TWO-DIMENSIONAL HORIZONTAL DISPERSION 

PHENOMENON IN THE COASTAL ZONE 
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1 Abstract 

The paper analyzes the numerical solution of the two-dimensional dispersion equations in the coastal 

zone for the dispersion coefficients adopted for the gradient and drift velocity profiles. And then it was 

assessed how it affects the final result. The research was carried out in the Bay of Puck (part of the Gulf 

of Gdansk in the southern Baltic Sea). It is a shallow bay with an average depth of 3 m, with numerous 

shoals, no deeper than 1 m. The mouth of the largest stream - Gizdepka - was selected for analysis. 

 

Keywords: coastal waters, migration of pollutants in water, two-dimensional dispersion, mass 

dispersion, dispersion coefficients 

2 Introduction  

Environmental pollution is becoming one of the pressing issue of the coming times. It occurs mainly as 

a result of increased human activity. Transport of pollutants with flowing waters is one of the most 

common processes in the natural environment. Pollutants are washed out of catchment areas into 

watercourses and then migrate with the flowing water to the seas and oceans. Physical processes (or 

rather transformations) refer to changes in physical properties associated with the state of fragmentation 

of a given substance. 

In general, this process is described by a system of differential equations, including the continuity 

equation, dynamic equations (Reynolds - because it practically always concerns turbulent flow), 

pollutant transport equations and equations of state (e.g. [1]). They are mathematically and physically 

complex. For these reasons, simplified models are of great importance. For the problem of pollutant 

migration in the coastal zone analyzed in this paper, a two-dimensional model is particularly useful 

because the velocity and concentration profile is vertically averaged. The final form of the two-

dimensional planar contaminant migration equations is given below. 
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Figure 1. Vertical velocity profile: a) for gradient flow, b) for drift flow, where u [m/s] is the velocity which 

which varies from 0 to U, and h [m] is the depth, which varies from 0 to H. 

 

 

a) b) 
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When we discuss about flows in the coastal zone, there are two general types of profiles: 

– gradient profile – when the flow is caused mainly by the component of gravity and/or by variable 

external pressure; the vertical distribution of horizontal velocity is exponential and the function 

describing it is convex (in the mathematical sense) - Fig.1a; 

– drift profile – when the main driving force of the flow are shear stresses acting on the free surface; the 

basic case here is the movement of water caused by wind; the velocity profile in such a situation is rather 

diverse and similar to the concave function - Fig.1b. This also applies to cases where reverse currents 

are seen at the bottom, as in estuaries. The drift current in deeper water bodies disappears and changes 

direction with depth, so it is appropriate to think/consider before using the vertically averaged velocity 

model in this situation (see, for instance, the Ekman spiral). On the other hand, this might make sense 

for shallow coastal waters where the water layer's thickness does not surpass that of the Ekman layer 

([2]), this could make sense. 

The mass dispersion of the solute is a compromise between the appropriateness of using average velocity 

distributions and the tendency to take into account the impact of the actual differentiation of these 

distributions. Generally, three methods were commonly used to estimate dispersion coefficients: 

theoretical analysis, measurements of velocity distributions, and traditional tracer studies. A quantitative 

model of this process was first presented by Taylor ([3], [4]). As is known, the methods for determining 

mass dispersion coefficients refer to one-dimensional shear flow in a pipe. Subsequently, Aris [5] 

presented a theoretical analysis based on the mass concentration moment method, which was extended 

to generalized theoretical dispersion studies ([6], [7]). 

In recent years, numerous field studies have been conducted ([8], [9], [10], [11], [12]) in which this 

method was used to determine the dispersion coefficients with retrieval velocity distribution data. 

Another method for calculating two-dimensional dispersion parameters is a method based on measuring 

the concentration distribution of the mass of a non-degradable solute, in which either the previously 

mentioned method of moments or tracer survey tracing techniques are applied to the measured 

concentration distribution curves ([13]). The method of moments has often been used to calculate 

transverse dispersion coefficients from tracer studies that were performed under steady-state conditions 

([14], [15], [16], [17], [18]). 

3 Methods 

3.1 Analytical study 

For the problem of pollutant migration in the coastal zone analyzed in this paper, a two-dimensional 

model is particularly useful because the velocity and concentration profile is vertically averaged. This 

equation can be written in the following form [13]: 
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where: x [m], y [m], t [s] - independent variables (spatial and time), h [m] – depth, c  [kg/m3]– depth-

averaged concentration, yx uu ,  [m/s] – depth-averaged components of the velocity vector, Dxx, Dxy, Dyx, 

Dyy [m2/s] – coordinates of the dispersion tensor D: 
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Due to the transverse isotropy of the dispersion process, the Dij coefficients are expressed by local 

dispersion coefficients along the direction of velocity DL [m2/s] (longitudinal dispersion coefficient) and 

in the direction perpendicular to it DT [m2/s] (transverse dispersion coefficient): 
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where nx [/] and ny [/] are the coordinates of the n vector - cosines of the velocity vector u: 
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The velocity field is determined from the fluid dynamics equations, with several versions available. 

The idea of solute mass dispersion is a compromise between the appropriateness of using average 

velocity distributions and the tendency to take consider the impact of the actual differentiation of these 

distributions. We owe a quantitative model of this process to Taylor ([3], [4]). In practice, for the free-

surface flows in the coastal zone that interest us here, so the DL and DT coefficients are determined 

according to the classical proposal [19]: 

 

*,93,5 huDL = *23,0 huDT =
 (5) 

 

where u* [m/s] – shear velocity, which can be related to the bottom stress τd [N/m2] and density ρ [kg/m3] 

or to the average velocity u and drag coefficient Cd [/] or using Manning’s equation: 
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 (6) 

 

where g [m/s2] is acceleration due to gravity, n [s/m1/3] is Manning’s roughness coefficient. 

Dependencies (6) were derived for a regular open riverbed. In actuality, the constant multipliers in these 

formulas depend on the particular case and range from 30 to 3000 (for DL) and 0.15 to 3 (for DT) when 

other conditions of pollution propagation are taken into account (e.g., estuary sections of rivers or coastal 

zone) and the shape of the bottom system becomes more complicated ([18]). Often, these multipliers are 

identified based on observations of the considered system, but their values depend on the shape of the 

vertical velocity profile. 

3.1.1 Determination of the dispersion coefficient for gradient flow 

The procedure proposed by Taylor [4] and the chosen kinds of the velocity profile enable derivation of 

the coefficients on demand by means of some rather standard mathematical operations. For this reason 

in this paper only the final results are presented. 

For gradient type profile: 

 
u = h1/k (7) 

 

where: u is one-dimensional velocity and k = kG is natural number. Its graph (Fig.1a) is convex up with 

respect to the transitional line u =h (i.e. when kG = 1). It seems ([20]), that as a basic version one should 

assume, that kG = 7 (known velocity distribution, called “1/7 profile”). Coefficient of longitudinal 

dispersion for the gradient type flow DLG can be calculated from the following equation [4]: 
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3.1.2 Determination of the dispersion coefficient for drift flow 

For drift type profile (k = kD – natural number): 

 
u = hk (9) 

 

(with convex down graph – Fig.1b). When one hasn’t closer information about the shape of this line, 

making use of the turbulent Couette flow ([21]) it is reasonable to assume, that kD = 5. Coefficient of 

longitudinal dispersion for the drift type flow DLD can be calculated from the following equation [4]: 
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3.2 Model of velocity distribution 

For the velocity distribution was used Ekman model. This model is recommended for shallow sea waters 

[22]. In this model, the components of the water velocity vector field are calculated based on the wind 

speed: 

 
5.05.1

10
0106.0 −= hwu  (11) 

 

where: u = (ux, uy) [m/s] – two-dimensional vector of surface water velocity (towards the wind), w = 

(wx, wy) [m/s] – two-dimensional vector of wind velocity at a height of 10 m, x,y – space coordinates. 

By applying Eq.11, the steady water velocity distribution for given wind conditions can be calculated. 

3.3 Study site 

The research was carried out in the Gulf of Gdansk. Particularly convenient in terms of the conditions 

of the two-dimensional model is its part, namely the Bay of Puck. The Bay of Puck is the western branch 

of the Gulf of Gdansk in the southern Baltic Sea, separated from the open sea by the Hel Peninsula. It 

is a shallow bay with an average depth of 3 m, with numerous shoals, no deeper than 1 m. The waters 

of several agricultural or urban-agricultural streams and rivers flow into the Bay of Puck. The most 

important is Gizdepka. A mathematical model of coastal waters in the area of the Bay of Puck was made 

(Fig.3). 

 
 

 

Figure 2. Study site. 
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3.4 Meteorological conditions 

The hydrodynamic conditions in the Gulf of Gdansk depend largely on meteorological conditions, 

mainly on the direction and speed of the wind. For the purpose of this study, meteorological data from 

the last 15 years were analyzed from a meteorological station located in Gdansk, near the analyzed area. 

The average wind speed of 5 m/s was used for calculations. 

3.5 Numerical study 

Original programs were used for doing mathematical modelling ([23], [24]). The partial differential 

equation must be solved in order to solve the equations for shallow water flow and solute mass transport. 

In this project, will be used the Finite Volume Method (FVM) [25], and a continuous area (domain) of 

the solution was discretized and covered with a mesh of triangular elements (Fig.3). Applied to solve 

the unsteady equation, the FVM refers to physical conservation laws on the level of control volumes. 

This can be described by the homogeneous hyperbolic equation [25]: 

 

0=++
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where: U – is vector of dynamic variables, F – is mass and momentum flux vector, S – is vector of 

source elements. As a result of the integration of Eq.12 in each finite volume i and the application of the 

Gauss-Ostrogradski theorem, we get the equation: 
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where: Ai, Li – is area [m2] and length [m] of the edge of the cell i, n [/] – is unit vector (directional). 

 

 

Figure 3. Adopted mathematical model of coastal waters of the analyzed area. 

 

In the method of integrating Eq.13, it was assumed that the control area is the equivalent of a grid cell. 

This approach means that the values of components of the velocity vector u are given in grid points and 

the functions of concentration c located in the central points of cells are unknown (Fig.4). The 

calculation of intermediate values positioned between grid nodes (which are needed in determining the 

value of fluxes by individual cell edges) was determined by averaging the neighboring values. This 

approach was applied to the functions of concentration c, depth h and velocity vector components ux 
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and uy.  

 
 

 

Figure 4. Discretization of the domain into two-dimensional triangular cells and adoption of the parameters of 

the models used in the numerical solution. 

 

 

 

 
Figure 5. Numerical calculations of the spread of the pollutant flux for the DLG dispersion coefficient and wind 

from SE direction. 
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Figure 6. Numerical calculations of the spread of the pollutant flux for the DLD dispersion coefficient and wind 

from SE direction. 

 

 

 
Figure 7. Numerical calculations of the spread of the pollutant flux for the DLG dispersion coefficient and wind 

from NW direction. 

N

S

N
W

S
E

W E

N
E

S
W

N

S

N
W

S
E

W E

N
E

S
W



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

157 
 

 

 

 

 
Figure 8. Numerical calculations of the spread of the pollutant flux for the DLD dispersion coefficient and wind 

from NW direction. 

 

4 Results and discussion 

The calculations were carried out for 2 wind condition scenarios resulting from meteorological data and 

the shape of the Bay: wind from the northwest (NW) and southeast (SE) by 5 m/s. The selection of 

scenarios was made taking into account the most unfavorable conditions in terms of pollutant migration 

towards the nearest protected areas. The shape of the bay with respect to the wind direction (for this 

reason the scenario for NW and SE wind were adopted) were taken into account. The calculations were 

carried out until the pollution distribution was established, but no longer than 24 hours. A gradient and 

drift velocity distribution was assumed for each scenario. Then, the longitudinal dispersion coefficient 

was calculated for both profiles. For depth h = 1 m and n = 0.01, the velocity modulus values were equal 

to 0.12 m/s (Eq.11), DLG = 0.17 (Eq.8), DLD = 89.94 (Eq.9). The results are presented in Fig.5 (for the 

wind from NW, for DLG) and in Fig.6 (for the wind from NW, for DLD), in Fig.7 (for the wind from SE, 

for DLG) and in Fig.8 (for the wind from SE, for DLD). In some cases, the pollutants were "pressed" 

towards the shore, and their range was limited and depend very much on the dispersion coefficient and, 

consequently, on the assumed vertical velocity distribution. The flux of pollutants in the case of a gravity 

profile is compact and pollutes water in a smaller area. In the case of a pollutant flow for a drift profile, 

it spreads over a larger area. Analyzing the case of the Bay of Puck, pollution in the case of a drift profile 

covers almost the entire bay and we observe pressure onto the shore. The adoption of a gradient profile 

does not reveal pressure on the shore. This shows how important a problem is the proper selection of 

dispersion tensor parameters, especially in shallow coastal waters. Dispersion coefficient values that 

work in rivers (even wide ones) may not work in estuarine areas. 
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5 Conclusion 

Analyzing the theoretical and numerical calculations should remember, that the essence of the paper is 

a very simplified methodology of estimation of the longitudinal dispersion coefficient. A very big 

differentiation of these coefficients for the gradient and drift types of flow results from the character and 

shape of the vertical distribution of the horizontal advection velocity. The purpose of the paper was 

formulation of a formally simple, but justified physically, method of determination of these coefficients.  

The proposed relations were derived making use of known Taylor’s procedure, but are based on previous 

papers ([26], [27], [23], [24]). The velocity profiles were described by especially defined equations. 

They enable convenient fitting of the shape of this velocity distribution to the individually considered 

situation (expected or already stated). This is very important because, as the numerical calculations 

included in the work prove, it has a significant impact on the solution and, consequently, it has a 

significant impact on the conclusions drawn from these calculations. This is especially important in 

coastal areas. The adoption of a drift profile in this case may also be dictated by the influence of wind 

or changes in water density in the coastal zone, where river and sea waters mix. 

The results for drift coefficients presented in the paper are consistent with the general shape of the solute 

distribution similar to that observed in the coastal zone [28, 29]. 
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1 Abstract  

Currently in Serbia, the E-761 highway is under construction which route stretches along the West 

Morava valley in Western Serbia and crosses several torrential watercourses among which is 

the Toponička River, very specific due to its geomorphological characteristics. In this paper, the flood 

flows regime of the Toponička River is analysed for three approaches related to different terrain models 

and basin areas delineation. The analyses result in computational flow hydrographs. All hydrological 

models were conducted using the HEC-HMS v 4.11 software. According to presented results it showed 

that the designed route of the motorway E-761 could present, conditionally speaking “dam” for runoff 

from the Toponička river basin and changes its direction that moves laterally (left and right) to 

accumulate along the length of the structure within whole basin. 

 

Keywords: heavy rainfall, flood water regime, man-made impacts, hydrograph, HEC-HMS 

2 Introduction  

The June 2023 witnessed extremely heavy rainfall events, a heavy stormy period in the Central and East 

Europe. There was also an extreme stormy period in Serbia. Short duration storms caused floods on 

torrential watercourses, which spilled out their minor riverbed and flooded agriculture fields and urban 

areas and caused enormous damage on the infrastructure, objects and land, resulting in human lives lost 

as well. In 52 municipalities (out of total 198 municipalities in Serbia) the state of emergency was 

proclaimed, while in the other 40 municipalities the state was very close to proclaim emergency. All 

torrential watercourses in the region had much greater flow rates than the minor riverbed capacity and 

they flooded surrounding area. 

 

The Toponička River flows southerly downstream of the regional road 187 and intersects the E-761 

highway, which is under construction, at km 40+500. Just before the flood event in June 2023 the 

Toponička riverbed was in a very bad condition. Nowadays, in addition to the low and tall vegetation, 

there is also a lot of debris and waste in the riverbed of the Toponička River, which is most noticeable 

at the downstream part of the stream. At the station about 1,200 m upstream of its confluence with the 

West Morava, the riverbed is completely filled with debris, waste and mud [1]. 

 

In this paper, the computational floods of Toponička River basin are estimated based on the design 

storms in HEC-HMS v 4.11 software. This model was applied to three basin models created on different 

approaches. The first approach refers to the delineation of the basin using digital terrain model (DEM) 

and topographic maps. The second approach takes into account all the sub-basins obtained based on 

consideration of the water pathways. Finally, the third access overlooks the Toponička River basin to 

the E-761 highway route. 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

161 
 

 

 

3 Methods 

3.1 Study area and input data 

The Toponička River is the left tributary of the West Morava River (Figure 1). 

 

 
Figure 1. The Toponička River Basin with considered precipitation stations and Thiessen polygons [1] 

 

Flood hydrograph assessment depends on whether hydrological measurements are available on a given 

river or not and is usually based on the event modelling, when the interception and evapotranspiration 

can be neglected in comparison to runoff during a relatively short time of simulation [2]. The Toponička 

River basin is ungauged and the hydrographs are estimated according to precipitation data from Republic 

Hydro Meteorological Service (RHMS) of Serbia. 

 

The rainfall data submitted from the RHMS of Serbia for the 2 precipitation stations (PS) in the region 

have been used to estimate the flood peak values, observed yearly maximum of daily precipitation sum 

(YMDP) at the PS Kruševac and PS Godačica presented with blue dots in Figure 1. 

 

Table 1 presents theoretical values of daily precipitation maxima. 

 
Table 1. Theoretical values of daily precipitation maxima at selected PS 

PRECIPITATION 

STATION 

ALTITUDE 

(M.A.S.L) 

HDAY,1% 

(MM) 

HDAY,2% 

(MM) 

HDAY,5% 

(MM) 

HDAY,10% 

(MM) 

PERIOD DISTRIBUTION 

LAW 

Kruševac 166 82 74.86 65.33 57.97 1961-2022 Gumbel 

Godačica 295 96.7 87.62 75.51 66.15 1961-2021 Gumbel 

 

Thiessen polygons were created. Polygons are area-based weighting scheme that assumes the 

precipitation measured at the gauge to be constant in the area associated with that gauge (Figure 1). 

 

The rain duration-depth-occurrence probability curves are taken from PS Kruševac which also 

represents the main precipitation station (MPS) with continually records of rain depth. According to 

them the reduction curve was constructed (Figure 2) like it was explained in Section 3.2. This curve 

enables the approximation of short duration rainfall. 
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Figure 2. The reduction curve of MPS Kruševac 

 

3.2 HEC-HMS Modelling 

The way of simulating the runoff process with a mathematical model depends on the problem we need 

to solve. Three main components of the rainfall–runoff simulation for computational flood estimation 

in small river basins model should be defined first: basin model, meteorological model and control 

specifications. The basin model represents the basin characteristics and the methods of computing 

different basin processes, meteorological model describes the precipitation input and the methods for 

calculating snow melt and evapotranspiration, and the control specifications define the modelling time 

frame and time step [2]. 

 

The first step in HEC-HMS model development was terrain pre-processing which results in 

development of additional grid and vector datasets that describe drainage pattern of the basin and allows 

for stream and sub basin delineation. HEC-HMS pre-processes the digital elevation model (DEM), in 

this case the EU-DEM was used, which represents surface model (DSM) of EEA member and 

cooperating countries representing the first surface as illuminated by the sensors.  

 

Subsequently, the following steps were applied [3]: 

 

Reconditioning and pre-processing sinks: The Pre-processing Sinks step creates a depression less 

DEM. This step helps to assure that positive drainage will occur throughout the basin. The results of this 

step need to be scrutinized since large depressed areas may in fact exist and may influence the amount 

of runoff to a given location. 

 

Preprocess Drainage: This step consists of Flow Direction Creation and Flow Accumulation Creation. 

The Flow Direction step (Figure 3) creates a flow direction grid by determining the direction of steepest 

descent for each cell. This step essentially creates the flow paths. 

 

The Flow Accumulation step (Figure 4) determines the number of upstream grid cells flowing to a given 

grid cell. By knowing the size of the grid cell (which is constant for a given study) and the number of 

grid cells flowing to any point, the drainage area to that point is computed by multiplying the number 

of contributing grid cells and the cell size. 
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Figure 3. Flow Direction Figure 4. Flow Accumulation 

 

Stream Identification: This step identifies the stream segments (links between tributary junctions) using 

the flow direction (Figure 5). 

 

Elements delineation: In this sub-basin drainage areas are created according to user defined Break 

Points. Each stream can have its own drainage area (Figure 5). 

 

 
Figure 5. Stream Identification and Elements delineation in HEC-HMS model 

 

The second step is associated with flood flow estimation which depends on data availability, size and 

quality. 

 

So far, there is no standardized methodology for assessing floods on the hydrological ungagged basins 

in Serbia. In nowadays hydrologic practice is the most often combination of methods for assessing flood 

flows is synthetic unit hydrograph and SCS-CN method for separation of the effective from total 

precipitation. Usually attention is paid to relations between geomorphology characteristics of the basin 

and elements of synthetic unit hydrograph: effective rainfall duration (tk), lag time (tp), time of 

concentration (Tc), time to peak of hydrograph (Tp), recession time (Tr), time base (Tb) and peak 

discharge of unit hydrograph (qmax) [4]. 
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Based on measured rainfall, synthetic unit hydrograph is constructed in HEC-HMS. The most commonly 

used hydrograph type for ungauged basins is dimensionless triangular unit hydrograph. 

Starting from the basic equations of the triangular hydrograph method, the maximum hydrograph 

ordinate- hydrograph peak is: 

B

ef

B

ef

T

AP

T

AP
Q


=


=

56.02
max  (1) 

or flood flow hydrograph ordinate with probability of occurrence p (%) is determined by expression: 

 

max,max qPQ pef =  (2) 

 

where:   

• Pef – effective rainfall;  

• qmax – peak discharge of synthetic unit hydrograph which is determined by equation: 

 

( )( )kp ttk

A
q

5.01

56.0
max

++


=  (3) 

 

where: 
• A – basin area (km2);  
• k – ratio of time to peak to recession time;  

• tp – lag time (h);  

• tk – applicable effective rainfall duration (h). 

 

 

Time to peak (Tp) can be expressed in terms of basin lag time (tp): 

 

kp ttTp 5.0+=  (4) 

 

Time at the end of recession of triangular hydrograph is pTTr 67.1= , so that the total time base is 

pB TT 67.2= . 

 

Lag time is usually defined as the time from the centroid of rainfall to the hydrograph peak. Lindsley, 

Kohler and Paulhus [5] proposed the following formula: 
 

n
c
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s

LL
Ct 










=  (5) 

where: 

• Ct – basin storage coefficient based on regional analysis of separated unit hydrographs 

(1.4 to 1.7 for distances in kilometers);  
• L – the main stream distance from the divide to outlet (km); 
• Lc – the main stream distance from the outlet to a point opposite to the basin centroid 

(km); 
• s – weighted channel slope (%). 

According to research results in Kolubara River basin in the north-western part of Serbia for seven 

basins, the following formula is defined by Janković [6]:  
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Later, based on research in the basins of rivers Vučica, Mirna and Topčiderska, Jovanović and Brajković 

suggested the value of Ct=0.65 [7]. 

 

Due to many factors that are present at each basin, the best way to apply such formulas is to derive 

coefficients from gauged streams or field studies results.  

 

Theoretical values of rainfall depth: Since unstudied area are relatively small, rainfall events that cause 

flood flows, especially flash floods, usually have durations ranging from few minutes to a few hours. 

Precipitation station (PS) network is relatively dense (in Serbia), but most rain gauges record daily 

accumulation of precipitation. The rain duration-depth-occurrence probability curves are available at 

rain gauge stations that continually record rain depth. These are main precipitation stations (MPS). The 

curves are usually taken from the nearest MPS to studied outlet or basin gravity centre, and rainfall 

depth for the storm duration less than one day is determined from [8]: 

 

pdaypp
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p
p HorH
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   (7) 

 

where: 
 

• pdayH ,  – theoretical values of maximum daily rainfall for probability p of occurrence on 

the studied basin; 
• pH ,  – theoretical values of rain of short duration τ for the probability of occurrence p 

on the studied basin; 
• p,  – ordinate of reduction curve for high intensity storms. 

 

Effective rainfall (Pef) is obtained using well known equations [9]: 

 

( )
dH

dH
P

CN
d

p

p
pef

8.0

2.0

4.2510
1000

,

2
,

,
+

−
=









−=




 (8) 

 

where: 
  

• d – runoff loss (mm); 
• CN – curve number was estimated taking into account hydrologic, soil conditions and land 

use types (the CORINE land cover maps 2018) [10]. 

 

The third step is referred to model calibration. Since this is hydrological ungauged basin, the model 

was calibrated based on the regional distribution of specific runoff and hydrograph parameters for the 

probability of occurrence of 1% and 2% in the entire basin of the Western Morava [11]. 

4 Results and discussion 

Hydrological analyses were conducted for 3 approaches: 

1. The Toponička River Basin was delineated according to Digital Elevation Model (EU-DEM) 

25 m and topographic maps (the 1:25,000 – scale) (Figures 6 and 7); 

2. The Toponička River Basin was divided into five sub basins according to Copernicus EU-DEM 

25 m and terrain survey (Figure 9); 

3. The Toponička River basin was divided based to the highway E-761 route (Figure 10). 

As it is presented at Figure 6, the design floods for the highway facilities design approved by RHMS of 
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Serbia are defined due to the Toponička River basin area delineated to its crossing with highway 

according to topographic maps (green line). The DEM shows the basin area was delineated to the 

confluence with West Morava with basin area of 20 km2 (Figure 7). This approach was used to calibrate 

the model parameters as emphasized in Section 3.2. 

 

  
Figure 6. The Topographic map with 

Toponička River Basin delineation 

and E-761 highway route 

Figure 7. The Toponička River basin 

 

The calibration of the model was preformed due to regional analysis of the specific runoff of the West 

Morava River basin. The numeric results of calibration are presented in Table 2. Circled in purple at 

Figure 8 are points representing the specific runoff values of probabilities of occurrence p=1% and 

p=2%, which the RHMS of Serbia issued for the purposes of designing facilities within the motorway 

E-761 shown also in Table 2. Circled in maroon are modelled points in HEC-HMS software. The 

presented graph shows good fit modelled to proposed values. 

 

 
Figure 8. The specific runoff in the West Morava River basin 
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According to second approach (Figure 9) the Toponička river basin was divided in five subbasins. It can 

be seen that levees in the lower part of the basin (on the south of the regional road 187) represent in 

some way a barrier for the inflow of water to the Toponička River and affect the formation of two 

secondary streams (subbasins 2 and 3). Outflow of subbasin 2 inflows the Toponička River at the north 

of subbasin 4 and outflow of subbasin 3 enters the Toponička River at the north of subbasin 5. 

After construction of the part of highway E-761 its route crosses subbasin 1, subbasin 2 and subbasin 3 

(Figure 10). This affects the runoff from subbasins 2 and 3, while the water from subbasin 1 flows 

smoothly due to the designed bridge at the intersection with the highway. 

 

  
Figure 9. The Toponička River subbasins Figure 10. The Toponička River basins  

with highway E-761 

 

The results of implemented procedures for flood flow estimation for p=1% and p=2% probabilities of 

occurrence are shown in Table 2. 

 
Table 2. The results of rainfall-runoff modelling in HEC-HMS 

PARAMETER 
A 

(km2) 

L 

(km) 

LC 

(km) 

S 

(%) 
HC CN K 

tP 

(h) 

Q1% 

(m3/s) 

q1% 

(m3/s/km2) 

Q2% 

(m3/s) 

q2% 

(m3/s/km2) 

APPROACH 1 

HEC-HMS 20.1 11.67 5.53 0.78 B 86.76 1.21 3.67 46.5 2.32 40.39 2.01 

RHMZ 11.3        32.1 2.84 28 2.48 

APPROACH 2 

Subbasin 1 9.96 9.625 5.595 1.11 B 84.1 1.12 3.215 24.62 2.47 21.13 9.96 

Subbasin 2 4.29 4.684 3.043 0.73 B 88.8 1.04 2.125 17.56 4.09 15.3 4.29 

Subbasin 3 4.81 5.359 2.575 0.43 B 89.71 1.05 2.315 19.1 3.97 16.7 4.81 

Subbasin 4 0.164 0.633 0.211 0.18 B 89.79 1 0.489 1.94 11.81 1.85 0.164 

Subbasin 5 0.864 2.742 1.265 0.14 B 90.98 1.01 1.709 4.74 5.49 4.17 0.864 

APPROACH 3 

Subbasin 1H 9.448 7.9 4.07 1.5 B 83.73 1.11 2.513 27.87 2.95 23.85 2.52 

Subbasin 2H 3.763 3.237 1.678 1.29 B 88.78 1.03 1.338 22.07 5.87 19.23 5.11 

Subbasin 3H 1.608 1.74 0.816 2.81 B 87.5 1.015 0.705 13.6 8.46 11.78 7.33 

 

In order to present graphically the results of the simulation in the HEC-HMS and the impact of the 

E−761 highway on the runoff conditions in the Toponička river basin, Figure 10 shows theoretical 

hydrographs for all three approaches for 1% probability of occurrence. 
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Figure 11. The Toponička River flood hydrographs for 1% probability of occurence 

 

The data presented in Table 3 show the volume balance of the constructed hydrographs for the 

occurrence probabilities of 1% and 2%. It can be concluded that the data show that the presented 

highway impact simulation approaches are consistent and numerically give good agreement of the 

results. The highway is a “dam” that retains about 70% of the total runoff from the basin. 

 
Table 3. Water balance according to flood hydrographs volumes 

BASIN PROBABILITY 
Q1% Q2% 

W (m3) W (m3) 

TOPONIČKA _BASIN (APPROACH 1) 886342 769051 

SB1 434369 372795 

SB2 186362 162469 

SB3 218288 190859 

SB4 5682 4920 

SB5 41486 36497 

SUM (APPROACH 2) 886187 767540 

SB1H 409800 350690 

SB2H 163304 142281 

SB3H 65595 56859 

SUM H (APPROACH 3) 638699 549830 

5 Conclusion 

The main goal of this paper is to show, through hydrological analysis, the influence of the highway 

E−761 under construction on flood flows in the Toponička river basin. 

Models were created in the HEC-HMS software based on three approaches that were formed according 

to the method of the basin area delineation (Section 3.2), and the simulation results are explained in 

detail in Section 4. 

It can be concluded that defined approaches to the calculation of flood flows give a good balance 

agreement (Table 3), so that the physical sense of the models that simulate real processes is confirmed 

in this way. The results show that 70% of the runoff is formed north of the highway (Table 3) and that 

it is necessary to pay special attention to the surface water drainage design concept in the area of the E-

761 highway within the area of the Toponička river basin. 
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1 Abstract 

Adaptation to climate change is vital for water management. Reservoirs play crucial role in storing water 

during dry spells and controlling floods. The Water Management Plan for the Czech Republic designated 

appropriate areas for surface water accumulation. In 2011, only a few areas from this list were selected 

in the Master Plan "Localities for Accumulation of Surface Waters." From this Master Plan, six 

reservoirs in the Morava river basin for more detailed technical solutions. These new reservoirs would 

provide a secured take-off of 2.5 m³/s, hydropower output of 510 kW and a good flood attenuation effect. 

 

Keywords: climate change, protected locality for water storage, water management planning, water 

reservoir, dam. 

2 Introduction  

Current climate changes are expected to affect water resources, temperatures, and the frequency of 

natural extremes. To maintain a favourable water balance, measures must be implemented directly in 

the river catchments. One of the technical adaptation strategies is to build new water reservoirs. 

However, to realistically assess the effectiveness of these measures and their interrelationships, 

integrated tools capable to accurately quantifying the water balance in the hydrological catchment area 

are required. 

Water management plans have been developed since the early days of water usage. With the growth of 

industry and increased water demands, systematic planning became more widespread. Between 1949 

and 1953, the Water management plan (WMP) of the Czechoslovak Republic was created, identifying 

581 potential dam sites [1]. In 1975, the update of the WMP was published, providing a more detailed 

assessment of the selected 581 dam sites. It also included an evaluation of the expected development of 

water needs and a detailed evaluation of the water management balance, which is directly related to the 

design of new reservoirs. The adoption of the Directive 2000/60/EC [2] of the European parliament and 

of the council established a framework for Community action in the field of water policy and was an 

impulse for new Czech legislation. This Directive emphasized sustainable water management practices 

and the protection of water resources. Based on the aforementioned Directive [2] was created River 

Basin District Management Plan (DMP) [3], where the number of locations was reduced to 186. 

In 2011 the Ministry of Agriculture and the Ministry of Environment issued the General Plan for Areas 

Protected for Surface Water Accumulation and Basic Principles for Utilizing These Areas (LASW) [4]. 

However, this LASW listed only 65 selected sites. During an update in 2020 after the dry spell, the 

number of selected reservoirs increased to 86 [4]. Table  1 contains an overview of the number of 

reservoirs according to individual river basins in Czech Republic. It can be seen that the number of 

protected localities for the surface water accumulation fluctuated over time and after a long-term dry 

spell in 2018 and 2019 was increased again. This increase reflects the growing recognition of the need 

for enhanced reliability of water sources in response to changing climate conditions. 
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Table  1. The numbers of protected localities 
River basin WMP 1975 WMP 2000 LASW 2011 LASW 2020 

VLTAVA 145 60 23 28 

LABE 99 34 13 14 

OHŘE 46 16 6 9 

MORAVA 122 64 20 30 

ODER 45 12 3 5 

TOTAL 457 186 65 86 

 

Both WMP and LASW contain basic information about individual protected sites, including brief 

description, maps with outlines of the sites and classification according to the purpose of the scheme. 

The localities were selected based on their geomorphological, geological, and hydrological suitability 

for surface water accumulation. Many locations have undergone optimization of their parameters during 

planning (such as extent of the reservoir area or dam location) to minimize possible potential conflicts.  

 This paper is focused on expanding the water management and technical concept of potential reservoirs. 

Six potential reservoirs in the Morava river basin was selected - Borovnice, Kuřimské Jestřabí, 

Vysočany, Brodce, Plaveč and Bělkovice. The localities of the reservoirs are show in Chyba! Nenašiel s

a žiaden zdroj odkazov..  
Figure  2. Location of selected reservoirs 

3 Methods 

The evaluation of the suitability of the planned reservoirs is a complex process that involves numerous 

aspects, including technical, engineering, environmental, and social factors. Potential function of 

reservoirs includes water supply function, maintaining minimum discharges downstream of dams, flood 

attenuation and additional benefits such as hydropower generation, recreation, etc. 

For each locality, the solution consisted in the following steps: 

- analysis of available documents: information taken from WMP and LASW, engineering geology 

(geological a hydrogeological maps, database of boreholes), hydrological data, land use, 

environmental issues and other, 

- dam site specification (location of the dam axis, dam type and height), 

- basic characteristics of the scheme (reservoir volume, extent of the reservoir area, storage-area-

elevation dependence, minimum residual flow), 
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- hydraulic calculations (bottom outlets, spillway), 

- reservoir water management (storage characteristics, water balance, flood attenuation, estimate 

of hydropower output), 

- concept of operation rules for the scheme. 

In the following text methodology is always described in general and demonstrated on the example of 

the Bělkovice reservoir. 

3.1 Analysis of available documents 

The primary source of information is the WMP and the LASW. Based on these documents, a concept 

for the hydraulic scheme has been proposed, including its purpose, hydrological characteristics, basic 

parameters of the dam and the reservoir. 

For potential reservoirs preliminary engineering geological survey is available including mapping of 

mineral deposits.  

Important information is also obtained from geological map, hydrogeological map, map of landslides, 

mining maps, land use, maps of natural conditions, protected areas etc. 

Current data on flow rates in the local streams, precipitation and temperatures in the area of interest are 

provided by the relevant River Basin Authority or the Czech Hydrometeorological Institute.  

An essential component is also the on-site survey, which complements and refines the available data.  

3.2 Dam site specification 

The axis of the dam has been already proposed in the initial concept (WMP, LASW) however, it had to 

be adjusted to accommodate more suitable foundation conditions or spatial arrangements. Once the 

precise location of the dam was determined, the elevation of the dam crest, the elevation of the spillway 

crest and the corresponding reservoir area were established. 

The type of the dam was chosen based on foundation conditions derived from preliminary geological 

surveys and also based on the available material nearby. For such large structures, it is advisable 

to choose material sources as close as possible for easy transport and coordination. 

The height of the dam depends on the geomorphological conditions of the valley and on the requirements 

on the storage volume. The most efficient solution regarding water volume, reservoir area, dam height, 

and limiting factors such as built-up areas was taken into account. To determine the elevation of the dam 

crest, it is essential to consider the effect of wind waves as specified by the Czech Technical Standard 

ČSN 75 0255 [10]. 

In the case of Bělkovice reservoir the catchment area is about 47.3 km2. An embankment dam with a 

central clayey core has been considered. The dam's axis is located at the narrowest valley profile, 

considering suitable foundation conditions and potential locations for appurtenant works and operational 

buildings, which serve as technical facilities. The proposed dam height of 106 m allows to sufficiently 

use of the entire area of the valley.  

3.3 Basic characteristics of the scheme 

After determining the axis of the dam, the type and height of the dam, basic characteristics of the 

reservoir, i.e., the storage-area-elevation dependence were determined. For the evaluation, the 5th 

Generation Digital Terrain Model (DMR 5G) [5], provided by the State Administration of Surveying 

and Cadastre, was utilized. The storage-area-elevation dependence was quantified using AutoCAD and 

Civil 3D software [6]. 

According to the purpose of the scheme, individual storages and their volumes were derived from the 

storage-elevation dependence (see section 3.5). 

The minimum residual flow (MRF) was determined according to the guidelines of the Ministry of the 

Environment and new methodologies for regional division in the Czech Republic [7, 8]. For Trusovický 

stream, the MRF is 0.051 m3/s. 

A harmless flow rate was established based on the channel capacity downstream of the reservoir. The 

capacity of the stream was taken from the declared flood zone [9]. The capacity of Trusovický stream 

is about 20 m3/s. 
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The division of the reservoir storage into individual storages (active, flood control, etc.) was based on 

the main function. Of the scheme for water supply function, attention was paid to the largest possible 

storage volume. In each reservoir there is a mandatory permanent storage due to consideration 

of ecological, hygienic and aesthetic aspects, taking into account the delay time and limitations for 

heating water in reservoir. In the case of the flood attenuation flood control storage was defined too.  

As an example, the reservoir area and storage-area-elevation curves for Bělkovice are shown in Chyba! N

enašiel sa žiaden zdroj odkazov.. It can be seen that the Bělkovice reservoir, with the dam height 106 

m, can provide an active storage of 50 mil. m3. The total volume of the reservoir amounts to 

approximately 55 mil. m3. 
Figure 2. Bělkovice scheme – reservoir area (left) and storage-area-elevation curves (right) 

3.4 Hydraulic calculations 

The appurtenant works consist of spillway, bottom outlets, water supply piping and small hydropower 

plant (SHP). 

The spillway is designed to handle the design flood Q1000, with subsequent evaluation for the check flood 

corresponding to Q10 000. For the Bělkovice reservoir the spillway was considered as a lateral spillway 

located at the left abutment, the weir crest is 31 m long. 

The capacity of the bottom outlets was designed as a harmless flow rate. The outlet pipe consists of an 

inlet, an inlet piece, pipe equipped with an inspection entrance, operational non-regulating and 

regulatory valves. Bottom outlets are used for water manipulation in standard mode. Bottom outlets 

consist of a pair of pipes with a diameter of 1.1 m and a total capacity of 20 m³/s. Their approximate 

length is 920 m. 

Water supply will be provided by a combined intake facility within the reservoir area. In the lower 

section of the tower, there is an inlet leading to the bottom outlets. The water supply intakes will be 

located at the different levels, to enable take-off providing the best water quality.  

The hydroelectric potential of the scheme cannot be overlooked, particularly utilizing the MRF 

throughout the year. The SHP can be installed on the bottom outlets or have its own inlet. In the case 

of the Bělkovice reservoir, potential hydropower output can be 35 kW. 

3.5 Reservoir water management 

Before proceeding with the actual water management solution, fundamental principles have been 

established. Whether an initially full or empty reservoir is considered. The priority is to secure MRF 

and water take-off for water supply. The water supply discharges and the values of their prescribed 
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reliability were derived from the classification of the reservoirs according to the criteria of the Czech 

Technical Standard ČSN 75 2405 [11]. 

The water management solution was implemented by simulating reservoir operation over a sufficiently 

long period using time series of average daily discharge. Based on these data, an assessment of water 

supply reliability was conducted regarding the duration and the volume of undelivered water. The 

calculation includes approximate evaporation from the reservoir derived from [11]. It was established 

that the minimal residual flow and water supply take-off had equal priority according to [11].  

The calculation was performed using a custom-purpose application in Visual Basic (MS Excel). 

An example of the reservoir management using 42 years long time serie at the Bělkovice profile is in 

Figure 22. The period starting in 1980 is crucial for specifying the operation rules. Figure 22 shows how 

the water level in the reservoir changes over time depending on the inflow and take-off from 

the reservoir.  

Figure 3. Water management solution for reliability level 98.5 % for Bělkovice reservoir 

 

The reliability of the water supply is defined using [11]. The reliability pd of the take-off discharge from 

reservoir with respect to the duration holds: 

 

𝑝𝑑 = 
𝑚𝑑−0.3

𝑛𝑑+0.4
∙ 100,     (1) 

 

where md represents the number of days that satisfy the required discharge, nd is total number of days in 

the serie.  

The reliability pv by delivered volume holds: 

 

𝑝𝑣 = 
𝑚𝑣

𝑛𝑣
∙ 100,      (2) 

 

 

Figure 22. Water management solution for reliability level 98.5 % for Bělkovice reservoir 
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where mv is delivered water volume and nv is the total volume required discharge for water supply. 

 

The analysis was performed for given active storage volume with the aim to determine discharge-

reliability dependence. Chyba! Nenašiel sa žiaden zdroj odkazov. shows the dependence between the t

ake-off and its reliability for the Bělkovice reservoir.  

Figure 4. Reliability of the take-off discharge for Bělkovice reservoir 

 

For the designed spillway the flood attenuation effect was determined by flood routing throught 

the reserovir.  

The input for the calculation included the flood hydrograph, as well as the characteristics of the reservoir 

and the rating curves of appurtenant works (outlets, spillway). Chyba! Nenašiel sa žiaden zdroj o

dkazov. shows flood routing for 100 and 1000-year hydrographs. An inflow to the reservoir has to be 

primarily discharged through bottom outlets up to their maximum capacity. After the water rises in the 

reservoir, the flow is diverted by the spillway accompanied by gradual closing the bottom outlet to 

maintain harmless discharge as long as possible. 
  

Figure 5. Flood rating for 100 and 1000-year hydrographes for Bělkovice reservoir 

3.6 The concept of operation rules for the scheme 

The water management and manipulation at the scheme must be carried out in a way that under normal 

circumstances and operational conditions, the purpose of the water structure is a priority, and the 

reservoir level is primarily maintained within the full storage capacity. 

The permanent storage must remain permanently filled. The water level at active storage is governed by 

the inflow conditions and water take-off. Redundant water outflow via bottom outlets is not allowed. In 

the active storage the aim is to secure minimum residual flow and water supply discharges. The flood 

control storage is filled only during the passage of floods when the capacity of bottom outlets is 
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exceeded.  

4 Results and discussion 

In the Table  3, the summary of characteristics for 6 selected hydraulic schemes is provided. These 

include information about the reservoir volumes, the reliability of take-off discharges, hydropower 

outputs, flood attenuation effect, etc. 
Table  3. Basic characteristics of the schemes 

Dam Borovnice 
Kuřimské 

Jestřabí 
Vysočany Brodce Plaveč Bělkovice Total 

River Svratka Libochovka Želetavka Brtnice Jevišovka 
Trusovický 

stream 
- 

Catchment area [km2] 115.70 114.41 369.40 59.71 290.02 47.28 996.52 

Permanent storage 

volume [mil. m3] 
1.60 0.70 1.78 1.09 0.95 3.38 9.50 

Active storage volume  

[mil. m3] 
7.30 15.53 19.28 7.18 6.45 49.99 105.73 

Flood control storage 

volume [mil. m3] 
1.5 1.44 3.23 0.70 1.20 1.41 9.48 

Total volume  

[mil. m3] 
10.40 17.67 24.29 8.97 8.60 54.78 124.71 

Dam height [m] 23.00 46.50 44.60 23.80 25.00 106.00 - 

Required water supply 

reliability [%] 
98.50 98.50 98.50 98.50 95.00 98.50 - 

Reliability take-off 

discharge [m3/s] 
0.650 0.400 0.567 0.265 0.200 0.370 2.452 

Hydropower output 

 [kW] 
100 120 187 42 27 35 511 

Transformation of peak flood discharge inflow/outflow 

Q100 [m3/s] 89/78 66/50 78/48 33/23.50 54/50.22 44.70/30.73 - 

Q1000 [m3/s] 171/158 115/96 135/107 66.70/52.7 119/112.1 67.20/57.83 - 

5 Conclusion 

A comprehensive evaluation was conducted for six selected reservoirs in the Morava river basin. 

Overall, these schemes provide an active storage volume of more than 105 mil. m3, primarily intended 

for water supply with high reliability, with total amount of almost 2.5 m3/s. 

Additionally, all identified reservoirs boast the capacity to maintain 100% MRF downstream of the dam, 

ensuring ecological balance. Furthermore, these reservoirs offer certain prospects for hydropower 

generation. 

The locations of the proposed schemes are chosen in areas with minimal environmental and social 

conflicts. Restrictions on nature and landscape are limited to necessary extents to ensure the crucial 

water supply function of the reservoirs. When considering the future water supply function of reservoirs, 

it is prudent to specify the area to which water will be supplied and delineate the requirements for its 

quantity and quality more closely. This detailed specification will ensure alignment with anticipated 

demand and regulatory standards. 

Possible conflicts were evaluated, and extended characteristics of the reservoirs were delineated 

to provide a clearer understanding of the potential benefits in case of the construction of dams. 

Reservoirs are a crucial element for the planning adaptation measures as underground water resources 

decline, and these strategic sites for obtaining drinking water are essential.  

For a more precise determination of all dam and reservoir parameters, it is advisable to further expand 

the engineering geological survey and the overall site survey. 
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1 Abstract 

The mineral water in the Spa Teplice on Bečva springs into the Bečva river bed out of the hypogenic 

karst formed by Paleozoic limestones. Recently the focus on the hydrological and hydrogeological 

conditions of the mineral springs issues from the planning of the Skalička dam whose reservoir is 

believed to be interconnected with the karstic formation and may influence the regime of mineral waters. 

One of the related particular problems is to determine the discharge of the rising mineral water which 

springs into the Bečva river in the vicinity of the Spa Teplice on Bečva. For the estimate of the natural 

yield of the thermal water several methods were applied. One of them was hydrometric measurements 

by the classical current meter and measurements using the ADCP (acoustic Doppler current profiler). 

Several problems appeared during the evaluation of measured data. 

 

Keywords: hydrometry, mineral water recharge, ADCP, seepage.  

 

2 Introduction  

The paper deals with assessment of mineral water springs in the area of the Teplice Spa on the Bečva 

River in the Czech Republic. The mineral water springs in the area origins in the karst structures formed 

by Paleozoic limestones [1]. One of the particular problems is to determine the discharge of the mineral 

water which springs into the Bečva river in the vicinity of the spa Teplice on Bečva. The objective of 

the work was to estimate the natural yield of mineral water within the area of the spa Teplice upon 

Bečva. One of the methods to estimate thermal water yield was discharge measurement along the river 

reach with documented thermal water discharge. To measure discharge in an open channel the standard 

hydrometry is used. The procedure of measurement is declared by [2] and [3]. The second regularly 

used hydrometric method is Acoustic Doppler Current Profiler (ADCP) [4] to [6], which is proved to be 

fast and efficient and applicable for measurement in shallow channel flow [5]. To verify obtained values 

of mineral water discharge an approach based on monitoring of the mineral water and flow in the karstic 

system was used [7], [8]. Three intake wells with continuous monitoring were selected as representative 

for the estimation of upward flow. 

The area of interest is located in the area of the Teplice Spa on the Bečva River in the eastern part of the 

Czech Republic (Figure 1). 

mailto:jaromir.riha@vut.cz
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Figure 1. Study area location 

 

 

Figure 2. Location of gauging profiles and example of zone of mineral water springs into the Bečva river 

 

The determination of the flow conditions and the assessment of the magnitude of the upward mineral 

water flow were carried out on the 750 m long reach of the Bečva River in the area of the Teplice Spa 

(TS), approximately from kilometre 40,600 to 41,350.  

The karst layer is mostly overlaid by relatively impermeable paleozoic greywackes and tertiary 

claystones. Partly is overlaid by Quaternary layers of fluvial material of the Bečva river (sandy gravels 

and fluvial silts). Warm karst mineral waters spring up within the erosional base formed here by the 

river Bečva. Therefore, the springs are scattered and it is not possible to search for a specific spring. 

the Hranice Abyss 

the Zbrasov 
aragonite cave 

Spa Teplice nad Becvou 
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Monitoring campaigns of mineral water springs in the area have been done in different locations. Long-

term monitoring at the intake wells of the spa, in the Hranice Abby (HA), Zbrasov Aragonite Caves 

(ZAC) is supplemented with water level and discharge monitoring of the Bečva river at gauging station 

Teplice nad Becvou. The springs of mineral water to the Bečva River can be documented visually at 

number of zones in the river or by thermo monitoring of the river reach during cold seasons (see 

Figure 2). 

3 Methods 

Two methods were applied for the analysis of the yield of thermal water in the locality of the Teplice 

Spa. The analysis was based on discharge measurements with current meter, with acoustic Doppler 

current profiler and the evaluation of continuous measurements of the water level in the boreholes 

located in the area of interest. 

In Figure 2 the profiles in which the hydrometric measurements were carried out are shown in red. In 

profiles PF1 to PF4, measurements were made using the ADCP method, in PF1 and PF3 were also 

measurements made with a hydrometric propeller (HMP). Profiles signed with “a” were used as 

additional control profiles. Additionally, electrical conductivity (conductometry) was measured in all 

hydrometric profiles and in profiles PF1a and PF2a. However, it is not further discussed in the paper. 

The evaluation considered the hydraulic interaction of the Bečva River with the surrounding structures, 

represented on the left bank by the mineral water intakes of the TS and the ZAC complex, and on the 

right bank by the intakes from the Quaternary aquifer and the HA. 

The methods used to analyse the yield of thermal water to the Bečva River at TS sit were based on the 

following approaches: 

• discharge measurements in two variants: 

o with current meter - hydrometric propeller (HMP), 

o with acoustic Doppler current profiler (ADCP), 

• the evaluation of continuous measurements of the mineral water level (MWL) in the boreholes 

located at the area of interest. 

Long-term monitoring of groundwater levels in extraction and observation wells was also available. In 

the area of the TS, a number of wells have been drilled into the subsoil and have shown increased 

mineralisation of the water. The results of monitoring in wells R-I, R-II, R-III, HV-301, D-II, ST6, 

located in the spa area, show that the water level in the wells is practically always higher than the level 

in Bečva. This indicates possible the drainage effect of the Bečva River. 

3.1 Current measuring by the propeller 

Applied mechanical current meter is based on counting the rotations of a propeller. Depending on the 

instantaneous flow, the point velocities were measured in the number of verticals according to [3]. The 

distribution of verticals was carried out uniformly over the entire width of the channel at an equidistant 

span of 1 m. At the banks, the verticals were placed at a distance of about 0.5 m from the bank. Water 

depth measurements were made by a propeller post with a support head at the lower end. The accuracy 

of the depth measurements was approximately 1 cm. The number of measurement points per vertical 

was determined according to [3]. Due to the different flow conditions (depth, velocity), three propellers 

with diameters of 30 mm, 45 mm and 50 mm were used.  

Four hydrometric measurements were carried from July to August 2020. In some cases, it can be noted 

that the flow conditions were partially variable during the measurement with variation of the water level 

up to 5 cm in the profile during the measurement.  

When determining the value of the upward flow, the influence of the non-stationarity of the flow in the 

Bečva river had to be taken into account by "adjusting" the difference in the measurements in the "upper" 

(u) and "lower" (l) profile. The upward flow (QUF) to the Bečva River was determined as the difference 

of the flows determined by hydrometric measurements in the subsequent profiles (QHu and QHl) reduced 

by the difference of the flows read at the gauging station at the time of the measurements in the individual 

profiles (QGSu and QGSl). The value of total upward flow determined from hydrometric measurements 
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QUFH was calculated by the relation: 

𝑄𝑈𝐹𝐻 = (𝑄𝐻𝑢 − 𝑄𝐻𝑙) − (𝑄𝐺𝑆𝑢 − 𝑄𝐺𝑆𝑙), (1) 

where QHu is the discharge in the upper profile, QHl is the discharge in the lower profile, QGSu and QGSl 

are the discharges recorded at GS at the time of measurement in the upper and lower profiles.  

3.2 Acoustic Doppler Current Profiler  

ADCP contains piezoelectric transducers to transmit and receive sound signals. The traveling time of 

sound waves gives an estimate of the distance. The frequency shift of the echo is proportional to the 

water velocity along the acoustic path. Further components of an ADCP are an electronic amplifier, a 

receiver, a clock to measure the traveling time, a temperature sensor, positioning system and for this 

study purposes also conductivity sensor. The ADCP was used to measure the total water discharge. 

The ADCP measurements were made using a measuring device mounted on a plastic float that was 

pulled across the flow on a rope. Several measurements (three or four) were always taken in one profile 

in immediate succession. The resulting discharge was determined by averaging obtained values of flow 

in a given profile and time. The observed relative deviations of velocities in the profile are used to 

estimate the measurement error and the reliability of the obtained discharge value. 

The measurements were always started at the upstream end and then the device was pulled downstream. 

More detailed discharge determinations were made in each predefined profile (Figure 2).  

3.3 Ground water level monitoring 

It can be assumed that the upward flow is influenced by the flow conditions in the Bečva River, which 

is represented by water level on the gauging station Teplice nad Bečvou. Three boreholes with 

continuous monitoring were selected as representative for the estimation of upward flow (Figure 2). 

Two boreholes are 60.4 and 67.5 m deep, excavated to the limestone. One borehole is just 7.7 m deep 

and is excavated in valley gravels. 

The characteristic periods of groundwater level monitoring were chosen with respect to the available 

measurements. The level in the Bečva river was taken from the gauging station in Teplice and from the 

calibrated stream flow model. 

 
Figure 3. Scheme of upper flow (mineral water discharge) estimation 

 

In terms of Figure 3, the hydraulic gradient of the upward flow is determined from:  

𝐽 =
𝑈𝐵−𝑈𝐵𝑅

𝐵𝐵𝑅−𝐿𝐵
, (2) 

where UB upper level in borehole, UBR upper level in the Bečva river, LB lower level in borehole, BBR 

bottom level in the Bečva river, 
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𝑞𝑈𝐹 = 𝑘 ∙
𝑈𝐵−𝑈𝐵𝑅

𝐵𝐵𝑅−𝐿𝐵
, (3) 

where k is the hydraulic conductivity. 

The estimation of the total upward flow rate based on monitoring of boreholes was determined by: 

QUFB = qUF . AUF  (4) 

where AUF is the considered discharge area. 

4 Results and discussion 

Hydrometric measurements were carried out in 4 campaigns. The values of the discharge were 

determined by both methods (HMP and ADCP) in the four profiles (see Figure 2). Figure 4 shows the 

values obtained in comparison with the average flow recorded at the time of measurement at the Teplice 

Spa gauging station. It can be seen that the hydrometric values are systematically 10 to 15% higher than 

those obtained at the Teplice Spa gauging station. During first campaign there were unsteady flow 

conditions with fluctuation +/- 3,5 m3/s. 

A certain problem is the accuracy of the GS level readings (+/- 1 cm), which corresponds to a flow 

increment of about 100 - 300 l/s. Therefore, when evaluating the measured flow rates to determine the 

magnitude of the mineral water inflow according to relation (1), the flow rates read from the GS were 

refined by observing the change in the water level during the measurement process using the fitted 

control points, to an accuracy of 1 mm. Measured values are presented in Figure 4. The values of the 

determined QUFH are presented in Table 1 below. 

 
Figure 4. Results of individual flow measurements 

 

As mentioned above, hydrometric measurements with the propeller were carried out in four campaigns. 

Table 1 shows only three of them with steady or slightly unsteady flow conditions The evaluated profiles 

were PF1 and PF3.  
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Tabule 1. Discharges determined by hydrometric propeller 

 

The approach based on data on the level and flow of mineral water in the karst system at the monitoring 

and intake wells. The upward flow was linked to measurements in wells ST6, R-I, and D-II for individual 

effluence areas labelled 1 to 3 (Figure 2). Corresponding zones and wells are Zone1 – ST6, Zone2 – R-

I, Zone3 – D-II. The upward flow for each particular effluence area was calculated using relations (3) 

to (5) based on water level measured in the boreholes and in the Bečva river. All flow rates are related 

to the water level at the gauging station. An example of the relationship between the upward flow and 

the water level of the Bečva River (GS) is shown in Figure 9 for the borehole R-I. An estimate of the 

total upward flow consisting of single values for each effluence zone is given in Figure 10. 

The upward flow was tied to measurements in wells ST6, R-I, and D-II for individual spill locations 

labelled 1 through 3 (Figure 2). The upward flow at the respective site (borehole) was made for the 

individual measured water level conditions in the boreholes and in the Bečva using relations (2) to (4). 

All flow rates are related to the Bečva level on the limnigraph. An example of the relationship between 

the upward flow and the level of the Bečva is shown in Figure 5 for the borehole R-I. An estimate of the 

total upward flow versus the Bečva level is given in Figure 6. 

 

 
Figure 5. Relationship between upward flow rate and Bečva level for well R-I 

  

Date Profile Flow Regime 
Measured Discharge 

[m3/s] 

Discharge In GS 

[m3/s] 

Spring Discharge  

[m3/s] 

8.7.2020 
PF 1 

Steady 
9.18 8.07 0.270 

PF 3 9.46   

23.7.2020 
PF 1 

Steady 
5.85 4.56 0.140 

PF 3 5.99   

12.8.2020 
PF 1 

Unsteady 
3.99 2.92 0.090 

PF 3 4.19 3.03  
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Figure 6. Estimation of the total upward flow depending on the level of the Bečva River 

5 Conclusion 

The results are evaluated by comparing the total upward flow rates determined by each independent 

method, i.e. hydrometry by propeller and ADCPand borehole measurements. 

The results show reasonable agreement in the derived flow rates which ranges between 0.09 nad 0.27 

m3/s. At higher flow rates the differences in obtained values of QUF increase, which is probably due to 

the limited accuracy of each method. At significantly high flow rates, the results of hydrometry are 

baised due to measurement , which may exceed the values of the upward flows. The error rate may also 

increase due to changes in hydrodynamic conditions during measurement. In the case of measurements 

in boreholes, the estimation of flows can only be considered applicable within the range of the measured 

data. The results may include errors due to change in saturation rate of CO2 which influnces density of 

water along the length (depth) of borehole. 

Each of the methods used is subject to a degree of uncertainty. These include partial uncertainties in the 

hydrometric measurements and issues of the effect of pumping from individual wells. Additional 

uncertainties arise from the hydrology of the catchment and infiltration areas. Increased flow in the 

Bečva river may in some cases be caused by precipitation in a distant area, which does not affect the 

infiltration areas of the limestone aquifer. In other cases, the increased flow in the river may be 

accompanied by a significant impact on the infiltration areas. The uncertainty of the results obtained 

also comes from the actual measurements in the boreholes and the measurements of the flows in the 

Bečva river, where 1 cm difference in the level represents a change of flow up to 0.5 m3/s for higher 

water levels.  

It can be concluded that the upward flow rate varies approximately between 50 – 300 l/s. The absolute 

deviation in the values of the upward flows obtained by the various methods is around 20 l/s for low 

flows in the Bečva, and up to 50 l/s for higher flows and practically corresponds to the uncertainties in 

their determination. 
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1 Abstract  

In this paper, a framework for estimating local scour around bridges was established by performing a 

statistical analysis of historical annual maximum discharge in combination with a Monte Carlo 

simulation. First, different univariate probability distributions of the historical annual maximum 

discharge data were tested with several goodness-of-fit tests to reduce the uncertainties associated with 

the different factors influencing scour behaviour. Subsequently, a Monte Carlo simulation was used to 

generate a larger data set of annual maxima based on the fitted distribution and its parameters, which is 

later used as input to a previously developed HEC-RAS model of the study area and to evaluate the 

uncertainties associated with the number of Monte Carlo simulations for the input data of the HEC-RAS 

model The research methodology was demonstrated using a case study of a bridge in Zagreb, Croatia). 

 

Keywords: flood, bridge, local scour, Monte Carlo, HEC-RAS, R3PEAT 

2 Introduction  

Morphodynamic changes in the riverbed as a result of extreme flood events can lead to scouring around 

bridge piers [1], which impairs the stability of the bridge and is one of the main reasons for bridge failure 

[2]. Different types of scour like general, contraction and local scour [3] are described in literature [4, 

5]. Local scour displaces sediments around a pier or abutment [6] and is driven by the downward flow 

at the upstream face, which generates vortices at the riverbed base [7]. At the stagnation point, where 

the approach flow velocity at the pier face decreases and pressure increases, the downflow rapidly 

intensifies resulting in sediment scour [3].  

Given the significant impact of local scour on bridge stability, an accurate assessment of the hydraulic 

parameters and the associated uncertainties is crucial for reliable scour prediction. The local scour is 

presented in literature as a function of flow and bed material characteristics, fluid properties, sediment 

bed, pier and footing geometry [4, 5]. Considering the hydraulic characteristics of the river reach and 

the geometry of the bridge, the relationship between discharge and hydraulic parameters can be 

calculated with a hydraulic model (e.g., HEC-RAS [8]) by performing simulations for different 

parameters within the desired range to simulate the effects of the uncertainty of the hydraulic model 

parameters [9]. Parameter uncertainty can be taken into account with an analytical method by applying 

mathematical assumptions to simply explain a problem, approximate methods where the approximations 

of output random variables are used, and the Monte Carlo method [10], in which a series of samples are 

generated for the hydraulic parameters based on an assumed probability distribution and a hydraulic 

analysis is performed for each sample [11]. The Monte Carlo Method addresses parameter uncertainty 

in hydraulic modelling by allowing for the consideration of random variables with diverse distributions 

and nonlinear performance functions. However, the approach requires a large number of simulations to 

accurately approximate the performance functions and their probability distributions, which can be 

computationally demanding and impractical for complex models with many variables [12]. 
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Incorporating Monte Carlo simulations in HEC-RAS models for scour calculation has been conducted 

in previous studies with tools developed for this purpose, but the tool enabled limited number of tested 

distributions [13]. These types of analyses, which take into account uncertainty in the hydrologic input, 

hydraulic parameters, and model uncertainty, serve as input for risk and reliability analyses, where an 

appropriate number of simulations (i.e., realizations) need to be tested [13, 14]. 

This paper presents a framework for estimating local scour around bridges, with a focus on dealing with 

the uncertainties in the input parameters of the hydraulic model by utilizing a statistical analysis on the 

Manning’s coefficient values, historical annual maximum discharges and energy slope values coupled 

with Monte Carlo simulations. The aim of this study is to evaluate the uncertainties associated with the 

number of Monte Carlo simulations for the input data of the HEC-RAS model that is used for the 

calculation of the local scour around bridge located on the Sava River. The analysis is conducted to 

complement the ongoing research of the relationship between climate change indicators, flood wave 

characteristics and scour development next to the bridges crossing large rivers in Croatia with installed 

scour countermeasures within the R3PEAT project (Remote Real-time Riprap Protection Erosion 

AssessmenT on large rivers). 

3 Methods 

3.1 Study area and data 

The Sava River is a major drainage basin and the longest right tributary of the Danube at approximately 

990 km that significantly contributes to its flow. It originates from Slovenia flowing through Croatia, 

Bosnia and Herzegovina, and Serbia, where it joins the Danube in Belgrade. Its hydrological regime 

transitions from Alpine nival-pluvial upstream to Peripannonian and Pannonian pluvial-nival 

downstream near Jasenovac [15, 16]. Research on the Croatian section of the Sava, particularly at the 

Zagreb gauging station focuses on flood changes influenced by engineering works as a part of the flood 

protection system of Zagreb [17–21], as well as discharge regime under the influence of climate change 

[22]. A preliminary analysis for estimating local scour around bridges was conducted by performing a 

statistical analysis of historical annual maximum (AM) discharges in combination with a Monte Carlo 

approach on the Zagreb gauging station for the period from 1972 to 2009 (Figure 1). The input for the 

analysis was daily discharge data provided by the Croatian Meteorological and Hydrological Service 

(DHMZ) resulting in total of 38 AM discharge values. Additionally, we used a previously developed 

and calibrated HEC-RAS model [23] based on the geometry of control cross-section profiles from 

Podsused GS (rkm 717+200) to Zagreb GS (rkm 702+800). The Manning coefficient for the model was 

calculated ( 

Table 2) as a function of discharge data for each simulation, ranging from 0.016 to 0.031, and used for 

the calibration of the mentioned HEC-RAS model for specific boundary conditions. The corresponding 

energy slope values of the calibrated HEC-RAS model are used as a basis for fitting a log-normal 

probability distribution on which a number of Monte Carlo simulations (MCS) were applied to 

reconstruct full dataset. 
 

Table 2. Selected values of the Manning's coefficient for corresponding discharge values  

 

Q[m3/s] 2129.4 2159.1 2181.6 2201.5 2227 2237.2 2263.7 2277.3 2283.5 2296 

n 0.0312 0.0292 0.0276 0.0263 0.0253 0.0246 0.024 0.0236 0.0234 0.0232 

Q [m3/s] 2315 2324.7 2331.2 2350.9 2360.5 2372.9 2376.9 2384.5 2392 2403.7 

n 0.023 0.0229 0.0227 0.0224 0.0219 0.0213 0.0204 0.0193 0.0178 0.016 
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Figure 23. Map with location of bridge and gauging station Zagreb on the Sava River section in Croatia  

 

3.2 Statistical analysis of discharge data 

The statistical analysis of discharge data was conducted on the daily time step. An annual maxima 

method was performed to extract annual peaks, resulting in 38 values (Table 3). Six probability 

distributions (Gumbel, Log-Normal, Pearson Type III, Log Pearson Type III, Generalized Extreme 

Value, and Generalized Logistic) were then fitted to the peak discharge data using the method of L-

moments [24]. Goodness-of-fit tests, including Anderson-Darling and Kolmogorov-Smirnov tests, are 

performed together with the Root Mean Square Error (RMSE) statistics to assess the suitability of these 

distributions.  

 
Table 3. Annual peak discharge values for the AM method 

Year 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 

Q [m3/s] 1941 2140 2406 1722 1422 1477 1089 2192 1941 1016 1676 1259 1372 

Year 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 

Q [m3/s] 1413 1159 1443 982 1419 2070 1940 1551 1947 1025 1174 1561 1505 

Year 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 
 

Q [m3/s] 2394 1258 1903 1482 1179 980 1743 1518 1824 1624 1706 1821 
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3.3 Monte Carlo Simulation 

Generally, the basis of the Monte Carlo simulation method relies on generating random samples that 

follow the distribution of the random variables relevant to the problem. For estimation of the probability 

of failure, the system's response is computed for each set of randomly generated variables. It was 

introduced [25] as a method that involves sampling across the entire space of possibilities [26] and 

generates random samples according to the statistical distribution functions of different random 

variables.  

In this analysis, the MCS method was introduced to generate a large number of synthetic annual 

maximum discharge values based on the parameters of the best-fit probability distribution and the values 

for the energy slope based on the parameters of the fitted distribution. 11 different MC simulations 

ranging from 10 to 20000 number of simulations were conducted in order to prepare sets of input data 

for the HEC-RAS model.  

3.4 Hydrodynamic Modelling with HEC-RAS 

In order to accurately represent the hydrodynamic conditions of the part of the Sava River designated as 

the study area, a previously developed HEC-RAS model was calibrated using the hydrological data from 

the nearest gauging stations. The geometry of the model is based on the control cross-section profiles 

from the Podsused gauging station (rkm 717+200) to the Zagreb gauging station (rkm 702+800). The 

calibration process involved fine-tuning the model parameters to match the observed water surface 

profiles and discharge characteristics and to ensure the reliability of the model in simulating real 

conditions. Manning coefficient and energy slope were interpolated between observed and simulated 

data. Using the calibrated HEC-RAS model, 11 different simulations were performed with the set of 

maximum values per simulation from the synthetic annual maximum discharge data, the discharge-

Manning coefficient relationship was calculated and the water level data that was generated for each 

simulation based on discharge, Manning and energy slope data generated by Monte Carlo simulations. 

The simulations were performed with input data based on the number of simulations of the MCS method 

- 10, 100, 300, 500, 1000, 3000, 5000, 10000, 13000, 15000 and 20000, respectively. The aim of these 

simulations was to calculate the parameters for the empirical equation that was later used to estimate the 

local scour depth. 

3.5 Local Scour Prediction 

The local scour depth around bridge piers was estimated using an empirical equation (Eq. (3)) calculated 

based on the Federal Highway Administration’s (FHWA) HEC-18 [27]. The inputs for this empirical 

equation included the hydraulic data simulated using the HEC-RAS model, such as flow velocities, 

Froude number and average depth of flow directly upstream of the pier, along with specific bridge pier 

characteristics like pier width, shape, and orientation. These factors were estimated for the case study 

bridge using the historic bathymetry and flow data. The equation integrates these factors to predict the 

potential maximum scour depth at each pier location. 

 

𝑦𝑠𝑐𝑜𝑢𝑟 = 2 ∙ 𝜆𝑚𝑓 ∙ 𝑦0 ∙  𝐾1 ∙  𝐾2 ∙  𝐾3 ∙ (
𝐷

𝑦0
)0.65 ∙ 𝐹𝑟0.43,   (3) 

 

Where 𝑦𝑠𝑐𝑜𝑢𝑟 is scour depth, 𝜆𝑚𝑓 is the modelling factor, 𝑦0 is the depth of flow upstream of the pier, 

K1 is the pier nose shape coefficient, K2 is the angle of attack of flow coefficient, K3 is the bed condition 

coefficient, D is the pier width, and Fr is the Froude number defined as [28]: 

 

𝐹𝑟 =
𝑉

√𝑔∙𝑦0
,      (4) 

 

in which V is the mean flow velocity at the pier and g is the gravitational acceleration. 
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4 Results and discussion 

4.1 Results 

The first step of the preliminary analysis to estimate local scour around bridges by a statistical analysis 

of historical AM discharges in combination with a Monte Carlo approach at the Zagreb gauging station 

for the period from 1972 to 2009 is the fitting of 6 different univariate probability distributions to the 

historical annual maximum discharge data, tested with several goodness-of-fit (GOF) tests to reduce the 

uncertainties associated with the different factors influencing scour behaviour. The results show that the 

generalized extreme value (GEV) distribution for the variable peak discharge fits the data best for all 

tests applied (Figure 2). In addition, a log-normal distribution for the energy slope and a normal 

distribution for the Manning coefficient were fitted to prepare the data for the application of the Monte 

Carlo method (Table 4). 

 

 
 

Figure 24. Example of fitting GEV distribution to the peak discharge variable   

 

MCS method was applied to the variables peak discharge and energy slope for 10, 100, 300, 500, 1000, 

3000, 5000, 10000, 13000, 15000, and 20000 simulations, respectively, based on the parameters of the 

best-fit probability distribution for peak discharge and the log-normal distribution for the energy slope. 

The results of the 11 different simulations were used as input to the HEC-RAS model as the set of 

maximum values per simulation from the synthetic annual maximum discharge data, the Manning 

coefficient data extracted from the discharge-Manning value relationship and the water level data that 

was generated for each simulation based on discharge, Manning and energy slope data generated by 

Monte Carlo simulations.  
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Table 4. Description of the input variables for HEC-RAS, the applied probability distributions and goodness-of-

fit (GOF) tests 

VARIABLE 

STATISTICAL VALUES 

DISTRIBUTION 

GOF TEST 
RMSE 

(m3/s) MEAN 
STANDARD 

DEVIATION 

Anderson - 

Darling 

Kolmogorov - 

Smirnov 

Peak discharge (m3/s) 1586.2 387.6 

Gumbel 0.4455 0.0934 62.85 

Log-Normal 0.2609 0.0788 47.81 

Pearson Type III 0.2086 0.0642 44.05 

Log Pearson Type III 0.2109 0.0640 42.73 

Generalized Extreme Value 0.2039 0.0636 42.68 

Generalized Logistic 0.2951 0.0746 57.10 

Energy slope 0.0003 0.00004 Log-Normal 

Manning’s coefficient 0.0233 0.0035 Normal 

 

 

The results of the HEC-RAS modelling (mean flow velocity (V), depth of the flow upstream (y0)) were 

then used, along with the K1, K2, K3 coefficients (1.0, 1.0, 1.1, respectively) and the pier width 

(D=3.5m), to calculate local scour depth at pier using Eq (3) and Eq (4). The results show (Table 5) the 

statistical parameters (mean and standard deviation) of the input variables for the local scour depth 

equation (Eq (3)) for 11 different Monte Carlo simulations which resulted in a representation of the 

dependence between the number of simulations for mean/standard deviation and local scour 

depthChyba! Nenašiel sa žiaden zdroj odkazov. (Figure 3, Figure 4).  

 
Table 5. Statistical parameters of the input variables for the local scour equation 

VARIABLE 
STATISTICAL 

PARAMETER 

NUMBER OF MONTE CARLO SIMULATIONS 

10 100 300 500 1000 3000 5000 10000 13000 15000 20000 

Flow velocity 

(V) 

Mean (m/s) 2.808 2.812 2.801 2.797 2.796 2.795 2.795 2.795 2.797 2.796 2.797 

Standard deviation 

(m/s) 
0.2826 0.2605 0.2616 0.2626 0.2651 0.2620 0.2631 0.2635 0.2625 0.2628 0.2647 

Minimum (m/s) 2.38 2.24 2.22 2.19 2.20 2.12 2.16 2.16 2.12 2.12 2.13 

Maximum (m/s) 3.38 3.39 3.39 3.39 3.39 3.39 3.39 3.39 3.39 3.39 3.39 

Depth of the 

flow upstream 

(y0) 

Mean (m) 8.153 8.230 8.229 8.228 8.224 8.228 8.228 8.226 8.231 8.230 8.228 

Standard deviation 

(m) 
0.3151 0.3229 0.3129 0.3122 0.2992 0.3092 0.3051 0.3037 0.3075 0.3066 0.3081 

Minimum (m) 7.47 7.46 7.46 7.47 7.47 7.46 7.47 7.46 7.46 7.46 7.46 

Maximum (m) 8.65 8.96 8.92 8.95 8.91 8.93 8.93 8.92 8.94 8.93 8.93 

 

 

 
Figure 25. Number of simulations with mean value for local scour depth 
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Figure 26. Number of simulations with standard deviation for local scour depth 

 

4.2 Discussion 

By performing different simulations with different numbers of simulations of the input data, the study 

provided a data set to be used as input to the empirical equation used to estimate the local scour depth 

at the pier. The analysis preformed showed that a relatively small number of simulations are required 

(e.g. less than 100) for the local scour depth variable at the pier to begin to converge for both the mean 

and standard deviation. 

The integration of statistical analysis, Monte Carlo simulation, and hydrodynamic modelling in this 

study provides a comprehensive approach to account for the effects of uncertainty in the hydraulic model 

parameters when calculating the local scour depth at the bridge pier. The methodology can be adapted 

and applied to other rivers and bridges and provides valuable insights to engineers and researchers 

involved in bridge design and maintenance.  

5 Conclusion 

In this paper a framework for the estimation of local scour around bridges was created, taking into 

account the uncertainties of the hydraulic parameters through a combination of statistical analysis and 

Monte Carlo simulation together with a hydrodynamic model. The Generalized Extreme Value 

distribution was identified as the best fit for historical annual maximum discharge data, and a log-normal 

distribution was fitted for the energy slope. The Monte Carlo simulations generated synthetic data sets 

that were used in HEC-RAS modelling to predict local scour depth at the pier using the HEC-18 

equation. 

The results show that increasing the number of Monte Carlo simulations beyond 100 doesn’t 

significantly improve the reliability and consistency of the estimation of local scour depth at the pier, as 

indicated by a stabilization of the mean value and a reduction in the standard deviation. The case study 

of the Sava River bridge in Zagreb, Croatia, demonstrates the practical application of the framework, 

contributing to the ongoing research on the relationship between climate change indicators, flood wave 

characteristics and scour development. The results underline the importance of considering uncertainties 

in hydraulic modelling and provide a basis for future studies to improve bridge safety and resilience to 

extreme hydrological events. 
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1 Abstract 

In frame of the project ‘Status improvement of wetland of Klátov branch National Nature Reserve 

(NNR)’, financed from the Norwegian financial mechanism, was the task of the Department of 

Hydraulic Engineering as co-researcher partner to find a solution for possible revitalisation of the water 

regime of the more than 30 km long Klátov branch. The Klátov branch was in the beginning of the 20th 

century dammed and thus cut off from the surface water source – the Little Danube. It happened after 

disastrous floods in 1897, and especially in 1899. Since then, the only source for the Klátov branch has 

become groundwater. This has resulted in the water of the Klátov branch being extremely clean with 

high ecological value. As the groundwater level in the area between the Danube and the Little Danube 

has dropped significantly in recent years, the water regime of the Klátov branch has also been affected. 

The paper deals with the hydraulic solution of indirect inflow of surface water from the Little Danube 

with possible infiltration into the Klátov branch. 

 

Keywords: Klátov branch, surface water recharge, infiltration experiment, 2-D mathematical modelling, 

surface and ground water interaction, revitalisation measures 

2 Introduction  

The basis for the solution of our task was the analysis of hydrological, hydropedological, 

hydrogeological, morphological and biological characteristics of the area in Klátov branch NNR, which 

were complemented by own measurements of hydraulic parameters in the flow of the Klátov branch and 

its tributaries. Considering the proposed technical solution of the recharge of the Klátov branch from 

the Little Danube by filtration through the "seepage tanks" in the upper section of the Klátov branch, 

these documents were supplemented by infiltration experiments measuring the intensity of surface water 

seepage into the bedrock of the Klátov branch bed. On this basis the actual system of the seepage 

processing (seepage tanks, large-scale seepage experiment) from the Little Danube water into the Klátov 

branch was designed. 

Another important base for the solution was the digital terrain model taken from the Basic Database for 

Geographical Information System (ZBGIS), which was supplemented within the project by data from 

the detailed digital surveying of the Klátov branch streambed with the related bathymetry 

(measurements of water depths in the Klátov branch). 

These background materials served as input data for the analysis and forecast of the flow and water level 

regime of both surface water in the Klátov branch and groundwater in the immediate vicinity of the 

Klátov branch. After calibration of the 2-D mathematical model of the water level and flow regime in 

the Klátov branch, it was possible to develop several scenarios of water recharge to the Klátov branch 

and related possible morphological modifications of the channel in order to improve the flow velocity 

regime with the aim to set the bed sediments in the stream in motion. The proposed solutions are in line 

with the conclusions of the biological study, which indicated that the revitalisation measures have a high 

potential for improving the ecological status and that restoring the dynamics of the water regime in the 

affected area would mean at least approaching the environmental conditions that existed in the Klátov 

branch before it was cut off from the Little Danube River. 

The Klátov branch is a right-side tributary of the Little Danube. It is often stated that it has no source 

and is not separated from any other stream, it rises from the groundwater behind the village of Orechová 
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Potôň - Lúky, thanks to which it is characterised by a high degree of water purity. This statement is only 

partly true. The original Klátov branch was directly connected to and fed by the Little Danube. The 

actual cutting off of the Klátov branch from the Little Danube was decided after above mentioned 

disastrous Danube floods at the end of the 19th century.  At that time, the territory of the “Tökés Island” 

was threatened by the construction of dykes along the Váh, as a result of which the rising water of the 

Váh River caused the Little Danube to back up, spill over the inadequate dykes of the Klátov branch 

and flood the lower part of the territory of the “Tökés Island”. The closure of the Klátov branch was 

implemented before the First World War, but not to a satisfactory extent. During the war, the flood 

protection work in the adjacent area was completely stopped and it was continued after 1918. 

Figure 1 shows a map of the upper part of the Klátov branch from Orechová Potôň - Lúky to Jahodná 

from 1931, which shows the constructed protective dyke along the Little Danube, to which was 

dedicated the approval protocol from 1925 and which included the closure of the Klátov branch, as well 

[1]. 

 

 
Figure 1. Map of the Klátov branch after the approval of construction works in 1931 (Varga, 2022) 

 

Since this period, the source of water for the Klátovský branch in its upper part has been groundwater 

seepage or precipitation. During the 20th century, the inflow subsidy decreased due to the gradual 

clogging of the Little Danube river bed, into which the former river bed-forming flows have not been 

discharged for a long time, only the controlled stable flow. After the construction of the Gabčíkovo 

hydropower plant (HPP) and its operation start in 1992, this subsidy gradually decreased, mainly as a 

result of the clogging of the Hrušov dam. 

3 Methods 

3.1 The area of interest 

The actual surface water supply to the Klátov branch is provided by the right-side tributary of the Klátov 

channel, which is endowed by the waters of the Little Danube, partly collects seepage waters from the 

north-eastern territory of the upper Rye Island and flows into the Klátov branch in the Danube Klátov 

below the historical mill (rkm 14.020). The most important tributary to the lower part of the Klátov 

branch is the right-side tributary of the primary drainage channel of the SVII drainage system [2]. At 

the same time, it can also be described as the most reliable one, because it is still supplied with water 

from the Gabčíkovo HPP (GHPP) power canal and at the same time it receives the secondary drainage 
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channels AVII, BVII and CVII [3], which are supplied from the left-side seepage channel of the GHPP 

(Figure 2). 

 

 
Figure 2. Illustration of the SVII channel drainage system 

 

The climatic conditions of the Rye Island are determined primarily by geographical factors, i.e. latitude, 

longitude and altitude. This area is one of the warmest in Slovakia, with an average annual temperature 

of 9 °C - 11 °C, where the average annual temperature in January is above -2 °C and the average annual 

temperature in July is above 20 °C. 

The average annual flow of the Danube River in Bratislava in the period from 1931 to 2000 was 2 044 

m3.s-1. The Little Danube is the longest left-side branch of the Danube River, with a flow length of 128 

km. Its average annual flow in recent years was 32.60 m3.s-1 at the Nová Dedinka and 35.10 m3.s-1 at the 

Trstice profile. In addition to the Danube River, the Little Danube also drains water from the south-

eastern slopes of the Little Carpathians. Its largest tributary is the Čierna Voda stream. The Klátov 

branch, which flows into the Little Danube at Topoľníky, also forms part of the catchment area.  

3.2 Conceptual design for the water supply into the Klátov branch 

The pumping of water from the Little Danube and its effluent in the uppermost part of the Klátov branch 

was called – Large scale infiltration experiment [4]. Such an experiment should test the possibility of 

recharging the Klátov branch in an indirect way (by recharging groundwater with subsequent springing 

into the Klátov branch). The task of the large-scale seepage experiment would be not only to supplement 

and verify the conducted "small (point)" seepage experiments, which provide us with information about 

the infiltration capacity of the studied area, but also to determine the exact direction of groundwater 

flow in a relatively small area and also to quantify the seepage quantities. An overview of the location 

of the large-scale seepage is given in Figure 3. 
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Figure 3. Situation of the location of the large infiltration experiment 

 

For better exploration of the uppermost part of the Klátov branch, a local simulation model of surface 

water flow has been developed focusing only on this partial area. The model was used to investigate the 

environmental risks associated with the recharge of the Klátov branch with water from the Little Danube. 

Figure 4 on the left shows a map of depths at a subsidy flow Q = 1 m3.s-1 in the actual terrain [4]. 
 

 
Figure 4. Depth map at flow rate Q=1.0 m3.s-1, actual terrain (left), with dividing barrages (right) 
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To support the surface water infiltration and reduce the flow velocity, which in turn will promote the 

sedimentation processes necessary to maximize the purification/sedimentation of the Little Danube 

water, 3 dividing barrages have been conceptually designed in this part of the Klátov branch (Figure 4, 

right). 

3.3 Water level and velocity regime of the Klátov branch 

The two-dimensional simulation model HEC-RAS 2-D v.6.3 was used to determine the water level 

regime of the Klátov branch section of interest, which was developed mainly for the purpose of use as 

a basic technological tool for planning and analysis of river systems. In addition to the digital terrain 

model and bathymetry, the necessary field measurements of flows and surface water levels in the Klátov 

branch and its tributaries, which were used to calibrate the model itself, are the basis for a well-

constructed simualtion model. These measurements were carried out by the team of the Department of 

Hydraulic Engineering, Faculty of Civil Engineering, STU during the project.  

Measurements of flow quantities were carried out in June 2023 in a total of 6 profiles, 4 of which were 

located directly at the Klátov branch. The locations and results of the measurements are shown in Figure 

5. In addition to the measurement of water levels and discharges, the existing structures were also 

identified and measures, especially the bridges and culverts along the Klátov branch. Some structures 

were not accessible for our personal measurement as they were located in fenced locations. The 

dimensions of such structures were obtained from historical measurements. Total of 22 features 

(including spillways and footbridges) were identified [4].  

After the calibration of the compiled simulationl model, several scenarios of the possibility of improving 

the water flow and level regime, as well as the scenario of a possible hydraulic sediment flushing of the 

Klátov branch were investigated in cooperation with the State Nature Protection organisation (SNP) due 

to the fact that the area is an NNR and dredging of sediments in the stream bed is not permissible. 

The calibration sites were selected from a database of measurements and chosen based on compatibility 

with the numerical model and its computational grid. The results of the individual calibration sites with 

comparison to the simulation for the scenario were included more detailed in "Analysis of the current 

state" [4]. The largest deviation is the difference in levels at the area of the Klátov mill in the vicinity of 

the sluice. The more significant deviation is due to the deformation of the level at the spillway through 

the sluice in combination with the resolution of the computational grid for the purpose of the calculations 

of the whole Klátov branch. 

3.4 Results of numerical modelling – proposal of possible measures to improve the velocity and water 

level regime 

The present condition as a calibration scenario and a baseline for the analysis, as well, is characterized 

by low flows with very low velocities. From the practical point of view of modelling hydrodynamic 

conditions, the Klátov branch has been divided into 3 approximately equal length sections - lower, 

middle and upper. Figure 6 shows the velocity map in the lowest part of the Klátov branch for current 

conditions. 

Due to the limited space, we only present the result of the modelling process, which was implemented 

in cooperation with the Slovak Water Management Enterprise (SWME) staff also within the project. 

This result is the representation of the velocity field change due to the design of the splitting islands in 

the Klátov branch flow over the road bridge in Trhová Hradská village (Figure 7), [4]. 
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Figure 5. Presentation of flow measurement locations for model calibration 

 

 

Figure 6. Map of velocities in the lower section rkm 0.000 – 10.000 of the Klátov branch 
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Figure 7. Comparison of the impact of island design on velocity field and flow separation before (current 

condition, left) and after construction of the island system design 

Unfortunately, the funds in the project were only sufficient to implement one island, which is shown in 

Figure 8. 

 
Figure 8. Presentation of the result of the 2-D modelling of the velocity field after the construction of the island 

in the Klátov branch in Trhová Hradská village 
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4 Conclusion 

The main task of the research team from STU in frame of the NFP project was to create a 2-D simulation 

model of water flow in the Klátov branch in a GIS environment, which was gradually calibrated thanks 

to further field measurements focused on the discharge and water level regime in individual profiles 

along the Klátov branch and its tributaries. On the basis of the modelling, it was possible to develop the 

necessary scenarios of water supply to the Klátov branch and the related possible morphological 

modifications of the channel in order to improve the flow velocity regime in order to set the river bed 

sediments in the stream in motion. The researchers worked closely with the SNP in their preparation 

with respect to the water stream biota.  

The results of the modelled scenarios for the improvement of the flow and water level regime were 

supplemented by the possibilities of determining the impact of the implementation of local directive 

structures or artificial islands, the task of which was to increase the water flow velocity and the 

associated entrainment capacity of sediments and sediment in the channel of the Klátov branch. The best 

proof of the research work evaluation was the implementation of the pilot island and the pilot gravel 

bench into the stream bed in the village of Trhová Hradská. 
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1 Abstract  

Changes in precipitation regime, besides changes in air temperatures, are one of the main climate change 

impacts on a global scale. This paper focuses on precipitation which is the most important and most 

common parameter for any hydrological analysis including drought. Time period of analysis is relatively 

long, between 1951 and 2022. The meteorological stations included in the research were Osijek, Zagreb, 

and Split, representative for the entire country. Annual and seasonal precipitations were analysed by 

Mann-Kendall trend test, innovative trend analysis and risk analysis. 

 

Keywords: Mann-Kendall test, innovative trend analysis, risk analysis, precipitation, Split, Zagreb, 

Osijek  

2 Introduction  

Urbanization, population growth, economic growth and traffic are having permanent and long-lasting 

negative effects on the environment. A great effort of scientists of various expertise are focused on 

predictions, minimizations and possible solutions of climate change impacts. Precipitation is crucial 

component of hydrological cycle and vulnerable on climate change. During longer time periods 

precipitation pattern changes due to different impacts. In the recent time it is mostly due to climate 

change evident in the all parts of the world with stronger or milder intensity. Examining and 

understanding of the temporal variations and distribution in precipitation regime can have a significant 

impact on the amount of water available in a watershed, including extremes. Croatia also facing more 

frequent extreme hydrological events droughts and floods caused by changes in meteorological 

conditions precipitation and air temperature.  

There are great number of research related to this problem on the national, regional, catchment and sub-

catchment levels in Croatia [1-5]. This research of precipitation is focused on data observed on three 

meteorological stations: Osijek, Zagreb and Split (Figure 1). According to Köppen classification of 

climate zones, Osijek and Zagreb belong to the region of temperate humid climate with warm summers 

(Cfb) and Split belongs to region of Mediterranean climate with hot summers (Csa) [6]. Even Osijek 

and Zagreb belong to the same climate zone; they are in different orographic regions which well 

correspond with geographical positions and elevations. 
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Figure 1. Study area 

 

 

Croatia is divided into seven spatial regions by considering annual rainfall variations and the distribution 

of percentiles of daily rainfall [1,2].  Osijek belongs to Region 1 (Eastern mainland). Zagreb to region 

2 (Western mainland) and Split belongs to Region 7 (Central and Southern Adriatic coastal region).  

Period of analysis is between 1951-2022 and monthly data were used.  

 
Table 1. Annual precipitation characteristics of  analysed stations (1951-2022) 

 MEAN (MM) MAX  MIN    ST.DEVIATION 
COEFF. OF 

VARIATION 

OSIJEK 680  1042 (1955) 317 (2000) 134.1 0.197 

ZAGREB 863 1318 (2014) 517(2011) 141.8 0.164 

SPLIT 811 1209 (2014) 487 (1989) 158.6 0.195 

 

 

Previous results reveal mostly weak changes in annual and seasonal amounts in the period 1961-2010. 

The only negative significant trend is detected only for precipitation in mountainous regions [1]. 

More specific characterization of precipitation regime is given in the Table 1. Mean annul precipitation 

generally decreases from west to the east. In each region maximum and minimum values occurred in 

different years, mostly in the 21st century. However annual data show relatively low variability, with 

coefficient of variations between 0.164 and 0.197.  
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Figure 2.  Annual precipitation (1951-2022) for three representative regions in Croatia 

 

Figure 2 presents annual precipitations of the period 1951-2022 observed on three representative 

meteorological stations. In previous research of drought occurrence, precipitation was tested for 

homogeneity using the standard normal homogeneity test (SNHT) on an annual and seasonal basis. On 

an annual basis, there is no inhomogeneity but on the seasonal level there is inhomogeneity only in the 

precipitation record of the Zagreb station during autumn [5]. Further analysis of precipitation by using 

Mann-Kendall test (MKT), Innovative Trend Analysis (ITA) and risk analysis will be given in this 

paper. 

3 Methods 

3.1 Mann-Kendall trend test  

Mann- Kendall trend test is very well known non-parametric test. It was applied in order to determine 

the existence of significant temporal tendencies in the annual or seasonal precipitations [7-10]. The test 

statistics ZMK is described as Eq. (1): 
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where Zc is test statistics which  follows a normal distribution, a positive Zc and a negative Zc depict 

an upward and downwards trend for the period respectively. Each data value is compared with all 

subsequent data values. If a data value from a later time period is higher than a data value from an earlier 

time period, the statistic S is incremented by 1. On the other hand, if the data value from a later time 

period is lower than a data value sampled earlier, S is decremented by 1. The net result of all such 

increments and decrements yields the final value of S. 

Levels of significance are designated by following symbols:  *** if trend at α = 0.001 level of 

significance; ** if trend at α = 0.01 level of significance; * if trend at α = 0.05 level of significance; + if 

trend at α = 0.1 level of significance [11].   

3.2 Innovative trend analysis  

Another methodology applied in this research is more recent [12,13]. Innovative trend analysis (ITA) is 

developed by Şen (2012) and it is based on subsections of time series plots derived from a given time 
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series on a Cartesian coordinate system. In this way, if there is no trend in time series subsections appear 

along the 45° straight line. Increasing or decreasing trends appear in upper or lower triangular areas of 

the square area. The rainfall intensities defined on the basis of percentiles were divided into three 

categories: low rainfall, bellow 40th percentile, moderate rainfall, in range between 40th and 60th 

percentile and high rainfall over 60th percentile [14]. The most important advance of this method is its 

possibility to identify and make more clearer, some no clear trends detected by the Mann–Kendall [15]. 

ITA method has been used all over the world ( Turkey, New Zealand,  China, etc). It was successfully 

applied on a large portion of the Italian peninsula, between ranging from the Campania and the Apulia 

regions in the North, to Sicily in the South [16]. Also, it was applied  on monthly and seasonal rainfall 

during the period 1975–2015 at 38 stations on two watersheds in Coastal-Oran and Macta watersheds 

of Algeria (North-West of Algeria) [17]. 

This method allows the trend identification of the low, medium and high values of a series, while Mann-

Kendall test gives general tendency of specific data series.  

3.3 Risk analysis  

The next subject we wanted to address is risk of occurrence under-average precipitation in two 

previously defined periods of 36 years (1951-1986 and 1987-2022). Measure of risk is product of 

severity (S) and likelihood (P) provides a measure of risk (R) which is given by the Eq. (2): 

 

R = S*P                                                                                   (2) 

 

Once the potential extreme situation has been identified, the question of assigning severity and 

probability ratings must be addressed. In this case severity (S) is defined as difference between average 

annual precipitation and annul precipitation of each specific year. Eventually, the technique is 

consummated by the application of the risk analysis, very powerful tool for decision makers.  

4 Results and discussion 

The existence of significant temporal trends was tested using the non-parametric Mann–Kendall trend 

test. It showed negative but not significant trends in the winter and spring months in all three regions.  

Significant decreasing trend is observed in summer period in Zagreb and Split region. Increasing trend 

of precipitation is observed in autumn in the Osijek and again in the Zagreb region (Figure 3).  On annual 

basis all three stations have decreasing, but not significant trend.   
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Figure 3. Mann-Kendall test applied on seasonal precipitation 

 

Despite of differences in geographical features, there are rather similar and even unexpected 

precipitation regime in observed three regions. For the further analysis of annual precipitation was 

applied one of the most recent approach in climate change research is innovative trend analysis (ITA). 

It is applied on the same data set. Because there is no previously detected inhomogeneity in the data 

series, in this case it is divided into two equal time series (36 years long each). Comparison of these time 

series (1951-1986 and 1987-2022) distinguish differences in precipitation regimes of continental part of 

Croatia (Osijek, Zagreb) and coastal part of the country (Split) (Figure 4). In the range of low 

precipitation (< 40th percentile) in Osijek and Zagreb region there was no trend. In the Split region there 

is significant negative trend even below -10% of change (decreasing).  
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 Figure 4. Innovative trend analysis  applied on annual precipitations of : a) Osijek, b) Zagreb and c) Split 

 

In the range of medium annual precipitation (40th - 60th percentile) in Osijek region start positive 

changes but still not significant. In Zagreb region there is no trend of medium precipitations while in 

Split precipitation regime decreasing trend is not so strong any more. In the range of high annual 

precipitation (> 60th percentile) in Osijek region there is significant increasing (more than 10%) in the 

second period of observation (1987-2022). The Zagreb region shows slightly negative trend but still it 

keeps more or less “no-trend” behavior. In Split region weakening of negative trends continues and 

finally disappears and turns into positive (decreasing trend). On the seasonal level, only summer 

precipitation was tested by ITA. 
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 Figure 5. Innovative trend analysis applied on summer precipitations of: a) Osijek, b) Zagreb and c) Split 

 

Comparing to the Mann Kendall test, ITA also showed significant summer precipitation decreasing. In 

the Zagreb region it is limited to low and medium range of precipitation, while in Split region it is 

evident in all ranges of precipitation (Figure 5b and 5c). There is no trend in summer precipitation 

changes in Osijek region. However, there is light increasing of high range of precipitation (Figure 5a). 

The third analysis is risk analysis of occurrence of annual precipitation lower than mean value (drought) 

of entire period. Again, two data series defined in the previous analysis (1951-1986 and 1987-2022) are 

time frame of analysis. Severity of low precipitation for Osijek region reaches much higher values in 

the second period and risk is higher in the range of low and severe droughts (Figure 6a). Risks of the 

medium precipitation deficit is stable. On contrary, the Zagreb region shows decreasing risk of mild and 

severe precipitation deficit (Figure 6b). In the Split region the second observed period has more 

expressed risk in the period 1987-2022 in all ranges of severity (Figure 6c). 
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Figure 6. Risk analysis   applied on annual  precipitation of : a) Osijek, b) Zagreb and c) Split 

 

While the flood risk management has very developed structure all over the world, drought risk 

management is dependent on methods for monitoring and prediction, what leads to quantifying the 

hazard, is still not well established. Besides, only quantification of extreme is not sufficient and negative 

consequences of a lack of precipitation has to be predicted [20]. 

5 Conclusion 

The main objective of this research is to show and compare precipitation regimes in the different part of 

Croatia. We are facing climate change processes and numerous approaches and methods were developed 

in order to give specific and more accurate description of triggers, impacts and consequences of climate 

change. The most of the published papers are focused on the precipitation and air temperature changes. 

While the air temperature shows very strong and persistent increasing trend all over the world, 
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precipitation behavior is very variable and dependent on geographical features. It is well described in 

scientific publications. The majority of central Europe belongs to area of transitional climate type as a 

result of interactions between maritime and continental climates with the main characteristic of serious 

drying [19]. It confirms spatial   complexity of the drought phenomenon particularly in an area situated 

in a transitional climate zone between the Continental and Mediterranean climate, where one climate 

often prevails [4]. This investigation also tried to gain new knowledge in drought research in Croatia on 

the basis of three specific regions presented by meteorological stations in Osijek, Zagreb and Split. Mean 

annual precipitation of observed period in Osijek region is 680mm, in Zagreb region 863 mm and in 

Split region 811mm.  Data series used in this research are very long- period of 72 years between 1951 

am 2022 should be long enough to detect any significant changes in precipitation regime on annual and 

seasonal temporal scale.  Previously precipitation was tested for homogeneity and on annul scale all 

three data series were homogeneous [5]. Application of Mann-Kendall test shows that all three stations 

on annual basis have decreasing, but not significant trend.  Next applied method, innovative trend 

method detected certain differences between two stablished sub-periods (1951-1986 and 1987-2022). In 

Zagreb region annual precipitation still shows no any trend even test divides low, medium and high 

precipitation quantities. Precipitation in Osijek   shows increasing of high precipitations in the period 

1987-2022, and no trend in medium and low precipitation quantities. The most obvious changes are in 

the Split regions where second period of observation have decreasing trend in low and medium 

precipitation and increasing in the range of high precipitation. Innovative trend analysis (ITA) gave 

better recognition of differences in Croatian regions. Similar conclusion can be given on the basis of 

risk analysis. Mediterranean region presented by Split can expect higher risks from lack of precipitation 

of all ranges than other parts of country.  

On the seasonal time scale Mann-Kendall test results are confirmed by application of ITA. However, 

ITA gave more details about changes of precipitation in the range of low, medium and high precipitation. 

Generally high range of precipitation are decreasing, while low and medium precipitations have no trend 

or very small negative trends. It is proved on annual and seasonal time basis. 

However, this research confirms existence of characteristics of transitional area in Europe, its great 

variability in meteorological responses on climate change.  Also, it confirms the crucial role of air 

temperature on climate change severity. Drought occurrence is extremely dependent on increasing of 

air temperature, much more the reduction of precipitation which is not so significant, or even not present 

at all.  According to morphoclimatic characteristics of Croatia it can be   divided into three different and 

spatially well-defined regions with specific temporal and spatial characteristics of droughts (central 

northern, eastern and southern regions) [20].  It is manifested as a percentage of area affected by drought, 

as well as in the yearly drought occurrences rates, in both central northern and eastern regions, and an 

evident decrease is shown in the southern region for both 6- and 12-month standardized precipitation-

evapotranspiration index (SPEI) time-scales. However, considering only precipitation such a firm 

conclusion cannot be adopted. 

Drought, or extended period with lack of precipitation is very complex hydrological process affected by 

many factors. Will it yield with severe or mild drought impacts depends, among other elements, on 

previous precipitation episodes and air temperature or evapotranspiration.   
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1 Abstract 

Kopački rit (eastern Croatia) is a protected wetland area where the Drava and Danube rivers converge. 

This study examines water levels as indicators of Kopački rit's water condition. The water level in its 

central area, Kopačko Lake, closely correlates with nearby levels at gauges along the Drava and Danube 

rivers. Water level analysis (by the annual regime of the characteristic water levels and the duration 

curve of average daily water levels, for three consecutive periods) reveals significant changes over time, 

including shorter flood durations and prolonged drought periods (water crisis). 

 

Keywords: Kopački rit, wetland, water level, water crisis  

2 Introduction – Analysed area and problems of Kopački rit 

Kopački Rit is the largest coastal marsh area of the entire middle Danube is understood, covering 

approximately 25,000 hectares of land. The Kopački Rit area is protected under the categories of Special 

Reserve (over 6,000 hectares) and Nature Park. The Special Zoological Reserve (SZR) represents the 

terrain with the lowest altitude, making it the most flooded area in the entire Park, lasting several months 

annually. The Hulovski Canal brings the largest amount of water from the Danube into the Special 

Zoological Reserve, while a much smaller amount of water flows in from the Nađhat Fok in the north 

and the Renovski Canal in the south. The majority of the land in the Reserve is covered by reeds and 

marsh vegetation, with pioneer white willow forest prevailing over woodlands. The appearance of the 

entire area depends on flood dynamics, with key values lying in hydro-morphological features (mosaic 

arrangement of land and water surfaces that change size, shape, and function depending on the water 

level) and significant biodiversity (with over 2,700 recorded species). Despite active use for forestry, 

hunting, and partially navigation, this area has retained a significant portion of its natural values. Natural 

flooding processes, as well as the ability to transport substances and create specific relief in floodplain 

valleys, along with the succession of plant communities and animal species, are to some extent 

jeopardized by anthropogenic impacts. 

In this study, the area of the Kopački Rit Nature Park (PP Kopački Rit) and its broader scope are 

observed. It is a rare space in Europe that has not been significantly altered by human presence and is 

formally (legally) protected in a timely manner. General information about the Kopački Rit Nature Park 

itself and the chronology of its protection can be found in various articles (e.g., [1], [2], [3]), as well as 

on the official website of this Park [4]. Figure 1 shows the position of Kopački Rit and its basic 

functional elements.  

The area of the Kopački Rit Nature Park is located in the protected and floodplain area of the largest 

Croatian rivers, the Danube and Drava, and as such is influenced by their waters. Apart from the main 

riverbeds, the hydrographic network consists of the Hulovski Canal, Čonakut, New Canal, Renovo, 

Nađhat, Vemeljski dunavac, Kopačko Lake, White Lake and Sakadaš Lake as its most significant parts. 

Most marshes and lakes are mainly remnants of the former riverbed, but there are also new ones formed 

by erosion during the passage of floodwaters. The well-known Kopačko Lake is connected to the 

Danube River via the Hulovski Canal, and to Sakadaš Lake via the Čonakut Canal. At Sakadaš Lake, 

there is a weir gate that regulates the inflow of the old Drava into the Kopački Rit area [5].  

In floodplain areas, in addition to terrestrial and aquatic habitats, a series of transitional habitats are 
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formed that support the development of communities with high biological diversity. Floods stimulate 

the decomposition of organic matter, which is an important characteristic for such areas with high 

primary production. The entire complex system is driven by its hydrological characteristics, i.e., the 

frequency and intensity of floods [6]. It has long been emphasized and recognized that changes in the 

basic hydrological characteristics that shape Kopački Rit would reflect on habitat characteristics and 

thus on biological diversity [2], [7], [8]. 

 

 
Figure 1. The position of Kopački Rit and its basic functional elements 

3 Results and discussion 

3.1 Introductory discussion 

In ancient times, several million years ago, there existed the Sarmatian Sea, also known as the Pannonian 

Sea, which drained through the Danube route into the Black Sea. The remnants of this sea are present-

day Lake Balaton in Hungary and the low-lying terrains visible in the eastern regions of Slavonia and 

Baranja. Following a tumultuous geological period and the draining of the Pannonian Sea, the river 

valleys of the Danube, Sava, Drava, and Vuka were formed. Due to the dynamic nature of the soil, 

vegetation development, and periodic significant floods, these valleys took on the appearance of a 
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marshy-riparian landscape, which persisted until about a thousand years ago. During this period, prior 

to the construction of defensive embankments, the rivers freely and widely overflowed through eastern 

Slavonia, Baranja, and Bačka. After major floods (water level increases > 2 m) and prolonged (> 100 

days) inundations, the landscape underwent significant changes. Some meanders were cut off and 

disappeared, some became increasingly curved and longer, while others began to develop. Various 

forms of water surfaces (channels, marshes, "lakes," oxbow lakes, etc.) also took on new appearances. 

River confluences were spatially shifted, the mouth of the Drava river "moved" several kilometers 

upstream or downstream.  

Thus, historical accounts of the state of the rivers in this area are encountered [3]: the Drava river flowed 

north towards a Pleistocene lake located near Bansko brdo and gradually filled it in (L. Loczy); the 

Danube river once flowed through the middle of Vojvodina (A. Bognar); around the 17th century, the 

mouth of the Drava river was located a gunshot away from the city of Osijek (E. Čelebija). All of this 

serves as evidence of the variability that has long been observed by others (Change alone is unchanging 

in this world! - Heraclitus, Petar Preradović). However, what has changed from those earlier times to 

the present day is the speed of these changes, which requires attention. 

 

 
Figure 2. The reduction of annual flow and sediment transport on the Drava River upstream of the Rit [9, 10] 

   

For the assessment of the state and changes in a particular area, it is necessary to consider various 

influences on it. Firstly, it can be observed that most researchers are tied to administrative boundaries 

(in this case, the Kopački rit Nature Park). However, natural determinants encompass a different, usually 

broader area. In this sense, the left bank, low-lying area of the Danube opposite Kopački rit should also 

be of interest here. Furthermore, influences can be viewed as direct (local), then as those of a broader 

environment (regional), and as global. Among the former, there are flood protection embankments 

present here, nearby regulatory structures on the Drava and Danube rivers, interventions in meander 

cutoffs and maintenance of navigational routes, excavation of various-purpose channels, and others. 

Excavation of navigation channels within the Rit, construction of weirs at the entrance and exit points 

of main channels, maintenance of navigability of waters, use of dams and pumping stations can be 

emphasized. The second group may include urbanization and deforestation in the Drava and Danube 

basins, upstream regulatory and hydroenergy interventions, water abstractions and discharges, and 

others. For example, 23 hydroelectric power plants have been constructed upstream on the Drava (the 

downstream effects of which are analyzed by Čuljak et al., [13].), and illustratively, the reduction of 

flow and sediment transport and the decrease in water levels of the Drava near Donji Miholjac (Figure 

2) can be attributed to the construction of upstream hydroelectric power plants, [9], [10]. A special group 

consists of global influences (land use change, increasing water consumption, atmospheric changes, and 

others) whose majority is currently reflected in ongoing climate changes.  
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3.2 Hydrological indicators 

The focus here is on the hydrological elements of Kopački rit. For the hydrology of the area, long-term 

measurements of meteorological elements (precipitation and temperature) are important, as well as 

recording surrounding water levels and determining flow functions. This has enabled various 

hydrological analyses and the development of basic hydrological studies that numerous researchers refer 

to and management plans are based on. Two studies can be highlighted: Bonacci, O. et al. (2002) - a 

study of hydrology and meteorology, and Vidaković Šutić, R. et al. (2021) - a study of retention capacity 

and the zero state of water and water-dependent ecosystems. The first study from 2002 is mainly based 

on data from the period 1961-1990, while the second study from 2021 mainly uses data from the new 

millennium and indicates newly collected data. Unfortunately, despite pointing out the need for 

additional observations in 2002, after 20 years, there is little new information. Using modern techniques 

(Lidar scanning, supplemented with bathymetric data for areas submerged underwater), a new base - the 

relief of Kopački rit - has been prepared. Additionally, meteorological data (from the Kopački Rit 

measuring station since 2004) and hydrological data (from the Zlatna Greda and Tikveš measuring 

stations on the Danube, with daily readings from 2004, as well as episodic data on occasional water 

levels of the Sakadaško Lake in Kopačevo) have been collected. It is noted that water level 

measurements in the Kopački rit area are quite scarce, or insufficient for more in-depth analyses, and 

the results obtained should be considered indicative. Data on average daily water levels measured at the 

limnigraph at the Kopačevo location (period 2009 and incomplete data for 2010 and 2014) were 

available, while water levels at the Tikveš and Zlatna Greda locations were read once daily (at 7:00 am) 

from a water gauge (period 2004-2019, with incomplete series). 

With such data, correlation analyses of water levels were conducted in a recent study Kopački rit is 

represented here through two of its boundary points (locations: Tikveš and Kopačevo). This analysis 

was conducted for four selected high-water events with zero, one, two, three, four, and five days of 

delayed water levels from the first location compared to the water level of the second. According to the 

conducted analyses, the highest correlation coefficients, or the highest similarity of water levels, were 

obtained by comparing water levels for the same day (at close locations), or for 1-3 days of delay 

(depending on the mutual distance). Only higher individual water levels (waves) were considered, and 

the correlation coefficients are high (mostly 0.99-0.94). The importance of data on water levels of the 

Drava and Danube rivers for assessing the moisture status of Kopački rit is emphasized by all experts. 

Connecting these water levels with measured water levels in the central part of Kopački rit - Kopačko 

jezero, based on data measured during 2002-2004, was presented in the works of previous WMHE 

conferences ([16], [17]). The highest correlation was found between simultaneous water levels of 

Kopačko jezero and the Danube (h.s. Vukovar) at 0.86, slightly higher than at other stations. The reason 

can be interpreted by encompassing the entire range of water levels and equalizing all influences of 

inflow (in one direction - through channels and surface to the lake, and in the other - along a considerable 

stretch of the Danube riverbed to Vukovar). 

Correlative analyses have consistently demonstrated the dominant influence of the Danube on the water 

conditions in Kopački rit. Generally, a lack of measurement points in the marsh (at significant wet 

positions) has been noted, and it is evident that the strength of data correlation from specific locations 

depends on their mutual distance and various variable circumstances along their connecting route. 

Previous studies ([3], [6], [11], [14], [18]) have highlighted the nature of the Danube's influence and a 

certain regime of filling and emptying in the Kopački rit area. They emphasize that, in the absence of 

other data, the water level at Apatin, as the nearest official indicator, effectively reflects the water 

conditions in the Kopački rit area. This was verified based on collected three-year data (2001-2003) and 

presented in the works of Maričić et al. ([16], [17], [19]). On this occasion, twenty water waves of the 

Danube were extracted from the available data set. These are individual, distinct waves, characterized 

by significant successive water level rises and falls. The corresponding (simultaneous) water levels of 

these waves are depicted in graphs a) and b) (Figure 3), where the abscissa represents the water levels 

at Apatin, and the ordinate represents the water levels of Kopačko Lake. 

The changes in water conditions are explained and defined by the following circumstances: During the 

rising water wave, starting from lower values, the increase in the water level of the Danube at Apatin is 

not promptly and more pronouncedly reflected in the state of Kopački Lake. Roughly, only after 
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reaching 81.5 meters above sea level (point A on the abscissa of the graph), the increase in the water 

level of Kopački Lake more prominently precedes the increase in the water level at Apatin. For further 

values, the increase in the water level of Kopački Lake is approximately half of the increase in the water 

level of the Danube at Apatin. Passing the elevation of 83.5 - 84 meters (marked as B on the graph), the 

increase in the water level of Rita is twice as large compared to the corresponding increase in the water 

level of the Danube. Above 85 - 85.5 meters above sea level (point C on the graph), there is an 

equalization of the amount of increase in the water level at these compared locations. During the descent 

of the water wave, after point C towards B, it is evident that the decrease in water level at Kopački Lake 

is half of that at Apatin. 

 

  
Figure 3. Corresponding (simultaneous) water levels Apatin – Kopačko lake [1] 

 

The observations from the Figure 3 correspond to empirically known circumstances of the filling and 

draining of Kopački rit, arising from the existing terrain conditions. Thus, point A corresponds to the 

filling of the main channels and saturation of the surrounding soil with water, point B corresponds to 

the overflow of coastal sediments and vegetation along the channels, while point C corresponds to the 

complete flooding of Kopački rit. It is logical that the indicative points (A, B, C) cannot be more 

precisely defined because their recognition (manifestation) depends on the previous water conditions in 

the Rit zone. This condition depends on the influence of precipitation and groundwater inflow on the 

formation of groundwater, general climatic conditions affecting vegetation growth, morphological 

changes in riverbeds, and ultimately anthropogenic influences (e.g. tree cutting, reconstruction of 

riverbanks and channels, among others). 

From the analysis of the duration of the water levels of the Danube at Apatin made for the measurement 

period (1949-1990), it is observed that the water levels between 81.5-83.0 meters lasted on average 215-

90 days annually. The change in this duration was noted according to the analysis of the duration made 

for the new period from 1992 onwards. It was thus noted that the considered duration of the 1.5-meter 

range of the Danube water levels decreased by approximately 40-55 days. 

Such a height range of 1-2 meters for the area of Kopački rit relates to a significant change in the surface 

area affected by water inundation. This is highlighted in the study [21], from which a graphical 

representation is transferred to the image on the right in Figure 4. It is evident that the inundation of the 

Rit area for 70-90 days (20-25% of the year) has decreased by approximately 50% (previously, 75% of 

the area was covered by inundation during that duration, but more recently, it has been reduced to around 

25%). 
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Figure 4. The characteristics of the water level of the Danube at Apatin for two periods and the resulting 

reduction in the flooding of the areas of Kopački Lake [3, 4] 

 

A severe situation befell Kopački rit in the year 2022, which was dry, and the water levels of the Drava 

and Danube rivers reached record-low values. The duration of the Danube water levels in that year was 

compared to previous periods [22], as illustrated in Figure 5, where the data and analysis are for the 

hydrological station at Aljmaš, at the confluence of the Drava and Danube rivers. Although the water 

level trends indicate a concerning situation, statements from authorities during that year suggested that 

it is a normal occurrence in some dry years, which nature is capable of handling. 
 

 
Figure 5. The frequency and duration of water levels on the Danube at Aljmaš 

for three successive periods and the year 2022 [4] 

 

On this occasion, it is important to highlight that the water sustainability of the Kopački Rit ecosystem 

is not primarily influenced by the extreme flood waves of the Danube, as some authors suggest [23]. 

Instead, it is the large annual floods that significantly inundate the Rit for several tens of days, 

particularly during the vegetative period of the wetland ecosystems, that are crucial. Precipitation is less 
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significant and relatively minimal in quantity. Therefore, it is essential to observe and emphasize the 

changes brought about by new climatic conditions, some of which have already been noted. 

The study [24] discusses "climatic" changes and issues in Slavonia, presenting Figure 6 - Walter's 

climate diagram for Osijek and D. Miholjac. Two meteorologically significant periods were considered 

(for Osijek: 1969-1995 and 1996-2022; for D. Miholjac: 1960-1991 and 1991-2022). Based on these 

periods, using Walter's method (climate through average monthly temperatures and monthly 

precipitation amounts), it is evident that the region generally does not lack moisture (with deviations in 

certain years, either too wet or too dry), but climate changes have occurred. A more pronounced trend 

of increasing air temperatures (approximately 10% on average) compared to precipitation (total increase 

of 5-8%) is noticeable. The smaller increase in total precipitation is irregularly distributed throughout 

the year, with a noticeable decrease in summer and an increase in spring and autumn. Analyzing the 

precipitation data for the Osijek station, it is evident that the period from 1961 to 1990 is characterized 

by a declining trend in annual precipitation, while the more recent period, after 1991, indicates an 

increasing trend in annual precipitation and increasingly pronounced annual extremes, [15]. The 

occurrence of increasingly extreme episodic weather events (heavy downpours and drought periods) is 

also highlighted. 
 

 
Figure 6. Climate diagrams (Walter's method) for Osijek and Donji Miholjac for two data periods [4] 

 

Another important factor is hydrological data. It is already mentioned the "cutting" of the Drava River 

bed due to reduced flow and sediment transport upstream from the analysed area. The scale of this 

phenomenon is illustrated in figure 7., depicting the characteristic water levels of the Drava River near 

Donji Miholjac. Over 120 years, the levels have decreased by approximately 1.5 meters. Considering 

the Danube as the primary water supplier to the floodplain, it is crucial to examine water level changes 

on this river as well. The fluctuations in water levels (average annual and 14-year averages) over the 

past 100 years are presented in figure 8., showing a noticeable declining trend in these water levels. 
 

 
Figure 7. Changes and trends in characteristic water levels of the Drava near Donji Miholjac 
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Figure 8. Water levels of the Danube near Bezdan - average annual and 14th year averages 

 

 
Figure 9. Annual course of the characteristic water levels (daily) of the Danube for three successive periods 

 

Analyzing the annual water level variations of the Danube over three successive periods, as depicted in 

figure 9., reveals a noticeable decrease in characteristic water levels. However, maximum water levels 

reach higher values not only during expected periods of the year (late spring and summer) but also 

outside the significant vegetation period (autumn-winter). In this regard, the significance of extreme 

floods for the survival and prosperity of marshland ecosystems is diminished. 

4 Conclusion 

Numerous influences on the Danube river basins affect their drainage patterns, particularly notable for 

the Drava and Danube rivers, reflecting on the condition of Kopački Rit. Differentiating the contribution 

of each influence is challenging as the overall impact is intertwined and simultaneous in the considered 

area. The study examines resultant changes in meteorological and hydrological indicators. The climate 

in this region is warming, averaging over 1 °C in about 30 years. Rainfall is becoming slightly heavier, 

with more pronounced extreme events. Mean and minimum annual water levels show a decreasing trend, 
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indicating the incision of the lower Drava and middle Danube riverbeds. This poses a threat to Kopački 

Rit as its area is drained by underground water flow, jeopardizing the marshland ecosystems through 

desiccation. Higher and peak water levels are becoming shorter in duration, reducing the water influence 

through channels in the Rit, and shorter flooding periods occur throughout the year. Extreme water levels 

are more abrupt and occur outside the previously common timeframe, even beyond the vegetative 

period. Deposition and erosion processes are altered due to longer and more pronounced dry spells and 

sudden large water surges. In Kopački Rit itself, comprehensive monitoring in terms of hydrology is 

lacking, complicating the understanding of this complex issue. Currently, this poses the greatest threat 

to the survival of the floodplain area as we know it.  

The identified changes point to a kind of water crisis in an area that needs to preserve its marshland 

values. Reflections are needed on what steps to take next. Towards the end of the last millennium, there 

were discussions about constructing water management systems and structures in the Rit, including 

some individual interventions. Perhaps the water indicators from 2022, starkly confirming negative 

trends, will prompt new risk assessments and vulnerability evaluations for Kopački Rit. The question 

arises whether we will merely observe natural adaptations of this area to climate and other changes or 

consider more substantial hydraulic engineering interventions to maintain suitable moisture levels for 

the marshland ecosystems. It is comforting that many natural parts have preserved their restoration 

potential to some extent, offering the opportunity for activities and measures to significantly improve 

habitat quality and processes in the Kopački Rit. 
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1 Abstract  

Flash droughts are rapid-onset droughts with severe water deficits, posing significant threats to 

agriculture. This study analyzes flash droughts in Slovakia’s southwestern lowlands (2007-2019) using 

soil moisture and evapotranspiration data from ASCAT and MODIS. Ten events were identified, 

primarily in spring and early summer, with varying intensification rates. The findings highlight remote 

sensing's importance and the need for region-specific drought management strategies using multiple 

indicators. 

Keywords: flash drought, soil moisture, evaportranspiration, intensification rate, remote sensing, 

southewestern lowlands 

2 Introduction  

Drought phenomena, often characterized by prolonged periods of extreme conditions over months 

or years, have historically impacted agriculture, ecosystems, and socioeconomics [1]. Flash droughts, in 

contrast to traditional droughts, pose a unique concern because of their rapid onset, development, and 

intensity and the sudden depletion of available water, which can upset ecosystems and agricultural 

systems [2], [3]. Since rapid development is the primary characteristic of flash drought, early warning 

systems are more vulnerable than slow-evolving droughts, which result in tremendous losses [4]. The 

occurrence of flash droughts, exemplified by significant economic losses and environmental impacts in 

regions like Jiangxi Province in China (2003) [5], the central United States (2012, 2017) [6], [7], [8], 

[9], Southern Queensland in Australia (2018) [10] and South Africa (2016) [11] underscores the urgent 

need for enhanced understanding and mitigation strategies. While current estimates highlight the 

staggering economic toll of traditional droughts in Europe and the broader implications for climate 

change adaptation, the specific economic ramifications of flash droughts remain largely unexplored. As 

reports indicate a rise in the frequency and spatial extent of flash droughts across Europe, coupled with 

the likelihood of their exacerbation in regions already vulnerable to conventional droughts, there is a 

pressing imperative to prioritize research and policy efforts towards effective adaptation and mitigation 

strategies [12].  

There has yet to be a consistent definition of flash droughts to distinguish them from traditional 

ones. Among numerous studies, a variety of definitions have been proposed, and two of them have 

predominated [5], [13], [14]. One is based on the duration of flash drought, and the other is based on its 

intensification rate. Although there are representative works about the flash drought duration proved to 

be too short to cause damage to agriculture systems [4], [15]. However, recent research emphasized the 

rapid rate of intensification [16], [17]. Given its tight association with crop development, soil moisture 

and evapotranspiration (ET) are acknowledged as efficient indicators of flash droughts amongst several 

hydrometeorological factors [18], [19], [20]. Many studies popularized the use of soil moisture 

percentiles to identify flash drought events and their characteristics using in situ observations or remote 

sensing data [3], [16], [21] [22]. Therefore, the regional Evaporative Stress Ratio (ESR), which indicates 

temporal anomalies in the ratio of actual to potential ET, is derived from remotely sensed canopy 

temperature using geostationary satellite thermal infrared (TIR) imaging like the Moderate Resolution 
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Imaging Spectroradiometer (MODIS) [23], [24]. This index has proven helpful for early drought 

detection, including the notable flash drought in 2012 [4]. 

The challenge of drought monitoring lies in the need for long-term, spatial, comprehensive 

hydrometeorological records; even if ground observations provide accurate measurements, their spatial 

heterogeneity due to their point-based method limits their applications. The widespread adoption of 

satellite observations has been supported by the continued development of remote sensing techniques, 

which provide broad spatial coverage and a regular overview of the dynamics of water balance variables 

like soil moisture and evapotranspiration [25], [26]. Many satellite soil moisture products obtained using 

various spaceborne microwave instruments have been available. For instance, vegetation cover and 

atmospheric conditions are more likely to affect observations made with instruments like WindSat, 

FengYun-3B, Advanced Microwave Scanning Radiometer-Earth (AMSR-E) and Advanced 

Scatterometer (ASCAT) at higher C- and -X band microwave frequencies [25]. Additionally, many 

satellite products like Landsat and MODIS offer evapotranspiration data, with MODIS being the most 

widely used.    

Although a handful of studies focused on the US, China, Australia, or Europe, research has yet to 

be conducted about flash drought assessment in Central Europe, especially Slovakia, let alone studies 

on the Czech Republic. This study will focus on detecting flash drought events from the perspective of 

the rapid intensification rate in the southwestern lowlands, one of Slovakia's most vital agricultural 

areas. Furthermore, while many studies have explored agricultural drought using ASCAT data, this is 

the first instance in the literature of utilizing ASCAT data to identify flash drought events. Additionally 

this research proposes the use of hydrological (soil moisture) and meteorological (evapotranspiration) 

variables to identify the flash drought events and points out similarities and differences of their use under 

the veil of remote sensing techniques. 

3 Methods 

3.1 Definitions of flash drought 

This work implemented a practical methodology to identify flash droughts considering both the rapid 

intensification rate and drought conditions. Specifically, a flash drought was defined when the soil 

moisture (SM) and ESR decreased from the 40th percentile to below the 20th percentile over a pentad 

period (5 days), with an average decline rate not less than the 5th percentile for each pentad. The 

termination of a flash drought event was indicated once the decreasing soil moisture level returned to 

the 20th percentile. It is noted that, from 2007-2019 (March- November), the 20th and 40th percentiles 

were calculated within the same pentad period, enabling a consistent comparison of changes in soil 

moisture and ESR. Furthermore, the 5th percentile was calculated as the difference between two 

percentiles at two adjacent pentads across the entire time series. Our analysis focused on understanding 

the rapid onset and development of flash droughts. The onset point of a flash drought is defined as the 

initial instance when soil moisture (SM) and ESR exceed the 40th percentile. The endpoint of the onset 

development phase occurs when SM and ESR drop below the 20th percentile. This phase, from the onset 

point (to) to the endpoint (te), defines the onset time of flash droughts, indicating a rapid drying process. 

The duration under drought conditions, from the to tp, is crucial for understanding the impacts, and to 

be considered a drought, SM and ESR should remain below the 20th percentile for at least three pentads 

(tp−te ≥ 3). This criterion helps distinguish actual drought events from transient fluctuations. Therefore, 

the entire duration of a flash drought encompasses both the rapid onset phase (to−te) and the subsequent 

drought severity period (te−tp), emphasizing the importance of considering both aspects for accurate 

identification. Eq. (1) and Eq. (2) express the intensification rate and drought conditions.  

 

Intensification rate: {

𝑆𝑀𝑡(𝑖+1)−𝑆𝑀(𝑡𝑖)

𝑡𝑖−𝑡
≥ 5𝑡ℎ 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒

0 < 𝑡𝑒 − 𝑡0 ≤ 5
       (1) 
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Drought condition: {

𝑆𝑀(𝑡0) ≥ 40𝑡ℎ 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒

𝑆𝑀(𝑡𝑒) ≤ 20𝑡ℎ 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒

𝑡𝑝 − 𝑡𝑒 ≥ 3

       (2) 

3.2 Study area and data 

The Danubian Lowland, located in the southwest (SW) region of Slovakia, north of the Danube River, 

covers an area of 12,539.26 Km2. It is characterized by a warm, dry environment with an average yearly 

air temperature of 9 to 10.5o C and 500 to 550 mm of precipitation. The average air temperature in July 

ranges from 19 to 21o C, while the winters are mild, with an average air temperature from -1 to -2o C in 

January. The area is characterized by intense agricultural activity and is mostly covered by Non-irrigated 

land. Figure 1 shows the land use/ land cover classes derived from CORINE (2018). 

 
Figure 27 Land use/ Land cover of Zahorska and Danubian lowlands. 

 

The data utilized in this study comprise the ASCAT SSM product and in situ soil moisture 

measurements. The ASCAT SSM product, sourced from Vienna University of Technology (TU-WIEN, 

http://rs.geo.tuwien.ac.at/products/), offers daily relative soil moisture data with high resolution 

(approximately 15-20 Km per pixel), ranging from 0 (dry) to 100% (saturated), using a change detection 

algorithm initially proposed by Wagner [27] and subsequently enhanced by Naeimi [28]. Specifically, 

data from the ASCAT SSM dataset from 2007 to 2019 were employed in this analysis. The Soil Water 

Index (SWI) variable assessed moisture conditions at various soil depths for each benchmark site and 

date. This product utilizes a two-layer infiltration model that relates surface soil moisture (SSM) 

retrieved from ASCAT instruments aboard METOP satellites to profile soil moisture over time [27]. 

The SWI formula is expressed as follows: 

                                                       SWI (𝑡𝑛) =
∑  𝑛
𝑖=1 SSM (𝑡𝑖)𝑒

𝑡𝑛−𝑡𝑖
𝑇

∑  𝑛
𝑖=1 𝑒

𝑡𝑛−𝑡𝑖
𝑇

                                                          (3) 

where tn is the observation time of the current measurement, ti are the observation times of the previous 
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measurements, and T is a parameter calculated as T = L/C, with L representing the depth of the reservoir 

layer and C an area-representative pseudo-diffusivity constant [29]. This model, built on the importance 

of historic SSM time series data, assumes that the water content of the deeper layer is influenced by past 

moisture conditions in the surface layer and precipitation history [30]. A higher (lower) T value signifies 

a deeper (shallower) soil layer. Since computing SWI values necessitates historic SSM time series data, 

Albergel proposed a computational adaptation of this SWI algorithm [29]. Thus, the surface layer was 

selected to identify flash droughts as it is more connected to precipitation than the lower layers, which 

are affected by past conditions of soil moisture. Additionally, the Moderate Resolution Imaging 

Spectroradiometer (MODIS) actual (ET) and potential evapotranspiration (PET)  products 

(MOD16A2GF.006) were downloaded from https://search.earthdata.nasa.gov/ for the period 2007-2019 

(March-November). MODIS provides 500m resolution and eight (8) days. The time series of daily 

values of ET and PET were generated using the INDEX-MATCH functions in Microsoft EXCEL. The 

Evaporative Stress Ratio (ESR) was also calculated to identify the flash drought events and their 

intensification rate under atmospheric conditions. The Evaporative Stress Ratio is expressed from the 

equation below:  

 

         𝐸𝑆𝑅 =
𝐸𝑇

𝑃𝐸𝑇
                                                                                (4) 

ET represents the actual evapotranspiration from the earth's surface, influenced by soil moisture 

availability, alongside factors such as energy availability, air temperature, wind speed, and atmospheric 

moisture demand conditions. On the other hand, PET signifies potential evapotranspiration, which is a 

significant measure of atmospheric evaporative demand and is crucial in developing droughts [28]. 

4 Results and discussion 

The flash drought events of southwestern (SW) Slovak lowlands were assessed for the growing period 

(March-November) from 2007 to 2019 based on the drought condition and rapid intensification rate. 

The study region was divided into two separate areas: the Zahorska and Danubian lowlands. To begin 

with, the Zahorska lowlands experienced ten (10) flash drought events presented in Figure 2 with red 

stripes. The frequency duration of flash drought events accounts for 5.48% or 52 pentads (260 days). 

The highest duration recorded was 11 pentads and occurred from 2008-03-01 to 2008-04-25, while the 

lowest ones were noticed in 2010-04-15 to 2010-04-30 and 2016-04-13 to 2016-04-28, lasting only three 

(3) pentads. From the perspective of intensification, rate values vary from -17 to -26, the most intense 

rate recorded in 2018-03-10 to 2018-04-18 event accounting for -26.83 while the lowest accounted for 

-17.77 from 2007-06-20 to 2007-07-05, the rest of characteristics are presented in Table 1. The flash 

drought events of Danubian lowlands present a similar status. Figure 3 shows the ten (10) detected flash 

drought events marked with red stripes. The frequency duration of flash drought events accounts for 

6.32% or 60 pentads (300 days). It has been noticed that the Danubian lowlands experience 40 more 

days of flash droughts than the Zahorska lowlands. Moreover, according to Table 2, the event with the 

longest duration was recorded on 2008-03-01 to 2008-04-25, lasting eleven (11) pentads (55 days). The 

shorted ones occurred between 2012-04-04 to 2012-04-19 and 2017-05-03 to 2017-05-18, lasting the 

minimum required of three (3) pentads (15 days). Furthermore, analyzing the intensification rate results, 

the highest value of -24.72 was recorded from 2015-03-30 to 2015-04-19, while the lowest one (-17.89) 

from 2012-04-04 to 2012-04-19. Both regions experience flash droughts predominantly in the spring 

and early summer months, indicating a seasonal pattern that similar climatic factors might influence. 

The duration of the flash drought events in both areas typically ranges between 3 to 11 pentads (15 to 

55 days), suggesting that the regions experience similar lengths of flash drought events. Additionally, 

the intensification rates for flash droughts in both areas show significant drops in soil moisture content, 

with values often falling below -20 units, which suggests that both regions experience rapid and severe 

declines in soil moisture during flash drought events. A major difference between the two areas is that 

from 2011 to 2015 the Danubian lowland experiences two flash drought events compared to zero ones 

to Zahorska. Particularly, in 2012 and 2013 the Danubian lowlands experienced flash drought events 

with duration of three (3) and seven (7) pentads, respectively and similar intensification rates (Table 2). 

https://search.earthdata.nasa.gov/
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One of the areas may experience a higher frequency of flash drought events than the other, indicating 

differences in regional climate variability or the impacts of climatic drivers such as temperature and 

precipitation anomalies. The specific onset and end times of flash droughts vary between the two 

regions, possibly due to microclimatic conditions, differences in soil properties, or varying agricultural 

practices that influence the timing of drought conditions. Although both areas experience rapid declines 

in soil moisture, the magnitude of these declines might differ, with one region potentially experiencing 

more severe flash droughts characterized by lower minimum soil moisture values and higher absolute 

intensification rates. Additionally, the persistence of drought conditions, or how long soil moisture 

remains below critical thresholds, could differ between the two regions, with one area experiencing 

quicker recovery from flash droughts. At the same time, the other endures prolonged periods of low soil 

moisture. It is important also to examine the nature of flash drought events and their characteristics from 

the perspective of atmospheric indices. In this research, the Evaporative Stress Index (ESR) was used 

as it is strongly connected with traditional droughts and widely implemented in flash drought studies 

across the globe. Compared to soil moisture, ESR results identified thirteen (13) flash drought events, 

as shown with red stripes in Figure 3. Table 2 presents the characteristics of flash drought events based 

on ESR values; the event with the highest duration lasted seven pentads (2007-05-30 to 2007-06-24). 

The shortest duration was noticed from 2012-03-04 to 2012-03-14, and the period from 2009-03-05 to 

2009-03-30 presented the highest intensification rate (-0.08), while the lowest intensification rate (-

0.027) was noticed from 2011-08-12 to 2011-09-06. Considering the fluctuations of ESR intensification 

rate values, it is noticed that they decrease as time passes by compared to SM intensification rate values, 

which increase (Figs. 4 & 5). The frequency duration of flash drought events based on ESR values 

accounts for 9.25%, almost two times bigger than soil moisture events. It is challenging to compare the 

present study's findings directly with those of other research due to the various definitions of flash 

drought and regions examined. Based on the literature review, this study utilized the soil moisture and 

Evapotranspiration Stress Ratio (ESR) as indicators to identify flash drought events due to its use on a 

global or basin scale. Driven by human-induced global warming, there is an increasing trend of drought-

affected areas and annual spatial mean severity in Central European regions [31]. The high 

intensification rate values can be noticed in this study in the last few years (Fig. 4). A comprehensive 

case study conducted in Central Europe presented the spatiotemporal variability of flash drought events 

resulting in the summer months playing a significant role in triggering the onset time [31]. Finally, due 

to the complex nature of flash droughts, further investigation should be conducted, comparing more 

indices and examining the driving factors. 

 

Table 1. Characteristics of flash drought events at Zahorska lowlands. 
Year Onset time End time Duration (pentads) Intensification rate 

2007 2007-03-07 2007-04-06 6 -20.46 

2007 2007-06-20 2007-07-05 3 -17.77 

2008 2008-03-01 2008-04-25 11 -24.23 

2009 2009-03-11 2009-04-15 7 -18.92 

2010 2010-04-15 2010-04-30 3 -26.70 

2015 2015-03-30 2015-04-19 4 -23.87 

2016 2016-04-13 2016-04-28 3 -18.26 

2017 2017-03-19 2017-04-08 4 -21.79 

2018 

2019 

2018-03-19 

2019-03-14 

2018-04-18 

2019-04-08 

6 

5 

-26.83 

-23.26 

 

Table 2. Characteristics of flash drought events at Danubian lowlands 
Year Onset time End time Duration (pentads) Intensification rate 

2007 2007-03-07 2007-04-16 8 -17.89 

2008 2008-03-01 2008-04-25 11 -18.13 

2009 2009-03-11 2009-04-20 8 -16.34 

2012 2012-04-04 2012-04-19 3 -16.28 

2013 2013-08-27 2013-10-01 7 -16.58 

2015 2015-03-30 2015-04-19 4 -24.72 
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2017 2017-03-19 2017-04-08 4 -22.14 

2017 2017-05-03 2017-05-18 3 -20.14 

2018 

2019 

2018-03-14 

2019-03-14 

2018-04-18 

2019-04-08 

7 

5 

-20.46 

-19.05 

 

Table 3. Characteristics of flash drought events based on ESR. 
Year Onset time End time Duration (pentads) Intensification rate 

2007 2007-05-30 2007-06-24 5 -0.048 

2009 2009-03-05 2009-03-30 5 -0.08 

2011 2011-03-05 2011-03-25 4 -0.033 

2011 2011-08-12 2011-09-06 5 -0.027 

2012 2012-03-04 2012-03-14 2 -0.059 

2012 2012-07-22 2012-08-16 5 -0.020 

2013 2013-07-02 2013-07-27 5 -0.035 

2015 2015-03-19 2015-04-23 7 -0.036 

2015 2015-06-12 2015-07-07 5 -0.045 

2017 2017-03-03 2017-03-23 4 -0.044 

2017 2017-06-01 2017-06-26 5 -0.041 

2018 2018-07-21 2018-08-05 3 -0.033 

2019 2019-06-21 2019-07-16 5 -0.034 

 

 
Figure 2. Flash drought events of Zahorska lowlands based on SM for 2007-2019. 
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Figure 3. Flash drought events of Danubian lowlands based on SM for 2007-2019. 

 

 
Figure 4. Flash drought events of southwestern (SW) Slovakia’s lowlands based on ESR for 2007-2019. 

5 Conclusion 

The increasing frequency of flash droughts, characterized by their rapid onset and intensification, poses 

a significant threat to agriculture systems. Due to the inconsistent definition of flash drought, this study 

has emphasized the rapid intensification rate, underscoring the importance of utilizing remote sensing 

soil moisture and evapotranspiration products as a critical indicator for identifying and understanding 
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these events. The assessment of flash drought events in the southwestern Slovak lowlands for the 

growing period (March-November) from 2007 to 2019 reveals notable variability in duration and 

intensity, with early spring months predominantly experiencing these events. Both the Zahorska and 

Danubian Lowlands share common features regarding the seasonal timing, duration, and rapid 

intensification of flash drought events. However, they differ in the frequency of events, specific onset 

and end times, droughts' intensity and severity, and drought conditions' persistence. These differences 

highlight the need for region-specific drought management and mitigation strategies to address the 

unique characteristics of flash droughts in each area. While the study's findings provide insights into the 

characteristics of flash droughts in these regions, comparisons with other research are challenging due 

to differing definitions and regions studied. However, using soil moisture and Evapotranspiration Stress 

Ratio (ESR) as indicators highlights their relevance for understanding flash droughts, particularly amid 

increasing trends in drought-affected areas driven by human-induced global warming. Moreover, the 

analysis highlights the correlation between severe drought events and crop yields, suggesting their 

suitability for drought impact assessment in the Danubian Lowlands. Nonetheless, due to the complex 

nature of flash droughts, further investigations are needed with more hydrometeorological factors. 
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1 Abstract 

As the quality of life has been improved and the number of people increases on a global scale, the 

demand for high-quality drinking water is also growing. On the other hand, more intensive economic 

development, and the associated emission of pollutants into the environment are placing increasing 

pressure on all components of the environment, including aquifers. With this in mind, it is very important 

to establish a functioning groundwater quality control system that carries out daily analyses so that a 

timely response can be made in the event of sudden pollution. However, it is equally important to 

monitor the quality of groundwater over the long term, as such analyses are very effective in revealing 

changes in trends over specific time intervals. With the aim of preserving groundwater resources, a 

statistical analysis of the quality of groundwater at the Bartolovec wellfield in Varaždin County in 

Croatia was carried out in this paper for the period 1993-2023. The values for five parameters of water 

quality were analysed: pH value, electrical conductivity, KMnO4, chloride and nitrate concentration. 

The time series of the annual averages were formed, and the associated trends were analysed. A 

correlation analysis was carried out and the relationship between same quality parameters at different 

wells was analysed. The correlation between different quality parameters at the same wells was also 

analysed. For all quality parameters for both periods the arithmetic means were calculated and mutually 

compared, and the statistical significance of difference were calculated. Although new methods have 

been developed and used in water resources management in recent years, the results obtained in this 

paper show the importance of conventional statistical methods, the results of which still provide 

important conclusions. 

 

Keywords: groundwater quality, time series, trend analysis, correlation 

2 Introduction  

Water is one of the most abundant substances on Earth and is necessary for all living beings. Even in 

the atmosphere, where water droplets form, it dissolves gas particles and changes its natural properties 

to a greater or lesser extent. When it reaches the surface of the ground in the form of precipitation, it 

dissolves many of the substances found there and reaches the subsoil. This water is known as 

groundwater and is the most important source of water for various human needs. It is estimated that in 

the countries of the European Union about 80% of all water consumed for human use comes from 

groundwater [1]. Nowadays, the interest and need for high quality water is increasing [2], but at the 

same time, the deterioration of groundwater quality is almost inevitable due to the increasingly intensive 

industrial and agricultural development and the impact of the urban areas on the environment [3, 4, 5]. 

As a result, new wellfields are being developed or the pumping rate of existing wells is being increased 

[6]. In the past, it was believed that the upper deposits of the aquifer would sufficiently protect the 

groundwater, but scientific studies and monitoring have shown that pollutants can easily penetrate the 

unsaturated zone and enter the groundwater [7, 8]. For this reason, groundwater quality and its changes 
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in space and time are the subject of numerous scientific studies [9, 10, 11]. In this sense, agricultural 

production is recognized worldwide as one of the main sources of groundwater pollution [12, 13], and 

the groundwater of the northern part of Croatia is no exception [14, 15]. Considering the population 

density and the intensity of development of the area under consideration, the protection of groundwater 

should be one of prerequisites for further development and improvement of the quality of life. For this 

purpose, a statistical analysis of certain parameters of groundwater quality in the period from 1993 to 

2023 was carried out in the Bartolovec wellfield in Varaždin County in northern Croatia. For many 

years, there was a problem with the quality of groundwater in the observed area, and the chemical 

composition changed so much that in certain periods the water did not meet the legally prescribed criteria 

[16]. For this reason, the Varaždin wellfield, which was once the largest, is now closed. Considering its 

size, importance and the funds invested in the Varaždin wellfield, it can be concluded that this is an 

invaluable loss of large groundwater resources. In order to meet the demand for drinking water, the 

pumping capacity of the Bartolovec wellfield was systematically increased and today it represents the 

largest source of water for the local needs. Given the high vulnerability of the aquifer in which the 

Bartolovec wellfield [17] is located, it is very important to protect groundwater resources. In this sense, 

it is necessary to protect the recharge area of the wellfield [18] and to monitor the quality of the 

groundwater in order to be able to react in time in the event of sudden pollution. In this paper, five 

quality parameters for which there is a sufficiently long sampling period for reliable statistical analysis 

in the period 1993-20323 are analyzed. In the paper, the annual average values of each observed 

parameter were calculated, and a statistically significant difference was found. A trend analysis and a 

statistical analysis of the same parameters in different aquifers and of different parameters in the same 

aquifer were also carried out. 

3 Methods 

3.1 The Study Area 

The study area is located in the north of the Republic of Croatia and includes the Bartolovec wellfield 

(Figure 1), which is located near the town of Varaždin. The Varaždin region is one of the most densely 

populated and economically developed areas in the country. Organized water supply in the area in the 

modern sense began in the sixties of the 20th century, when the Varaždin Regional Water Supply was 

established, which today consists of three wellfields: Bartolovec, Varaždin and Vinokovščak. 216 

settlements with a total of about 46,000 connections are connected to the regional water supply system, 

which supplies water to about 151,000 inhabitants, which corresponds to 82% of the total population of 

Varaždin County [19]. The Bartolovec wellfield was put into operation in 1972. After the pumping 

capacity of the Varaždin wellfield was reduced due to the high nitrate concentration, the Bartolovec 

wellfield was designated as the new main wellfield for the county. As a result, pumping rate has been 

systematically increased over the years and today there are a total of nine wells with a total capacity of 

over 500 L/s. 
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Figure 1. Location of the Bartolovec wellfield and spatial distribution of wells 

 

3.2 Geological and Hydrogeological Conditions 

The geological structures consist of coarse-grained sediments of gravel and sand, while the underlying 

sediments consist of silt and clay [20]. The aquifer runs parallel to the Drava River and its thickness 

increases from west to east. In the far west, the thickness is 5 m, while in the area of the Bartolovec 

wellfield it is about 100 m. In the eastern part, the thickness of the aquifer increases to a maximum of 

148 m and then gradually decreases. The aquifer consists of two permeable layers of gravel and sand, 

most of which are separated by a semi-permeable silty and clayey aquitard [20]. The upper layer of the 

aquifer consists of coarse-grained gravel and sand, while the lower part consists mainly of fine-grained 

gravel with sand (Figure 2 and Figure 3). 
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Figure 2. Plan view of the Varaždin aquifer with groundwater flow direction [17] 

 

 
Figure 3. Longitudinal lithological profile of the Varaždin aquifer [17] 
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3.3 Previous research 

The quality of the groundwater in the observed area has been systematically monitored since the early 

1970s, and as recent studies show, it has changed considerably over time and space [19]. Nevertheless, 

the quality of the groundwater was generally satisfactory, with the exception of nitrate concentration. 

The values of this parameter were often higher than the maximum allowed concentration [MAC]. As 

previous studies have shown, the high nitrate concentration was initially caused by a change in the 

groundwater flow regime in the capture areas of the Bartolovec and Varaždin wellfields due to the 

commissioning of two hydropower plants [21]. More recent studies show that this influence no longer 

exists and that the high nitrate concentration in the Varaždin wellfield is now a consequence of point 

and surface sources of pollution located in the immediate vicinity of the wellfield [18, 22]. Until the 

mid-1990s, the Varaždin wellfield was the largest source of water for human consumption in the 

observed area, and in order to meet the quality parameters, pumping capacity from the Bartolovec and 

Vinokovščak wellfield was increased [16]. Due to the constantly high nitrate concentration, the Varaždin 

wellfield was put out of service in 2004 and is now generally not integrated into the water supply system. 

Thus, a large groundwater source was lost, and it was necessary to invest large financial resources in 

increasing the pumping capacity of other wellfields to meet the local population needs. The water is 

drawn from two aquifer layers, and studies show that the water from the lower layer is of significantly 

better quality [23], which is why the lower aquifer is becoming increasingly important today. The 

vulnerability of the aquifer is high [17], so it is extremely important to protect the entire aquifer from 

anthropogenic pollution, because water from the upper layer is still used in the public water supply, but 

it is also used extensively in many private households and farms. Table 1 shows the arithmetic mean 

values of certain groundwater quality parameters in the period 1993-2017 at the Bartolovec, Varaždin 

and Vinokovščak wellfields. As can be seen, the values of the parameters are uniform at all locations, 

except for the nitrate concentration at the wellfield Varaždin, emphasizing the additional importance of 

monitoring this parameter. 

 
Table 1. Arithmetic means of certain groundwater quality parameters in the period 1993-2017 [19] 

Parameter Varaždin 1* Varaždin 2** Bartolovec 1* Bartolovec 2** Vinokovščak 

pH 7.40 7.43 7.40 7.48 7.36 

KMnO4 

(mg/L O2) 
0.75 0.62 0.61 0.61 0.60 

Ammonia 

(NH4
+ mg/L) 

0.008 0.000 0.007 0.007 0.011 

Nitrates 

(NO3 mg/L) 
79.74 54.68 20.55 11.04 24.45 

Chlorides 

(Cl mg/L) 
19.21 13.96 22.94 8.56 13.83 

* upper aquifer layer 

** lower aquifer layer 

3.4 Experimental Data 

The groundwater in the Bartolovec wellfield is systematically monitored at four wells that draw water 

from the upper and five wells that draw water from the lower aquifer layer. Chemical analyzes are 

carried out by an authorized laboratory of the Varkom d.d. utility company. The analyzes carried out as 

part of this work refer to the period 1993-2023, and since two wells of the upper (B1 and B2 – marked 

in blue in Figure 1) and one well of the lower aquifer layer (B3 – marked in orange in Figure 1) were 

active during this period, a database of these locations was created. Sampling was carried out at least 

once a week when each well was in operation. In this way, more than 1000 data were collected for each 

well for each water quality parameter analyzed. The parameters pH, electrical conductivity, KMnO4, 

chloride concentration and nitrate concentration were analyzed in the paper. 

3.5 Methodology 

Based on the experimental data collected during the period 1993-2023, databases were created for the 

following groundwater quality parameters: pH, electrical conductivity, KMnO4, chloride concentration 

and nitrate concentration. The arithmetic mean values were calculated for each parameter in both 
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aquifers and the statistical significance of the differences was analysed using the t-test: 

 

𝑡 =
�̅�1 − �̅�2

√
𝑆1
2

𝑛1
+
𝑆2
2

𝑛2

 

 

(1) 

�̅�1- mean of the first sample 

�̅�2- mean of the second sample 

n1 - first sample size 

n2 - second sample size 

𝑆1
2 - sample 1 standard deviation 

𝑆1
2 - sample 2 standard deviation 

 

The null hypothesis H0 (the difference is not statistically significant) and the alternative hypothesis H1 

(the difference is statistically significant) were set. The critical t value (tα) was determined for a 

significance level of 5% and the number of degrees of freedom 𝑑𝑓 = n1 +  n2 –  2. 

 
𝐻0: �̅�1 = �̅�2 

𝐻1: �̅�1 ≠ �̅�2 

𝑡 < 𝑡𝛼 ⇒ 𝐻0 

𝑡 > 𝑡𝛼 ⇒ 𝐻1 

(2) 

 

In addition, a trend analysis was carried out and a correlation analysis was performed between the same 

parameters in different aquifer layers and between different parameters in the same aquifer layer. In this 

way, it was determined whether there is a correlation between the two aquifer layers and a correlation 

between the observed groundwater quality parameters also using a t test with the number of degrees of 

freedom: df =  n –  2 and a significance level of 5%. 

 

𝑡 = 𝑟√
𝑑𝑓

1 − 𝑟2
 

 

𝐻0: 𝜌 = 0 

𝐻1: 𝜌 ≠ 0 

𝑡 < 𝑡𝛼  ⇒  𝐻0 

𝑡 > 𝑡𝛼  ⇒  𝐻1 

 

(3) 

r – sample correlation coefficient  

ρ – population correlation coefficient 

n – sample size 

df – degrees of freedom 

4 Results and discussion 

4.1 pH value 

The permissible values according to the national regulation [24] for the pH value are within the interval 

6.5-9.5. These values represent negative logarithms of the molar concentration of H+ ions. In both 

aquifers, the annual average values lie within the interval 7.15-7.71, and the correlation in both sets of 

data is very small, as shown by the values of the coefficients of determination R2 (Figure 4a). The results 

of the individual measurements vary from 7 to 8 and practically do not go beyond this interval. For this 

reason, the standard deviation values are low. A statistically significant difference was found between 

the average pH values in the upper and lower layers (Table 2). Nevertheless, there is a correlation 

between the layers (Figure 5a), and the trend analysis shows that the trend is not present in the upper 
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layer, while there is a downward trend in the lower layer. 

 
Table 2. pH trend and correlation analysis 

Difference n 
arithmetic 

mean 

standard 

deviation 
tα t H 

upper layer 30 7.37 0.096358 
1.960 -4.2981 H1 

lower layer 31 7.47 0.084772 

Trend n df tα r t H 

upper layer 30 28 2.045 0.200 1.080 H0 

lower layer 31 29 2.042 0.401 2.357 H1 

Correlation n df tα r t H 

 30 28 2.045 0.635 4.347 H1 

 

  

(a) pH (b) electrical conductivity 

  

(c) KMnO4 (d) chlorides 

 

 

(e) nitrates  

Figure 4. Time series and trend analysis of the observed parameters 
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(a) pH (b) electrical conductivity 

  

(c) KMnO4 (d) chlorides 

 

 

(e) nitrates  

Figure 5. Correlation analysis of the observed parameters 

4.2 Electrical conductivity 

Electrical conductivity is the ability of water to conduct electricity. This ability depends on the presence 

of ions, their total concentration, the mobility and valence of the ions and the measurement temperature. 

The water temperature at which samples are taken to analyse water quality is specified as 25 °C. The 

annual average values of electrical conductivity in the upper aquifer are in the interval 504-670 μS/cm 

and in the lower aquifer in the interval 348-500 μS/cm and are below the MAC which is 2500 μS/cm 

[24] (Figure 4b). The results of the analysis show the statistical significance of the differences between 

the layers (Table 3). There is an upward trend in the upper aquifer layer, while there is no trend in the 

lower layer. Furthermore, correlations between the aquifer layers were found with the correlation 

coefficient of 0.7434 (Figure 5b). 
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Table 3. Electrical conductivity trend and correlation analysis 

Difference n 

arithmetic 

mean  

(μS/cm) 

standard 

deviation 

(μS/cm) 

tα t H 

upper layer 30 614 46.912 
1.960 16.150 H1 

lower layer 31 423 45.409 

Trend n df tα r t H 

upper layer 30 28 2.045 0.512 3.153 H1 

lower layer 31 29 2.042 0.148 0.806 H0 

Correlation n df tα r t H 

 30 28 2.045 0.743 5.879 H1 

4.3 KMnO4 

The annual average values of KMnO4 in both aquifers are in the interval of 0.16-1.21 mgO2/L and thus 

below the MAC of 3 mgO2/L [24] (Figure 4c). Also, the values of the coefficients of determination 

indicate a moderate correlation in both sets of data. The statistical significance of the differences 

between the layers was not found, and the trend analysis shows a downward trend in both aquifers (Table 

4). The correlation analysis shows a good connection between the layers, which is confirmed by the 

correlation coefficient value of 0.9020 (Figure 5c). 

 
Table 4. KMnO4 trend and correlation analysis 

Difference n 

arithmetic 

mean  

(mgO2/L) 

standard 

deviation 

(mgO2/L) 

tα t H 

upper layer 30 0.57 0.258 
1.960 -0.800 H0 

lower layer 25 0.62 0.206 

Trend n df tα r t H 

upper layer 30 28 2.045 0.675 5.009 H1 

lower layer 25 23 2.069 0.583 3.440 H1 

Correlation n df tα r t H 

 25 23 2.069 0.902 10.022 H1 

4.4 Chlorides 

The chloride concentration in the groundwater of the Bartolovec wellfield is far below the MAC value 

of MAC=250 mg Cl-/L [24]. The influence of the semi-permeable layer dividing the aquifer (Figure 2) 

is most pronounced in this groundwater quality parameter. As can be seen from the time series of annual 

averages, the chloride concentration in the lower aquifer layer is lower during the entire observed period 

(Figure 4d). The values in the lower layer are between 4.30-10.03 mg Cl-/L, while the values are higher 

in the upper layer and lie between 16.86-31.33 Cl-/L. A statistically significant difference in the 

arithmetic means between the layers was confirmed (Table 5). There is no trend in the upper aquifer 

layer, while a downward trend was detected in the lower layer. The correlation analysis shows that there 

is no connection between the aquifer layers (Figure 5d). 

 
Table 5. Chlorides trend and correlation analysis 

Difference n 

arithmetic 

mean  

(mgCl-/L) 

standard 

deviation 

(mgCl-/L) 

tα t H 

upper layer 30 23.47 3.600 
1.960 21.879 H1 

lower layer 31 7.52 1.756 

Trend n df tα r t H 

upper layer 30 28 2.045 0.327 1.831 H0 

lower layer 31 29 2.042 0.545 3.502 H1 

Correlation n df tα r t H 

 30 28 2.045 0.458 2.726 H1 

4.5 Nitrates 

The nitrate concentration at the Bartolovec wellfield fluctuates considerably over time but remains 

below the MAC of 50 mg/L NO3- throughout the entire period. The coefficient of determination R2 in 
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the lower layer shows a high correlation in the mentioned data set, while such correlation was absent in 

the upper layer, due to large oscillations of the values of the arithmetic means in that layer (Figure 4e). 

As with pH, electrical conductivity and chloride concentration, a statistically significant difference of 

arithmetic means between layers was determined (Table 6). As mentioned before, the difference is most 

likely due to the presence of the semi-permeable clay layer that divides the aquifer into two layers. The 

trend analysis shows that there is no trend in the upper aquifer layer, while there is a downward trend in 

the lower layer. The correlation analysis shows that there is no significant connection between the layers 

(Figure 5e).   
Table 6. Nitrates trend and correlation analysis 

Difference n 

arithmetic mean  

mg/L 

(NO3-) 

standard 

deviation  

(mg/L NO3
-) 

tα t H 

upper layer 30 22.82 7.260 
1.960 10.328 H1 

lower layer 31 7.06 4.210 

Trend n df tα r t H 

upper layer 30 28 2.045 0.052 0.276 H0 

lower layer 31 29 2.042 0.805 7.308 H1 

Correlation n df tα r t H 

 30 28 2.045 0.549 3.475 H1 

 

When analysing the time series of this parameter, it was found that the values in both aquifers change 

significantly over time, so that the values increase in one period and decrease in the other, indicating 

that the influences of sources affecting the concentration of this parameter are changing. It was also 

observed that the annual average curves coincide until 2003, i.e. when concentrations fall in one layer, 

they also fall in the other. After this year, this compliance ceases, which leads to the conclusion that in 

the period after this year, external sources of pollution no longer affect the upper and lower aquifer to 

the same extent. For this reason, the total period was divided into two sub-periods: the first up to 2003 

and the second after this year. In the first sub-period, the nitrate concentrations decrease over time and 

the value of the arithmetic means between the layers are aligned. For this reason, a correlation analysis 

was carried out for the first sub-period where a correlation coefficient of 0.9853 was calculated (Figure 

6a). In the second sub-period, the correlation between the two layers is significantly lower, which is 

confirmed by the correlation coefficient value of 0.2967 (Figure 6b). The results of this analysis confirm 

the above assumptions about the change in the influence of pollution sources contributing to the nitrate 

concentration in this wellfield. 

 

  

(a) Nitrates – first sub-period (1993-2003) (b) Nitrates – second sub-period (2004-2023) 

Figure 6. Correlation analysis of the nitrates in sub-periods 

4.6 Correlation analysis of different parameters in the same layer 

The relationship between the values of different parameters from the same aquifer was analyzed to 

determine whether the same external factors simultaneously influence different groundwater quality 

parameters. First, the parameters from the upper layer were analyzed. The values of the correlation 

coefficients between the parameters in the upper aquifer layer are shown in Table 7. As can be seen, 
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certain parameters are more strongly correlated, while others are less strongly or not correlated at all. 

The highest correlation was observed between the chloride-nitrate concentrations, which has a high 

correlation coefficient value of 0.7741. There is also a certain correlation between the parameters 

KMnO4-chloride, where the correlation coefficient is 0.5809. For other pairs, the absolute values of the 

correlation coefficients are below 0.5000 so it can be concluded that the correlation is insignificant. 

 
Table 7. Correlation coefficient values in the upper aquifer layer 

93 - 23 
pH 

Electrical 

conductivity 
KMnO4 Chlorides Nitrates 

pH 1     
Electrical 

conductivity -0.4295 1    

KMnO4 0.2295 -0.4956 1   

Chlorides 0.2488 -0.4517 0.5809 1  
Nitrates -0.1422 -0.2544 0.3514 0.7741 1 

 

The values of the correlation coefficient between the individual parameters in the lower aquifer layer 

are listed in Table 8. In this layer, a correlation was observed between the parameters KMnO4-nitrates 

and between the parameters electrical conductivity-KMnO4, where the correlation coefficients are 

0.7233 and -0.6583, respectively. There was also a weak correlation between the parameters electrical 

conductivity-nitrates, while for other pairs values of the correlation coefficients were less than 0.5000. 

 
Table 8. Correlation coefficient values in the lower aquifer layer 

93 - 23 
pH 

Electrical 

conductivity 
KMnO4 Chlorides Nitrates 

pH 1         

Electrical 

conductivity -0.0087 1       

KMnO4 -0.1399 -0.6583 1     

Chlorides -0.1334 -0.0978 0.3271 1   

Nitrates -0.2162 -0.5641 0.7233 0.3965 1 

5 Conclusion 

The chemical composition of the groundwater of the Bartolovec wellfield complies with the criteria 

prescribed by the applicable national regulation [24] for all observed quality parameters during the entire 

observation period. The statistical analysis of the annual mean values showed that the values for almost 

all observed parameters (except for pH) are lower in the lower aquifer layer than in the upper layer. This 

difference is due to the influence of the clay layer, which divides the aquifer into two aquifer layers. 

This is particularly noticeable in the parameters of electrical conductivity, chloride and nitrate 

concentration. As a result, the quality of the water from the lower layer is higher than from the upper 

layer. The correlation analysis of the same parameters in the different layers revealed fluctuations in the 

relationship between the parameters, and relationships were observed for the parameters electrical 

conductivity, KMnO4 and chlorides in the observed period. A correlation was also observed for the 

parameter nitrates in the first sub-period, while it was absent in the second sub-period. These results 

show that the aquifer layers, although separated by a semi-permeable clay layer, are hydraulically 

connected. The correlation analysis of different parameters in the same layer showed that some 

parameters are dependent, which could mean that they have the same sources. However, this assertion 

should be proven in further analyses. The trend analysis revealed trends in some parameters, highlighting 

a negative trend in nitrate concentration in the lower aquifer. However, no such trend was found in the 

upper aquifer layer. Given the long-standing problem of high nitrate concentration in the area of the 

town of Varaždin, changes in groundwater quality over time should definitely be monitored in the future. 

In conclusion, the analysis provides an insight into the changes in the chemical composition of the 
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groundwater of the Bartolovec wellfield in time. The results can serve as a basis for the search for 

solutions to maintain and improve the quality of the groundwater of the wellfield. 
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1 Abstract 

The paper documents the identification, quantification and optimal use of potential water sources for 

irrigation purposes on the Rye Island, Slovakia. The proposal of the division (balancing) of water flows 

by means of the existing damming and dividing structures was drawn up, ensuring sufficient distribution 

of water to the pumping stations located in the immediate vicinity of the main skeleton of the drainage 

channel system. To achieve this goal, several field measurements were conducted simultaneously with 

the study of the project documentation and archive studies conducted in the past. 

 

Keywords: Rye Island, channel system, drainage channels, balancing of water flows, pumping stations, 

irrigation, WEF nexus 

2 Introduction  

The world is currently facing a challenge of securing water, energy, and food for all. The demand for 

freshwater, agricultural products and energy is rising. Inequalities in the distribution and access to water, 

energy and food are exacerbated by the impacts of climate change. Agriculture is the largest consumer 

of the world's freshwater resources, and more than one-quarter of the energy used globally is expended 

on food production and supply [1]. The water security is, according to the Food and Agriculture 

Organisation of the United Nations (FAO), linked to the energy and food security, meaning that the 

actions in any one particular area often can have effects in one or both of the other areas. The interaction 

between water, energy, and food as the water-energy-food (WEF) nexus has drawn much attention 

recently to solve upcoming uncertainty in food security. The largest nexus studies among 27 European 

countries have been conducted in Spain, Italy and Portugal. Most of the nexus studies were focused on 

the water sector. There is a large number of nexus studies in water-stressed countries (because the WEF 

nexus is identified as a solution to manage water supply and water demand spanning water, energy, and 

agricultural sectors) while there are few studies on water-abundant countries (e.g. Slovakia and 

Luxembourg) [2]. 

The Rye Island, Slovakia is an important agricultural area and an important source of quality drinking 

water in Slovakia. Considering the WEF nexus and consequences of climate change, by implementing 

appropriately chosen measures, optimal and sustainable conditions for water management can be 

created, thereby strengthening the competitiveness of agriculture, ensuring food security and reducing 

the risks resulting from ongoing climate change. 

The Rye Island channel system, with its damming and dividing structures and pumping stations, can 

now be considered as multi-purpose. While in the past it was built for the purpose of draining 

waterlogged soils, especially in the wet spring season and during floods, nowadays an equally important 

purpose is related to irrigation, which is directly imposed in the warmest region of Slovakia with the 

longest growing season and the richest water resources, both surface and underground; and to regulating 

the water level regime, such as the necessary distribution of water between drainage areas. It is self-

evident that the channel system, with its capacity, represents an important source of irrigation water, 

which can be regulated in time and space on the entire territory of the Rye Island. 
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There are numerous studies, which are taking place in the Rye Island, for example [3], [4], [5] and [6]. 

Some studies take place in the East Slovak Lowland, for example [7] and [8], which channel system is 

similar to the one in the Rye Island. However, these days, there aren’t many studies dealing with the 

water level regime or possibilities for their improvement in these channel systems. 

3 Methods 

3.1 The area of interest 

The Rye Island is located in the Podunajska lowland, in the southwestern part of Slovakia. The channel 

network of the Rye Island consists of seven main partially interconnected channels (Figure 1): the 

Gabčíkovo-Topoľníky channel, the Chotárny channel, the Čalovo-Holiare-Kosihy channel, the Aszód-

Čergov channel, the Čergov-Komárno channel, the Dudváh channel and the Komárňanský channel. The 

area drained using the constructed channel network has 1252 km2. The total length of the channel 

network is almost 1000 km; thus, its density is approximately 1 km/1,25 km2. 

 

 
Figure 1. The main skeleton of the drainage channel system on the Rye Island, Slovakia, with the directions of 

surface water flow from the source (the seepage channel and the supply channel of the WS Gabčíkovo) to the 

southernmost area (Komárno) 

3.2 Sources of water for the Rye Island channel system 

The hydrological regime of the Rye Island is strongly affected by the construction of the Gabčíkovo 

water structure and the seepage channel of the Hrušovská reservoir. The left-side seepage channel was 

designed for the steady state of seepage waters from the Hrušovská reservoir for a capacity of 20 m3. s- 1. 

Currently, it is the most important source of filtered surface water through the dams of the Hrušovská 

reservoir (with groundwater quality), which is available for water distribution in the channel system of 

the Rye Island. After construction of the Gabčíkovo water structure (WS), the decrease of the 

groundwater level in the adjacent area of the River Danube was observed. The groundwater regime, as 

well as the water level regime in drainage channels, changed. To improve and to control the groundwater 
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regime in the floodplain area, a water supply structure situated on the left side of the seepage channel 

was constructed. This structure allows an artificial water supply into the channel system and 

consequently into the groundwater. 

Based on the previous statements, there are 3 main water sources for the Rye Island channel system: 

• inflow from the supply channel of the Gabčíkovo water structure to the Gabčíkovo-

Topoľníky channel (S VII) through a small hydropower plant with two turbines with a capacity 

of 4.0 m3.s-1 of each turbine. This represents the value of 8.0 m.s-1 according to the most recent 

valid ‘Temporary handling order of the set of water works Gabčíkovo – Nagymaros’ [9]; 

• inflow from the left-side seepage channel of the Gabčíkovo water structure to the channels 

Vojka-Kračany (A VII), Šuľany-Jurová (B VII) and Baka-Gabčíkovo (C VII), and 

subsequently to the Gabčíkovo-Topoľníky channel (S VII); 

• by draining the groundwater. 

The inflow into the A VII channel is through a culvert with two openings with a maximum capacity of 

6.0 m3.s-1. The inflow into the B VII channel is through an inlet object with a sluice gate with a maximum 

capacity of 6.0 m3.s-1 as well. The third in order, the C VII channel is subsidized through an inlet object 

with a maximum capacity of 1.9 m3.s-1. 

When we look at the amount of water that can be supplied into the channel system on the Rye Island 

along the supply channel of the WS Gabčíkovo, it can be concluded that it is potentially a value of over 

20 m3.s-1. However, there are certain limitations that prevent water managers (or farmers) from working 

towards this value. 

The first limiting condition for withdrawals from the left-side seepage channel is the water level and 

flow regime in it. Since the start of operation of the Gabčíkovo hydropower plant, this has been 

determined by the amount of water that seeps through the protective dam of the Hrušovská reservoir. 

This seepage is dependent on the colmatation of the bottom of the Hrušovská reservoir, which can cause 

a decrease in the value of the seepage quantity, which will cause a decrease in the water level in the 

seepage channel and thus also a decrease in the amount of water actually taken into the drainage channels 

connected to the left-side seepage channel. 

3.3 Study of the project documentation and field measurements 

Another very important characteristic is the capacity of each channel. This was determined from the 

available project documentation [10]. The goal was not to determine the exact value of this 

characteristic, what was important at this stage of the solution was the fact whether the given channel is 

able to transfer the designed quantity. It should be noted that project documentation was not available 

for all channels of the main skeleton of the drainage system. That is why an additional reconnaissance 

of the individual objects of the channel system of the lower Rye Island was carried out. 

According to the project documentation, the capacity of the S VII channel is approximately between 

10.8 and 17.5 m3.s-1, which allows it to easily transfer the inflow from the supply channel of the WS 

Gabčíkovo. 

The most significant limitation is the capacity of the channels AVII, BVII and CVII, which, due to their 

dimensions and longitudinal slope, are not able to transfer the aforementioned amounts of water. This 

was proven both by our measurements [11] and also by [12]. 

Considering what was written up to now, the most reliable source of water for supplying the drainage 

system of the Rye Island is the inflow of water from the supply channel to the main channel S VII. The 

limitation that can occur (and already occurred in the year 2023) is a technological limitation, i.e. 

reconstruction (or repair) of a turbine in the small hydropower plant. Because of this, the inflow to the 

S VII channel was reduced to 4.0 m3.s-1. 

The field measurements, using the GNSS receiver Leica VIVA GS15 and controller Leica VIVA CS15, 

were carried out in order to determine the water level and flow regime, cross sections and the 

longitudinal profiles of the drainage channels and the flow velocities (used to determine the discharge) 

in the upper part of the area of interest that provides water supply to the Rye Island, i.e. the secondary 

drainage channels A VII, B VII and C VII; as well as the main drainage channel S VII. The locations of 

field measurements (small red dots) are shown in Figure 2. 
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Figure 2. The location of field measurements 

 

 
Figure 3. The main skeleton of the drainage channel system on the Rye Island, Slovakia, with the damming and 

dividing structures and irrigation pumping stations 
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3.4 Damming and dividing structures on the Rye Island channel system and irrigation pumping stations 

The next part of the research was the localization and parameterization of individual objects on the 

drainage system of the Rye Island. This task carried out in a close cooperation with the Slovak Water 

Management Enterprise, state enterprise (SWME). Our effort paid off and we were able to create a 

catalogue of every damming and dividing structure with its parameters (width, height of structures, 

height of the concrete threshold of the structure above sea level, or barrier height). This is an integral 

part for the future model of the operation and manipulation with the structures of the drainage system. 

The location of each structure is shown in Figure 3 (red dots). 

Figure 3 also shows the location of existing functional irrigation pumping stations with their maximum 

capacity, represented by green marks. Data has been provided from the GIS database of the 

Hydromelioration, state enterprise. The total capacity of all functional pumping stations is 7.07 m3.s-1. 

However, the total capacity of the irrigation pumping stations that can be supplied with water from the 

drainage channel system is approximately 5.63 m3.s-1. 

4 Results and discussion 

Considering everything that was written above, we drawn up our first proposal (in a graphic form) for 

the redistribution of water flows in the individual branches of the drainage system in order to achieve a 

sufficient amount of water (flow rate, level) for the irrigation pumping stations, which are located in the 

immediate vicinity of the main framework of the drainage system of Rye Island. 

 

 
Figure 4. Distribution of water flows in the main skeleton of the Rye Island drainage channel system assuming 

the total inflow of 9.0 m3.s-1 

 

The first proposal assumes a total inflow to the drainage system of 9.0 m3.s-1, consisting of an inflow of 

8.0 m3.s-1 into the main channel SVII through two turbines of the small hydropower plant from the 

supply channel of the WS Gabčíkovo; an inflow of 500 l.s-1 from the seepage channel into the AVII 

channel, and the same inflow into the BVII channel. These values are based on our actual measured 
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flows in these channels during the vegetation period (the inflow into channel CVII is so small that we 

did not consider it). We redistributed this subsidy flow through the damming and dividing structures to 

the entire drainage system of the Rye Island, taking the required amount of water for irrigation pumping 

stations into account. This proposal, which we call balance, is shown on Figure 4. 

It is obvious from the Figure 4, that the drainage channel system is able to ensure the drainage of any 

area and at the same time transfer water for irrigation purposes to any place of the system. This fact was 

already claimed by experts in the past. 

Due to the undergoing reconstruction of one of the turbines, the second scenario (Figure 5) was created 

with significantly reduced amounts of inflow from the seepage and supply channel to the drainage 

system of the Rye Island. We assumed a water inflow into the channels AVII and BVII with a value of 

200 l.s-1 for each and an inflow of 4.0 m3.s-1 into the main channel SVII. This scenario is all the more 

relevant because the operator of the small hydropower plant assumes the shutdown of the turbine for a 

period of 15 to 18 months and then prepares for the reconstruction of the second turbine, which means 

a scenario that will last approximately 2.5 to 3 years. 

 

 
Figure 5. Distribution of water flows in the main skeleton of the Rye Island drainage channel system assuming 

the total inflow of 4.4 m3.s-1 

 

The second scenario covers approximately 75% of the water need for irrigation from the drainage system 

on the Rye Island. The basic assumption we used when creating the scenarios is to cover the water 

requirements of all irrigation stations at once, which will definitely not happen. This gives us hope that 

despite the reduced inflow into the channel system, it is still possible to transfer the water in required 

quantity to all irrigation pumping stations. 

However, the fact is that in the GIS database contains only irrigation pumping stations that are firmly 

built and are registered. From field inspections and from our cooperation with the SWME, we found out 

that several agricultural cooperatives (farms) have permission for irrigation water by pumping it directly 

from the channel system. This is a form of water extraction that was not taken into account in our study 

at all. It is possible that such withdrawals will not affect the level and flow regime in the channel system 

(their capacity ranges from 8.0 – 15.0 l.s-1). Moreover, they cannot be used anywhere, because they need 
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a sufficient depth of water in the channel for the correct function of the pumping system. 

5 Conclusion 

The Rye Island, Slovakia, is an important agricultural area and an important source of quality drinking 

water in Slovakia. Considering the WEF nexus and consequences of climate change, by implementing 

appropriately chosen measures, optimal and sustainable conditions for water management can be 

created, thereby strengthening the competitiveness of agriculture, ensuring food security and reducing 

the risks resulting from ongoing climate change. 

The Rye Island channel system was built for the purpose of draining waterlogged soils, especially in the 

wet spring season and during floods. Nowadays an equally important purpose is related to irrigation in 

the dry growing season and to regulating the water level regime, such as the necessary distribution of 

water between drainage areas, making it a multi-purpose system. 

The paper documents the identification, quantification and optimal use of potential water sources for 

irrigation purposes, along with their distribution in the necessary quantity through the existing drainage 

channel system to the irrigation pumping stations. The main result of our work is a proposal for the 

division (balancing) of water flows by means of the existing damming and dividing structures on the 

main skeleton of the drainage system of the Rye Island, ensuring sufficient distribution of water to the 

pumping stations located in the immediate vicinity of the main skeleton of the drainage channel system. 

The proposals were drawn up for two scenarios – for the inflow of 9.0 m3-s-1 (Figure 4) and 4.4 m3.s-1 

(Figure 5) into the channel system through the main channel Gabčíkovo-Topoľníky (S VII) and two 

secondary channels Vojka-Kračany (A VII) and Šuľany-Jurová (B VII). 

The first proposal (Figure 4) assumes an inflow of 8.0 m3.s-1 into the main channel SVII through two 

turbines of the small hydropower plant from the supply channel of the WS Gabčíkovo and an inflow of 

500 l.s-1 from the seepage channel into the AVII channel and the BVII channel. 

The second scenario assumes a reduced inflow of 4.0 m3.s-1 into the main channel SVII due to the 

undergoing reconstruction of one of two turbines of the small hydropower plant, and an inflow into the 

channels AVII and BVII with a value of 200 l.s-1 for each and. This is the scenario for the next 

approximately 2.5 to 3 years. 

The results show that with suitable measures, the drainage channel system is able to ensure the drainage 

of any area and at the same time transfer water in required quantity for irrigation purposes to any place 

of the system. The second scenario covers approximately 75% of the water need for irrigation from the 

drainage system on the Rye Island with the assumption of all irrigation stations pumping at once, which 

is not likely to happen. 

It is self-evident that this balance distribution needs to be verified by hydraulic calculation of the entire 

drainage system using a modern numerical model, where it is possible to determine the necessary 

amounts of water based on the actual morphological conditions of the channel system (sediment 

contamination, overgrowth and the associated roughness of the riverbeds, longitudinal profiles of 

channels) and manipulation on the damming and dividing structures. 

 

Acknowledgements 

Funded by the EU NextGenerationEU through the Recovery and Resilience Plan for Slovakia under the 

project No. 09I03-03-V04-00274. 

The paper was developed within framework and based on the financial support of the VEGA project 

No. 1/0161/24 Research utilization an artificial intelligence methods in the management of multipurpose 

water-management systems. 

 

References: 

 

[1] FAO: The Water-Energy-Food Nexus. A new approach in support of food security and sustainable 

agriculture, Rome: Food and Agriculture Organization of the United Nations, 28 p., 2014. 

[2] Rezaei Kalvani, S., Celico, F.: The Water–Energy–Food Nexus in European Countries: A Review 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

252 
 

 

 

and Future Perspectives, Sustainability, 15, 4960, https://doi.org/10.3390/su15064960, 2023. 

[3] Schügerl, R., Velísková, Y., Dulovičová, R., Sočuvka, V.: Influence of submerged vegetation on 

the Manning’s roughness coefficient for the Gabčíkovo-Topoľníky channel, Acta Hydrologica 

Slovaka, 22, 1, pp. 61-69, https://doi.org/10.31577/ahs-2021-0022.01.0007, 2021. 

[4] Dulovičová, R., Schügerl, R., Velísková, Y.: Hydraulic conductivity of saturated bed silts in 

Chotárny channel, ŽO area, Slovakia, Acta Hydrologica Slovaka, 23, 2, pp. 180-1189, 

https://doi.org/10.31577/ahs-2022-0023.02.0020, 2022. 

[5] Schügerl, R., Velísková, Y., Dulovičová, R, Sočuvka, V.: Determination and comparison of 

hydraulic conductivity values of bed silts along Chotárny channel using grain size analysis, Acta 

Hydrologica Slovaka, 21, 2, pp. 139-144, https://doi.org/10.31577/ahs-2020-0021.02.0017, 2020. 

[6] Dulovičová, R., Schügerl, R., Velísková, Y.: Actual values of saturated hydraulic conductivity of 

channel bed silts and its distribution along Komárňanský channel, Acta Hydrologica Slovaka, 21, 

1, pp. 61-69, https://doi.org/10.31577/ahs-2020-0021.01.0012, 2021. 

 [7] Pavelková, D., Kandra, B., Tall, A., Hlavatá, H., Gomboš, M.: Comparison of meteorological 

drought over two normal periods, Acta Hydrologica Slovaka, 24, 2, pp. 221-231, 

https://doi.org/10.31577/ahs-2023-0024.02.0025, 2023. 

[8] Kandra, B., Tall, A., Gomboš, M., Pavelková, D.: Quantification of Evapotranspiration by 

Calculations and Measurements Using a Lysimeter, Water, 15, 2, pp, https://doi.org/10.31577/ahs-

2023-0024.02.0025, 2023. 

[9] Water Management Construction, state enterprise: Temporary handling order of the set of water 

structures Gabčíkovo – Nagymaros on the territory of the Slovak Republic (Update XII, January 

2023) (in Slovak), 131 p., 2023. 

[10] Vongrej, J.: The use of drainage systems for irrigation in connection with the construction of water 

structures on the Danube (in Slovak), Administration of Water Management Development in 

Bratislava, 98 p., 1966. 

[11] Šoltész, A., Červeňanská, M., Mydla, J.: INTERREG CENTRAL EUROPE: DEEPWATER-CE. 

Final report on cooperation on activities implementation of the project, Faculty of Civil 

Engineering, Slovak University of Technology in Bratislava, 29 p., 2021. 

[12] Sikora, A., Slota, R.: Research of discharge and water level regime in left-hand side branch 

system of the Danube by method of physical modelling, Bratislava: Water Research Institute, 42 p., 

1992. 

 

https://doi.org/10.3390/su15064960
https://doi.org/10.31577/ahs-2021-0022.01.0007
https://doi.org/10.31577/ahs-2022-0023.02.0020
https://doi.org/10.31577/ahs-2020-0021.02.0017
https://doi.org/10.31577/ahs-2020-0021.01.0012
https://doi.org/10.31577/ahs-2023-0024.02.0025
https://doi.org/10.31577/ahs-2023-0024.02.0025
https://doi.org/10.31577/ahs-2023-0024.02.0025


 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

253 
 

 

 

WATER SCARCITY MANAGEMENT IN SLOVAKIA – CURRENT STATE  

IVANA BAJKOVIĆOVÁ 1, STANISLAV KELČÍK 2 
1 Water Research Institute, Slovakia, ivana.bajkovicova@vuvh.sk 

2 Water Research Institute, Slovakia, stanislav.kelcik@vuvh.sk 

 

1 Abstract  

As a result of climate change and less even distribution of precipitation over time, water scarcity 

management is becoming increasingly important, even in countries that did not encounter such issues in 

the past. 

The poster gives an overview of water scarcity management in Slovakia - current legislation and 

strategic documents, available databases, methodological approaches, as well as the identified gaps, 

challenges and possibilities. 

 

Keywords: water scarcity, water resources management, climate change, water allocation, prevention 

2 Introduction  

Increased frequency and severity of droughts is being discussed more frequently, both globally and in 

national contexts. This is one of the key adverse impacts of climate change on water availability - uneven 

distribution of rainfall and changes in the hydrological regime of rivers (manifested in particular by 

more extreme flows and changes in seasonality), and decline in groundwater reserves.  

From the water management point of view, the objectives of which are sustainable use and protection 

of water resources, arises the issue of satisfying human water needs - or water scarcity management. 

Water scarcity is a situation in period of drought, in which not all human water demands are met. 

 

Drought and water scarcity management related activities, in terms of response timing, can be divided 

into "before - during - after" the drought. In this sense we are talking about monitoring, risk analysis, 

mitigation, preparedness, early warning, operational responses, post analysis and lessons learned. 

Remaining aware of the above-mentioned context, in the following work we will focus less on 

monitoring, early warning and operational response processes, and more on strategic drought policy, 

water scarcity prevention, planning, long-term goals of reducing exposure and vulnerability, and 

acquiring water resilience of the country. 

3 Methods 

3.1 Identifying key elements of drought policy planning and drought management 

3.1.1 Bodies, institutions 

In Slovakia, the Ministry of Environment is competent for water. However, if we also take into account 

water use, the issue of drought and water scarcity is multisectoral (Ministry of Agriculture and Rural 

Development, Ministry of Economy, Ministry of Interior). Moreover, water scarcity involves not only 

economic issues, but also social issues, in period of drinking water scarcity (Ministry of Health).  

 

Among the sectoral institutions, we can name in particular those listed in  

 

Table 4. 
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Table 4. Institutions in the field of water scarcity management 

 

 Name Mission Ref. 

1 
Slovak Hydrometeorological 

Institute (HMI) 

hydrological and meteorological services at the 

national and international level, data collection and 

processing 

[1] 

2 
Slovak Water Management 

Enterprise, s.e. 

management of watercourses and material investment 

assets built on it 
[2] 

3 
Water Research Institute 

(WRI) 

research base for water sector, advisory services for 

water management and water planning 
[3] 

4 
State Geological Institute of 

Dionýz Štúr (SGI DS) 

geological research and exploration, information 

system on geological works results, including 

hydrogeology 

[4] 

5 
Vodohospodárska výstavba, 

s. e.  

construction and operation of water structures 

 
[5] 

6 
Slovak Environmental 

Agency (SEA) 

information and communication on climate change 

adaptation at local and regional levels 
[6] 

 

Within the academic sector, the Slovak Academy of Sciences and universities in Slovakia also contribute 

to water scarcity management - mostly through specialized research, contribution to methodological 

documents and education of experts. 

3.1.2 Legislation 

Drought policy in European Union (EU) - water legislation:  

• The Water Framework Directive (WFD), Directive 2000/60/EC of the European Parliament and 

of the Council of 23 October 2000 establishing a framework for Community action in the field 

of water policy) [7] 

• The EU Green Deal (Climate change policy, Climate law) [8]  

 

European legislation is fully transposed into Slovak legislation, also in the field of drought and water 

scarcity.  

Drought policy in Slovak - water legislation:  

• The Water Act, Act No. 364/2004 Coll. on water and on amendments to the Act of the National 

Council of the Slovak Republic No. 372/1990 Coll. on offences, as amended [9] 

• Act No 305/2018 Coll. on protected areas of natural water accumulation and on amending and 

supplementing other acts, 

• and other subordinate legislation. 

3.1.3 Strategic documents  

Drought policy and strategic documents in EU:  

• EU Strategy on adaptation to climate change – action plans 

• Integrated Drought Management Programme (IDMP), National Drought Management Policy 

Guidelines in Central and Eastern Europe (CEE) [10] 

• Common Implementation Strategy (CIS) Guidance 24 on river basin management in a changing 

climate (update finalization in 2024) [11] 

 

Drought and water scarcity policy in Slovakia:  

• Master Plan of Protection and Rational Use of Water, 2002 [12] 

• Action plan to address the consequences of drought and water scarcity – H2Odnota je voda (The 
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Value is Water), 2018 [13] 

• Adaptation Strategy of the Slovak Republic to Climate Change, 2018 [14], plus Action Plan for 

Adaptation 

• Water Policy Concept until 2030 with a prospective to 2050 (2022) [15]  

The Water Policy Concept sets objectives and actions, among others, in areas:  

o 3. Sustainable water use: Sustainable and efficient use of surface and underground waters 

without endangering their quantity and quality (Goal 3.1.), Functional crisis management 

in times of drought and water shortages (Goal 3.2.) 

o 4. Water for all residents: Ensuring the supply of health-safe drinking water for all 

residents (Goal 4.1.) 

Related milestone in the Concept: 1.7. Legislative proposal to establish prioritization of 

individual users' demands for water abstraction and use (regulation of water abstraction and 

use in case of water scarcity and/or drought) (objectives 3.1., 3.2.) 

• The Water Plan of the Slovak Republic (Danube River Basin Management Plan, Vistula River 

Basin Management Plan, Plan for the development of public water supply systems for the territory 

of the Slovak Republic) – Update 2021 [16] 

The plan ensures the goal consistency with the Water Policy Concept. The measures are linked 

to the documents Action plan to address the consequences of drought and water scarcity and 

Adaptation Strategy of the Slovak Republic to Climate Change. 

In the river basin management planes 2021 the “Negative impacts of climate change (drought, 

water scarcity and other impacts)” are recognized as a significant water management issue. 

 

In Slovakia, the issues of available water resources and the coverage of human water needs were treated 

as a comprehensive water management issue most recently in the document • Master Plan of 

Protection and Rational Use of Water, 2002 [12]. In the following years, river basin management plans 

were developed in the spirit of the WFD, which places greater emphasis on maintaining or restoring 

good water status.  

The needs and trends in water use appeared in the strategic documents partially, among other sectors, or 

on a too general level. While water protection belongs to the environmental sector, the water use has 

mainly an economic and water supply also a social character, which makes this issue cross-cutting. 

 

Since 2020, in the scope of river basin management plans, Slovakia has ranked drought and water 

scarcity among the Significant Water Management Issues related to climate change. The most typical 

consequence of climate change is a less even distribution of precipitation over time, i.e. greater extremes 

and shifts of seasons during the year. This encourages not only to better understanding of the trends 

related to drought, but also to develop a proper water scarcity management.   

3.1.4 Information base 

The national drought monitoring in Slovakia collects historical, real-time and periodic data on 

meteorological, hydrological and agricultural drought. Data analyses using indicators for meteorological 

drought (Standardized Precipitation Evapotranspiration Index – SPEI), hydrological drought (Relative 

monthly discharge, M-day discharge, Groundwater level) and agricultural drought (Soil drought 

intensity) enable HMI to provide timely information for use in operational drought management and 

respond to drought events effectively. Agricultural drought information system “Intersucho” (with 

Czech Republic and Central Europe) gives an information on current state of drought, 10 days soil 

saturation prediction and long-term predictions (2 months, 6 months). [1] 

 

For long-term drought and water scarcity management (planning, preparedness and resilience), an 

understanding of water quantity and regime, and also the impact of climate change, is needed. 
As a result of the data analyses on natural water regime plus human water use, for each past year, the 

following documents are prepared in HMI [1]: 

• Water balance of surface water quantity, 
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• Water balance of ground water quantity. 

 

In addition, the Prospective surface water quantity balance is updated annually (in WRI), also using 

prospective water use data, to determine the rate of water security for the needs of particular types of 

users. [3] 

 

Numerous methodologies, reports, research and other documents have been developed in professional 

institutions to address specific topics in the areas of drought, water security and water resources 

protection.   

3.2 Gaps and issues, potentials 

Although the drought issue belongs to the Ministry of Environment sector, the issue is strongly multi-

sectoral. There is a need for a central authority to coordinate the drought and water scarcity management, 

in an effort to increase the resilience of the country. No drought committee (or other competent authority 

responsible for drought management) is established in Slovakia in present.  

 

A framework on drought in natural disaster, water, agriculture, climate change, biodiversity and forestry 

strategic documents is set at a general level, and it is not properly linked.  

There is potential to align some approaches in drought management with the EU settings (structured to: 

1 - Monitoring and early warning, 2 - Risk and impact assessment, 3 - Risk mitigation, preparedness 

and response). Moreover, a regular planning needs to be introduced as part of long-term development 

towards water resilience. 

 

There is no drought management plan developed in Slovakia, to set up the drought emergency response 

measures across the country.  

The water resource management in the river basin management plans is oriented mostly on the measures 

to achieve good ecological status of water bodies, but not to the water use possibilities and water scarcity 

resilience.  

There is no updated Master plan of sites protected for surface water retention and storage. There is no 

dedicated structured register of structures with water retention capacities in Slovakia. 

 

The issue of water allocation is not addressed at any level. There is no prioritisation in the water use 

established in legislation. The existing register of water permits is not properly structured and is not 

accessible to all the relevant parties. The permitting process, which is done at the local level 

(municipalities), is methodologically inconsistent and data on its results are not properly managed.  

A progress was made on the e-flow issue by developing a methodology for determining ecological flows. 

However, the use is yet to be implemented. A relevant regulation (decree) is awaited, and it is also 

necessary to legislate the position of e-flow in the water use prioritization. 

 

The information base is not consolidated. There is no sectoral water information system. 

4 Results and discussion 

The given facts show the need and importance of inter-sectoral cooperation. There is a need for a central 

authority to address drought and water scarcity, which links and coordinates responsibility and 

cooperation across the vulnerable sectors. 

 

Operational management of drought and water scarcity needs to be regulated through a drought 

management plan, which will include development of monitoring and early warning, assessment of 

drought risk and impact, as well as measures for risk mitigation, preparedness and response. 

 

In the scope of the water resilience planning and long-term development, preventative measures can be 
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a part of river basin management plans. In addition to understanding natural hydrological conditions and 

trends related to climate change, it is necessary to have comprehensive data on water use and also its 

prediction, related to the development of particular sectors. After quantifying the water demands, the 

best solutions to provide the water can be designed. In geographical areas identified as deficient or 

vulnerable, it is necessary to plan specific solutions and allocate funds for it. A space (land) must be 

reserved for future surface water retention and storage.  

 

The topic of water scarcity and water allocation is to be completely developed. For the proper decision-

making, it is necessary to establish water use priorities in legislation. In water permits issuing, a 

systematic methodologically uniform approach is essential. There is a need to develop a water balance 

based methodology for permitting abstractions, emissions, and other interventions in the quantity and 

regime of surface water and groundwater. The data on permits, issued at district level, should be included 

into a structured register accessible to all involved parties, and use for further water management 

analyses. 

 
The information base should be systematically upgraded and supplemented with more information on 

natural conditions, trends in climate change, water use, water demand, development projections, risk 

assessment, etc. A sectoral water information system is also essential for the proper flow of data, 

assessments, activity instructions and communication. 

5 Conclusion 

Although extreme alerting events of drought and water scarcity have not been identified in Slovakia in 

recent years, trends resulting from climate change point to the need for preparedness. It is essential to 

avoid a crisis-oriented drought policy with reactive measures of restrictions and drought impacts 

treatment.  

The above analyzes show the need and importance of inter-sectoral cooperation (with a central authority 

established) to address drought and water scarcity. Paralell to regulation of operational crisis 

management through a drought management plan, the water resilience planning and long-term 

development preventative measures are to be included to river basin management plans. It is necessary 

to quantify water needs and possibilities of their coverage in the best possible way, to establish priorities 

in water use. A systematic, methodologically uniform approach and a good information system are 

essential in water allocation. In geographical areas identified as deficient or vulnerable, it is necessary 

to plan specific solutions and allocate funds for it. 

In Slovakia, there is still time to learn and build a systematic drought policy, based on knowledge, 

prevention and strengthening the long-term water resilience - also in accordance with the principles 

elaborated in this paper. 
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1 Abstract 

Precipitation is one of the main parameters of the hydrological cycle, and fluctuations in the precipitation 

amount of the regions directly affect the water management plans of the related catchments. Due to 

global climate change, these fluctuations and extreme weather conditions are increasing. The negative 

impacts of the changes on the precipitation amounts must be eliminated. To do this, It is essential to 

analyze the variations of the precipitation over past years for a specific region. In this study, the authors 

investigated the trend dependences of Humenne, Slovakia, using a relatively new method, namely the 

Innovative Şen Trend test. Precipitation trends of the mentioned region were investigated on a monthly, 

seasonal, and annual basis by applying the Innovative Şen Trend test, Mann-Kendall test, and Linear 

Regression Line approaches. When the traditional trend investigation methods are generally based on 

the acceptance or rejection of the null hypothesis, the Innovative Şen Trend method is based on the 

distribution of the time series. The innovative Şen Trend Test approach is a graphical trend investigation 

method that gives users the opportunity to evaluate the trends based on their own experiences. The 

nonparametric Mann-Kendall test was applied to the data set within the 95 percent confidence interval. 

While any trends were not detected by using the traditional Mann-Kendall method within the given 

confidence interval, various monthly, seasonal, and annual trends were determined by using the 

Innovative Şen Trend test. The Innovative Şen Trend test was evaluated based on the three 

classifications. Those classifications were selected as low, medium, and high classes. This identification 

helps researchers to understand the extreme conditions for the calculated time scale.  

 

Keywords: Precipitation, Trend, Mann-Kendall, Innovative Şen Test, Climatological Fluctuations 

2 Introduction 

Precipitation pattern changes in regions have great impacts on the area's water supply. Due to global 

climate change, precipitation frequencies are changing. Some parts of the world are facing a serious 

shortage of water because of the changes in precipitation, and some parts are facing extreme rainfalls. 

Changing conditions force the authorities to better understand the fluctuations of the weather 

parameters. Recently, in terms of climatological parameters, many studies have been done using trend 

investigation approaches. Mann-Kendall's (MK) approach is one of the most popular approaches for 

trend detection of time series. [1], performed a trend investigation study for the Hilly region of 

Bangladesh. They applied the Mann-Kendall test to the historical data set. They found a decreasing trend 

for annual evaluation, but they indicated that the trend was not significant. [2], conducted rainfall and 

temperature trend research for a highly vulnerable area to climate change. They selected the MK test for 

trend investigation, and they used Sen’s slope estimator for the significance level of the trends. [3], 

performed a study for a research area that is vulnerable to floods. They investigated the rainfall 

characteristics of the region by utilizing MK and modified MK tests. They did the analysis for 40 years 

period from 1971 to 2010. They found some increasing and decreasing trends in monthly evaluations.  

 

In the literature, trend investigations of the climatological parameters are not limited to the application 

of traditional methods. The Innovative Şen Trend investigation method was also tested for various 

regions. [4], used the modified MK test and Innovative Şen Trend method to analyze the monthly 
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maximum temperature of a station located in Oxford. He selected a long-term data set that started in 

1854. He detected significantly increasing trends for January, March, May, July, August, September, 

October, November, and December. [5], took attention to the increasing drought risk for some parts of 

the world based on climate change, and they performed a trend research study by using the most popular 

MK test and newly developed Innovative Şen Trend method for a river basin located in Turkey. They 

did their research for nine-gauge stations. They concluded that when, in some cases, the MK test can 

not detect any trends, the Innovative Şen trend test was able to detect some rising or decreasing trends. 

[6], preferred to use the MK test and the Innovative Şen Trend test for analyzing streamflow trends of 

the Tigris River. As a result of their study, they underlined that the MK test and the Innovative approach 

generally have similar trend directions. More studies about the application of the Innovative approach 

for trend detection can be found in [7-11]. 

 

In this study, the precipitation trends of the Humenne, Slovakia was investigated based on the traditional 

MK test and the Innovative Şen Trend approach. The objective of this study is examining the 

precipitation fluctuations of the mentioned region on a monthly, seasonal and annual basis.  

3 Methodology 

The Innovative Şen Trend, MK, and Linear regression slope methods were used to detect the 

precipitation trends of the Humenne station. The Innovative Şen trend test is a graphical-based trend 

investigation approach developed by [12]. This approach is basically about the distribution of the time 

series on the x and y axis of a two-dimensional graph. A developed version of the approach, which is 

preferred in this paper, can be found in Dabanlı, 2017 PhD thesis [13]. This developed version of the 

Innovative Şen Trend test aims to add negative and positive lines to the distribution of data. These 

reference lines help users to identify trends with percentages. The users should make a decision about 

the distribution of the data within the reference lines.  Mann-Kendall test is one of the most popular 

trend investigation approaches. It is a non-parametric test that allows users to work in a chosen 

confidence interval. The decision for the trend generally is given based on the probability values. 

According to the probability value, the null hypothesis can be accepted or rejected. The null hypothesis 

typically defines the cases that have no trends. Further information about the theory of the MK test can 

be found in [14]. The Linear Regression approach was used by evaluating each time step’s regression 

line slope. These values were considered for the determination of the magnitude of the slope and the 

general directions of the distribution of the data. 

 
Table 1. Statistics belonging to the precipitation data set (1972-2021) 

Precipitation 

(mm)  Min Max Mean 

Standard 

Deviation Skewness 

January 4.3 110 36.49 21.94 1.34 

February 1.6 104 35.134 19.56 0.94 

March 1.6 98.8 36.91 21.22 0.75 

April 12.2 122.8 52.38 25.14 0.47 

May 24.4 254.5 79.598 39.70 1.84 

June 9.4 206.1 89.536 38.92 0.67 

July 5.2 210.3 102.348 56.07 0.41 

August 7.5 195.4 78.494 39.49 0.50 

September 6.8 214.9 69.114 38.62 1.46 

October 3.1 296.5 58.248 49.07 2.44 

November 0.4 105.9 48.572 24.42 0.38 

December 3.8 121.4 45 26.64 0.79 

Winter 17.2 78.1 38.9 13.22 0.71 
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Spring 29.20 117.77 56.30 16.84 1.11 

Summer 40.8 143.5 90.1 23.36 -0.09 

Fall 21.5 129.0 58.6 20.55 0.85 

Annual (avg) 46.48 93.67 60.99 8.36 1.15 

 

The annual average value given in Table 1 is the average of 12 months’ records. The minimum and 

maximum values of the annual averages of annual (avg) are the minimum values of yearly averages. 

December, January, and February were considered as winter, March, April, and May as Spring, June, 

July, August as Summer, and September, October, and November as Fall season. The monthly, 

seasonal, annual minimum, maximum, mean, standard deviation, and skewness coefficient stats of the 

precipitation data are shared in Table 1. The location of the study area is marked in Figure 1. Figure 1 

was created by using Google Earth.  
 

Figure 1. The location of the study area 

 

The Humenne town is a part of the Presov region of eastern Slovakia. Its total area is 28.63 km2, with an 

average elevation of 155 m. The population of the town in 2021 was 30,925. From a hydrological 

standpoint, the region of Humenne falls within the basin of the Badrog River. The Laborec River flows 

through the settled area of the town, which is equipped with a safety barrage that serves to safeguard the 

area from floods. Water accumulation is typical during the months of December through February, with 

the highest levels of discharge occurring in March and the lowest in September. The average annual 

discharge of the Laborec River in Humenne is approximately 10 m3 per second [15]. The data set is 

provided by the Slovak Hydro-Meteorological Institute. The data set originally contained monthly 

records, and it is based on the hydrological years (October to September). The data set started in the 

1971-1972 hydrological year and ended in the 2022-2023 hydrological year.  
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4 Results  

The MK test was applied to the data set within the 95 percent confidence interval, and the alpha value 

was chosen as 0.05. For the given confidence interval, no significant trends were detected for the MK 

approach. The calculations of the MK tests are shared in Table 2.  

 
Table 2. Mann-Kendall test results 

Hydrologic 

Time Scale 
Alpha 

MK 

Stat. 

Critical 

Z 

 Value 

Z Stat. Trend 

January 

0.05 

165.00 

+1.96 

-1.96 

1.37 - 

February 196.00 1.63 - 

March -43.00 -0.35 - 

April -86.00 -0.71 - 

May 43.00 0.35 - 

June -192.00 -1.60 - 

July -3.00 -0.02 - 

August 100.00 0.83 - 

September -83.00 -0.69 - 

October 155.00 1.29 - 

November 20.00 0.16 - 

December 25.00 0.20 - 

Annual -23.00 -0.18 - 

 

When Table 2 is examined, it will be seen that any Z stats calculated based on the MK stat are not higher 

or lower than critical Z values. This is why any significant trends can not be mentioned for the 

confidence interval. Even if it is not statistically significant, numerically, the highest value was 

calculated for February, which tends to be the rising direction. The numerically lowest Z stat was 

calculated for June.  
Table 3. The Innovative Şen Trend Results 

Time Scale Classification Trend  
Approximate 

Percentage 

Linear 

Regression 

 Line's 

Slope 

January 

Low Increase 7,00% 

0,27 Medium Decrease 4,00% 

High Increase >10 

February 

Low Increase 6,00% 

0,32 Medium - - 

High Increase >10% 

March 

Low Decrease 1,00% 

-0,09 Medium Decrease 4,00% 

High Increase 1,00% 

April 

Low Decrease 4,00% 

-0,15 Medium Decrease 8,00% 

High Decrease >10% 

May 

Low - - 

0,34 Medium Increase 7,00% 

High Increase >10% 
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June 

Low Decrease 9,00% 

-0,86 Medium Decrease 9,00% 

High Decrease >10% 

July 

Low Decrease 6,00% 

0,06 Medium Increase >10% 

High Increase >10% 

August 

Low Decrease 5,00% 

0,44 Medium Increase 7,00% 

High Increase >10% 

September 

Low - - 

-0,23 Medium Decrease 9,00% 

High Increase >10% 

October 

Low Increase 4,00% 

0,14 Medium Decrease 3,00% 

High Decrease >10% 

November  

Low Decrease 4,00% 

-0,03 Medium Increase 8,00% 

High Decrease 9,00% 

December 

Low - - 

-0,01 Medium Decrease 1,00% 

High Decrease >10% 

Winter 

Low Increase 7,00% 

0,19 Medium Decrease 5,00% 

High Decrease 10,00% 

Spring 

Low Decrease 4,00% 

0,03 Medium Increase 5,00% 

High Increase >10% 

Summer 

Low Increase 1,00% 

-0,12 Medium Increase 4,00% 

High Increase 7,00% 

Fall 

Low - - 

-0,04 Medium Decrease 3,00% 

High Decrease >10% 

Annual 

Low Decrease 1,00% 

0,02 Medium Increase 3,00% 

High Increase >10% 

 

Table 3 is created based on the outputs of the each time step graphical evaluation. As can be seen from 

Table 3, the Innovative Şen Trend test detected both increasing and decreasing trends for almost every 

class and time step. Using this type of classification is advantageous for seeing the extremme values on 

the graph. However, It is not possible to share every graph of the Innovative Şen Trend analysis created 

for this study. Table 3 was created to summarize the results. It should be kept in mind that the Innovative 

Şen Trend analysis lets users include their experiences in the evaluation. In this study, the minimum and 

maximum values of each graph were selected based on the min. and max. records of the related time 

steps. So, the initial conditions of each graph are not exactly the same as it is expected. An additional 
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Linear Regression Slope Line was added to the table to make it easier to analyze outputs. 

  

 
 

Figure 2. Innovative Şen Trend Test Annual Evaluation 

 

The annual graph belonging to the Innovative Şen Trend approach is given in Figure 2. Figure 2 was 

created based on the inclusion of minimum and maximum parameters, as it was done for all the other 

months and seasons. Figure 2 is shared to give an example of the Innovative Şen Tend test.  As given in 

Figure 2, statistically significant trends were not detected on an annual scale in the low-class and 

medium-class for annual averages. However, an increasing trend higher than 10 percent was detected in 

the high class. When checking the slope of the regression line of the annual scale, It is going to be seen 

that there is not a significant slope value when in the Innovative Şen trend test in high class, there is a 

statistically significant trend. The reason for this has two stages; first of all, in the Innovative Şen trend 

test, each class was evaluated separately. Secondly, in the high class, there are probably just a few 

extreme data that cause the highly increasing trends. The monthly, and seasonal graphs of the Innovative 

Şen Trend test were drawn and evaluated separately. The results of each time scale are given in Table 

3.  

5 Conclusion 

In this study, precipitation fluctuations of the Humenne, Slovakia, were investigated by using 

conventional and unconventional methods. As conventional methods, Mann-Kendall and Linear 

Regression line slope was selected. As an unconventional and relatively new approach, the Innovative 

Şen Trend test was applied to the data set. All three mentioned methods were applied to 50 years of 

historical data. The Mann-Kendall test did not detect statistically significant trends in any of the 

monthly, seasonal, or annual time steps for precipitation.  

 

The Innovative Şen Trend test detected some significant increasing and decreasing trends for given time 

periods. In the high class of Annual, Spring, and Summer steps, increasing trends of more than 10 
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percent were seen. These outputs are important because they may call attention to extreme records that 

occurred recently. This can also be researched in terms of floods because there may be some extreme 

records, and they tend to be increasing. Similarly, decreasing trends in low classes of June, July, and 

August can be explicated as a sign of precipitation shortage in the summer times.  
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1 Abstract 

Water management planning is crucial for long-term economic, social and environmental stability in 

civilized societies. One can only make plans with stored water, i.e. water impounded in reservoirs, 

formed with construction of dams. The process of long-term water planning and management includes 

creation of new reservoirs, adding new water users to existing reservoirs, as well as improved 

management of the existing reservoirs. Such analyses are done for the river Treska basin, located in the 

western part of R.N. Macedonia. With total basin area of 2068 km2 and average flow of Q=24,2 m3/s, 

currently there are three existing dams with reservoirs – Kozjak, St. Petka and Matka – supplying water 

for power production, as well providing flood protection of the city of Skopje. During the water economy 

planning process, four new reservoirs are planned – Greshnica, Podvis, Makedonski brod and 

Kalugjerica - in order to suffice the lack of fresh drinking water for the analysed basin, as well as water 

for irrigation of agricultural land for the upcoming 20 years. In order to oversee the new planned scheme 

for the river Treska basin, simulation model is prepared with application of HEC ResSim software. The 

simulation modelling is carried out on river scale extent, by inclusion of the existing and planned dams 

with reservoirs. The output results of the simulation model point out that the basin has enough capacity 

to suffice the water demands for water supply and irrigation, and in addition, it provides increased power 

production from renewable energy sources, for the next 20 years. 

 

Keywords: water economy planning, river scale, water demand, simulation model 

2 Introduction 

Planning the development of water economy systems at country level is a complex issue that implies a 

long-term planning, with optimal utilization of the available water resources, by taking into account the 

sustainability (providing possibility for future generations to also use the water resources) and integrality 

(complex systems solution that during the planning is optimized throughout compliance of the water 

economy interests and other parts of the spatial planning). In English, the closest term for the preparation 

of such a long-term plan is the so-called Water Master Plan. Within a document of this caliber, in the 

chosen scheme for the water management systems, the interests of the water economy sector and other 

users of the space - who usually have conflicting interests - should be harmonized. 

Water economy planning precedes the implementation of water economy projects in the direction of 

achieving the most expedient development of human society and the use of water resources. In general, 

the goal of water economy planning is to enable the most effective use of water resources by meeting 

the anticipated short-term and long-term water needs [1]. 

From the water economy point of view, the only structures that ensure the temporal and spatial 

redistribution of water resources are water reservoirs, which are created by the construction of large 

dams. Storage of water is increasingly proving to be a necessary and key active measure to mitigate 

mailto:smitovski@gf.ukim.edu.mk
mailto:fpanovska@gf.ukim.edu.mk
mailto:petkovski@gf.ukim.edu.mk
mailto:sonja.depinova@gmail.com
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spatial and temporal hydrological unevenness, to overcome asynchrony between available water and 

water demands, as well as to effectively reduce damage caused by extreme hydrological phenomena 

(droughts and floods). 

In the paper, the water economy planning of the Treska River basin, in the Republic of North Macedonia, 

is outlined and described. The planning was done by applying a mathematical simulation model, with 

which the system's response to various hydrological and operational tasks is perceived. 

3 Study area and input data 

3.1 Treska River basin 

The Treska River is a right tributary of the Vardar River, with a total catchment area up to the confluence 

in river Vardar of F = 1880 km2. The mean annual measured flow before merging with river Vardar is 

Q = 23.34 m3/s . Three dams with reservoirs were built in the Treska River basin - the Kozjak dam, St. 

Petka and Matka. According to water economy planning in the next 20 years, the Kalugjerica, 

Makedonski brod, Podvis and Greshnica reservoirs should be built in the Treska River basin. The 

reservoirs St. Petka and Matka represent single-purpose systems with a single purpose - power 

production. The Kozjak reservoir has two purposes - power production, and retention of flood wave of 

the Treska river. The Greshnica reservoir is planned for the power production and the provision of water 

for irrigation. The reservoirs Podvis, Kalugjerica and Makedonski Brod are planned for the production 

of electricity, provision of water for irrigation and water supply. In all reservoirs, in addition to the 

mentioned users, the mandatory environmental discharge is planned downstream of the dam, which is 

estimated at 17.5% of the average annual flow in the reservoir. 

The location of all reservoirs in the Treska River basin is shown in Figure 1. 

The Kozjak reservoir has the largest active storage of all reservoirs in the basin - planned and existing - 

with a total volume of V = 550·106m3, of which 100·106m3 are planned for retention space for mitigating 

the flood wave of the Treska river for the mean of protection of the city of Skopje in case of flood. 

Reservoir elevations, active storage volume and mean annual inflow for each reservoir in the basin are 

given in Table 1. 

 
Table 1. Characteristic elevations of the reservoirs (Znwl – normal water elevation, Zmax – maximal water 

elevation, Zcrest – crest elevation), active volume (V) and average annual inflow (Qinflow). 
Status Reservoir Znwl Zcrest V Qinflow Status Reservoir Znwl Zmax V Qinflow 

Existing 

  [masl] [masl] [106 m3 ] [m3/s] 

Planned 

  [masl] [masl] [106 m3 ] [m3/s] 

Kozjak 459 471.1 550 19.65 Greshnica 790 795 31.2 1.32 

St. Petka 357.3 366 1.10 20.65 Podvis 770 775 50.43 2.13 

Matka 315.5 318.4 3.55 20.85 Makedonski brod 560 565 3 10.11 

      Kalugjerica 527 532 250 18.86 
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Figure 1. Overview of the catchment area of the Treska River basin with the planned and existing reservoirs. 

Map created with data from www.land.copernicus.eu. 

For the water needs distribution in the basin, according to the water economy planning, the following 

reservoirs are planned for water supply: Podvis, Makedonski brod and Kalugjerica. The average demand 

for water supply in the basin is V = 0.39 m3/s. Since this is a water economy planning on long-term 

scale, the water needs are distributed throughout the planned reservoirs with percentage share, according 

to the size of their active volume, varying every month throughout the year, for 20 years ahead. The 

percentage share for each reservoir in the total water supply needs is given in Table 2. It can be noted 

that the largest amount for water supply is assigned on Kalugjerica reservoir since it is the largest 

planned reservoir in the basin, whereas reservoir Makedonski brod will be accounted for fulfilling a very 

small percentage of water supply demand. 

Table 2. Percentage distribution of water supply needs by reservoirs, for the Treska River basin. 
Reservoir V·106 m3  P=V/V_sum 

Podvis 50,430 0.166 

Makedonski brod 3,000 0.010 

Kalugjerica 250,000 0.824 

V_sum= 303,430  

For fulfilling the demand of water for irrigation, the following reservoirs are planned: Greshnica, 

Makedonski Brod, Kalugjerica and Podvis. The total demand of water for irrigation per year is estimated 

at 7.88·106 m3/year, varying monthly from April through September each year. Since this is a water 

economy planning on long-term scale, the water needs are distributed throughout the planned reservoirs 

with percentage share, according to the size of their active volume, and the percentage share in the total 

irrigation needs is given in Table 3. 

Table 3. Percentage distribution of irrigation needs by reservoirs, for the Treska River basin. 
Reservoir  V·106 m3 P=V/V_sum 

Greshnica 31.20 0.09 

Podvis 50.43 0.15 

Makedonski brod 3.00 0.01 

Kalugjerica 250.00 0.75 

V_sum= 334.63   

3.2 Reservoir Greshnica 

The Greshnica reservoir is located near the village of Kjafa, on the border between the municipalities of 

Gostivar and Kichevo. The reservoir is planned, with active storage of V = 31.20·106m3. The 

topographic properties of the reservoir (surface and volume curves) are shown in Figure 2. The total 

basin to the dam site is F = 64.55 km2. The estimated mean inflow in the reservoir is Q = 1.32 m3/s, and 

inflow hydrograph is shown in Figure 2. 

http://www.land.copernicus.eu/
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Figure 2. Topographic curves of Greshnica reservoir (graph on the left) and inflow hydrograph in the reservoir 

(graph on the right). 

3.3 Reservoir Podvis 

The reservoir Podvis is located near the village of Podvis, west of the town of Kichevo. The reservoir is 

planned, with a live storage of V = 50.43 · 106m3. The topographic properties of the reservoir are shown 

in Figure 3. The total basin to the dam site is F = 117.23 km2. The estimated mean inflow in the reservoir 

is Q = 2.13 m3/s, and inflow hydrograph is shown in Figure 3. 

 
Figure 3. Topographic curves of Podvis reservoir (graph on the left) and inflow hydrograph in the reservoir 

(graph on the right). 

3.4 Reservoir Makedonski brod 

The Makedonski Brod reservoir is located near the town of the same name. The reservoir is planned, 

with an active storage of V = 3·106 m3. The topographic properties of the reservoir are shown in Figure 

4. The total basin to the dam site is F = 886 km2. The estimated average inflow in the reservoir is Q = 

10.17 m3/s, and inflow hydrograph is shown in Figure 4. 

 
Figure 4. Topographic curves of reservoir Makedonski brod (graph on the left) and inflow hydrograph in the 

reservoir (graph on the right). 

3.5 Kalugjerica Reservoir 

The Kalugjerica reservoir is located upstream of the existing Kozjak reservoir. The reservoir is planned, 

with an active storage of V = 250·106m3. The topographic properties of the reservoir are shown in Figure 

5. Total basin to the dam site is F = 1605 km2. The estimated mean inflow in the reservoir is Q = 18.86 

m3/s, and inflow hydrograph is shown in Figure 5. 

  
Figure 5. Topographic curves of Kalugjerica reservoir (graph on the left) and inflow hydrograph in the reservoir 

(graph on the right). 
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3.6 Kozjak reservoir 

The Kozjak reservoir is an existing reservoir on Treska river, formed with the construction of Kozjak 

dam in 2004. The primary purpose of Kozjak reservoir is retention of flood wave of Treska river in the 

retention space of the reservoir of V = 100·106 m3. In addition to retention of the flood wave, the 

reservoir is also planned for the production of electricity. For this purpose, the Kozjak HPP was 

constructed downstream of the dam with an installed capacity of Q  = 100 m3/s and an installed power 

of P = 82 MW. The active storage of the reservoir is V = 550·106m3. The topographic properties of the 

reservoir are shown in Figure 6. The estimated mean inflow in the reservoir is Qav = 19.65 m3/s, and 

inflow hydrograph is shown in Figure 6. 

 
Figure 6. Topographic curves of Kozjak reservoir (graph on the left) and inflow hydrograph in the reservoir 

(graph on the right). 

3.7 Reservoir St. Petka 

The reservoir St. Petka is an existing reservoir located downstream of the Kozjak reservoir, formed with 

the construction of the dam St. Petka in 2012. The primary purpose of the reservoir is the production of 

electricity. The installed capacity of the hydropower plant is Q = 100 m3/s and P = 36.4 MW. The active 

volume of the reservoir is V = 1.1·106m3. The topographic properties of the reservoir are shown in Figure 

7. The estimated mean inflow in the reservoir is Q = 20.65 m3/s, and inflow hydrograph is shown in 

Figure 7. 

  
Figure 7. Topographic curves of reservoir St. Petka (graph on the left) and inflow hydrograph in the reservoir 

(graph on the right). 

3.8 Matka reservoir 

The Matka reservoir is an existing reservoir that was created with the construction of the Matka dam, built 

back in 1938. It is the first dam built in R. Macedonia. The primary purpose of the reservoir is the 

production of electricity. The installed capacity of the hydropower plant, after the construction of the new 

machine building, is Q = 42 m3/s and P = 9.6 MW. The active volume of the reservoir is V = 3.55 ·106m3. 

The topographic properties of the reservoir are shown in Figure 8. The estimated mean inflow in the 

reservoir is Q = 20.85 m3/s, and inflow hydrograph is shown in Figure 8. 

  
Figure 8. Topographic curves of Matka reservoir (graph on the left) and inflow hydrograph in the reservoir 

(graph on the right). 
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4 Simulation model 

For the study of the water economy planning in the Treska River basin, a mathematical simulation model 

was developed in the HEC ResSim software. 

HEC-ResSim is a software used to model complex water resources planning and management for 

multidimensional and multipurpose systems, in order to meet the demands of the water users. With the 

help of the software, it is possible to model reservoirs for flood defense, water supply for population and 

industry, power production, as well as combinations of operational policies and prioritizing multiple 

water users according to the demands [2]. 

Before developing the watershed model, it is necessary to define: (1) inflow hydrograph in each 

reservoir, (2) physical properties of the reservoir, (3) water demands, and (4) operational rules for system 

operation. In addition to the mentioned steps, in the models it is important to define the placement of 

the reservoirs and their mathematical connection in order to carry out successful analyses. Namely, the 

discharge from the upstream reservoir should appear as inflow in the downstream reservoir. Such 

interactions are defined based on Figure 9, where the calculation scheme for the complex water resources 

system for Treska River basin is displayed.  

The hydrographs of inflows in each reservoir are formed according to the measured inflows in gauging 

stations Kicevo, Makedonski Brod, Zdunje and St. Bogorodica. Each inflow hydrograph for the modeled 

reservoirs are shown in Figures 2 through 8. 

Water demand for water supply and irrigation are defined according to the percentage distribution, given 

in Table 2 and Table 3. In all reservoirs, in addition to the mentioned water needs, the mandatory 

environmental discharge is planned downstream of the dam, which is estimated at 17.5% of the average 

annual inflow in the reservoir. 

  
Figure 9. Calculation scheme of the complex water economy system of the Treska River basin. 

5 Output results and discussion 

As follows, results are shown obtained with the simulation model of Treska River basin.  

5.1 Output results for the planned reservoirs 

In case of Greshnica reservoir, it can be seen that throughout the entire simulation period the reservoir is full 
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(Figure 10), and irrigation demand and required environmental flow are almost completely meet (Figure 11-

12). The average annual power production through the hydropower plant is E=1.03 GWh /year (Figure 13). 

 
Figure 10. Fluctuation of water level in Greshnica reservoir. 

 
Figure 11. Comparative display of irrigation demand (Qi) and delivered water (Qd) from Greshnica reservoir. 

 
Figure 12. Comparative display of required environmental flow (Qef) and delivered water (Qd) from Greshnica 

reservoir. 

 
Figure 13. Power production from HPP Greshnica, average annual production E= 1.03 GWh/year. 

 

In case of Podvis reservoir, it can be seen that throughout the entire simulation period, the reservoir is 

full (Figure 14), the water supply and irrigation demands are fully met (Figure 15 and 16) as well as the 

required environmental flow (Figure 17). The average annual power production is E = 13.55 GWh /year 

(Figure 18). 

 
Figure 14. Fluctuation of water level in reservoir Podvis. 

 
Figure 15. Comparative display of water supply demand (Qws) and delivered water (Qd) from Podvis reservoir. 
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Figure 16. Comparative display of irrigation demand (Qi) and delivered water (Qd) from Podvis reservoir. 

 
Figure 17. Comparative display of required environmental flow (Qef) and delivered water (Qd) from Podvis 

reservoir. 

`  
Figure 18. Power production from HPP Podvis, average annual production E = 13.55 GWh/year. 

 

For Makedonski Brod reservoir, it can be seen that throughout the entire simulation period the level in 

the reservoir periodically varies (Figure 19), and the water supply and irrigation demands are met (Figure 

20 and 21) as well and the required environmental flow (Figure 22). The average annual power 

production is E = 8.59 GWh /year (Figure 23). 

 
Figure 19. Water level fluctuation in the Makedonski Brod reservoir. 

 
Figure 20. Comparative display of water supply demand (Qws) and delivered water (Qd) from Makedonski Brod 

reservoir. 
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Figure 21. Comparative display of irrigation demand (Qi) and delivered water (Qd) from Makedonski Brod 

reservoir. 

 
Figure 22. Comparative display of required environmental flow (Qef) and delivered water (Qd) from Makedonski 

Brod reservoir. 

 
Figure 23. Power production from HPP Makedonski Brod , average annual production E= 8.59 GWh/year. 

 

At Kalugjerica reservoir, it can be seen that throughout the simulation period the level in the reservoir 

is completely at normal water level (Figure 24) and the water supply and irrigation demands are fully 

met (Figure 25-26) as well and the required environmental flow (Figure 27). The average annual power 

production is E= 44.46 GWh /year (Figure 28). 

 
Figure 24. Water level fluctuation in Kalugjerica reservoir. 

 
Figure 25. Comparative display of water supply demand (Qws) and delivered water (Qd) from Kalugjerica 

reservoir. 

0

0.005

0.01

0.015

2
0

21

2
0

22

2
0

23

2
0

24

2
0

25

2
0

26

2
0

27

2
0

28

2
0

29

2
0

30

2
0

31

2
0

32

2
0

33

2
0

34

2
0

35

2
0

36

2
0

37

2
0

38

2
0

39

2
0

40

2
0

41

2
0

42

2
0

43

2
0

44

2
0

45

2
0

46

2
0

47

2
0

48

2
0

49

2
0

50

Q
 [

m
3

/s
]

t [god]

Qi Qd

0.00

5.00

10.00

15.00

20.00

1 2 3 4 5 6 7 8 9 10 11 12

Q
 [

m
3

/s
]

T [mes]

Qef Qd

0

0.2

0.4

0.6

2
0

21

2
0

22

2
0

23

2
0

24

2
0

25

2
0

26

2
0

27

2
0

28

2
0

29

2
0

30

2
0

31

2
0

32

2
0

33

2
0

34

2
0

35

2
0

36

2
0

37

2
0

38

2
0

39

2
0

40

2
0

41

2
0

42

2
0

43

2
0

44

2
0

45

2
0

46

2
0

47

2
0

48

2
0

49

2
0

50

Q
 [

m
3

/s
]

t [god]
Qws Qd



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

275 
 

 

 

 
Figure 26. Comparative display of irrigation demand (Qi) and delivered water (Qd) from Makedonski Brod 

reservoir. 

 
Attachment 27. Comparative display of required environmental flow (Qef) and delivered water (Qd) from 

Kalugjerica reservoir. 

 
Figure 28. Power production from HPP Kalugjerica, average annual production E= 44.46 GWh/year. 

 

5.2 Results for the existing reservoirs 

The modeled existing reservoirs – Kozjak, St. Petka and Matka have been analyzed from the aspect of 

power production.  

At Kozjak reservoir, during the simulation period the reservoir level is varying (Figure 29) in accordance 

with the set operational policy for power production. Namely, in the time period of analysis of 20 years 

in the simulation model, the average annual power production in HPP Kozjak is 80.21 GWh/year (Figure 

30). According to the Reports on the work of ESM - the company that manages this hydropower plant, 

the average power production in the past 18 years, for the period from 2004 to 2021, is 123.62 GWh, 

with 44.3 GWh/year as minimal production in 2004, and 250.9 GWh/year as maximal production in 

2010 [3]. 

 
Figure 29. Water level fluctuation in Kozjak reservoir. 

 
Figure 30. Power production from HPP Kozjak, average annual production E = 80.21 GWh/year. 
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At St. Petka reservoir, during the simulation period the reservoir level is varying (Figure 31) in 

accordance with the set operational policy for power production. The average annual power production 

in HPP St. Petka, according to the simulation model, is 45.85 GWh/year (Figure 32). According to the 

Reports on the work of ESM, the average power production in the past 10 years, for the period from 

2012 to 2021, is 45.4 GWh, with 12.2 GWh /year as minimal production in 2012, and 75.8 GWh /year 

as maximal in 2015. 

At Matka reservoir, during the simulation period the reservoir level is varying (Figure 33) in accordance 

with the set operational policy for power production. The average annual power production in HPP 

Matka, according to the simulation model, amounts to 24.21 GWh /year (Figure 34). According to data 

from EVN - the company that manages this hydropower plant, the average annual power production is 

30 GWh /year. 

 
Figure 31. Fluctuation of water level in reservoir St. Petka. 

 
Figure 32. Power production from HPP St. Petka, average annual production E= 45.85 GWh/year. 

 

 
Figure 33. Water level fluctuation in Matka reservoir. 

 
Figure 34. Power production from HPP Matka, average annual production E=24.21 GWh/year. 

6 Conclusions 

In order to analyze the adopted scheme for development of the Treska River basin with construction of 

new dams with reservoirs, a simulation analysis is conducted in HEC ResSim software. Three existing 

reservoirs are included in the model – Kozjak, St. Petka and Matka, and four newly planned reservoirs 

are included – Greshnica, Podvis, Makedonski Brod and Kalugjerica. All reservoirs are modeled for 
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fulfilling a certain demand – water supply, irrigation needs and/or power generation. The goal of the 

analyses is to oversee the response of the reservoirs in the basin while maximal demands are required, 

with gauged hydrographs assigned as inflow for each reservoir, for a simulation period of 20 years and 

time step of the analyses of 1 day. 

Based on the conducted simulation analysis of the complex water economy system for the Treska basin 

with the given hydrological parameters, operational management policy and the comparative analysis 

of the output results with the water needs, we single out the following conclusions: 

1) The water level in the reservoirs is kept partially constant, with small variations in the active 

storage zone, with the exception of the reservoirs Kozjak, St. Petka and Matka, where a 

significant variation of the water level is observed in the active storage zone in correlation with 

applied operational policy based on the criterion for maximizing of the power production. 

2) The ecological criterion (providing environmentally guaranteed flow) is met (or exceeded) in 

all reservoirs. 

3) The water supply demands are met in all reservoirs, where the abovementioned purpose is 

foreseen. 

4) The irrigation demands are met in all reservoirs, where the abovementioned purpose is foreseen. 

5) The power production is correlated with the available amount of water (water level in reservoir 

and hydraulic head), according to the specified operational policy which gives priority of 

meeting the other water demands (water supply and irrigation). The average annual power 

production at basin level (as the sum of the average annual production of the individual planned 

HPPs within the basin, obtained by the simulation analysis) is estimated at 67.63 GWh /year. 

The cumulative average annual power production at the basin level (as the sum of the average 

annual production of the planned and existing HPPs within the basin) is estimated at 217.90 

GWh/year. Basically, with construction of the new four reservoirs – Greshnica, Podvis, 

Makedonski Brod and Kalugjerica, additional 67,63 GWh will be generated for the electricity 

grid as a renewable energy. 
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1 Abstract 

This paper deals with the optimization of the water supply network (WSN) of the Buzet City and 

describes the characteristics of the area and the required water quantities. Dimensioning calculations 

were carried out for water reservoirs and pumping stations. The hydraulic analysis using the WaterCAD 

V8i computer program examined three variants of gravitational inflow, taking into account changes in 

flow velocity, flow rate, pressure and water level with different pipe materials and fire loads. To 

maintain the system pressure, two reservoirs were defined that offer optimization scenarios.  

 

Keywords: Buzet City, water supply system, hydraulic analysis, water reservoir, pump, WaterCAD V8i. 

2 Introduction 

The Buzet City is located in the heart of the Istrian Peninsula. It is among the first cities in Istria County 

where a water supply system (WSS) was built in 1930. A part of the Buzet City was chosen for the 

design and analysis of the WSS. The WSS is planned for a final number of 7,082 inhabitants at the end 

of the project period of 30 years. The Buzet City is located in a valley that is surrounded by the valleys 

of the upper course of the Mirna River, the flysch hills better known as Siva Istra, and the limestone 

Ćićarija as White Istra. It is located in a hilly area between altitudes of 30 and 160 m a.s.l. and extends 

over an area of approximately 165 km2. According to the 2011 population census, the Buzet City has 70 

settlements with a total of about 6,100 inhabitants [1]. In the eastern area of the city above 500 m a.s.l. 

(Ćićarija) the mountain climate prevails, while in the lower areas of the Mirna river valley a moderately 

warm climate is present. Precipitation has a relatively regular schedule and is mostly present in the 

winter (October and November) and spring months. Dry periods were recorded in early spring (March) 

and summer months (August). The average annual air temperature is between 12 and 13 °C [2], while 

the average annual precipitation is between 1,100 and 1,200 mm. The mean amount of precipitation for 

winter varies between 300 and 500 mm, and between 300 and 400 mm in summer. In the given area, the 

air humidity ranges between 70 and 80 % [2]. 

Most of the Buzet area is composed of flysch, which is why this area is rich in a river network of surface 

streams that are mostly torrential in nature. Flysch and Quaternary impervious deposits condition the 

surface flow of mostly sudden and large flow oscillations [1]. Occasional surface springs, such as Pivka 

and the karst spring of Tombasin near the spring of Sv. Ivan. Quaternary formations cover a small area 

of the Buzet City, and are covered by alluvial deposits and, to a lesser extent, by sipar. In the area of 

carbonate rocks, there is an underground movement of water that springs to the surface in the form of 

springs, like the permanent springs of St. Ivan and Bulaž.  

The existing water reservoirs in the town of Buzet are the Industrija reservoir with a capacity of 1300 

m3, which serves to meet the needs of industry and the settlements of Most and Juričići. The water that 

supplies the population of Buzet is pumped by pumps with a capacity of 5 l/s to a height of 33 m to the 

Baštion reservoir and the Fontana reservoir. With a capacity of 66 m3, the Baštion reservoir is the 

smallest reservoir in the system and supplies the population of the old town centre of Buzet [1]. Most of 

the town of Buzet (63%) is supplied with water from the Fontana reservoir, which has a capacity of 150 

m3. A hydrophoretic station is located next to the Baštion reservoir to ensure the working pressure in 

the water supply network. The water comes from the St. Ivan spring and is pumped via the Štrped 

mailto:elvis.zic@uniri.hr
mailto:goran.volf@uniri.hr
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pumping station into the Štrped reservoir with a capacity of 600 m3, which then supplies the settlements 

of Štrped, Sv. Duh, Podrečak, Abrami, Škuljari, Opatija, Žonti, Trkusi, Požane, Mlini and Ugrini. In the 

Krbavčići reservoir with a capacity of 600 m3, water is pumped via the Sv. Martin pumping station to 

the settlements of Krbavčići, Rumeni, Stupari, Majcani, Mandaši and part of the settlement of Sv. Martin 

[1]. The water from the spring of Sv. Ivan, from where it branches into two main pipelines. This paper 

considers variants with two new main reservoirs that would replace the function of the existing 

reservoirs and their impact on the optimization of the water supply system. 

3 Relevant quantities of water 

In order to determine the relevant quantities of water required for the dimensioning of the WSS, it is 

important to define the categories of consumers, therefore the needs of the local population, industries 

and tourists staying in private accommodation, the Fontana Hotel***, the future planned hotel**** and 

the Camp are taken into account (B category). It is necessary to consider the necessary quantities of 

water needed for extinguishing fires and the quantities spent on maintaining the WSS. The water supply 

system of part of the Buzet City (Figure 1.) is designed for a period of 30 years on the basis of geometric 

growth (𝑁𝑘 = 𝑁0(
𝑝

100
+ 1)𝑅𝑝), where No are the current number of inhabitants, p [%] defines the 

percentage of annual population growth, and Rp [year] represents the project period [3]. 

 

 
Figure 1. Distribution of consumers on the water supply system of the Buzet City 

 

Annual population growth in the last ten years is 0.21%. The number of inhabitants in 2021 was 6,650 

[1], and it is assumed that after 2021 the annual growth rate will be 0.21%. The final number of 

inhabitants in 2051 will be 7,082. The number of tourists staying in the Buzet City is 2,000, of which 

200 tourists can be accommodated in the existing Hotel Fontana***, 400 tourists in hotel****, 500 

tourists in Camp of B category and 900 tourists staying in private accommodation, Table 1.  
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Table 1. Distribution of specific consumption of qsp water for certain categories of consumers [1] 
Consumer category Specific water consumption qsp [l/tourist/day] 

Hotel 
**** 400 

≤ *** 300 

Camp Category B 120 

Private accomodation 300 

 

Based on the knowledge of the final number of inhabitants Nk, i.e. tourists and specific water 

consumption qsp, it is possible to calculate the average daily water consumption �̅�𝑎𝑣.𝑑. [l/day], the 

maximum daily water consumption 𝑄𝑚𝑎𝑥.𝑑 [l/day] and the maximum hourly water consumption 𝑄𝑚𝑎𝑥.ℎ 

[l/h] for individual consumers (Table 2). 

 
Table 2. Average daily, maximum daily and maximum hourly water consumption for individual          

consumers on the water supply system (unevenness coefficients are given in parentheses)  

 �̅�𝑎𝑣.𝑑. [m
3/day] 𝑄𝑚𝑎𝑥.𝑑  [m

3/day] 𝑄𝑚𝑎𝑥.ℎ [m3/h] 

Population 1,770.5 2,655.75 (1.5) 199.18 (1.8) 

Hotel*** 60  96.0 (1.4) 8.80 (2.5) 

Hotel**** 160 224.0 (1.6) 23.33 (2.2) 

Camp 60 120.0 (1.8) 11.50 (2.2) 

Private accomodation 270 486.0 (2.0) 44.55 (2.3) 

 

The total maximum hourly water consumption for the entire WSN is 79.8 l/s. There are two different 

industries in the designed area, the CIMOS Buzet Ltd. factory is engaged in the production of automotive 

parts and castings and Pivovara Bruman Ltd. According to the Request for determination of the unified 

environmental protection conditions of the factory P.P.C. BUZET Ltd. (CIMOS) in accordance with the 

Regulation on the procedure for establishing unified environmental protection conditions (Narodne 

novine 114/08) - Rev 1, industrial plant CIMOS Ltd. consumes 35,254 m3/year [4]. Pivovara Bruman is 

a small brewery opened in 2018, where the current daily production of beer is equal to 125 l [5]. 

Assuming further growth and development of the brewery, the forecast is that in 5-10 years the daily 

production of beer will be 3,000 l. One liter of beer requires 50 liters of water, which would mean that 

the daily consumption of water in the brewery is equal to 150,000 liters. By summing the water 

consumption of both industries, the required amount of water is obtained of 246,586.30 l/day. Both 

industries work from 6 a.m. to 10 p.m., which is 16 hours of work, during which the amount of water 

required is equal to 5 l/s.  

Requirements for fire hydrant networks and other examples in which fire hydrant networks are used for 

fire protection are prescribed by the Ordinance on fire hydrant networks (Narodne novine 8/2006). 

Based on the total number of residents and tourists, the required amount of water for extinguishing fires 

in the settlement was determined with a total of 108 m3/s, while for extinguishing fires in industry, 144 

m3/s of water was determined. 10% of the average daily amount of water (232.05 m3/s) was taken for 

the purpose of own maintenance of the WSS. 

4 Hydraulic calculation of the water supply system 

For the WSS of part of the Buzet City the hydraulic calculation of the branch network was carried out. 

Two cases were observed. In the first case, three variants of the system were performed with different 

dispositions of the water reservoir, and in the second case, one variant with a different position of the 

branch network compared to the previous three variants. The hydraulic calculation was made for all four 

variants in which the water from the reservoir flows by gravity towards the consumers. The purpose is 

to see how the position of the water reservoir affects the dimensioning of the system in the form of 

changes in pipeline dimensions, velocities and working pressures in order to obtain the most optimal 

and economically profitable WSS. The minimum working pressure of 2.61 bar is determined for the 

first case of the WSN where Reservoir 1 is located at 124 m a.s.l., while the maximum working pressure 

of 6.56 bar is determined for the network where Reservoir 1 is positioned at 126 m a.s.l.. For the second 
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case (where an additional branch of the system leaves from Reservoir 1 supplying the right part of the 

WSS), the working pressures were obtained as for the first variant (with the position of the reservoir at 

125 m a.s.l.). 

The hydraulic calculation is carried out using a tabular representation, for which it is necessary to 

determine the relevant flows, i.e. the total maximum hourly water consumption. After defining the 

sections and their lengths, the specific water consumption per meter was determined as 𝑞𝑠𝑝𝑒𝑐. =

 =0.014024 l/s/m'. All pipes of the WSN were dimensioned through calculations of pipe diameter D 

[mm], flow velocity v [m/s], longitudinal drops I [‰], major losses ∆h [m] and velocity heights v2/2g 

[m]. The relevant diameters of pipelines in the designed WSS range from 200 to 350 mm. Working 

pressures in the WSS satisfy values between 2.5 and 6 bars. After calculations for both cases, the highest 

major losses in the network occur in the first case, given that the total length of the supply network is 

longer. Therefore, the use of larger pipe profiles is also required. Ultimately, greater losses in the supply 

system and installation of pipes with larger diameters result in more expensive investment construction 

and a greater need for system maintenance. Therefore, the second case is more profitable, considering 

that on the changed route of the section there are lower major losses compared to the first case, and due 

to the shorter length of the newly formed section, the requirement for the installation of a pipe diameter 

of 250 mm is reduced from 13.93 % (first case) to 0.50% (second case), with the fact that there is no 

need in the second case to use pipes with the largest obtained profile of 350 mm. 

5 Calculation of the water reservoir  

Water storage in the water reservoir implies the provision of an operational reserve, 𝑉𝑅𝑂, provision of a 

fire protection reserve, 𝑉𝑃𝑅, and provision of a safe reserve, 𝑉𝑅𝑆 of water in cases of disruption of the 

WSS. The calculation of the total volume of the water reservoir for the gravity inflow of water to 

consumers from the water reservoir from the source is carried out for two water reservoirs, one of which 

is the main water reservoir (Reservoir 1, 125 m a.s.l.) and the other serves to ensure water for a smaller 

part of the city (Reservoir 2, 100 m a.s.l.). Based on the hydraulic calculation of the water reservoir the 

total volume of the water reservoir for the WSN was determined (Figure 1, Table 3). It should be noted 

that after dimensioning the reservoir for the case of water inflow into the reservoir by gravity (VRU = 

VRU,Res1 + VRU,Res2 = 1,509.8 + 480.68 = 1,990.48 m3) and water inflow into the reservoir by pumping 

(with the same hourly water consumption and 10-hour water pumping from the water source), the final 

total volume of the water chamber of the main reservoir was assumed to be 3000 m3. For the hydraulic 

calculation of the WSN in the WaterCad V8i computer program, the cylindrical shape of the water 

chamber of the water reservoir was modified in the amount of 3,019.07 m3, which was used for the 

hydraulic analysis in Variants 1-3. 

 
Table 3. Calculation of the total volume of the reservoir for gravity inflow into the reservoir 

 %𝑄𝑚𝑎𝑥.𝑑 
Operational 

reserve VRO [m3] 

Fire protect. res. 

VPR [m3] 

Security reserve 

VRS [m3] 

The total volume of 

reservoir VRU [m3] 

Reservoir 1   24.7 955.8 252 / 378 302.0 /133.4 1,509.8 (2,000 m3) 

Reservoir 2   40.0 34.0 252 / 378 140.24  / 68.78 480.68 (500 m3)  

 

The operational reserve is carried out under the assumption of daily leveling, where the daily inflow is 

equal to the daily water consumption of the settlements downstream from the water reservoir, which is 

expressed as a percentage of the maximum daily consumption in certain hours %𝑄𝑚𝑎𝑥.𝑑. The budget 

was made for a small town with industry. The fire protection reserve is required for extinguishing fires 

in accordance with the valid Rulebook on technical standards for the hydrant network for fire 

extinguishing. The fire reserve is calculated without or with neutralization of fire, separately for 

population and industry. The safety reserve is used for interruption of water supply, pressure tests, 

testing of pipelines and the like. Two methods of calculating the safety reserve of the water reservoir 

are applied. According to the first method, the safety reserve of the water reservoir is 25% of the sum 

of the operational reserve and the fire reserve without neutralization, and according to the second 
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method, the safety reserve is 10% of the sum of the operational reserve and the fire reserve of the water 

reservoir with neutralization. In the designed area, there is a smaller Reservoir 2 that supplies the 

southern part of the city to Industry 2. The design of an additional water reservoir is necessary in order 

to meet the working pressures on that part of the WSN. 

6 Hydraulic analysis of the submodel 

The WaterCAD V8i computer program is used worldwide by various utility and engineering companies 

to design, analyze and optimize water supply infrastructure [6]. The import of topography and marking 

of node heights is possible based on geospatial data downloaded from files of certain formats (GIS, 

AutoCAD, etc.). The program enables the comparison of an unlimited number of different cases of water 

needs, terrain topography and physical and design scenarios [7]. Hydraulic modeling enables the design 

of the pumping system, including complex combinations of pumps to obtain an optimal solution with 

minimal costs of operation and maintenance of the pumps and maximum system efficiency achieved. 

The WSN is drawn directly into the WaterCAD program from the AutoCAD program. Within the WSN 

it is necessary to define all water supply objects (consumers, nodes, pipes, water reservoirs, shut-off 

chambers, pumps, reducer valves, etc.), and their characteristics (lengths, diameters, altitudes, reduced 

pressures, characteristics of Q-H curves when choosing a type pumps, etc.). In order to ensure the design 

quantities of water for firefighting, it is necessary to install a hydrant network on the WSN in accordance 

with the Ordinance on hydrant network for firefighting. The maximum mutual distance between the 

hydrant and the protected building is 80 m and the minimum is 5 m. The external hydrant network must 

ensure minimum flow from 600 l/min (10 l/s) to 2,100 l/min (35 l/s) for extinguishing fires in populated 

areas. It is necessary to assign its fixed water consumption to each node and consumer. Water 

consumption in the supply system varies from hour to hour within a day. Such variations are especially 

visible for small towns with industry. In this paper, three samples were created, one for the population, 

the second for firefighting purposes and the third for ensuring the necessary amounts of water for 

industries in the project area, all in accordance with the defined coefficients of unevenness of water 

consumption during the day (Figure 2). 

There are two reservoirs in the designed area, Reservoir 1 (VS-1) and Reservoir 2 (VS-2). The reservoirs 

set up in this way do not contain real characteristics and it is necessary to define their total volumes and 

the inflow into the reservoir itself. The total volume of the water tank is determined in Chapter 4 and 

accordingly the cylindrical shape of Reservoir 1 and Reservoir 2 is defined. 

 

   
a) b) c) 

Figure 2. Defining the hydraulic pattern of water consumption for a) population, b) industry and c) firefighting 

within the WaterCad V8i computer program 

 

We install pumps in the WSS to connect the water source (43 m a.s.l.) and the main Reservoir 1 (125 m 

a.s.l.). They are defined according to the total calculated pressure gauge heights and the required flow 

to ensure the water reservoir. The calculation defined three main and three reserve pumps, where one 

pump raises a flow of 107 l/s to a height of 44.5 m. After defining the water supply elements within the 

system in the WaterCad V8i computer program, a hydraulic analysis is performed to obtain feedback on 

the correct functioning of the WSS and all its elements. The first analysis observes the stationary flow, 

giving calculation results for one time step, while the second type of analysis refers to the simulation of 

an extended period (Expanded Period Simulation, EPS), in which the model is observed during a certain 

time. The duration of the EPS and the time steps are set depending on the desired observation time of 

the model, within which its changes in individual physical quantities will be seen. For the selected EPS 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

284 
 

 

 

budget, the observation time is 24 hours with a time step of 0.1h. According to such an analysis, it is 

possible to observe the filling and emptying of the water reservoir in a certain time, on the basis of which 

the operation of the pumps inside the pumping station can be corrected. 

6.1 Hydraulic analysis of the gravity inflow of water in Water Reservoir 1 

The hydraulic analysis will be carried out for three versions of the gravity inflow of water in Reservoir 

1 depending on its disposition and altitude. For each of the variants, the results obtained according to 

the use of different types of pipe materials will be presented below. 

6.1.1 Variant 1 – Water Reservoir 1 

Water Reservoir 1 is located at an altitude of 125 m a.s.l. (Figure 1). The volume of 3,019.07 m3 was 

calculated as the relevant volume of Reservoir 1. In order to protect the supply system from taking too 

much water a flow control valve (FCV) can be installed. The valve limits the flow to a certain value. 

The calculation of the gravity flow of water in Reservoir 1 is carried out for the maximum hourly 

consumption of water that occurs during the time of the highest demand for water. The maximum hourly 

consumption according to the given multiplier occurs from 12:00 to 14:00 and takes into account the 

needs of the population, tourists and industrial plants. During the maximum hourly consumption, the 

highest flow in the system is the flow of 84.82 l/s, which occurs in the section from the source to 

Reservoir 1. The highest flow velocities in the system were recorded in the section IZVOR-VS-1 and 

VS-1-J-1 (v=0.88 m/s) and between nodes J-36 – J-37 and J-41–J-40 (v=0.76 m/s). The highest working 

pressure of 6.39 bar is found in the network at the node/consumer C-44 (a reducer valve is placed in 

front of it with a reduction of the working pressure of 3 bar) and the lowest working pressure is 2.74 bar 

at the node/consumer C-2 for the application of cast iron pipes with a roughness coefficient C=130 

according to the Hazen-Williams criterion. Cast iron pipes, steel pipes and pipes made of synthetic 

material (PVC-polyvinyl chloride) were analyzed in the hydraulic calculations. Based on the hydraulic 

calculation the working pressures when using PVC pipes range from 2.75 to 6.45 bar. When calculating 

with PVC pipes, the roughness coefficient C=150 according to the Hazen-Williams criterion was used. 

When calculating with steel pipes (C=140) the maximum working pressure has a value of 6.40 bar and 

the minimum is 2.74 bar.  

A sample of water consumption for fire fighting was created. To display such a scenario, it is necessary 

to define an alternative that represents a group of data and requirements for a certain part of the model 

(Figure 3).  

 

 
Figure 3. Water flow and working pressure diagram for hydrant H-27, Variant 1 

 

Each created alternative can contain different requirements and data and thus enables the comparison of 

models in different situations and for differently defined features. Water consumption for fire 

extinguishing is determined with a value of 15 l/s for the population and 20 l/s for industry for 
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extinguishing a single fire. For such a scenario, it is necessary to define the water consumption for the 

farthest hydrant H-27 (a fire extinguishing sample was set at the time of maximum hourly water 

consumption), Figure 3 and 4.  

 

 

 
Figure 4. Display of changes in water flow (a) and working pressure (b) within the water supply system using 

the “Color Coding” option during the maximum hourly consumption (14h), Variant 1 

 

After the analysis for the situation with one fire, the changes in speed and flow in the WSS can be 

observed which occur at the time of maximum hourly water consumption according to the defined fire 

pattern. Figure 3 shows the change in flow and working pressure at the H-27 hydrant due to the use of 

15 l/s for extinguishing residential fires. On the diagram of flow and working pressure it can be seen 

that the working pressure decreases due to the increase in water flow. The WaterCad V8i computer 

program enables the display of the results of the analysis of individual physical quantities with colors, 

thus enabling a graphic and clear display of changes in flow, water velocity, working pressure and other 

a)

b)
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physical quantities within the entire modeled WSS, Figure 4. Through hydraulic analysis it is necessary 

to compare certain physical quantities in different periods of the day when water consumption is 

variable. The use of such displays provides a clear picture of the behavior of the WSS.  

6.1.2 Variant 2 – Water Reservoir 1 

Reservoir 1 in this variant is placed at an altitude of 126 m a.s.l. (Figure 1). The volume of Reservoir 1 

is 3,019.07 m3. Unlike the first variant, where a situation without a fire and with one fire was observed, 

in the second variant a situation with two simultaneous fires was included. The changes in the working 

pressures in the pipes due to the use of different pipe materials are observed. The calculation of the 

gravity flow of water in Reservoir 1 is carried out in the same way as in Variant 1. The maximum hourly 

water consumption occurs from 12:00 to 14:00 and takes into account the needs of the population, 

tourists and industrial plants. The highest water flow in the system has a value of 84.82 l/s. 

The lowest velocities in the system occur for a pipe with a diameter of 200 mm and they occur on short 

sections where connections to consumers are made. The highest working pressure in the system is 6.41 

bar (consumer C-44), and the lowest working pressure of 2.76 bar is present in the network at consumer 

C-2. Working pressures were obtained on the basis of cast iron pipes (C=130). Working pressures when 

using PVC pipes range from 2.77 to 6.43 bar (C=150). When calculating with steel pipes (C=140) the 

highest working pressure is 6.42 bar and the lowest is 2.76 bar.  

In the second variant a new alternative was created where the scenario was observed during two 

simultaneous fires at the time of maximum hourly water consumption. The duration of the fire is defined 

according to the fire pattern, and it takes place between 12:00 and 14:00 when the need for water is the 

greatest. A water consumption of 15 l/s was defined for hydrant H-27 and a water consumption of 20 l/s 

for hydrant H-31 located immediately before the industry. Based on the created alternative „With two 

fires“, the water consumption is set for the furthest hydrant H-27 from Reservoir 1 and the hydrant H-

31, which is the furthest from Reservoir 2. On hydrant H-31 it can be noted that the drop in operating 

pressure was recorded and after the maximum hourly water consumption due to the lowering of the 

water level in Reservoir 2, which has a smaller volume than Reservoir 1 (Figures 5 and 6). In Figure 6, 

one can see the increased output flow at the time of the occurrence of two simultaneous fires, when the 

maximum hourly water consumption also occurs. 

 

 
Figure 5. Display of water flow and working pressure change for hydrant H-31, Variant 2 

 

At the same time, the percentage of water filling of the water chamber of Reservoir 2 just before the 

occurrence of the maximum hourly water consumption without the occurrence of a fire is approximately 

77.5%. After the maximum hourly consumption of water without the occurrence of a fire, the water 

chamber is filled with water approximately 74.5%, while in the event of two simultaneous fires the 

percentage of filling the water chamber drops to approximately 65%. 
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Figure 6. Diagram of output flow at the time of two simultaneous fires, Variant 2 

6.1.3 Variant 3 – Water Reservoir 1 

Water Reservoir 1 (124 m a.s.l., Figure 1) has a volume of 3,019.07 m3. Variant 3 examines the case 

during three simultaneous fires and the behavior of the reservoir due to different water levels in it. 

Calculations were made for three different pipe materials (cast iron, PVC and steel pipes) and their 

influence on the change in operating pressures within the WSS was considered. The calculation of the 

gravity flow of water in Reservoir 1 is carried out for the maximum hourly consumption of water that 

occurs during the time of the highest demand for water. The maximum hourly water consumption occurs 

from 12:00 to 14:00 and takes into account the needs of the population, tourists and industrial plants. 

The highest flow in the system during the maximum hourly consumption is 84.9 l/s, which occurs on 

the section from the source to Reservoir 1. The highest flow velocities in the system for cast iron pipes 

(C=130) were recorded at 0.88 m/s. The highest working pressure is 6.24 bar, while the lowest is 2.59 

bar. Working pressures when using PVC pipes (C=150) range from 2.61 to 6.28 bar. For PVC pipes the 

working pressures are slightly higher than when using cast iron and steel pipes. When calculating with 

steel pipes (C=140), working pressures range from 2.60 to 6.26 bar. Although the working pressures in 

the system are the lowest for cast iron pipes (2.59 bar), for Variant 3 it would be better to use steel or 

PVC pipes that have a higher coefficient of roughness (Figure 7). 

 

 
Figure 7. Diagram of water flow and velocity for section P-169(1), Variant 3 

 

In the third variant a new alternative was created where the scenario for extinguishing three simultaneous 

fires at the time of maximum hourly water consumption is observed (between 12:00 and 14:00). After 

the analysis for the situation with three simultaneous fires, the sudden changes that occur at the time of 

the maximum hourly water consumption according to the defined pattern for the fire can be seen on the 

diagram of flow and flow rates (Figure 7). 
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7 Conclusion  

The WaterCAD V8i computer program was used for the purposes of creating this paper, which proved 

to be an excellent tool for modeling and analyzing the WSS, but also effective in optimizing the 

WSS/WSN. In the work, three variants of the gravity WSN were implemented, depending on the 

disposition of the main water reservoir. Greater losses in the system and the installation of pipes with 

larger diameters result in more expensive investment construction and a greater need for system 

maintenance. Therefore, the second variant is more profitable, considering that there are smaller major 

losses on the route formed in this way compared to the first variant, and due to the shorter length of the 

newly formed section, the requirement for the installation of a pipe diameter of 250 mm is reduced from 

13.93% (Variant 1) to 0.50% (Variant 2). 

In all implemented sub-models of gravity water inflow in Reservoir 1, the highest output flow at the 

time of maximum hourly water consumption (12:00-2:00 pm) is equal to 84.82 l/s and the highest water 

flow velocities occur at the water outlet from Reservoir 1, while they appear least on derived connections 

for consumers. For each sub-model, alternatives are defined regarding the use of water for fire 

extinguishing and without the presence of fire. In the first sub-model, the situation without and with one 

fire was analyzed, in the second sub-model the situation without fire, with one and two fires, and in the 

third the situation without, with one, two and three simultaneous fires. During a fire, in accordance with 

the increased required flow on the hydrants, the working pressure decreases. For PVC pipe material, the 

working pressures are the highest in the system and when using cast iron pipes, the working pressures 

are the lowest. The differences in the minimum and maximum working pressures for different types of 

pipes are so insignificant that the choice of material would be of crucial importance when designing the 

system. The most optimal working pressures in the system were obtained in the variant where Reservoir 

1 was placed at 124 m a.s.l. Through this paper, it is possible to further develop and study the behavior 

of the WSS through different scenarios and alternatives, as well as implement additional variants of 

simultaneous fires or find a more optimal period of time for the pumps to operate. A part of the branched 

network can be connected into a ring network, and in this way, a hydraulic analysis can be carried out 

on how the flow and working pressure are distributed in the water supply system.  

 

References: 

[1] Spatial plan of the Buzet City, Book I., Buzet, 2005. 

(https://www.buzet.hr/fileadmin/prostorni_plan/prostorni_plan_knjiga_I.pdf), downloaded on 5/22/2021. 

[2] Zaninović, K.: Climate Atlas of Croatia 1961-1990, 1971-2000, 

http://klima.hr/razno/publikacije/klimatski_atlas_hrvatske.pdf , downloaded on 5/22/2021. 

[3] Žic, E.: Calculation of relevant quantities of water, work materials for solving the program for Course 

„Water supply and water conditioning“, Faculty of Civil Engineering, University of Rijeka, 2020. 

[4] Request for determination of the unified environmental protection conditions of the factory P.P.C. 

Buzet Ltd. (CIMOS) in accordance with the Regulation on the procedure for establishing unified 

environmental protection conditions (Narodne novine 114/08), Rev 1, Rijeka, August 2014.  

[5] Lončarić, L.: In addition to making great beer, these Istrian brewers also send hidden messages with 

their imaginative labels, newspaper article, Jutarnji list, June 30, 2021. 

[6] Water Distribution Modeling and Analysis Software, Bentley promotional materials, 

https://www.bentley.com/en/products/product-line/hydraulics-and-hydrology-software/watercad, 

downloaded on 13.8.2021.  

[7] Water Distribution Modeling and Management, Bentley promotional materials, https://prod-

bentleycdn.azureedge.net/-/media/files/documents/product-data-

sheet/pds_watercad_ltr_en_hr.pdf?la=en&modified=20181030141022 , downloaded on 13.8.2021. 

https://www.buzet.hr/fileadmin/prostorni_plan/prostorni_plan_knjiga_I.pdf
http://klima.hr/razno/publikacije/klimatski_atlas_hrvatske.pdf
https://www.bentley.com/en/products/product-line/hydraulics-and-hydrology-software/watercad
https://prod-bentleycdn.azureedge.net/-/media/files/documents/product-data-sheet/pds_watercad_ltr_en_hr.pdf?la=en&modified=20181030141022
https://prod-bentleycdn.azureedge.net/-/media/files/documents/product-data-sheet/pds_watercad_ltr_en_hr.pdf?la=en&modified=20181030141022
https://prod-bentleycdn.azureedge.net/-/media/files/documents/product-data-sheet/pds_watercad_ltr_en_hr.pdf?la=en&modified=20181030141022


 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

289 
 

 

 

COMPARISON OF OPERATION ON THE WASTEWATER TREATMENT PLANT USING SBR 

AND MBR TECHNOLOGY 

ELVIS ŽIC 1, JOHAN KLARIĆ 2, GORAN VOLF 1 

1 Faculty of Civil Engineering Rijeka, Radmile Matejčić 3, 51000 Rijeka, Croatia, elvis.zic@uniri.hr; goran.volf@uniri.hr  

2 Komunalac Delnice Ltd., 51300 Delnice, Croatia, jklaric11@gmail.com  

 

1 Abstract 

The paper compares two technologies for wastewater treatment (WWT): Sequencing Batch Reactor 

(SBR) and Membrane Bioreactor (MBR). The SBR, which is used in Delnice (Croatia), is flexible and 

efficient and uses the activated sludge process. The MBR, which is used in Siffiano (Italy), combines 

activated sludge with membrane filtration and offers high treatment performance, especially for 

municipal and industrial wastewater. The study concludes that MBR has higher costs but better effluent 

quality when considering investment and operating costs, space requirements, complexity and 

performance.  

 

Keywords: WWTP, Sequencing Batch Reactor (SBR), Membrane Bioreactor (MBR), Delnice City, 

Siffiano village, mechanical pretreatment, biological treatment, treatment of excess sludge, comparison. 

2 Introduction 

A realistic comparison of two WWT technologies, in this case SBR and MBR technologies, is presented 

on the example of built and functional wastewater treatment plants (WWTPs). In order for the 

comparison to be possible and realistic, it was necessary to find WWTPs of nearly capacity and input 

load that have been operating for many years, but of course with different technologies. Delnice WWTP 

has a capacity of 6,600 PE with SBR technology and Siffiano WWTP in Italy, autonomous province of 

Bolzano, has a capacity of 6,000 PE with MBR technology. It is necessary to establish certain criteria 

that will be used to evaluate the technologies. For them were used the criteria that are used when creating 

variant solutions, from investment and operational costs, through the spatial component, the complexity 

of control and processes to the final effect of treatment. The percentage of their share in the overall 

assessment was determined for each of the provided criteria. The WWT system with SBR and MBR 

technology is divided into mechanical pretreatment, biological treatment and treatment of excess 

biological sludge. Their work is described with reference to the requirements and specifics related to the 

applied technology and specific data on the costs required for the operation of the plant in the form of 

energy sources, process management and maintenance. WWTPs operate at different levels of treatment, 

which makes them incomparable in terms of operating costs, but for this paper this can be accepted.  

3 Description of SBR and MBR wastewater treatment technologies 

SBR technology (eng. Sequencing Batch Reactor) is one of the most commonly used technologies in 

the WWT system. This sequential batch reactor is a biological treatment process that works on the 

principle of activated sludge and dates back to the beginning of the 1900s. The biological processes of 

nitrification and denitrification take place in the same basin, which requires its larger volume, but that 

is precisely why it results in high efficiency and represents a flexible solution for large fluctuations in 

organic and hydraulic load. The biological process is designed in such a way that microorganisms such 

as bacteria, yeast and algae, and organisms such as protozoa and metazoa, which are associated with 

suspended substances with which they form flocs of activated sludge, break down organic and nutrient 

mailto:elvis.zic@uniri.hr
mailto:goran.volf@uniri.hr
mailto:jklaric11@gmail.com
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substances in wastewater [1].  

Membrane Bioreactor (MBR) represents technological progress in WWT and appeared in the 1960s. 

Despite the many shortcomings of the time, the development of membrane technology that uses 

activated sludge for treatment in combination with membrane filtration experienced its development in 

the 1980s in Japan [2. The MBR system is essentially a suspended biomass reactor with a porous 

membrane on which the final result of WWT depends. Today, the application of the MBR process is 

present both in the treatment of municipal wastewater and industrial wastewater with a high degree of 

treatment. In order for the permeate or filtrate to pass through the pores on the membrane and for the 

concentrated dissolved substance (concentrate or retentate) to remain in the reactor, a force called 

transmembrane pressure is required [3. 

SBR and MBR differ mainly in the way they work and the quality of production. With SBR, a single 

tank is used for all treatment phases in batch operation, which offers flexibility and user-friendliness for 

smaller systems. In MBR, biological treatment is combined with membrane filtration, allowing for 

continuous processing and excellent effluent quality with low suspended solids and pathogens, suitable 

for stringent standards and reuse. MBRs require more complex systems and higher costs, while SBRs 

are simpler and less expensive but have lower effluent quality.  

4 Characteristics of the considered WWTPs 

In order to get a better insight into the way SBR and MBR WWT technologies work, the operation of 

two plants that use the mentioned technologies will be presented. SBR technology is used for treatment 

at Delnice WWTP and MBR technology at Siffiano WWTP. These two plants were chosen for 

comparison due to similar characteristics such as size, geographical location and climate. 

The city of Delnice is located in the central part of Gorski Kotar in the Primorje-Gorski Kotar County. 

At 698 m a.s.l. it is the highest city in Croatia with 3,861 inhabitants. The area of the city is 230 km2 

and the total number of inhabitants in all 55 settlements is 5,135. In its northeastern part is the Delnice 

WWTP (Figure 1). Due to the influence of climate change, there are increasing deviations from average 

temperatures, so in the last few years, summer temperatures can reach 30 °C. The area is characterized 

by a large number of rainy days with a high annual precipitation average of more than 2,000 mm. Delnice 

WWTP (Figure 1) is located on the very edge of Delnice city, only 50 m away from the nearest 

residential buildings on a separate plot of 7,496 m2. WWTP load of 6,600 PE as it exists today was put 

into operation in 2017 as plant of II. degree of WWT with aerobic sludge stabilization [4. 

 

  
Figure 1. Location of Delnice WWTP marked with a yellow arrow (Photo: Johan Klarić) 

 

The village of Siffiano is located in the Republic of Italy, the region of Trentino-Alto Adige, the province 

of Bolzano and belongs to the municipality of Renon-Ritten from which the city center of Klobenstein 

is about 1.4 km away (Figure 2). Located at 936 m a.s.l. on a plateau with a beautiful view of the 

Dolomites, this small, lively village with a rich history has only 48 inhabitants. The area is characterized 

Delnice WWTP 

Delnice WWTP 
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by a moderate continental climate from the class of snow-forest climates characterized by harsh winters, 

short spring and warm and humid summer with maximum temperatures over 30 °C, a small number of 

rainy days per year and more than 300 sunny days per year.  

 

 
Figure 2. Location of Siffiano WWTP marked with a yellow arrow (Photo: Johan Klarić) 

 

The Siffiano WWTP (Figure 2) is located 250 m south of the Siffiano village in a depression of land 

that has been drained and developed for these purposes on a total area of 6,850 m2. In addition to 

municipal water from the Siffiano village, the plant also treats wastewater from the capital of the 

municipality of Klobenstein and the small town of Lengmoos and the surrounding area. The original 

Siffiano WWTP with a capacity of 5,000 PE was built and put into operation in 1984 which decomposed 

wastewater in open aerated basins. In order to improve the functionality of the system, the technological 

equipment was renewed and upgraded over the years, so a new fine sieve was installed in 2000 and in 

2001 new compressors for the WWTP with activated sludge. To improve the work and satisfy the legal 

regulations, the construction and commissioning of the WWTP with MBR technology (2009) with a 

capacity of 6,000 PE with a central sludge treatment plant proved to be the optimal. 

5 Comparison of technologies through the work of the considered WWTPs 

The comparison of the work of the described WWTPs will be considered through functional parts, that 

is segments of the technological process. The comparison of work is carried out according to the 

following units: mechanical pretreatment of wastewater, biological treatment of wastewater, and 

processing of excess biological sludge. In order to be able to compare technologies, it is necessary to set 

certain criteria that are evaluated to reach the final conclusion and assessment. The qualitative analysis 

includes the following parameters: investment costs (10% of the final assessment), operational costs 

(10%), spatial component (5%), complexity of control and processes (60%) and effects of WWT (15%). 

The analysis of investment costs and operating costs includes the financial aspect, whereby the final 

value and operating costs are taken for each WWTPs in a period of one year (2022), Table 1. The 

emphasis is on the comparison of two technologies that differ in the essential part, namely the 

technology of the process, so that this was given the greatest importance, which is clearly emphasized 

in the work. The evaluation was made according to experience and the general evaluation practice that 

is usually carried out when selecting the technology in the preparation and design phase. The aim of the 

comparison is to obtain a realistic representation of the differences between the technologies and the 

effects achieved on the basis of specific data and costs of the operator, which cannot be adequately 

represented in the selection of the optimal technology by variant solutions. Scoring of investment costs 

is determined according to the Eq. (1): 

𝐶𝐼 =
𝐶𝑛
𝐶𝑣
∙ 50 (1) 

which is used when scoring the most economically advantageous offer in the public procurement 

process. The CI number represents the number of points for the considered technology, Cn is the lower 

Siffiano WWTP 
Siffiano WWTP 
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investment cost of the two technologies, Cv is the investment cost of the technology for which the 

calculation is made, and 50 is the maximum number of points that can be achieved for this parameter.   

 
Table 1. Scoring method for the investment cost parameter 
Technology Investment cost (€) Number of points (0 – 50) 

SBR (Delnice WWTP) 2,073,627.31 0 – 50 

MBR (Siffiano WWTP) 2,428,623.38 0 – 50 

 

Scoring of operating costs is determined according to the same principle as for investment costs 

according to the Eq. (2): 

𝐶𝑂 =
𝐶𝑛
𝐶𝑣
∙ 50 (2) 

where CO is the number of points for the considered technology, Cn is the lower operating cost of the 

two technologies, Cv is the operating cost of the technology for which is calculated, and 50 is the 

maximum number of points (Table 2). 

 
Table 2. Scoring method for the operating cost parameter 

Technology Operating cost (€/year) Number of points (0 – 50) 

SBR (Delnice WWTP) 79,868.00 0 – 50 

MBR (Siffiano WWTP) 129,992.00 0 – 50 

 

For the comparison, inflation was taken into account due to the time lag in construction, which according 

to statistical data corresponds to the difference in standard, and the real investment costs were treated. 

For the comparison of values, it should be noted that WWTP was built and put into operation within 8 

years, Siffiano in 2009 and Delnice in 2017. If we take into account the difference in the contract period 

from 2006 to 2014, the inflation rate in Italy was about 13%, but there is also a real difference in the 

standard and thus in the value of goods and services between Italy and Croatia. It can be said that the 

investment values are realistically comparable. The spatial component for WWTP is partly related to 

construction costs, because the need for larger land and facilities implies higher investment costs. 

Therefore, this parameter includes the spatial aspect in the form of the area occupied by the objects, the 

terrain configuration and other relevant spatial components and possible limiting factors (Table 3). 

 
Table 3. Scoring method for the spatial component parameter 

Criterion SBR (Delnice) MBR (Siffiano) 

Built-up area (0 – 10) 0 – 10 0 – 10 

Required volume/area of objects (0 – 20) 0 – 20 0 – 20 

Communications and layout of facilities (0 – 20) 0 – 20 0 – 20 

Total (0 – 50) 0 – 50 0 – 50 

 

A very important parameter that is considered is the complexity of the control and process, given that it 

requires many other prerequisites and requirements, such as the professional training of the staff, the 

degree of possible automation, technological specifics etc. (Table 4 and 5). 

 
Table 4. Scoring method for the control and process complexity parameter 

Criterion SBR (Delnice) MBR (Siffiano) 

Mechanical pretreatment (0 – 5) 0 – 5 0 – 5 

Sensitivity to variations in the input hydraulic load (0 – 5) 0 – 5 0 – 5 

Sensitivity to variations in input organic load (0 – 5) 0 – 5 0 – 5 

Simplicity of managing the process (0 – 5) 0 – 5 0 – 5 

Automation of work (0 – 5) 0 – 5 0 – 5 

Impact of floating sludge (0 – 5) 0 – 5 0 – 5 

Production of excess sludge (0 – 5) 0 – 5 0 – 5 

Sludge dehydration (0 – 5) 0 – 5 0 – 5 

Appearance of unpleasant odors (0 – 5) 0 – 5 0 – 5 

Scope of maintenance work (0 – 5) 0 – 5 0 – 5 

Total (0 – 50) 0 – 50 0 – 50 
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Table 5. Scoring method for the WWT effect parameter 
Criterion SBR (Delnice) MBR (Siffiano) 

Effluent quality (0 – 35) 0 – 35 0 – 35 

Percentage of removal of suspended matter (0 – 5) 0 – 5 0 – 5 

Percentage of COD removal (0 – 5) 0 – 5 0 – 5 

Treatment percentage of BOD5 (0 – 5) 0 – 5 0 – 5 

Total (0 – 50) 0 – 50 0 – 50 

5.1 Mechanical pretreatment 

The wastewater at Delnice WWTP is brought to the automatic coarse screen through a DN 400 mm 

supply pipeline. The clear opening between the bars of the coarse screen with a clear opening between 

the bars of the grating with s = 20 mm is intended to retain and separate a larger part of the larger waste 

found in the wastewater and thus prevent possible blockages in the further stages of treatment. The 

capacity of the automatic coarse screen is Qmax=80 l/s due to larger amounts of wastewater and larger 

waste due to the inflow of rainwater during the rainy season [5. Next to the automatic clear opening 

between the bars of the coarse screen is a compact unit for receiving the contents of septic tanks and 

black pits. On the fine automatic coarse screen of the clear opening between the bars of the coarse screen 

of the input drum with s=6 mm, larger content as well as some sand and grease are retained. The pumping 

station is equipped with a mixer with a propeller to prevent the accumulation of organic substances on 

the walls of the pumping station [5. The complete wastewater and the medium left after treatment on 

the automatic clear opening between the bars of the coarse screen goes by gravity to the inlet pumping 

station. There, pumping aggregates with individual capacity Q=60 l/s in alternating operation take it to 

a compact plant for mechanical pretreatment. The compact unit consists of a fine sieve with a press, a 

clear opening between the bars of the coarse screen of the input drum with s=3 mm, an extended aerated 

grit chamber and grease trap, and an inclined spiral conveyor that transports the separated sand from the 

medium. A large number of moving and rotating elements, as well as pumping units, require constant 

control, management and cleaning which affects operating costs (Table 6). 

 
Table 6. Operating costs of mechanical pretreatment of Delnice WWTP and Siffiano WWTP 

Charge Delnice WWTP [€/year] Siffiano WWTP [€/year] 
Energetics 7,685.00 3,253.00 

Process management 3,410.00 2,184.00 
Maintenance and other 11,881.00 7,877.00 

Total 22,976.00 13,314.00 

 

The price of electricity in Italy and Croatia is of course not the same, and the comparison is made in 

kWh. When analyzing the operating costs of Siffiano WWTP, the costs of III. the degree of treatment 

and the costs of processing sludge from other WWTPs were taken into account. In order to present the 

costs realistically, a price per kilowatt hour (kWh) was used for electricity costs (which is by far the 

largest operating cost), i.e. the price applicable in the Croatia. In the calculation of personnel costs at 

Siffiano WWTP, they were also reduced due to the real difference in the level of personal income in the 

two countries. For the other costs considered, there are no major price differences between the two 

countries, so any difference in the calculation is considered negligible.  

It should be noted that the mechanical WWT at the Siffiano WWTP is not fundamentally different from 

that at the Delnice WWTP, but the water pipeline is laid differently and is entirely by gravity, so the 

entire volume of wastewater does not have to be pumped. The grit and grease separation technology 

used is also classic with an open basin, which primarily saves on electricity consumption compared to 

the compact mechanical pre-treatment system installed in Delnice.  

With regard to Siffiano WWTP wastewater from settlements included in the local public drainage 

system is brought to the location of WWTPs through a supply pipeline of DN 315 mm profile. The 

mechanical treatment process begins on a fine sieve dimensioned for maximum rain inflow Q=60 l/s. A 

fine sieve with a basket profile press of 800 mm was installed, which serves to separate organic and 

inorganic waste larger than 2 mm, which performs four work processes simultaneously in that integrated 

unit (sieving, transfer, washing and drainage and disposal). The waste collected on the fine sieve is 
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deposited in bags, and the wastewater is sent by gravity for further treatment to the building of sand pits 

and grease trap designed for a maximum flow of Q=25 l/s. The separation of sand and inert material is 

provided by an aerated longitudinal sand catcher, which is constructed as a rectangular longitudinal tank 

with a conical bottom 12.00 m long, 2.30 m wide, 2.05 m water deep. In the aerated basin, the sand is 

deposited, while in the still one, the floating fat is collected and separated by a self-propelled scraper 

with two blades. The maximum hydraulic load is Q=13.3 l/s in normal operation and Q=18 l/s short-

term. To compensate for the maximum daily amount of precipitation, a rain basin with a capacity of 750 

m3 was built, which collects all the daily amount of wastewater that cannot be processed in normal 

operation. When it rains, the plant together with the buffer can absorb a daily amount of wastewater of 

2,021.32 m3 [6. At WWTP there is also a station for receiving faeces from septic tanks and collection 

pits of households which are brought by special vehicles and emptied into an underground tank (capacity 

13.8 m3). 

5.2 Biological treatment 

After mechanical pretreatment, wastewater from Delnice WWTP is collected together with the filtrate 

of the spiral press from mechanical sludge dehydration, water from the “wet” scrubber for gas treatment 

during sludge dehydration with lime and water from the filtering drum of the press in the pumping 

station in front of the SBR reactor. The pumping station is equipped with two pumping units Q=45 l/s 

that work alternately filling the reactors in automated operation depending on the processing process 

[5. The dimensions of the SBR reactor were obtained by dimensioning for the process with activated 

sludge with simultaneous aerobic stabilization of the sludge and occasional denitrification in accordance 

with the German norms ATV-DVWK-A 131-Dimensioning of Single-Stage Activated Sludge Plants 

(05/2000) and DWA-M210-Aeration plants with dam operation (SBR) (07/2009). The length of the 

SBR reactor is 20.55 m, the width is 14.00 m, the maximum water level is 6.00 m and the volume of 

one basin is 1,726.00 m3. Due to the higher organic load of the incoming wastewater (BOD5=566.81 

mg/l) and the necessary treatment of the contents of septic tanks and black pits where the decomposition 

of organic matter is slower (BOD5=1,000-20,000 mg/l), in two SBR reactor, a water treatment cycle 

lasting 8 hours was selected (application of SCADA program). Three blowers were installed to supply 

air to the SBR reactors. Biological treatment of wastewater is the most demanding and complex stage 

of treatment within SBR technology (Table 7).  

 
Table 7. Operating costs of biological treatment of Delnice WWTP and Siffiano WWTP 

Charge Delnice WWTP [€/year] Siffiano WWTP [€/year] 

Energetics 20,260.00 50,746.00 

Process management 11,083.00 16,378.00 

Maintenance and other 8,923.00 20,155.00 

Total 40,266.00 87,279.00 

 

The biological treatment unit of the Siffiano WWTP consists of an underground open denitrification 

basin (DEN zone) and a biological basin with activated sludge and closed basins for membrane units 

(MBR basin), a basin for temporary storage and return from sludge dewatering, a floating sludge shaft 

and engine rooms. The optimal dimensions of the biological treatment unit (length 21.70 m, width 13.00 

m, basin depth 5.50 m, water depth 4.07-4.55 m) were obtained by calculating the maximum hydraulic 

load Q=13.3 l/s in normal operation and Q=18 l/s in short-term. The process of biological treatment 

begins in the denitrification basin, where wastewater after mechanical treatment, recirculation from the 

MBR basin, supersludge water from the sludge tank and excess water after dehydration of the sludge 

are fed. The DEN zone is an anoxic zone, and it consists of one basin with a volume of 150.12 m3 in 

which a mixer with a built-in drive motor is installed to maintain complete suspension and mix the 

contents of the basin [6. The wastewater is drained by gravity into the nitrification zone, which consists 

of two lines of aerated basins with a volume of 2*177.05 m3. The optimal concentration of activated 

sludge in the treatment process with MBR technology is 10 g/l, based on which the volume of the 

complete biological unit is dimensioned. Part III. of the WWT stage is the chemical removal of 

phosphate, which is also carried out in the aeration basin by direct addition of a solution of iron chloride 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

295 
 

 

 

(FeCl3). By calculating for an average daily wastewater inflow of 540 m3/day, the total required filter 

area (membrane) of 1,920 m2 was obtained [6. 

5.3 Processing of excess biological sludge 

At Delnice WWTP the excess sludge after the process in the SBR reactors is pumped out into the excess 

sludge tank with a capacity of 65.10 m3, which is dimensioned based on the daily excess sludge, its daily 

inflow and volume per cycle, and the concentration of dry matter in the separated sludge [5. The sludge 

separated into the tank from the biological treatment process is aerobically stable, before further 

processing it does not need to be additionally thickened, but only homogenized, which is done with an 

immersed mixer-aerator. The capacity of the spiral press is Q=7.50 m3/day, which turned out to be much 

more than necessary, because on average about 3.00 m3/day (max. 5.00 m3/day) is processed at Delnice 

WWTP, Table 8. The final treatment of mechanically dehydrated sludge is stabilization with micronized 

quicklime (CaO) in a contact reactor, which completely destroys any pathogenic organisms remaining 

in excess sludge. The concentration of dry matter in the produced sludge is from 25% to 30%. 

 
Table 8. Operating costs of treatment of surplus biological sludge of Delnice WWTP and Siffiano WWTP 

Charge Delnice WWTP [€/year] Siffiano WWTP [€/year] 

Energetics 6,986.00 11,060.00 

Process management 2,558.00 3,276.00 

Maintenance and other 7,082.00 14,993.00 

In total 16,626.00 29,329.00 

 

At Siffiano WWTP the excess sludge is drained through a pressure pipeline towards the central sludge 

treatment system into a 350 m3 excess sludge tank. Digested and settled sludge from all surrounding 

settlements is brought to Siffiano WWTP via tanks in liquid form, where it is emptied into an 

underground collection tank with a volume of 25 m3. During the construction of the Siffiano WWTP, it 

is planned that the plant will annually process about 1,300 m3 of sludge from the surrounding WWTPs 

and 1,500 m3 of sludge from the Siffiano WWTP, which makes a total of 2,800 m3/year, resulting in 

about 450 m3 of dehydrated sludge per year [6. Sludge is pumped from the sludge tank to dehydration, 

which is done with a centrifuge along with polyelectrolyte dosing, and the sludge piping system is 

designed to process 100 m3/day of sludge with 2-5% dry matter. After processing with a centrifuge the 

concentration of dry matter in the dewatered sludge is 25-30% (Table 8). 

5.4 Results of the work of the considered WWTPs 

Regardless of the fact that Siffiano WWTP has III. degree of treatment, for an optimal comparison were 

considered the parameters of II. degree of treatment. Permitted WWT parameters in the Croatia are 

defined by the Ordinance on limit values for wastewater emissions [7, where, in accordance with the 

Decision on Designation of Sensitive Areas [8, the Delnice City is within the water area of the Danube 

River (Table 9). 

 

Table 9. Required output parameters of II. degree of treatment of Delnice WWTP [5,7  
Parameter Maximum allowed concentration Minimal input load reduction 

Total suspended solids (SS) 35 mg/l 75% 

Biochemical oxygen consumption (BOD5) 25 mg/l 70% 

Chemical consumption of oxygen (COD) 125 mg/l 90% 

 

Analyzes have proven that during the summer months, when the delivery of content is more intensive, 

the input organic load increases several times. Despite this, all the parameters of the outgoing wastewater 

are lower than the maximum allowed concentration for the reference year 2022 (Table 10). 

With regard to the Siffiano WWTP Provincial Law of June 18, 2002, No. 8 “Regulation on water” 

stipulates that all WWTPs with a capacity greater than 2,000 PE must be subject to II. degree of 

treatment that enables compliance with the limit values of emissions from the same law (Table 11). 

Siffiano WWTP was put into operation in 2009, since then influent and effluent analyzes have been 

carried out and parameters for sensitive areas have been monitored in accordance with regulations. Due 
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to the established III. degree of treatment by MBR technology, there is no obligation to monitor the total 

suspended matter, so the amount less than 1 mg/l is taken as the output parameter. All parameters of the 

effluent (2022 year) are lower than the maximum allowed concentration (Table 12). 

 
Table 10. The results of the analyzes for Delnice WWTP in 2022 

Parameter 

[mg/l] 

03/2022 06/2022 09/2022 12/2022 % 

input output input output input output input output  

SS 281 9.2 1,086 2 399 4.1 81 7.9 96.44 

BOD5 460 7.0 4,800 5 750 4.0 150 5.0 98.63 

COD 746 36.0 7,424 30 1,195 30.0 336 30.0 95.83 

 
Table 11. Required output parameters for Siffiano WWTP [6   

Parameter Maximum allowed concentration Minimal input load reduction 

Total suspended matter, SS 35 mg/l 90%; input > 350 mg/l 

Biochemical consumption of oxygen, BOD5 25 mg/l 90%; input > 300 mg/l 

Chemical consumption of oxygen, COD 100 mg/l 80%; input > 500 mg/l 

Total phosphorus, P 2 mg/l 80%; input > 10 mg/l 

Total nitrogen, N 15 mg/l 70%; input > 50 mg/l 

Ammonium nitrogen, NH4-N 8 mg/l for T 12 °C, 12 mg/l for T 10 °C - 

 
Table 12. Results of analyzes for Siffiano WWTP in 2022  

Parameter Input Output Reduction [%] 

Total suspended matter, SS 30 – 170 < 1.0 99.80 

Biochemical consumption of oxygen, BOD5 386 2.7 99.30 

Chemical consumption of oxygen, COD 687 19.8 97.12 

Total phosphorus, P 7.14 0.66 90.76 

Total nitrogen, N 62.8 15.4 75.48 

Ammonium nitrogen, NH4-N 49.6 3.46 93.02 

5.5 Evaluation of treatment technologies and comparison 

For the reconstruction of the Delnice WWTP and the establishment of SBR WWT technology the 

investment cost for all the necessary works in order to achieve full functionality was 2,073,627.31 € 

without VAT, while for the construction of the Siffiano WWTP with MBR technology it was necessary 

invest 2,428,623.38 € without VAT. The number of points for the investment value in the process of 

this analysis for Delnice WWTP is  

CI = 2,073,627.31/2,073,627.31∙50 = 50.00 (3) 

while for Siffiano WWTP it is  

CI = 2,073,627.31/2,428,623.38∙50 = 42.69 (4) 

According to the values of each individual investment as well as the number of achieved points in the 

parameter of investment costs, it can be concluded that the establishment of MBR technology (Siffiano 

WWTP) and without taking into account elements III. degree of treatment is expectedly more expensive 

than the establishment of SBR technology. 

According to data for the 2022 obtained from the operator, operating costs for Delnice WWTP amount 

to 79,868.00 €, while 129,992.00 € was spent on the operation and maintenance of Siffiano WWTP. The 

cost of electricity is the biggest operating cost. For Delnice WWTP the value of Co amounts to 

Co = 79,868.00/79,868.00∙50 = 50.00 (5) 

was calculated, that is, for Siffiano WWTP the value of Co amounts to  

Co = 79,868.00/129,992.00∙50 = 30.72 (6) 

It can be seen that the operating costs of Siffiano WWTP are significantly higher than the operating 

costs of Delnice WWTP and therefore a solar power plant (30% of own production) was built at the 

location of Siffiano WWTP. 

When considering the surfaces of the buildings, the difference in the biological process between the 

applied SBR and MBR technology comes to the fore, while there are no significant differences in the 

mechanical part and sludge treatment (Table 13). 
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Table 13. Display of scoring for the spatial component parameter 
Criterion SBR (Delnice) MBR (Siffiano) 

Built-up area (0 – 10) 10 10 

Required volume/area of objects (0 – 20) 10 20 

Communications and layout of facilities (0 – 20) 18 20 

Total (0 – 50) 38 50 

 

With SBR technology, the total required volume of SBR reactors in which the entire process takes place 

is 3,452 m3 compared to 807.74 m3 in Siffiano (including all units and stages of biological treatment). 

Therefore, the MBR technology requires a smaller space and volume of the WWT basin (Table 13). 

Analyzing the description of the work of the two WWTPs it can be said that each has almost the same 

processing elements, fully fulfilling its assigned function, but for the most part through different 

technical solutions. The difference is in the phase of separation of sand and grease, where at Delnice 

WWTP the fine sieve is placed in the unit of mechanical pretreatment, while in Siffiano it is separated, 

with the aerated grit chamber and grease trap being a separate building. The result of the chosen 

technology is increased energy consumption and more demanding maintenance in the Delnice WWTP. 

The increased hydraulic load at the Delnice WWTP has a negative effect on the biological processes in 

the basins. On the example of MBR technology, this problem is solved with a buffer (rain basin) which 

is able to temporarily receive a larger amount of inflow while regulating the pressure on the membranes 

and thus increase the capacity (while increasing the costs). SBR technology in its biological process is 

not so flexible to increase the organic load, because it has a younger sludge and a lower concentration 

(about 4 g/l). Looking at the process at both WWTPs it can be seen that the production of sludge is 

approximately the same. Dehydration of sludge at both WWTPs gives good results and after 

technological treatment the concentration of dry matter is on average 25-30%. Both technologies are 

highly efficient and the final result (Table 14.) favors the MBR technology. 

 
Table 14. Display of scoring for the control and process complexity parameter 

Criterion SBR (Delnice) MBR (Siffiano) 

Mechanical pretreatment (0 – 5) 4 5 

Sensitivity to variations in the input hydraulic load (0 – 5) 3 4 

Sensitivity to variations in input organic load (0 – 5) 4 5 

Simplicity of managing the process (0 – 5) 4 3 

Automation of work (0 – 5) 5 5 

Impact of floating sludge (0 – 5) 4 5 

Production of excess sludge (0 – 5) 5 5 

Sludge dehydration (0 – 5) 5 5 

Appearance of unpleasant odors (0 – 5) 5 5 

Scope of maintenance work (0 – 5) 5 4 

Total (0 – 50) 44 46 

 

On the example of both WWTPs it is evident that with proper management of the process, both SBR 

and MBR technology can meet the parameters of WWT prescribed by law. From the analysis of the 

work of Siffiano WWTP it is evident that the results of all required parameters for shade are better than 

those in Delnice WWTP, which is attributed to the installed MBR technology (Table 15). 
 

Table 15. Scoring display for the refinement effect parameter 
Criterion SBR (Delnice) MBR (Siffiano) 

Effluent quality (0 – 35) 35 35 

Percentage of removal of suspended matter (0 – 5) 4 5 

Percentage of COD removal (0 – 5) 4 5 

Treatment percentage of BOD5 (0 – 5) 4 5 

Total (0 – 50) 47 50 

 

Regarding the technological process of WWT (Table 16), MBR technology ultimately has a kind of 

advantage, but it is conditioned by higher investment costs, higher consumption of electricity and more 

demanding maintenance.  
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Table 16. Calculation of the final evaluation of the technology comparison 

Parameter 
Parameter 

coefficient 

SBR points 

(Delnice) 

MBR points 

(Siffiano) 

Rating SBR 

(Delnice)  

Rating MBR 

(Siffiano) 

Investment cost 0.10 50.00 42.69 5.00 4.27 

Operating cost 0.10 50.00 30.72 5.00 3.07 

Spatial component 0.05 38.00 50.00 1.90 2.50 

Control and process complexity 0.60 44.00 46.00 26.40 27.60 

Purifying effect 0.15 47.00 50.00 7.05 7.50 

Total 1.00 229.00 216.58 45.35 44.94 

6 Conclusion  

The analyzes of the effluent of Siffiano WWTP related to II. degree of treatment show slightly higher 

percentages of treatment, although both technologies show treatment values lower than the minimum 

allowed concentrations. The reasons for such results of the work of Siffiano WWTP are certainly to be 

found in the MBR technology, where with regular maintenance of the membranes in the effluent, it is 

practically impossible to find a concentration of suspended matter higher than 1 mg/l. Perhaps this is 

the key difference in process management compared to SBR technology, where the responsibility rests 

on the knowledge and ability of the WWT operator to keep the organic load and suspended matter in 

the effluent within the permitted concentrations. 

In accordance with the applicable legal regulations for II. degree of treatment in Italy, which is almost 

equal to the one in Croatia, SBR technology would provide the required results with a significant 

reduction in operational labor costs. On the other hand, MBR technology would be applicable at the 

Delnice WWTP, where probably the biggest intervention would be in terms of construction due to the 

necessary construction of an equalization basin. In terms of environmental protection, only negligible 

amounts of chemicals are used, more precisely as much as is necessary for the process to achieve a high-

quality and desired result. The situation is similar at Siffiano WWTP, where more chemicals are used 

due to the third degree of WWT, although these costs and this process are excluded from the comparison. 

Chemicals are part of the process and unavoidable, and anyone can determine from experience which 

chemicals are optimal and in what quantities. Due to the high electricity consumption at the Siffiano 

WWTP, a solar power plant was built to cover 30% of the total annual electricity consumption, i.e. 

around 400,000 kWh. SBR and MBR systems are used worldwide, from cold regions (where low 

temperatures can affect biological activity) to warm, humid climates (which can increase the risk of odor 

and operational problems). These systems are generally adaptable, but their design and operating 

parameters often need to be tailored to the specific environmental conditions to maintain efficiency. 
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1 Abstract 

The microbiological quality of the water is a critical factor influencing the convergence of human, 

animal, and environmental health. In this research, the machine learning algorithm M5P for induction 

of model trees integrated into the WEKA modelling software is used to predicted E. coli bacteria 

concentrations with a seven-day time step. Obtained model for prediction of the E. coli bacteria seven 

days in advance, in the form of a model tree, has ten equations from which the abovementioned 

concentrations of E. coli bacteria seven days in advance can be calculated. The model does not have so 

high correlation coefficient with a value of 0.48 and has also low prediction of peak values. Model has 

good prediction of concentrations up to 100 CFU/100 ml, while higher values are under forecast. The 

reason for this is that high values have a high probability expectation. Regardless of, obtained model 

through the prediction of E. coli bacteria can help to manage certain drinking water treatment processes 

depending on the biological quality of raw water in the Butoniga reservoir. 

 

Keywords: E. coli bacteria, prediction models, machine learning, drinking water treatment facility 

Butoniga, microbiological water quality. 

2 Introduction 

Drinking water treatment facilities (DWTFs) are essential facilities designed to generate clean, high-

quality water for human consumption at an affordable cost, adhering to established standards and public 

health regulations. Consequently, DWTFs play a crucial role in ensuring the reliable provision of ample 

and safe drinking water to the community [1].  

 

The microbiological quality of the water is a critical factor influencing the convergence of human, 

animal, and environmental health. Collaborative endeavours persist in exploring methodologies for the 

monitoring, prediction, and management of microbiological water quality. However, the escalating pace 

of human activities, exemplified by urbanization and industrialization, has significantly disrupted 

environmental equilibrium. Aquatic systems endure most of this disturbance, thereby imperilling the 

microbiological integrity of water bodies through the influx of untreated domestic wastewater and other 

anthropogenic discharges [2]. 

 

Among the array of indicators employed to evaluate water quality, Escherichia coli (E. coli) emerges as 

a pivotal bacterium, acting as a marker for faecal contamination in water systems. The detection of E. 

coli bacteria signals the potential presence of pathogenic microorganisms, posing health hazards to 

individuals who consume the water [3]. 

 

Machine learning (ML) methods possess the capability to track the progression of water quality, analyse 

and forecast its condition, and uncover the migration and alteration of pollutants. This capability enables 

a transition from addressing present issues to proactively identifying risks and dynamically enhancing 

facilities [1]. 
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Some applications of ML can be seen in research made by Khan et al. [4] which used superposition 

learning-based model (artificial neural network-ANN) for prediction of E.coli in groundwater using 

physiochemical water quality parameters. Their results show that the model having Turbidity, pH, Total 

Dissolved Solids (TDS), and Electric Conductivity (EC) as inputs displayed the best performance R. 

values of 0.90 and lowest MSE values of 0.0892. Sokolova et al. [5] for predicting microbial water 

quality in the drinking water source using E. coli monitoring and hydrometeorological data with data-

driven models. Their study showed that models which included multiple predictors, i.e. VAR, LASSO 

Regression, Random Forest, TPOT, performed better than univariate models, i.e. Naive baseline, 

Exponential Smoothing and ARIMA. Also, external predictors increased the model performance, 

indicating that some of these models are informative for forecasting E. coli concentration at the water 

intake. 

 

This study is an extension of the research done by Volf et al. [6, 7, 8] and deals with the development 

of prediction models for concentrations of E. coli bacteria in Butoniga reservoir. In study made by Volf 

et al. [6] ML method in form of rule-based models was applied on data measured at intake of raw water 

from Butoniga reservoir to predict Water Quality Index (WQI) one, five, ten and fifteen days in advance. 

Predictions of WQI are done according to current values of measured parameters at intake of raw water. 

Obtained models have high correlation coefficients and gives accurate predictions of WQI correctly 

predicting the peak values when compared to calculated data of WQI. As expected, the highest 

correlation coefficient has one day prediction, followed by five, ten and with the lowest correlation 

coefficient fifteen days prediction. In research made by Volf et al. [7] prediction models for Mn, Fe and 

NH4 concentrations in raw water for seven days in advance were built with use of ML method in form 

of the model trees, which was applied on measured data for the DWTF Butoniga. Models were built to 

cope with problem of high concentrations of Mn, Fe and NH4, which occurs during summer months, 

when higher chemical consumption is required for treatment processes and when water is captured from 

the lowest water intake, i.e. the lowest water layer in the Butoniga reservoir. Predictions of the Mn, Fe 

and NH4 are done according to current values of measured parameters at the intake of the raw water. 

Obtained models have high correlation coefficients and thus provide accurate predictions of the Mn, Fe 

and NH4, including the predictions of the peak values when compared to measured data. In a study 

conducted by Volf and Zorko [8], analysis revealed that turbidity exhibited the highest correlation 

coefficient and was identified as a potential indicator for E. coli bacteria. This suggests that elevated 

turbidity levels generally correspond to higher concentrations of E. coli bacteria. Additionally, 

parameters such as Mn, Fe, and UV254 were found to be closely associated with E. coli bacteria, 

alongside turbidity. Furthermore, the relationship between E. coli bacteria and various water intakes was 

examined. It was observed that higher concentrations of E. coli bacteria were present when water was 

sourced from lower water intakes (mainly in summer months), characterized by increased water 

turbidity [8]. 

 

Specific objective of this study is to develop prediction model for E. coli bacteria for seven days in 

advance that can be used for optimizing of the treatment processes of the DWTF Butoniga. According 

to the agreement with the chief technologist at the facility, a time period of seven days was initially 

taken in order to be able to respond in a timely manner to the increased concentration of E. coli bacteria 

in the water.  

 

Through this research and by the synergy of knowledge and expertise of the research team members, 

innovative methods, techniques and tools for modeling and managing microbiological water quality 

have been used and implemented into strategic, but also operational management of water resources in 

order to achieve the sustainable development goals (SDGs), with an emphasis on: SDG6 Clean water 

and sanitation. 
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3 Methods 

3.1 Study area and data description 

To acquire drinking water at the DWTF Butoniga, the process begins by drawing raw water from the 

Butoniga reservoir (depicted in Figure 1). Situated roughly 600 m downstream from the Butoniga 

reservoir's dam, the DWTF Butoniga occupies an area of 80,000 m2 (as shown in Figure 1). Its initial 

phase is engineered to process 1,000 l/s or 3,600 m3/h, with provisions made for certain components to 

accommodate a final capacity of 2,000 l/s, slated for the second phase. All processing units are designed 

for 24-hour full capacity with a hydraulic reserve of 25 %.  The plant offers operational flexibility, 

capable of adjusting its capacity from 20 to 100 % of the nominal capacity [9]. 

 

 
Figure 1. Location of the Butoniga reservoir and DWTF. 

 

The primary drinking water treatment process (illustrated in Figure 2) encompasses several key units: 

raw water intake, pre-ozonation, coagulation-flocculation, flotation, rapid filtration, main ozonation, 

slow sand filtration, disinfection, final pH adjustment, pressure pumping, and chlorination. 

Complementing this main process, the auxiliary treatment (depicted in Figure 2) involves additional 

units such as sand cleaning stations for slow sand filters, treatment of filter washing water, sludge 

management, and neutralization of chemical wastewater [10]. 

 

The plant's construction finished in June 2002, with operations commencing in the spring of 2004, and 

has since remained operational. Notably, the DWTF's operational patterns are closely tied to the tourist 

season. Among the 5,000,000 m3 of water produced and distributed annually, a substantial portion, 

3,000,000 m3, is generated and supplied during the period from June 15 to September 15, coinciding 

with the period of lowest water quality in the Butoniga reservoir [10]. 

 

The dataset used for constructing the E. coli bacteria prediction model (refer to Table 1) encompasses 

various physical, chemical, and microbiological parameters. These parameters were measured daily at 

the raw water inflow point of the DWTF from 2011 to 2020. Physiochemical factors include variables 

such as water temperature (Temp), pH level, turbidity (Tur), oxygen concentration (O2), total organic 
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carbon (TOC), potassium permanganate (KMnO4) levels, ammonia (NH4) concentration, manganese 

(Mn) content, aluminium (Al) concentration, iron (Fe) levels, and the quantity of organic substances 

(UV254). These concentrations were determined within the internal laboratory of the DWTF Butoniga 

using standardized analytical methods compliant with ISO standards, specifically following the norm 

HRN EN ISO 5667-3. Microbiological parameters consist primarily of E. coli bacteria, which play a 

pivotal role as an indicator of faecal contamination within water systems. The detection and enumeration 

of E. coli bacteria were conducted using the Colilert method, in accordance with the norm HRN EN ISO 

9308-2:2014. 

 

All data underwent pre-processing tailored to modelling and research objectives. The entire temporal 

range of the measured data from 2011 to 2020 was utilized for developing prediction models. Instances 

of missing data were addressed through cubic spline interpolation to achieve the best possible fit. 

 

 
Figure 2. Treatment processes scheme for DWTF Butoniga. 

 
Table 1. Data used for modelling. 

SYMBOL DESCRIPTION UNIT 

TEMP Water temperature oC 

PH pH - 

TUR Turbidity NTU 

O2 Oxygen concentration mg/L 

TOC Total organic carbon mg/L 

KMNO4 Potassium permanganate mg/L 

NH4 Ammonium mg/L 

MN Manganese mg/L 

AL Aluminum mg/L 

FE Iron mg/L 

UV254 Organic matter in water 1/cm 

E. COLI E. coli bacteria CFU/100 mL 

E. COLI_PRED E. coli bacteria prediction for 7 days CFU/100 mL 
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3.2 Modelling methods-model trees 

 

Model trees are hierarchical structures comprised of nodes and branches. Within these structures, 

internal nodes conduct tests on input attributes, with each branch representing an outcome of the test. 

Predictions for the values of the target variable, such as class predictions, are stored in the leaves, which 

serve as terminal nodes in the tree. If a leaf contains a single value for class prediction, it is referred to 

as a simple regression tree. However, if a linear equation is utilized for prediction within the leaf, it is 

named a model tree [11]. 

 

One widely used algorithm for inducing model trees is the M5 algorithm, which builds upon the top-

down induction of decision trees (TDIDT) algorithm. In this research, a variation of the M5 algorithm 

called M5P was employed, implemented within the Weka software package. The M5P algorithm 

integrates a decision tree as the base model, augmented with linear regression models at the leaf nodes. 

This augmentation allows for the creation of more intricate models capable of handling continuous target 

variables effectively. The M5P algorithm operates by initially growing a decision tree based on input 

data and subsequently fitting a linear regression model to the data at each leaf node. The resulting model 

combines these decision tree and linear regression components, facilitating predictions on new data [11]. 

 

Following the construction of the tree from the training dataset, it becomes essential to evaluate the 

model quality, specifically the accuracy of predictions. This evaluation can be accomplished by 

simulating the model on a testing dataset and comparing predicted target values with actual values. 

Alternatively, cross-validation can be employed, whereby the training dataset is partitioned into a chosen 

number of folds, typically 10. Each fold is sequentially utilized for testing, while the remaining folds 

are used for training. The final error is determined as the average error across all models throughout the 

procedure [11]. 

 

To assess model accuracy, various measures can be employed to calculate the disparity between actual 

and predicted values, including root mean-squared error (RMSE), mean absolute error (MAE), root 

relative squared error (RRSE), relative absolute error (RAE), and correlation coefficient (R) [11]. In the 

conducted experiment, model accuracy was evaluated using all these measures. 

4 Results and discussion 

As previously mentioned, all data underwent pre-processing tailored to the specific modelling and 

research objectives, guided by the expertise of modelling professionals familiar with the analysed 

DWTF. The model was developed to predict E. coli bacteria concentrations seven days in advance, 

aiming to enhance treatment processes at the DWTF in response to variations in raw water quality from 

the Butoniga reservoir. Consequently, the model aids in managing treatment processes that hinge on the 

quality of raw water from the Butoniga reservoir. For this experiment, the M5P machine learning 

algorithm, integrated within the Weka modelling software, was utilized. Predicted concentrations of E. 

coli bacteria seven days ahead served as the target variable for each model constructed, while water 

temperature, pH, turbidity, KMnO4, NH4, Mn, Al, Fe, O2, TOC, UV254, and concentrations of E. coli 

bacteria (refer to Table 1) were designated as independent variables from which the predicted values of 

E. coli bacteria were derived. These parameters were primarily chosen as they most accurately represent 

the components of the system (DWTF and Butoniga reservoir) upon which the target variable relies [8]. 

 

The objective of the resulting prediction model is to be highly applicable and valid for forecasting E. 

coli bacteria, striving for maximum accuracy. To achieve this, standard procedures for model building 

and testing were employed: the entire dataset was utilized for training while validation was conducted 

using 10-fold cross-validation (as outlined in Section 3.2). To optimize the correlation coefficient (R) 

and determine the optimal number of rules, default parameter values for model construction were 

utilized within the Weka modelling software [11]. 
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The model demonstrating the highest accuracy based on the validation method was chosen as the 

representative model for prediction purposes. The accuracy of the models is assessed through measures 

including RMSE, MAE, RRSE, RAE, and R [11]. 

 

Using the Weka modelling software and employing the M5P algorithm, a prediction model for E. coli 

bacteria concentrations seven days in advance was developed [11]. As outlined in section 3.1, the entire 

dataset spanning from 2011 to 2020, with daily sampling frequency, was utilized for constructing 

prediction models. Missing data were handled through cubic spline interpolation, and the selection of 

the best model followed the procedure outlined in section 3.1. 

 

The prediction model for E. coli bacteria concentrations is depicted in Figure 3, with corresponding 

model equations provided in Table 2. This model comprises ten leaves, each representing an equation 

used to forecast E. coli bacteria concentrations seven days ahead, utilizing parameters specified in the 

model tree nodes (Figure 3). Analysis of the model tree nodes reveals that the most influential 

parameters include the current concentration of E. coli bacteria (as expected), pH values, and oxygen 

concentrations, followed by NH4, Fe, and KMnO4 concentrations, as well as turbidity levels. 

 

 
Figure 3. Model tree for E. coli bacteria prediction seven days in advance. 

 

Table 2 presents the equations associated with the model tree leaves, incorporating parameters such as 

oxygen concentration, pH value, KMnO4 and Fe concentrations, and current E. coli bacteria 

concentrations. The selection of equations within the model tree leaves depends on the values of 

variables in the tree nodes. Once the selection is made based on these variable values, the corresponding 

equation is applied to forecast E. coli bacteria levels seven days ahead.  

 

The obtained model does not have so high correlation coefficient with a value of 0.48 (moderate 

correlation). Other parameter of model are, MAE of 26.5, RMSE of 57.7, RAE of 69.3 % and RRSE of 

73.8 %. The performance of the prediction model is presented in Figure 4. From Figure 4 can be noticed 

why correlation coefficient is not so high, and that is low prediction of peak values. Model has good 

prediction of concentrations to 100 CFU/100 ml, while higher values are under forecast. The reason for 

this is that high values have a high probability expectation. 
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Table 2. Equations for model tree presented on Figure 3; E. coli bacteria prediction. 
No. of 

Equation 
EQUATION 

1. 
E. coli_pred=-0.0094*O2-1.0048*pH+0.0719*KMnO4-

0.302*NH4+0.6454*Fe+0.0017*E. coli+27.4774 

2. 
E. coli_pred=-0.0094*O2-1.7702*pH+0.0719*KMnO4-

0.6939*NH4+0.6454*Fe+0.0017*E. coli+23.4384 

3. 
E. coli_pred=-0.0094*O2-1.4932*pH+0.0719*KMnO4-

0.3272*NH4+0.6454*Fe+0.0017*E. coli+19.8177 

4. 
E. coli_pred=-0.0094*O2-1.5966*pH+0.0719*KMnO4-

0.3272*NH4+0.6454*Fe+0.0017*E. col+17.6368 

5. 
E. coli_pred=-0.0445*O2-0.4569*pH+0.2575*Tur-

0.1558*KMnO4+1.4384*Fe+0.0014*E. coli+47.3177 

6. 
E. coli_pred=-0.0445*O2-0.4569*pH+0.2575*Tur-

0.1558*KMnO4+1.4384*Fe+0.0014*E. coli+35.5702 

7. 
E. coli_pred=−0.0445*O2-0.4569*pH+0.6061*Tur-

0.744*KMnO4+1.4384*Fe+0.0014*E. coli+90.2576 

8. 
E. coli_pred=-0.0445*O2-

0.4569*pH+0.3106*Tur+0.0609*KMnO4+1.4384*Fe+0.0014*E. coli+69.5288 

9. 
E. coli_pred=-0.0525*O2-

0.5132*pH+0.0291*Tur+0.0609*KMnO4+3.8009*Fe+0.0014*E. coli+20.6872 

10. 
E. coli_pred=-0.0525*O2-

0.5132*pH+0.0291*Tur+0.0609*KMnO+3.3453*Fe+0.0014*E. coli+39.9425 

 

 

 
Figure 4. Performace of the prediction model-measured “shifted” data for seven days in advance (purple) vs. 

modeled predicted E. coli concentrations seven days in advance (red). 

 

Regardless of, obtained model through the prediction of E. coli bacteria can help to manage certain 

drinking water treatment processes depending on the biological quality of raw water in the Butoniga 

reservoir. 

 

Currently, the adoption of ML techniques is progressively expanding across multiple facets of DWTF 

modeling, encompassing prediction, optimization, and facility management. Presented below are 

instances illustrating the utilization of ML methods. 

 

Khan et al. [4] in their research used superposition learning-based model for prediction of E.coli in 
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groundwater using physiochemical water quality parameters. Their results show that the model having 

Turbidity, pH, Total Dissolved Solids (TDS), and Electric Conductivity (EC) as inputs displayed the 

best performance R. values of 0.90 and lowest MSE values of 0.0892. Sokolova et al. [5] for predicting 

microbial water quality in the drinking water source using E. coli monitoring and hydrometeorological 

data with data-driven models. Their study showed that models which included multiple predictors, i.e. 

VAR, LASSO Regression, Random Forest, TPOT, performed better than univariate models, i.e. Naive 

baseline, Exponential Smoothing and ARIMA. Also, external predictors increased the model 

performance, indicating that some of these models are informative for forecasting E. coli concentration 

at the water intake. 

 

As mentionoed, nowadays, when there is increasing thread of pollution of water sources, and also with 

regard to the new Europian Union Drinking Water Directive (EU DWD) [12], which came into force at 

the begining of the 2021, predicting the quality of a water resources is of great importance for water 

treatment technologies. In the new EU DWD some of the drinking water parameters are tightened, new 

limit values for water quality parameters have been added, and also the requirements for monitoring the 

quality of drinking water and the water sources are tightened [12].  

 

The main objective of these prediction model is to enable swift and efficient management of the DWTF 

Butoniga. Particularly during critical periods marked by elevated levels of E. coli bacteria there is a 

heightened necessity for providential and ongoing process monitoring. This entails increased chemical 

usage to uphold stability in the treatment process and to guarantee that all effluent water samples remain 

below the Maximum Acceptable Concentration (MAC) [13]. Also, to prevent pollutions in the future, it 

would be advisable to more tighten the protective zones around Butoniga reservoir. 

5 Conclusion 

The significance of DWTFs in providing safe drinking water for human consumption is now more 

pronounced than ever. Consequently, a model that accurately captures the operations and dynamics of 

a DWTF emerges as a crucial and valuable tool. Such a model aids in devising strategies and 

management approaches that enhance its efficiency and resource utilization through optimized treatment 

processes, while simultaneously mitigating the risks associated with inadequate actions.  

 

This research involved the construction of a prediction model for E. coli bacteria concentrations in raw 

water, forecasting seven days in advance using a ML approach in the form of model trees. The model 

was applied to measured data from the DWTF Butoniga to address the challenge of elevated E. coli 

bacteria concentrations, primarily occurring during summer months when water is extracted from the 

lowest layer of the Butoniga reservoir. Predictions of E. coli bacteria levels are based on current 

measurements taken at the raw water intake. 

 

The resulting model exhibits a moderate correlation coefficient (0.48), indicating its capability to predict 

concentrations up to 100 CFU/100 ml reasonably well. However, it tends to underestimate peak values, 

particularly for higher concentrations. Nevertheless, despite these limitations, the model's predictions of 

E. coli bacteria levels can aid in managing specific drinking water treatment processes contingent upon 

the biological quality of raw water in the Butoniga reservoir. 

 

Also, through conducting this research, innovative methods, techniques and tools for modeling and 

managing microbiological water quality have been used and implemented into strategic, but also 

operational management of water resources in order to achieve the SDGs, with an emphasis on: SDG6 

Clean water and sanitation. 

 

Future work is focused to obtain more accurate prediction models which can be used for management 

purposes. This also implies additional models verification through a direct measuring of E. coli bacteria 
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concentrations in the Butoniga reservoir, alongside parallel modeling, i.e. testing and subsequent 

comparison of the obtained results. 
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1 Abstract 

A prominent challenge confronting the water industry is the integration of sustainability considerations 

into design methodologies and the mitigation of carbon emissions associated with energy-intensive 

procedures. Water treatment, an imperative stage for upholding public health standards, constitutes a 

particularly energy-intensive process. Drinking water treatment facility Butoniga is one of the main 

drinking water supply facilities for potable water in Istria, Croatia. Water for treatment process is 

captured from the Butoniga reservoir, which is a small and relatively shallow reservoir. Water pumping 

to the water tank and then to the water supply network is carried out through six big pumps with power 

of 1000 kW, and one small pump with power of 315 kW. The largest consumption of energy on the 

facility is associated with the pumping operations and the energy consumption is mainly related to 

delivered water, i.e., water pumped to the water tank and then to the water supply network.  Idle energy 

in pumping water systems refers to the energy consumed by a pump when it is operational but not 

actively pumping water or when it's running at a capacity higher than necessary to meet the current 

demand. This can be a source of inefficiency in water supply systems. By adjusting pump operations to 

match demand, idle energy compensation improves overall energy efficiency. On drinking water 

treatment facility Butoniga, regarding compensation of idle energy, power factor (cos ϕ) moves within 

0.90 and 0.99. 

 

Keywords: Drinking water treatment facility, Butoniga reservoir, energy consumption, idle energy 

compensation. 

2 Introduction 

Drinking water treatment facilities (DWTFs) are essential facilities engineered to produce safe, top-

grade water for human use, meeting stringent standards and health regulations while remaining cost-

effective. As a result, DWTFs play a crucial role in guaranteeing consistent and secure access to 

plentiful, safe drinking water for the community [1]. 

 

Water treatment is a process that demands a significant amount of energy and it is one of the pressing 

issues being faced by the water industry today [2]. The energy consumption associated with drinking 

water treatment encompasses several aspects, including energy for water conveyance, unit operations 

within the DWTF, facility-related equipment (such as lighting, heating, and ventilation), and energy for 

water distribution [3].  

 

The energy required for water treatment varies depending on factors such as the quality of the raw water, 

its source, the age of the water supply system, conveyance distance, water storage capacities, and 

elevation differences. Approximately 80 % of the energy usage is attributed to conveying or pumping 

water, with the remainder allocated to water treatment [3].  

 

Various studies have extensively examined this energy consumption aspect involved in treating drinking 

water [2, 3, 4]. Bukhary et al. in first study [3] gives an analysis of energy consumption and the use of 

renewables for a small DWTF, while in second [4] are presented design aspects, energy consumption 
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evaluation, and offset for DWTF operation. First study results showed that the dependency of a DWTF 

on the traditional electric grid could be greatly reduced by the use of photovoltaics (PVs). The largest 

consumption of energy was associated with the pumping operations, corresponding to 150.6 Wh/m3 for 

the booster pumps to covey water to the storage tanks, while the energy intensity of the water treatment 

units was found to be 3.1 Wh/m3 [3]. Second study results showed that the largest consumers of energy, 

after the water distribution pumps were the processes of coagulation and flocculation. Also 500 kW PV 

system was found to be sufficient to offset the energy consumption of the water treatment only 

operations, for a net present value of 0.24 million dollars [4]. Tow et al. [2] presents modelling the 

energy consumption of potable water reuse schemes. Presented model was used to identify the most 

promising avenues for further reducing the energy consumption of potable reuse, including encouraging 

direct potable reuse without additional drinking water treatment, avoiding reverse osmosis in indirect 

potable reuse when effluent quality allows it, updating pipe networks, or using more permeable 

membranes [2]. 

 

It's anticipated that future energy demands for water treatment will rise due to various factors, mainly 

due to population growth and aging infrastructure [3]. These factors can motivate DWTFs to explore 

and implement various methods to decrease their overall energy consumption, so employing alternative 

energy generation methods such as renewables or implementing energy conservation measures can aid 

in reducing overall costs [4]. 

 

Idle energy in pumping water systems refers to the energy consumed by a pump when it is operational 

but not actively pumping water or when it's running at a capacity higher than necessary i.e., designed to 

meet the current demand. This can be a source of inefficiency in water supply systems. By adjusting 

pump operations to match demand, idle energy compensation improves overall energy efficiency [5]. 

 

In this research will be presented energy consumption and idle energy compensation on DWTF 

Butoniga. 

 

Through this research and by the synergy of knowledge and expertise of the research team members, 

innovative methods, techniques and tools for modeling and managing energy consumption and idle 

energy compensation on DWTF have been used and implemented into strategic, but also operational 

management of water resources in order to achieve the sustainable development goals (SDGs), with an 

emphasis on: SDG6 Clean water and sanitation. 

3 Methods 

3.1 Study area description 

At the DWTF Butoniga, the process of obtaining drinking water begins with the extraction of raw water 

from the Butoniga reservoir (Figure 1). Located approximately 600 meters downstream from the dam 

of the Butoniga reservoir, the DWTF Butoniga spans an area of 80,000 m2.  

 

Its initial phase is designed to treat 1,000 l/s or 3,600 m3/h, with provisions in place to accommodate a 

final capacity of 2,000 l/s in the second/final phase. All processing units are configured to operate at full 

capacity for 24 hours, with a hydraulic reserve of 25 %. The plant is flexible in operation, capable of 

adjusting its capacity from 20 % to 100 % of the nominal capacity [6]. Figure 1 shows the location of 

the Butoniga reservoir and DWTF Butoniga. 
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Figure 1. Location of the Butoniga reservoir and DWTF. 

3.2 Treatment process on DWTF Butoniga 

The primary drinking water treatment process (outlined in Figure 2) consists of several essential units: 

raw water intake, pre-ozonation, coagulation-flocculation, flotation, rapid filtration, main ozonation, 

slow sand filtration, disinfection, final pH adjustment, pressure pumping, and chlorination. Additionally, 

the auxiliary treatment process (shown in Figure 2) includes supplementary units such as sand cleaning 

stations for slow sand filters, treatment of filter washing water, sludge management, and neutralization 

of chemical wastewater [7]. 

 

 
Figure 2. Treatment processes scheme for DWTF Butoniga. 
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Construction of the facility was completed in June 2002, with operations commencing in the spring of 

2004, and has since been continuously operational. Notably, the operational schedule of the DWTF is 

closely linked to the tourist season. Out of the 5,000,000 m3 of water produced and distributed annually, 

a significant portion, amounting to 3,000,000 m3, is generated and supplied between June 15 and 

September 15, corresponding to the period of lowest water quality in the Butoniga reservoir [7]. 

3.3 Water pumping and energy consumption 

Water pumping on the DWTF Butoniga to the water tank and then to the water distribution network is 

carried out through six big pumps with power of 1,000 kW, and one small pump with power of 315 kW 

(showed on Figure 3). The largest consumption of energy on DWTF is associated with the pumping 

operations. Over 70 % of energy consumption on the DWTF Butoniga is related to the pumping 

operations. 

 

 
Figure 3. Pumps location on DWTF Butoniga. 

3.4 Idle energy compensation 

Changing of electro-magnetic fields in electric motors which move water pumps generate idle power. 

So, the higher is the ratio of idle to real power, the smaller is their power factor (cos φ). Idle energy in 

pumping water systems refers to the energy consumed by a pump when it's operational but not actively 

pumping water or when it's running at a capacity higher than necessary to meet the current demand. This 

can be a source of inefficiency in water distribution systems. By adjusting pump operations to match 

demand, idle energy compensation improves overall energy efficiency [8]. 

 

Solutions for idle energy compensation can be divided into four main groups [9]: 

1) Power capacitors, which can be used to compensate idle power demand. The capacitor battery 

provides the required idle power, so the transmission facilities are relived as no idle power is 

drown from the utility, 

2) Synchronous electric motors, which can be used to supply a certain amount of idle power required 

by the industrial load, 

3) Active filters are devices that eliminate or cancel out harmonics within the current and they also 

provide dynamic idle power compensation and power factor correction in harmonic polluted lines, 
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and  

4) Passive filters, which are composed of reactors, inductors and capacitors in a series circuit. They 

offer power factor correction capacity and generate some amounts of idle power which reduces 

the idle power drawn from the grid [9]. 

 

On DWTF Butoniga, idle energy is compensated using capacitors. Each pump, respectively its electric 

motor, has its own capacitor. Regarding compensation of idle energy, power factor (cos φ) varies 

between 0.90 and 0.99. According to this, more than 90 % of apparent power is real power. On DWTF 

Butoniga are used Roederstein capacitors units of 3x10kV and 241kVAr for each pump. Capacitors 

units are showed on Figure 4.  

 

In brief, for compensation of idle energy, a capacitor battery is used which usually consist of a regulator 

and various accessories. The regulator automatically switches on the appropriate number of devices, 

depending on the idle power needs, to maintain a power factor cos φ at the required level. There are few 

kinds of capacitors, these are most often common batteries, amplified batteries, batteries with thriystor 

linkages, protective shell batteries, etc. [10]. 

 

 
Figure 4. Capacitors units on DWTF Butoniga. 

4 Results and discussion 

On Figure 5 are presented captured and delivered amounts of water in cubic meters from DWTF 

Butoniga with total energy consumption in kWh for the period from 2011-2020. It can be seen that the 

energy consumption on DWTF Butoniga is manly related to delivered water, i.e., water pumped to the 

water tank and then to water supply system i.e., network.   

 

Also, from Figure 5 can be observed that the operation of the DWTF is primarily related to the tourist 

season. Out of the total annual production and distribution of average 5,000,000 m3 of water, 3,000,000 

m3 is generated and distributed between June 15 and September 15 (summer month) [7]. 
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As for energy consumption, the minimum value is 1,502 kWh, the maximum value is 81,906 kWh, while 

the average energy consumption in observed period on the DWTF Butoniga is 19,970 kWh. 

 

 
Figure 5. Representation of amounts of captured and delivered water with total energy consumption on a DWTF 

Butoniga in observed period from 2011 to 2020. 

 

On Figure 6 is given representation of delivered water to water tank and then to the water supply system 

i.e., network and idle energy on DWTF Butoniga in period 2011-2020.  The idle energy follows amounts 

of delivered water, i.e., according to Figure 5, follows energy consumption on DWTF Butoniga. From 

Figure 6 can be seen that idle energy consumption, the minimum value is 100 kVArh, the maximum 

value is 20,972 kVArh while the average idle energy consumption in observed period on the DWTF 

Butoniga is 4,917 kVArh 

 

It must be noticed that energy consumption is given in kWh (kilowatt hour), while idle energy is 

presented in kVArh (kilovolt ampere reactive hour), which measures the reactive power in an electrical 

system. As mentioned, reactive power is required to establish and maintain the electric and magnetic 

fields of electrical equipment. 

 

As mentioned in Section 3.4 idle energy on DWTF Butoniga is compesated using Roederstein capacitors 

units of 3x10kV and 241kVAr for each pump where power factor (cos φ) varies between 0.90 and 0.99. 

According to this, more than 90 % of apparent power is real power. From solutions which can be used 

for idle energy compesation [9], the designers of the DWTF Butoniga chose capacitors as the best 

solution at that time which was also economical and the most profitable. Power capacitors have battery 

which provides the required idle power, so the transmission facilities are relived as no idle power is 

drown from the utility. Power factor correction which is based on capacitors are common in the industry 

as they are more economic. So with the reduction in power losses and low idle power demand from the 

facility this type of solution can also save more on electricity bills [9]. 
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Figure 6. Representation of amounts of delivered water with idle energy on DWTF Butoniga in observed period 

from 2011 to 2020. 

 

The largest consumption of energy on DWTFs is associated with the pumping operations. As can be 

seen from Figure 7, more than 70 % of energy consumption on the DWTF Butoniga is related to the 

pumping operations (pumps and compressors). For many DWTFs, pumping operations consume most 

of the energy, so special attention must be paid to them [4], [5]. 

 

 
Figure 7. Distribution of energy consumption on DWTF Butoniga in observed period from 2011 to 2020. 

 

In summary, managing energy consumption and incorporating idle energy compensation strategies are 

essential components of sustainable and efficient water pumping systems. These approaches help align 

energy use with actual demand, optimizing the operation of pumping systems. For other parts of the 

DWTF, i.e., water treatment operations, for energy savings can be used some other systems, like PVs 

system [4]. 
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5 Conclusion 

This paper presents energy consumption and idle energy compensation on DWTF Butoniga, which is 

one of the main drinking water supply facilities for potable water in Istria, Croatia. After treatment 

process water is pumping to the water tank and/or water supply network which is carried out through 

six big pumps with power of 1,000 kW, and one small pump with power of 315 kW. The primary energy 

consumption at the facility is attributed to these pumping activities (more than 70 %), with energy usage 

primarily linked to the volume of water delivered, specifically the water pumped into the distribution 

system.   

 

On DWTF Butoniga, idle energy is compensated using capacitors, where each pump, respectively its 

electric motor, has its own capacitor. Regarding compensation of idle energy, power factor (cos φ) is 

moving between 0.90 to 0.99. According to this, more than 90 % of apparent power is real power. The 

idle energy follows amounts of delivered water, i.e., follows energy consumption (pumping operations) 

on DWTF Butoniga.   

 

In essence, effectively managing energy usage and integrating strategies to compensate for idle energy 

are crucial elements of sustainable and efficient water pumping systems. These methods ensure that 

energy consumption is in sync with real-time demand, thereby maximizing the performance of pumping 

systems. 

 

Also, it is very important to choose the right idle energy compensation solutions for each observed 

system i.e., facility so that chosen solution would be efficient, and ultimately at the end reduce the 

electricity bills. 
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1 Abstract  

Ultrasonic technology can be used in various branches of industry, but its use in water and wastewater 

treatment has not yet been sufficiently researched. The aim of this paper is to investigate the application 

of ultrasound in wastewater treatment, with a focus on oily wastewater. In the experimental study, 

ultrasound was combined with electrocoagulation to remove mineral oil and it was shown that this 

treatment increased mineral oil removal from 15% to 50% compared to electrocoagulation alone. 

 

Keywords: electrochemistry, cavitation, intensity, oil, ultrasound, wastewater treatment 

2 Introduction  

Ultrasound (US) is an acoustic wave generated at frequencies above 20 kHz [1]. It is classified as an 

advanced oxidation process and has been considered and developed as a potential technology for 

wastewater treatment in recent decades [2-5]. 

 

Ultrasonic technology can be used in various industries, but its application in water and wastewater 

treatment has not yet been sufficiently explored. The aim of this paper is therefore to explain the basics 

of ultrasound, its advantages and disadvantages and its application in water and wastewater treatment. 

 

This paper is divided into two main parts. The first part gives a general overview of ultrasonic 

technology, including the advantages and disadvantages of this technology and a description of the 

parameters that influence the process, such as operational and geometric characteristics. The second part 

contains an experimental investigation carried out on a laboratory-scale device, using a combination of 

electrochemical and ultrasonic technology to remove mineral oil from oily wastewater. In this part, 

various operating parameters (number of cycles, flow rate, current density and electrode material) were 

tested to determine the effects of electrochemistry on mineral oil removal and then to determine the 

contribution of ultrasound to this technology. 

3 The theory of ultrasound 

The source of the vibrations that generate acoustic waves are ultrasonic transducers, devices that can 

convert mechanical and electrical energy into high-frequency waves (sounds) [6]. However, the acoustic 

wave itself is not efficient enough to remove the pollutants from the wastewater, so the removal process 

relies on ultrasonic cavitation [3], figure 1. Cavitation is a process in which microbubbles release a large 

amount of energy in less than a microsecond [7, 8]. 
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Figure 1. Cavitational reaction mechanisms by ultrasonic irradiation [3] 

 

When ultrasound is used in water and wastewater treatment, acoustic waves are generated by the 

vibration of ultrasonic probes or transducers. Zones of higher and lower pressure are created in which 

microbubbles form and implode [1, 9].  

 

When the bubbles implode, a large amount of energy is released and zones of extreme pressure (≈1,000 

bar) and extreme temperature (≈4,725 °C) are created in which the bubbles are decomposed into 

hydrogen and hydroxyl radicals (·OH) [3, 9]. Hydroxyl radicals oxidize or reduce organic and inorganic 

compounds in wastewater. If the pollutants are hydrophobic, for example, they can penetrate the 

cavitation bubble and be exposed to the extreme conditions that occur during implosion [7, 10, 11]. 

 

The advantages and disadvantages of ultrasound are listed in Table 1 [1, 9, 10, 12-18]. 

 
Table 1. Advantages and disadvantages of ultrasound 

ADVANTAGES DISADVANTAGES 

Can be used when solids are present in the water. 

It is used successfully in laboratory and pilot plants (on 

a small scale), but there are only few studies for large 

quantities.  

The pollutants are degraded to water, carbon dioxide and 

inorganic ions.   

Dead zones occur because intense cavitation takes place 

near the probe or transducer. 

The equipment is simple, affordable and can be retrofitted to 

conventional treatment reactors. 

The service life of the equipment is short due to erosion. 

It has proven to be effective in combination with aerobic and 

anaerobic treatments. 

High operating costs compared to conventional 

treatments. 

Degradation is faster than with conventional aerobic 

oxidation. 

 

 

Ultrasound has already been shown to be effective in the removal of various pollutants (aromatic 

compounds, herbicides, pesticides, dyes, alcohol, pharmaceuticals, bacteria, etc.), but is still the subject 

of intensive research [8, 14, 19]. For oil in wastewater, low-frequency ultrasound has been used for 

emulsification and high-frequency ultrasound for de-emulsification [20]. On the other hand, some 

researchers have shown that ultrasound alone is not sufficient for the complete mineralization of organic 

matter. Therefore, it is recommended to combine ultrasound with other advanced oxidation processes, 

or other conventional treatments [1, 2, 9, 21, 22]. 

3.1 Parameters that influence ultrasound 

The parameters that influence ultrasound can be differentiated as follows: operative parameters, medium 

and geometric characteristics [12]. 

 

Power, frequency, intensity, duration, mode (continuous or pulsed) and the shape of the waves are 

considered as operational parameters. They all have in common that they influence the formation of 

cavitation [3, 12, 14]. For example, if the power is kept constant, higher frequencies lead to increased 

production of low energy bubbles as the phases of compression and expansion are more frequent. If 
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other frequencies are used, the implosion of the bubbles can be more intense. However, most ultrasonic 

devices only operate at one frequency [8, 14]. Frequencies from 20 kHz to 50 kHz are usually used in 

water and wastewater treatment [7]. 

 

Media properties that influence ultrasound are the type of pollutant, temperature, viscosity, pressure and 

dissolved gases [12, 23]. These parameters are important because they increase cavitation. For example, 

when the temperature rises up to 60 °C, cavitation occurs more easily, but the implosion is less violent 

[24, 25]. 

 

Geometric characteristics are the least researched parameters, but interest in them arose from the need 

to design and optimise ultrasonic devices at an industrial level [3]. Ultrasound can be used in two ways. 

The first is direct sonication, where ultrasonic transducers or probes are directly immersed in water. The 

ultrasonic probe (sonde, horn) is a representative example of this case, as it is directly immersed in the 

water, the ultrasonic radiation is of high intensity and acts locally, close to the probe. The probe is 

therefore only suitable for small volumes [1, 18, 26]. The other variant is indirect sonication, in which 

the ultrasonic transducers are mounted outside the reactor and are not in direct contact with the water. 

The ultrasonic waves propagate over a larger area, but the intensity is lower compared to a probe [1, 

18].  

 

The most common ultrasonic systems are shown in Figure 2. 

 

 
Figure 2. Typical ultrasonic systems [1] 

 

3.2 Application of ultrasound in water and wastewater treatment – previous research 

Considering previous research in water and wastewater treatment, ultrasound has been used in 

membrane filtration as it increases membrane fouling [27, 28], disinfection [1, 7, 27, 29, 30], removal 

of organic pollutants [5, 18, 27, 31], oil  [10, 32-36], pharmaceuticals [37-38], trihalomethanes [39, 40], 

algae [7], turbidity and total suspended solids [7, 27].  

 

Previous studies have also shown that ultrasound has a positive effect on electrocoagulation. For 

example, ultrasonic waves inhibit anode passivation and thus increase the production of metal 

hydroxides, which in turn increases treatment efficiency [41, 42]. This increased production of 

hydroxides also shortens the required treatment time. In addition, free radicals and cavitation increase 

electrical conductivity, and hydrogen production has a positive effect on flotation [41]. On the other 

hand, the separation of metal ions from the electrodes increases electrode consumption [42, 43], and 

high-frequency ultrasonic waves can lead to the decomposition of the flocs [41, 44]. 

 

In the combination of ultrasound and electrocoagulation in the treatment of oily wastewater, ultrasound 

was usually used as a substitute for a magnetic stirrer [43, 45, 46]. 
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In experimental research, the effect of ultrasound alone on mineral oil removal has not been investigated, 

as other studies [1, 2, 9, 21, 22, 43, 45, 46] and preliminary results [47] showed that the removal effect 

is not sufficient for contaminant removal. 

4 Experimental research 

4.1 Materials and methods 

In each experiment, 8 liters of oily wastewater circulated (flowed) through a sono-EC device. Initial 

mineral oil concentrations varied from 541 mg/l to 847 mg/l. The device consisted of four electrodes 

(iron or aluminium) and eight ultrasonic transducers. The electrodes were completely immersed in the 

wastewater and were placed at a distance of 10 mm and connected to a power supply (LBN-1990, MC 

Power, Germany) (Fig. 3). The ultrasonic transducers with a total power of 480 W and a frequency of 

40 kHz were fixed to an insulated steel plate and attached to the bottom of the reactor (Fig. 4). The flow 

was ensured by a pump (Kennet K7, Stuart Turner Ltd, UK). The experimental part consisted of different 

variations of flow rate (0.1 to 0.75 l/s), current density (20 to 120 A/m2), number of cycles (how many 

times the water circulated through the device – from 3 to 20), electrodes (iron or aluminium) and 

methods used (EC or sono-EC). A total of 68 experiments were performed by combining these 

parameters. 

 

 
Figure 3. Electrodes immeresed in oily wastewater [47] 

 

 
Figure 4. Ultrasonic transducers attached on the underside of the reactor [47] 

 

5 Results and discussion 

The result, considering the optimal flow rate, current density and number of cycles, have already been 

presented in the papers [35] and [36]. For sono-EC with iron electrodes, the optimal conditions were 

10.948 cycles, a current density of 107.12 A/m2 and a flow rate of 0.468 l/s. In this case, 93.3 % of the 

mineral oil was removed [35]. For aluminum electrodes, the experimental results showed that this hybrid 

system can effectively reduce the mineral oil by 94.3 % under the optimal conditions of 14.130 cycles, 

current density of 53.07 A/m2 and a flow rate of 0.234 L/s [36].  

 

This paper therefore only considers the results related to ultrasound. Fig 5. shows that the use of sono-

EC with iron electrodes (Fig. 5 left) increases mineral oil removal up to 50 % compared to 

electrocoagulation alone. When using aluminum electrodes, the efficiency of mineral oil removal is 

generally higher than when using iron electrodes, but the influence of ultrasound is not as significant. In 
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this case, the removal efficiency of sono-EC is about 15 % higher than electrocoagulation alone. 

 

  
Figure 5. Effect of sono-electrocoagulation compared to electrocoagulation with iron (left) and aluminum (right) 

electrodes 

 

This was also found in other papers that analyzed the treatment of oily wastewater for COD and 

turbidity, but not for mineral oil removal, as there is no work for this comparison. For example, Chu et 

al [46] found that COD removal efficiency was up to 30 % higher and turbidity up to 2 % higher when 

sono-EC with aluminum electrodes was used. The use of aluminum electrodes was more effective than 

iron due to the ionic charge. The aluminum charge is 3+ (Al3+), which is higher than the iron charge 

(Fe2+). Fe2+ can oxidize into Fe3+, but this takes longer. Therefore, the use of aluminum electrodes is 

more efficient because oxidation is faster [48]. 

 

In addition, two ultrasonic probes were used to compare the efficiency of the transducers. Each probe 

(Bandelin, Germany) had a power of 200 W and a frequency of 20 kHz. The probes were immersed in 

the oily wastewater from the top of the reactor. The efficiency of mineral oil removal was 20 % higher 

compared to the ultrasonic transducers. The reason for this is the increase in ultrasonic intensity of 4.2 

kW/m2. However, the use of ultrasonic probes is not recommended as it increases the cost of treatment 

by a factor of 500. 
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Figure 6. Ultrasonic probes [47] 

 

6 Conclusion 

Although ultrasonic technology can be used in various industries, its application for water and 

wastewater treatment has not yet been sufficiently researched. This research has confirmed the basic 

principle of ultrasonic technology that cavitation is the reason for the additional removal of mineral oil. 

The ultrasonic wave can be compared to what mixing or flow does in the electrocoagulation process. It 

causes the fusion of hydroxides and contaminants into flocs, but some additional removal effects (15 % 

to 50 %) prove that cavitation influences the entire removal process. 

 

A comparison of different ultrasonic devices was also carried out. The efficiency of ultrasonic 

transducers and probes was compared. It was found that ultrasonic probes increase the efficiency of 

mineral oil removal by 20 %. However, the use of ultrasonic probes is not recommended as it 

significantly increases the cost of the treatment. The cost of sono-EC with ultrasonic transducers (for 

the optimal variant) was about 1,5 €/m3 of treated wastewater, and the use of ultrasonic probes increased 

this cost by 500 times. 
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1 Abstract 

Acetamiprid, a neonicotinoid insecticide widely employed in agricultural practices, has garnered 

attention due to its persistence, toxicity, and potential adverse effects on non-target organisms. 

Traditional wastewater treatment processes often prove inadequate in efficiently removing pesticides 

necessitating the exploration of more adequate remediation technologies. Electrochemical methods offer 

a promising avenue for the degradation and removal of pesticide contaminants from aqueous 

environments. 

In this study, the response surface methodology was used to investigate the possibility of 

electrochemical removal of acetamiprid from water. For statistical experimental design, central 

composite design was used, and three factors were studied – electrode material (Fe, Cu, Al), treatment 

time (15, 37.5, 60 min) and applied current (4, 9, 14 A). Electrochemical treatment proved to be a viable 

option with efficiencies over 50%.  

 

Keywords: neonicotinoid, acetamiprid, electrochemical treatment, wastewater, oxidation 

2 Introduction 

In order to increase food production cost-effectively and with limited resources, the use of pesticides is 

essential.[1] Pesticides primarily protect crops from diseases and pests, but they also play a critical role 

in public health by safeguarding humans and animals from infectious diseases. These chemicals are 

persistent organic pollutants, predominantly synthetic, that are often resistant to photolytic, biological, 

and chemical degradation, leading to their bioaccumulation in the environment and integration into 

biogeochemical cycles and food chains.[2] Insecticides, a major category of pesticides, are designed to 

manage insect pests. 

 

Neonicotinoids emerged in the 1990s as a more environmentally friendly alternative to traditional 

insecticides due to their high selectivity for insects and low toxicity to mammals, birds, and fish.[3] 

Their popularity stems from their selective targeting, low vertebrate toxicity, and high effectiveness 

against arthropods, sucking insects, and chewing insects. Additionally, their unique physicochemical 

properties allow them to be applied to a wide variety of crops. Beyond agriculture, neonicotinoids are 

used in homes, gardens, and lawns to control pests such as termites and cockroaches.[4] 

 

Despite their effectiveness, concerns have arisen regarding the adverse effects of neonicotinoids. They 

pose significant risks to bees, leading to bans on neonicotinoid-treated seeds in some countries. They 

also threaten aquatic environments, particularly affecting invertebrates like mollusks. The excessive and 

uncontrolled use of neonicotinoids jeopardizes entire ecosystems due to their high polarity, solubility, 

and photostability.[5] Recent studies have confirmed the presence of neonicotinoids in aquatic 

ecosystems, highlighting the serious environmental risks posed by agricultural runoff and effluents.[4, 

6–8] These waters often contain non-biodegradable compounds such as pesticides, which cannot be fully 
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removed through conventional biological treatment. Therefore, appropriate and comprehensive 

treatment methods are necessary to mitigate these environmental risks.[9]  

 

Various methods, particularly advanced oxidation processes like photolysis, photocatalysis, photo-

Fenton, ozonation, electrocatalytic oxidation, and electro-Fenton oxidation, have been successfully 

employed to remove neonicotinoids from water.[10–12] Furthermore, electrochemical processes have 

become prominent as effective methods for treating water containing various pollutants, including heavy 

metals, selenium, mineral oils, dyes, microorganisms, and pesticides.[10, 13–19]  

 

Electrocoagulation (EC) is a widely utilized electrochemical wastewater treatment that combines the 

benefits of coagulation, flotation, and electrochemistry.[18, 20, 21] This process involves dissolving the 

metal anode under the influence of an applied current density, resulting in the in situ formation of the 

coagulant.[13, 15] These coagulant species can then react with organic compounds in the wastewater to 

form flocs, which can be easily removed by sedimentation or flotation. Simultaneously, oxygen evolves 

at the anode and hydrogen at the cathode, facilitating the removal of contaminants through flotation.[20]  

 

In this study, the electrochemical degradation of acetamiprid was investigated in a batch reactor using 

the design of experiments methodology. The aim was to create a statistical model capable of forecasting 

pollutant conversion. This model would be useful for predicting the system's performance under various 

reaction conditions, ultimately aiming to optimize the efficiency of the wastewater treatment process. 

3 Materials and methods 

3.1 Statistical experimental design 

A face-centered central composite design within the response surface methodology (RSM) was 

employed to create a statistical model and determine the optimal conditions for the electrochemical 

degradation of acetamiprid. RSM is a set of statistical and mathematical techniques designed for 

modeling and analyzing problems where the response of interest is affected by multiple variables, with 

the goal of optimizing this response.[19] The study examined the individual and interaction effects of 

applied electric current, treatment time, and electrode material on the efficiency of the process. The 

investigated factors and their corresponding leveles are listed in Table 1. The values of each factor were 

chosen based on the preliminary experimental results and literature. 
 

Table 1. Factors used for the experimental design 
Factor symbol Factor name Unit Type Minimum Middle level Maximum  

A Current (I) A Numeric 4 9 14 

B Time (t) min Numeric 15 37.5 60 

C Electrode 

material 

 Categoric Aluminum 

(Al) 

Iron (Fe) Copper (Cu) 

 

Two responses were studied – the efficiency of COD (chemical oxygen demand) and acetamiprid 

removal. The efficiencies were calculated following the Eq 1. 

 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐶0 − 𝐶

𝐶0
∗ 100 (1) 

 

C0 represents the initial concentration of acetamiprid/COD measurment, while C is the 

COD/acetamiprid level after the EC treatment. Obtained results were analysed using the ANOVA 

(variance analysis) methodology. The experimental matrix with a total of 30 runs and corresponding 

responses are shown in Table 2. DesignExpert 13, a software by StatEase was used for this experimental 

design and analysis. 
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Table 2. Experimental matrix and corresponding COD and acetamiprid removal efficiencies 

Run I (A) t (min) material ACM, % COD, % 

1 14 37.5 Al 4.30 10.87 

2 14 60 Fe 38.95 37.78 

3 9 37.5 Cu 48.45 54.55 

4 14 15 Fe 9.47 13.33 

5 9 37.5 Fe 9.09 15.91 

6 4 15 Cu 12.36 27.27 

7 9 15 Fe 10.64 18.18 

8 9 37.5 Fe 12.77 20.45 

9 4 15 Al 2.22 6.25 

10 14 15 Cu 30.39 31.11 

11 14 60 Cu 75.49 37.78 

12 4 60 Cu 37.08 65.91 

13 9 37.5 Al 14.95 7.50 

14 9 60 Al 21.50 27.50 

15 9 15 Al 14.02 2.50 

16 9 60 Fe 21.28 29.55 

17 4 37.5 Al 3.33 14.58 

18 4 60 Al 4.44 16.67 

19 14 15 Al 2.15 10.87 

20 4 37.5 Cu 20.22 40.91 

21 9 37.5 Cu 43.33 47.62 

22 14 60 Al 16.13 13.04 

23 9 60 Cu 71.11 50.00 

24 4 15 Fe 8.42 5.45 

25 9 15 Cu 14.44 30.95 

26 14 37.5 Cu 56.86 35.56 

27 4 60 Fe 13.68 27.27 

28 9 37.5 Al 6.32 11.90 

29 14 37.5 Fe 24.21 20.00 

30 4 37.5 Fe 12.63 25.45 

3.2 Experimental set-up 

All of the experiments were carried out in a batch EC reactor, made from a modified ultrasonic bath (TI-

H 10 MF2, Elma Ultrasonics) shown in Figure 1. The reactor was insulated by a thin plastic film, and 

diveded into two sections by a baffle. Each section housed 4 plate electrodes, which were arranged in a 

parallel bipolar mode with 1 cm interelectrode distance. A total of 8 electrodes (4 anodes and 4 cathodes) 

made from aluminum (Al), iron (Fe) or copper (Cu) were connected to the laboratory power supply 

(LBN-1990, MeanWell). All electrodes used for a certain experimental run were of the same material, 

according to Table 2. They were connected in a monopolar parallel mode (+-+-/+-+-). The voltage on 

the power supply was adjusted during each run to ensure the needed current strength, raging from 16 to 

50 V. A pump (GC-TP 4622 from Einhell) was used for recirculation to ensure homogeneity before 

taking the samples. For each experiment, 5 litres of 10 ppm acetamiprid model solution was used. 

Average values of physical and chemical propetries of the treated water before and after the treatment 

are listed in Table 3. The inital COD value was measured at 55 mg O2/L. 
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Experiments were conducted acording to the experimental matrix shown in Table 2, using 4, 9  and 14 

A of applied current for 15, 37.5 and 60 minutes of treatment time. The samples were taken at the 

beginning and the end of each experiment and acetamiprid concentrations were determined by UV/Vis 

spectrophotometry at an absorption wavelength of 245 nm, using Agilent Cary 60 spectrophotometer. 

COD measurments were obtained using Nanocolor ready-made cuvette tests (potassium dichromate 

method) and photometer. 

 

 
Figure 1. Modified ultrasonic bath used as an EC reactor in this study 

 
Table 3. Physico-chemical properties of the treated water 

 pH 
Dissolved 

oxygen, ppm 

Conductivity, 

µS/cm 

Total dissolved 

solids, ppm 

Turbidity, 

FNU 

Temperature, 

°C 

Before treatment 7.85 6.18 614 307 0.60 14.63 

After Fe, 9 A, 60 min 7.99 5.90 423 113 6.70 25.55 

After Al, 9 A, 60 min 8.31 3.02 319 91 4.50 30.69 

After Cu, 9 A, 60 min 7.76 4.68 248 82 3.90 27.13 

4 Results and discussion 

In this study, an electrochemical process was used to treat wastewater containing acetamiprid. The 

influence and mutual interactions of three process parameters – applied current, treatment time and 

electrode material - were investigated. The highest acetamiprid (75.49%) and COD (65.91%) removal 

was achieved by using Cu electrodes for 60 minutes at 14 A and 4 A applied current, respectively. In 

general, treatment with Cu electrodes resulted in the highest efficiencies, while Al electrodes 

performed poorly. Also, the highest current density and the longest treatment time resulted in better 

COD and acetamiprid removal. 

 

The 3 parameters investigated, are also the most important process parameters for any EC proccess, as 

they have a direct impact on the efficiency of the process, as well as its cost. The electrode material 

determines which ionic metal species will be present in the solution and metal hydroxides that will be 

formed. The applied current density determines the coagulant production rate and influences the 

production of gases, and thus the growth of the flocs.[16] According to Faraday’s law, more metal 

ions are released into the solution at the same current density and consequently more flocs are formed 

with a longer treatment time. 

 

The results of this study are consistent with other similar reports in the literature. [19] The sludge 

generated during the EC process was analysed and the results showed that the predominant mechanism 

of acetamiprid removal is chemical degradation rather than physical removal by the flocs formed. It is 

noteworthy that acetamiprid was found to be more resistant to EC degradation than the similar pesticide 

imidacloprid [10, 11] due to the differences in their chemical structure. The COD reduction does not 
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always correspond to the reduction of the acetamiprid, because, although electrochemical degradation 

of pesticides in water generally leads to a reduction in COD, the exact impact depends on the efficiency 

of the degradation process, the nature of the intermediate products formed, and the presence of any side 

reactions. 

 

In the continuation of the text, the results of the variance analysis will be described. The significant 

factors and interactions were identified using a significance level of 0.05. A p-value below 0.05 signifies 

that the variable has a significant impact on the response, whereas a p-value above 0.1 suggests that the 

variable has minimal effect on the response.[17] 

4.1 Acetamiprid degradation 

The electrochemical degradation of acetamiprid is described by a reduced cubic model, described in 

Table 4. The F-value of the model of 41.44 implies that the model is significant. There is only a 0.01% 

chance that such a large F-value could occur due to noise. As mentioned before, p-values less than 0.05 

indicate that the model terms are significant. In this case, all of the process parameters, as well as some 

of their interactions, appear to be significant with p-values of less than 0.0001. This means that the 

electrode material, the current density, and the treatment time have a similar relative impact.  

 

The Cu electrodes performed better than the Al and Fe electrodes, regardless of the treatment time or 

current density. In the case of time and applied current the degradation was found to be greatest at high 

current densities and treatment times of more than 37.5 minutes. At the lowest current densities and a 

treatment time of less than 15 minutes, the decrease in acetamiprid concentration is only marginal. For 

long treatment times, the influence of current density is not very evident. With relatively short treatment 

times, however, the removal increases significantly with the current density. 

 
Table 4. Results of ANOVA analysis for reduced cubic model 

Source Sum of Squares df Mean Square F-value p-value  

Model 11037,97 12 919,83 41,44 < 0.0001 significant 

A-I 1145,13 1 1145,13 51,59 < 0.0001  

B-t 2124,43 1 2124,43 95,71 < 0.0001  

C-material 5652,88 2 2826,44 127,34 < 0.0001  

AB 264,70 1 264,70 11,93 0,0030  

AC 564,67 2 282,34 12,72 0,0004  

BC 978,87 2 489,43 22,05 < 0.0001  

A² 78,73 1 78,73 3,55 0,0769  

A²C 228,56 2 114,28 5,15 0,0179  

Residual 377,33 17 22,20    

Lack of Fit 320,21 14 22,87 1,20 0,5020 not significant 

Pure Error 57,12 3 19,04    

Cor Total 11415,30 29     

 

A relatively good agreement between the calculated and experimental values (Figure 2) validate the 

obtained model. The graphical interpretation of the model through corresponding response surfaces can 

be seen in Figure 3. While Al and Fe electrodes show similar behavior, Cu electrodes stand out with 

clear area of optimal factor values.  Equations 2, 3 and 4 represent the mathematical description of the 

model for Al, Fe and Cu electrodes, respectively. The equation in terms of actual factors can be used for 

making predictions about the response for given levels of each factor. 

 
𝐴𝐶𝑀 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) = −10,48 + 5,17𝐼 − 0,20𝑡 + 0,04𝐼𝑡 − 0,35𝐼2 

 
(2) 

𝐴𝐶𝑀 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) = 17,97 − 3,51𝐼 − 0,04𝑡 + 0,04𝐼𝑡 + 0,18𝐼2 
(3) 

𝐴𝐶𝑀 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) = −22,78 + 5,57𝐼 + 0,56𝑡 + 0,04𝐼𝑡 − 0,22𝐼2 
(4) 
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Figure 2. The comparison between predicted and actual acetamiprid efficiencies 

 

 
Figure 3. Response surfaces for acetamiprid removal using Al, Fe and Cu electrodes 

4.2 COD removal 

A reduced linear model is obtained for the description of the electrochemical removal of COD and the 

ANOVA results are listed in Table 5. As it can be seen, electrode material and treatment duration appear 
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to be the only significant factors with p-values of less than 0.0001.  

 
Table 5. ANOVA results for reduced liner model 

Source Sum of Squares df Mean Square F-value p-value  

Model 6140,94 3 2046,98 48,75 < 0.0001 significant 

B-t 1414,94 1 1414,94 33,70 < 0.0001  

C-material 4725,99 2 2363,00 56,27 < 0.0001  

Residual 1091,78 26 41,99    

Lack of Fit 1047,78 23 45,56 3,11 0,1906 not significant 

Pure Error 44,00 3 14,67    

Cor Total 7232,72 29     

 

A graphical representation of the interaction of the two factors – time and electrode material - is given 

in Figure 4. It confirms that the treatment time has the greatest influence, meaning that the longer the 

treatment time, the higher the COD removal will be in the case of all 3 electrode materials. However, 

the Cu electrodes stand out with higher efficiencies for the same treatment time. The same can be 

concluded from the mathematical description of the model. The following equations describe reduced 

linear models of COD removal during the EC treatment with Al (Eq. 5), Fe (Eq. 6) and Cu ( Eq. 7) 

electrodes. 
𝐶𝑂𝐷 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) = −2,61 + 0,39𝑡 

(5) 

𝐶𝑂𝐷 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) = 6,56 + 0,39𝑡 
(6) 

𝐶𝑂𝐷 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) = 27,39 + 0,39𝑡 
(7) 

 

 
Figure 4. The effect of time and material on COD removal (Cu – blue, Fe – green, Al - red) 

5 Conclusion 

This paper investigates the application of statistical design of experiments and response surface analysis 

for the electrochemical degradation of the neonicotinoid insecticide acetamiprid. The experimental 

design allowed an evaluation of the influence of three process variables: applied current, treatment time 
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and electrode material. A reduced cubic model obtained showed a relatively good agreement with the 

experimental acetamiprid degradation efficiencies. The highest acetamiprid degradation of 71% was 

achieved by applying 14 A current to Cu electrodes for 60 minutes. In general, the longer the treatment 

time and the higher the current density, the higher the degradation rate. 
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1 Abstract 

The discharge from ammunition factories typically contains a cocktail of pollutants, including heavy 

metals, organic compounds, and suspended solids, posing potential ecological risks if left untreated. 

Electrocoagulation (EC) emerges as a promising alternative for the remediation of such challenging 

effluents. EC, a robust electrochemical process, involves the dissolution of sacrificial electrodes to 

induce coagulation and subsequent removal of contaminants through processes such as precipitation, 

flocculation, and electroflotation. This paper presents an investigation into the application of 

electrocoagulation for the treatment of ammunition factory wastewater. Using a simple set-up, two 

electrode materials, aluminum and iron, were tested, as well as their combinations. The influence of the 

initial pH value of the solution was, also, investigated. Treatment time varied from 5 to 30 minutes and 

electric current of 3 A was used in all of the experiments. 50% of COD and almost complete heavy 

metal removal was achieved in 30 minutes, indicating that electrocoagulation could be a promising 

technique for the remediation of heavily contaminated wastewaters. 

 

Keywords: electrocoagulation, wastewater treatment, COD, heavy metals, ammunition factory 

wastewater 

2 Introduction 

Ammunition production wastewater typically contains a diverse array of pollutants, including heavy 

metals like lead, copper, zinc, sulphates, nitrates, organic compounds such as nitroaromatics and 

propellants, and other toxic substances originating from cleaning, plating, and degreasing operations 

within manufacturing facilities. These wastewaters are, also, characterized by a low pH and high 

chemical oxygen demand (COD) and could pose significant environmental and health risks if not 

properly treated.[1] Implementing efficient treatment methods is essential to comply with environmental 

regulations and ensure sustainable industrial practices. The treatment technologies employed must not 

only be capable of efficiently removing pollutants but also be economically viable and adaptable to the 

specific characteristics of ammunition production effluents. Conventional treatment methods, while 

effective for certain pollutants, often fall short in addressing the complex composition of this industrial 

effluent. Electrochemical processes offer a promising alternative for the remediation of ammunition 

production wastewater, leveraging the unique capabilities of electrochemistry to degrade organic 

compounds, neutralize heavy metals, and eliminate explosive residues.[2, 3] 

 

Electrocoagulation (EC), a widely studied electrochemical process, involves the use of electric current 

to remove contaminants like organic pollutants, suspended solids, emulsified oils, and dissolved metals 

from water.[4–6] The most commonly reported electrocoagulation setup involves using iron, aluminum, 
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or steel electrodes connected to a direct current power supply.[7, 8] Various mechanisms of pollutant 

removal are recognized in electrocoagulation. The anode acts as a sacrificial electrode, generating 

dissolved metal ions and, through water electrolysis, producing protons and gaseous oxygen. At the 

cathode, hydroxide ions (OH-) and gaseous hydrogen are formed, and the electrochemical reduction of 

metal ions, including heavy metals, occurs. The reaction of metal ions, specifically Fe3+ or Al3+, with 

OH– results in the formation of different monomeric and polymeric hydroxy species, which serve as 

coagulating agents. [9, 10] Heavy metals can also undergo complexation or precipitate through reaction 

with OH–, depending on the pH value of the solution.[11] The coagulating agent neutralizes the colloids' 

charge, leading to destabilization, agglomeration, and floc formation.[12, 13] Physical and chemical 

sorption between the flocs and contaminants can also occur.[13] The flocs can then be separated from 

the water through sedimentation or flotation with gas bubbles (electroflotation).[7, 14] 

Electrocoagulation offers many advantages compared to conventional methods, including relatively 

small reactors and simple equipment, the ability to treat various contaminants simultaneously, flexibility 

and the possibility of combining with other technologies, no need for additional chemicals, easy sludge 

separation and smaller sludge volume.[14–17] The main disadvantages of this method are related to 

energy costs and the electrode passivation.[15, 18] 

 

In this study, the efficiency of electrocoagulation was investigated for the treatment of ammunition 

wastewater. Specifically, the influence of electrode material, the initial pH value of the water, and the 

treatment duration on the efficiency of heavy metals and COD removal, was studied. 

3 Materials and methods 

A simple EC setup (Figure 1) was used for the treatment of real wastewaters from an ammunition factory 

in Hungary. The initial values of the physicochemical properties of the treated wastewater are listed in 

Table 1. The experimental setup consisted of a 600 mL glass beaker placed on a magnetic stirrer (Hanna 

Instruments) set at 300 rpm. For each experiment, 500 mL of wastewater was used. Two pairs of plate 

electrodes (2 anodes and 2 cathodes) were placed in the beaker 1 cm apart in a monopolar mode and 

connected to the laboratory power supply MRGN-300s (MC Power).  
 

The efficiencies of two electrode materials, aluminum (Al) and iron (Fe), as well as their combinations 

were investigated. Also, in order to investigate the effect of the initial pH value of the solution, two sets 

of experiments were conducted. In the first set, the initial pH value of about 2 was not adjusted, while 

in the other set NaOH was used to achieve a pH value of 8. Each set, consisted of 8 experiments (Table 

2): 15 min of treatment using Fe or Al electrodes only, 5, 10 and 15 min of Al electrodes followed by 5, 

10 and 15 min of Fe electrodes, 5, 10 and 15 min of Fe electrodes followed by 5, 10 and 15 min of Al 

electrodes. In all of the experiments, a direct current of 3 A was used. 

 

The samples were taken every 5 minutes using a syringe and filtered through a 0.45 µm filter. Electrical 

conductivity, pH, total dissolved solids (TDS) and salinity were measured using a HI9829 multimeter 

(Hanna Instruments). The concentrations of the heavy metals, copper (Cu), lead (Pb) and zinc (Zn), were 

determined by ICP-OES analysis using the Agilent 5900 spectrometer (Agilent Technologies). COD 

measurements were conducted using Nanocolor CSB 1500 pre-made cuvette tests and Nanocolor 500D 

photometer (Macherey-Nagel). 

 

The efficiencies for each pollutant removal were calculated using the following equation: 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐶0−𝐶

𝐶0
∗ 100                                                  (1)  

C0 represents the initial concentration of the pollutant, while C is the final pollutant concentration (after 

EC treatment). 
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Figure 1. A schematic view of the experimental set-up 

4 Results and discussion 

In this study, a simple EC setup was used to investigate the efficiency of EC treatment for ammunition 

production wastewater. The initial physico-chemical properties of this wastewater include low pH value, 

high conductivity, high COD and TDS content. In addition, significant amounts of heavy metals 

including Cu, Pb and Zn are present. Various other pollutants, such as high concentrations of sulphates 

and organic compounds are also present, however, they were not analyzed in this study.  

In general, the EC treatment proved to be quite an efficient treatment, as shown in Tables 1 and 2. TDS, 

salinity and COD were significantly reduced and heavy metals were completely or almost completely 

removed after 30 min (15 min Fe/ 15 min Al) of EC treatment. 

 
Table 1. Physico-chemical properties of treated water 

 
PH 

CONDUCTIVITY 

(µS/CM) 

TDS 

(MG/L) 

SALINITY 

(PSU) 

COD 

(MG O2/L) 

CU 

(MG/L) 

PB 

(MG/L) 

ZN 

(MG/L) 

Before EC 1.95 7 233 3 616 4.0 2 060 48.6 1.2 101 

After 15 min Fe/15 

min Al, pH=2 
5.3 1 402 701 0.7 989 0.41 0.01 1.46 

After 15 min Fe/15 

min Al, pH=8 
9.77 2 747 1 373 1.4 1169 0.62 0 0 

4.1 The effect of pH, electrode material and treatment time 

The most influential parameter in any EC process is the current density because, according to Faraday’s 

law, it determines the amount of metal ions released from the anode and the amount of gasses produced. 

In general, a higher current density leads to a higher removal rate, at least up to a certain point in the 

optimal range.[7] Since the current strength was kept constant in this study according to Faraday’s law, 

the treatment time proved to be the most important parameter. The longer the treatment time, the higher 

the efficiency. This is to be expected, because for the same current input, a longer time means that more 

metal ions are released into the solution and consequently more flocs are formed. A longer treatment 

also provides more time for the electrochemical degradation of the organic pollutants. 

 

The electrode material is a parameter that affects both the performance and efficiency of the EC process 

as well as the cost. Key factors for EC efficiency include anodic dissolution, the percentage of 

contaminants removed and the amount of coagulant required, all of which depend on the ionic metal 

species released.[15] Metal ionic coagulants with higher charge valence improve the coagulation of the 

contaminants by better compressing the electrical double layer. Al and Fe electrodes are commonly used 

due to the coagulating properties of their multivalent ions, their availability, their low cost and their high 

electrical dissolution rates. In this study, both materials achieved similar results. 
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Table 2. An overview of experimental conditions and achieved efficiencies. 

Initial 

pH 

Electrode 

material 

Time 

(min) 

Cu 

(%) 

Pb 

(%) 

Zn 

(%) 

COD 

(%) 

2 

Al 

5 13.99 16.67 4.95 3.88 

10 21.19 16.67 6.83 11.65 

15 39.51 25.00 19.41 22.82 

Fe 

5 9.88 16.67 2.67 10.68 

10 22.22 25.00 9.70 18.93 

15 41.15 66.67 20.99 33.01 

Al 

Fe 

5  

23.05 

 

41.67 

 

9.90 

 

15.05 5 

Al 

Fe 

10  

95.47 

 

100.00 

 

49.31 

 

43.20 10 

Al 

Fe 

15  

98.97 

 

100.00 

 

97.72 

 

47.09 15 

Fe 

Al 

5  

43.99 

 

60.00 

 

45.78 

 

9.22 5 

Fe 

Al 

10  

96.07 

 

93.33 

 

75.46 

 

46.75 10 

Fe 

Al 

15  

99.16 

 

99.17 

 

98.55 

 

51.99 15 

8 

Al 

 

5 

 

81.58 

 

100.00 

 

89.87 
39.22 

10 98.01 100.00 99.95 40.59 

15 97.57 100.00 99.79 46.93 

Fe 

5 96.79 91.67 96.69 36.39 

10 85.12 95.83 98.66 38.88 

15 98.95 100.00 99.43 46.15 

Al 

Fe 

5  

51.49 

 

91.67 

 

99.84 

 

39.12 5 

Al 

Fe 

10  

88.33 

 

100.00 

 

86.25 

 

43.32 10 

Al 

Fe 

15  

96.57 

 

100.00 

 

99.17 

 

43.85 15 

Fe 

Al 

5  

99.12 

 

87.50 

 

100.00 

 

36.98 5 

Fe 

Al 

10  

99.61 

 

100.00 

 

100.00 

 

41.85 10 

Fe 

Al 

15  

96.57 

 

100.00 

 

100.00 

 

42.98 15 
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As it can be seen from Table 2, the initial pH of the solution proved to be more influential than the 

electrode material, with heavy metal removal being higher in the alkaline environment. The pH can 

influence the solubility of metal hydroxides, the electrical conductivity and the size of the flocs formed. 

[15] In all experiments, an increase in pH was observed after EC treatment. 

4.2 COD removal 

COD measurements are used to quantify the amount of oxidizable pollutants, mostly organic substances, 

in wastewater. As can be seen in Figure 2, both electrode materials showed similar behaviour in the 

alkaline environment, achieving about 45% of COD removal in 15 minutes. In the acidic environment, 

the Fe electrodes performed slightly better than the Al electrodes. The lower removal efficiency under 

acidic conditions can be explained by the presence of the amphoteric Al(OH)3, which leads to soluble 

Al3+ cations, and by the reduced oxidation of Fe2+ to Fe3+.[19] Similar trends can be seen for Fe/Al and 

Al/Fe combinations (Figure 3). However, after an extended treatment time totaling 30 minutes, all 

experiments showed similar efficiencies ranging from 40 to 52%. For both electrode combinations, 

higher removal rates were observed in the first 10 minutes when the initial pH was set to 8. As mentioned 

above, the pH increased during the EC treatment, which could explain the sudden increase in COD 

removal after 15 minutes in experiments with acidic initial conditions. 

 

 
Figure 2. COD removal rate, depending on electrode material and pH value 

 

 
Figure 3. COD removal rate in the case of Fe/Al combination 
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4.3 Heavy metal removal 

Copper, zinc and lead were successfully removed from the wastewater, with complete or nearly 

complete removal after 30 minutes of treatment. The electrode material had little effect on the efficiency 

of heavy metal removal, especially for Zn (Figure 4). However, the initial pH of the solution had more 

of the effect. Under alkaline conditions, the concentration of Cu was reduced by over 80%, that of Zn 

by 86% and that of Pb by 87% in all experiments. The higher rates of heavy metal removal in the alkaline 

environment indicate that solution pH is a crucial factor in the electrochemical coagulation process[13], 

which is consistent with literature reports and can be explained by the precipitation of metal hydroxides 

in alkaline environments.  

 

 
Figure 4. Removal rate of zinc ions, depending on electrode material and pH value 

 

When Fe/Al and Al/Fe combinations were used, the Pb ions were completely removed in 20 and 30 

minutes regardless of the pH value. In an alkaline environment, however, the removal rate is higher, as 

can be seen in Figure 5. The Fe/Al combination and alkaline conditions resulted in complete removal of 

zinc and 99% removal of copper in less than 10 minutes of treatment time. 

 

 
Figure 5. Removal rate of lead ions, depending on electrode material and pH value 

5 Conclusion 

The results of this study indicate that electrocoagulation is a viable alternative to conventional 

wastewater treatments for wastewater from munitions production. Both aluminum and iron electrodes 

showed similar behaviour. However, the highest efficiency in the removal of COD and heavy metals 
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was achieved with a treatment time of 15 minutes with Fe electrodes, followed by 15 minutes with Al 

electrodes. This combination also resulted in the fastest sludge precipitation and the lowest turbidity. A 

higher initial pH of the treated water resulted in slightly higher removal rates of heavy metals. In general, 

treatment time is a very important process parameter and longer treatment times led to better results. 

Although EC has proven to be an efficient option for wastewater treatment, further process optimization 

and scale-up is required. 
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1 Abstract 

The derived gasification SS (sewage sludge) biochar product is porous and inexpensive, so it has a 

potential to be used as an adsorbent in wastewater treatment: in the removal of nutrients (phosphate and 

ammonium), heavy metals, or some pesticides. SS biochar has also shown the potential to replace part 

of the original raw materials in the construction industry. The final goal of the broader research is to 

examine the possibility of multiple use of SS biochar, firstly in wastewater treatment and subsequently 

in the production of innovative building materials and products.  

 

Keywords: sewage sludge, gasification, hydrogen, biochar, adsorbent, construction materials 

2 Introduction  

Sewage sludge (SS) treatment and disposal have become one of the most important and most expensive 

issues within wastewater treatment cycle. Current requirements for disposal of SS mainly point to the 

possibility of “using it whenever appropriate”, minimizing the adverse effects on the environment at the 

same time, as stated by Council Directive (91/271/EEC) [1]. The global production of SS is estimated 

to be around 45 million dry tons annually [2]. Improper management results in various environmental 

issues leading to air, water, and soil pollution. Consequently, growing concerns and strict regulations on 

traditional SS disposal methods have redirected attention towards its energy potential, with SS now 

being regarded as an energy resource. Thermal treatment methods such as incineration, pyrolysis, 

gasification, and hydrothermal carbonization are increasingly recognized as effective solutions for SS 

disposal. These methods are particularly favoured in the most developed countries of the EU, where 

legislation often supports their use. Thermal transformation processes like gasification, pyrolysis, and 

hydrothermal carbonization can convert sewage sludge from a waste material into a valuable resource 

[3]. This conversion produces new by-product biochar, which offers multiple benefits including climate 

change mitigation and environmentally safe disposal of SS [4]. 

 

Biochar is a porous, carbon-rich material created through the thermochemical decomposition of biomass 

feedstock in low or no oxygen conditions, and these can include organic waste materials such as crop 

and forest residues, wood chips, algae, sewage sludge, manure, and organic municipal solid waste [5]. 

Biochar's unique properties, such as its large surface area, microporosity, high adsorption capacity, and 

ion exchange abilities, make it valuable for addressing various environmental management issues [6]. It 

is used in applications including catalysis, energy production, soil amendment, composting, in 

agriculture fields to nourish soil, and as an adsorbent [7-10]. Low-temperature biochar is suitable for 

agricultural uses, while high-temperature biochar improves porosity and contaminant adsorption 

efficiency. The amount of heavy metals leached from sewage sludge biochar is minimal, ranging from 
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near zero to 17.96 mg/kg, making it safe for use without polluting treated wastewater and receiving 

water bodies [6]. 

 

Gasification process usually involves converting biomass into gas fuel using gasification agents at 

temperatures generally above 800°C [11]. Gasification of sewage sludge produces gas that can be used 

for energy production, with yield and composition (primarily CH4, CO2, and H2, but also CO and other 

hydrocarbons in smaller quantities) varying with temperature and sludge composition. High amounts of 

H2 are typically produced during the pyrolysis of sewage sludge due to the presence of mineral 

constituents like CaO that favour the production of H2-rich syngas [12]. Generally, biochar contains 

high content of stable carbon, therefore, gasification and pyrolysis represent kind of methods for carbon 

capture and sequestration [13]. 

 

With the current widely used wastewater treatment technologies, it is challenging to remove all 

pollutants solely through biodegradation. Despite advancements in research on activated sludge, some 

non-biodegradable pollutants persist in the water. Consequently, research on sludge has increasingly 

focused on chemical and physical adsorption, which offers broader applications. The adsorption 

capacity of sewage sludge benefits from its loose and porous structure, as well as certain material ions 

that the sludge may inherently contain [14]. 

 

Croatian company working on the research and development of novel energy production systems has 

created an innovative gasification system that uses thermal energy to convert organic material into 

syngas (hydrogen) and carbon black. Almost any organic material can be used as feedstock and so does 

sewage sludge. Carbon black is the main by-product of the system, and it can be further used based on 

the principles of circular economy. The derived gasification biochar product is porous and inexpensive, 

so it has a potential to be used as an adsorbent supplementing traditional commercially activated carbon 

adsorbent in wastewater treatment. This paper investigates the possibilities of its use in this area, which 

is shown by concrete results of experimental research on synthetic solutions in the removal of nutrients 

(phosphate and ammonium), certain heavy metals, but also some pesticides. Previous research was 

focused on the examination of the possibility of using SS biochar in the production of building materials, 

where SS biochar has shown the potential to replace part of the original raw materials: cement in the 

production of concrete, or clay in the production of brick products.  

The final goal of the broader research is to examine the possibility of multiple use of SS biochar in 

wastewater treatment and further use of the same material in the production of innovative building 

materials and products. This directly closes the cycle of the circular economy, where the by-product of 

one industry is used first in that same industry, and then finally disposed of in another industry, thereby 

reducing the need for natural raw materials. 

3 Methods 

3.1 Gasification – the process of obtaining SS biochar 

The gasification pilot plant (LOOPER) converts solid organic material into clean syngas and an inert 

solid residue. The gasification process takes place in a reactor, where the syngas reaches temperatures 

up to 850°C. The syngas then enters a superheater, where any remaining hydrocarbons are broken down 

at temperatures above 1,000°C, resulting in syngas with a high hydrogen content. After superheating, 

the hot syngas passes through a hollow spindle inside the reactor, transferring its heat to the organic 

feedstock in the process. In subsequent processes, the generated syngas is purified of all particles and 

contaminants and then cooled. A small portion of the produced clean syngas rich in hydrogen 

(approximately 28-30% of the produced gas volume) is used to heat the superheater and reactor. The 

remaining syngas (the other 70% of the produced gas) can be used to generate energy or for other 

purposes such as producing pure hydrogen. The produced syngas contains about 45-60% pure, 

sustainable hydrogen. This hydrogen can be used to operate chemical plants, for transportation, and 

other applications. The syngas can also be used to produce thermal and electrical energy. By-products 
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of the process, such as ash and soot (biochar), can be used in the construction industry, for example. 

This syngas production technology from waste is a controlled process with minimal carbon dioxide 

emissions and the elimination of other harmful gas emissions due to the prevention of oxygen entering 

the process and maintaining high temperatures [15]. A schematic diagram of the pilot plant with the 

main technological units is shown in Figure 1. The most important innovative features of this plant are: 

superheating syngas for the purpose of cracking hydrocarbons, reduced thermal load on the reactor by 

separating the superheater and heating the feedstock in the reactor through a hollow spindle (internal 

heat recovery of the syngas). This technology for producing synthetic gas from waste is a controlled 

process that minimizes carbon dioxide emissions and eliminates other harmful gas emissions by 

preventing oxygen from entering the process and maintaining high temperatures. It can be applied to all 

types of organic waste. A remaining challenge, currently being addressed in broader research, is 

managing the residual byproduct—biochar. In this study, the produced biochar was further analyzed as 

described below and utilized as an absorbent for treating synthetic wastewater. 

 

 

  
Figure 1. A schematic of gasification pilot plant (LOOPER) [15] 

 

SS used in this study was gathered from the wastewater treatment plant (WWTP) in Zagreb, Croatia, 

where a second stage of treatment is implemented. These samples, which were stabilized and 

mechanically dewatered, were obtained in airtight plastic containers, kept at ambient temperature, and 

subsequently dried in a laboratory dryer at 105°C before undergoing LOOPER gasification. 

3.2 Biochar characterization 

Obtained SS biochar was further analyzed using following tests. The chemical composition was 

determined using atomic absorption spectroscopy (AAnalyst 200 instrument, PerkinElmer, Inc., 

Waltham, MA, USA). Additionally, the biochar sample underwent analysis by energy dispersive X-ray 

fluorescence (EDXRF) using a Siemens X-ray tube with a Mo anode and Mo secondary target in 

orthogonal geometry. Leaching tests were conducted following the guidelines of EN 12457-2. 

Approximately 90 g of biochar was placed in a 1 L glass vessel, and a specific amount of demineralized 

water was added to achieve a desired liquid-to-solid ratio (L/S=10). The glass vessel was then agitated 

at 2 rpm for 24 hours. After agitation, the sample was allowed to settle for 15 ± 5 minutes, and the eluate 

was filtered through a 0.45 μm pore size membrane filter under vacuum. The eluate was divided into 

the required number of samples for chemical analysis. Prior to analyzing for heavy metals by Atomic 

Absorption spectrometry (Perkin Elmer Analyst 800), the filtrate was acidified with 1 mL of 65% nitric 

acid per 100 mL of filtrate sample to prevent any unwanted precipitation during sample storage. Chloride 

and fluoride ion concentrations in the filtrates were determined by colorimetry using a Hach Lange DR 

5000 spectrophotometer [16]. 
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3.3 Adsorption experiments 

Batch adsorption experiments were conducted to assess the adsorption capacity of biochar for 

ammonium, phosphate, cadmium, chromium, copper, and lead. Stock solutions of each ion were 

prepared by dissolving the appropriate amount of NH4Cl, KH2PO4, Cd(NO3)2, Cr(NO3)2, Cu(NO3)2, and 

Pb(NO3)2 in 1000 mL of distilled water. A separate, preliminary, part of the research was performed 

with acetamiprid. Acetamiprid is an organic compound with the chemical formula C10H11ClN4. It is an 

odorless neonicotinoid insecticide. It is systemic and intended to control sucking insects on crops such 

as leafy vegetables, citrus fruits, pome fruits, grapes, cotton, cole crops, and ornamental plants. It is also 

a key pesticide in commercial cherry farming due to its effectiveness against the larvae of the cherry 

fruit fly. 

The initial pH of each solution was determined using the HI98194 multiparameter instrument (Hanna 

Instruments, Romania), and 1M HNO3 and NaOH were used to adjust the pH value subsequnetly. All 

reagents utilized for the experiments and analyses were of analytical grade. 

In 250 ml glass bottles, 100 ml of each stock solution was mixed with a specific quantity of biochar. 

The bottles were tightly sealed and placed on a rotary shaker set at 45 rpm for 24 hours. Samples of 1 

ml were extracted from each bottle before the experiment, and after specified time intervals within 24 

h. They were then filtered through a 45 µm PES syringe filter, diluted 10-fold, and analyzed. Cd, Cr, 

Cu, and Pb concentrations were determined by ICP-OES analysis (Agilent 5900, Agilent Technologies, 

USA), while PO4
3- and NH4

+ were measured using the Nanocolor 500 D photometer (Macherey-Nagel, 

Germany) and corresponding tube tests. All experiments were performed in triplicate, and the average 

value was used to calculate the amount of adsorbate adsorbed by biochar, which is presented in the 

results. 

4 Results and discussion 

4.1 Biochar characteristics 

The biochar investigated in this study comprises various high-temperature aluminosilicates, with a 

crystalline composition primarily based on calcium-containing compounds. The sample is distinguished 

by the presence of quartz, cristobalite, along with a noticeable amount of illite and traces of calcite and 

calcium aluminum phosphate. No amorphous phase is observed.  

Chemical composition analysis of the biochar using absorption spectrometry indicates that the highest 

proportions in the sample mass are attributed to Al2O3 (around 18%), CaO (around 16%), and Fe2O3 

(somewhat below 10%). Additionally, nearly half (50%) of the sample mass remains undissolved, with 

this residual attributed to carbon (char).  

 

Based on the examination of the primary element content in the obtained biochar, indices on a low 

presence of hazardous metals were drawn. Furthermore, it is expected that precipitation induced by 

alkaline substances, especially calcium compounds, and phosphate, will reduce leaching toxicity to 

levels below safety thresholds [17]. 

 

Additionally, leaching tests are utilized to assess the concentration of elements, primarily heavy metals, 

that migrate from the solid phase to the liquid phase within a specific timeframe, indicating their 

potential hazardous and bioavailable nature. The EN 12457-based leaching test, commonly employed 

for categorizing waste into hazardous, non-hazardous, or inert for landfill disposal, was employed to 

identify potential risks and constraints associated with the application of the resulting residue (biochar). 

Table 1 presents the outcomes of leaching tests conducted on the obtained biochar according to EN 

12457 standards. The leachate concentrations are notably low, with some even falling below detection 

limits, consistent with previous findings [18], except for Mo, which exhibits significant leaching, but in 

terms of absolute values, these are still minimal quantities. This trend is also consistent with previous 

studies based on Croatian SS [16]. The most important conclusion regarding potential application of SS 
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biochar as an adsorbent is that heavy metals remain in a stable state within the SS derived biochar, 

thereby significantly mitigating the risk of heavy metal contamination during its application [19]. 

 
Table 1. EN 12457 leaching test results for obtained biochar [mg/kg] 

PARAMETER 
SS BIOCHAR 

SAMPLE 

AS < DL 

BA 10.220 

CD < DL 

CO 0.006 

CR 0.362 

CU < DL 

MO 0.805 

NI < DL 

PB 0.072 

SE 0.004 

ZN < DL 

        *DL – detection limit 

4.2 Results of adsorption experiments 

4.2.1 Results on nutrient removal 

The efficiency of phosphate and ammonia removal was initially analyzed simultaneously by preparing 

a single solution containing both contaminants. During this process, a certain level of competition 

between the contaminants was observed, and the overall efficiency was relatively low. Therefore, the 

research continued using single stock solutions (containing only ammonia or phosphates). The 

parameters varied included: the initial concentration of contaminants, the mass of the adsorbent 

(biochar) used, the pH of the solution, and the adsorption duration. After repeated multiple tests, the 

optimal parameters for nutrient removal were determined based on the results of the initial experiments.  

 

 
Figure 2. The efficiency of phosphate and ammonia removal depending on the duration of adsorption 

under optimal experimental settings 

 

Tests were repeated with these settings, and samples were analyzed after 1, 6, and 24 hours. The optimal 

settings for nutrient removal were defined with the following values: initial contaminant concentration 

of 90 mg/L, mass of adsorbent (biochar) 0.5 g, and solution pH of 5. The results of the adsorption tests 

with these defined settings are shown in Figure 2. It is evident that the phosphate removal results are 

significantly better (removal efficiency around 95% over 24 hours) compared to the ammonia removal 

results (removal efficiency slightly below 35% over 24 hours). However, for both types of contaminants, 

it can be stated that significant removal percentages are achieved within the first few hours (6 h), after 
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which the further reduction in contaminant concentrations slows down considerably. 

 

4.2.2 Results on heavy metals removal 

When the efficiency of Cd, Cr, Cu, and Pb removal was initially analyzed simultaneously (using a multi-

compound solution containing all these pollutants), the highest efficiencies were achieved in the removal 

of Cr (over 80% over 24 hours), followed by Pb (around 60% over 24 hours) and Cu (just below 50% 

over 24 hours), while the lowest efficiency was obtained for Cd removal (just below 30% over 24 hours). 

Similar trends have been noted by other researchers [14]. Ni et al. [20] reported the competitive removal 

of heavy metals (Pb²⁺ and Cd²⁺) using biochar produced from the pyrolysis of anaerobically digested 

sludge, where Pb²⁺ showed higher affinity compared to Cd²⁺. Tan et al. [21] found that increased Ca²⁺ 

concentration in the solution can drastically reduce Cd²⁺ adsorption. 

Given that the main objective of this study is to initially test the feasibility of using a specific SS biochar 

from a gasification pilot plant, the tests were continued with single-compound solutions (containing only 

one of the selected heavy metals). Below (Figure 3) are the results of the adsorption tests from single-

pollutant solutions and with adopted optimal process parameters (based on previous experiments): the 

initial contaminant concentration was defined as 85 mg/L, the mass of the adsorbent used (biochar) was 

0.75 g, and the solution pH was 3. 

 

 
Figure 3. The efficiency of selected heavy metals removal depending on the duration of adsorption 

under optimal experimental settings 

 

It should be emphasized that exceptionally high removal efficiencies were achieved for all four analyzed 

metals: over 99% over 24 hours for Cd, Cr, and Cu, and just below 98% for Pb. Additionally, it is 

noticeable that the majority of these metals are removed within the first 6 hours (over 90% for all 4 

metals analyzed).  

4.2.3 Results on acetamiprid removal 

This separate part of the research was conducted without varying the process parameters (solution pH, 

initial contaminant concentration, mass of biochar used as an adsorbent) and served as an initial phase 

for investigating the additional potential application of the produced biochar for pesticides removal, 

specifically acetamiprid. The process parameters were defined approximately, based on previous 

experience with other types of contaminants. The following process parameters were applied: initial 

contaminant concentration of 22.3 mg/L, mass of biochar used as an adsorbent 0.5 g, and neutral solution 

(pH=7). The obtained results are shown in Figure 4, and it is evident that significant removal efficiencies 

of acetamiprid are achieved, with around 92% removal rate within the first 6 hours, and only a slight 

improvement to just under 94% over 24 hours. 
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Figure 4. The efficiency of acetamiprid removal depending on the duration of adsorption 

4.3 Discussion 

Based on the results provided, it can be inferred that the SS biochar utilized in this study holds promise 

for eliminating certain types of contaminants from wastewater. Moreover, the results of removing 

phosphates, four heavy metals (Cd, Cr, Cu, and Pb), and acetamiprid pesticide from synthetic solutions 

with a single pollutant all demonstrate removal efficiencies exceeding 90% within 24 hours, with the 

majority of pollutants being removed within the first few hours. The results of ammonia removal, on the 

other hand, are significantly more modest, with just over 30% removal over 24 hours. While employing 

unmodified biochar, the results fell within the spectrum of prior research findings. Moreover, comparing 

the overall results with previous studies [14], it can be concluded that the obtained efficiencies are 

significantly better, especially considering that most published results with higher efficiencies are based 

on research using biochar that has been further enhanced through various chemical and physical 

treatments. 

 

Optimizing the dosage of the adsorbent is crucial for attaining high removal efficiency of targeted 

pollutants while ensuring cost-effectiveness [22]. Evaluating the cost-effectiveness of an adsorbent, 

potential future applications, and the potential recovery of adsorbed pollutants necessitate the 

regeneration of the utilized biochar, a step to be undertaken in future research endeavors. The practical 

applications of SS derived biochar hinge on its regeneration and recycling capabilities alongside its 

adsorption capacity for various pollutants. Given that real wastewater comprises concurrent pollutants 

and diverse microorganisms simultaneously which could significantly influence the sorption capacity 

of SS derived biochar as these pollutants also adsorb onto biochar surfaces, further research is necessary 

for actual wastewater treatment operations.  

SS based biochar has demonstrated considerable potential as an adsorbent for removing various 

pollutants from wastewater. Advances in technology are expected to facilitate the development of more 

efficient and cost-effective techniques for synthesizing biochar on a larger scale with better control over 

desired characteristics. With a greater emphasis on practical applications, future research in this realm 

could lead to more economical and sustainable wastewater treatment technologies [22]. Further 

investigation into the adsorption mechanisms of pollutants onto biochar surfaces is warranted to develop 

future adsorbents with tailored properties for specific applications. Similarly, emphasis should be placed 

on the removal of various pharmaceuticals, pesticides, and other emerging pollutants from wastewater 

and on assessing the potential environmental impacts of biochar. Similarly, forthcoming studies ought 

to concentrate on assessing the viability of utilizing SS derived biochar as a candidate material in crafting 

filters for wastewater treatment purposes. 

 

To enhance the practical application of biochar as an adsorbent, it is crucial to consider its regeneration 

and reuse. Preliminary results indicate that the biochar retains a significant portion of its adsorptive 

capacity after undergoing a regeneration process. After biochar adsorbs contamination substances, it can 
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be desorbed by different methods, restoring its high adsorption capacity. This finding underscores the 

feasibility of using biochar in a sustainable cycle, thereby reducing the need for continuous production 

of new adsorbent material and enhancing its cost-effectiveness and environmental benefits [23]. 

 

Although there are concerns about secondary pollution from the desorption or release of heavy metals 

or organic materials from adsorbed biochar this has mostly been refuted already by the preliminary 

leaching tests of the biochar itself, but it is certainly something that requires further research. At the 

same time the release of nutrients (as nitrogen and phosphorus) from such biochar can be advantageous 

in agriculture as a fertilizer where it can improve soil fertility and promote plant growth by gradually 

releasing the adsorbed nutrients back into the soil. Nutrients-saturated biochar, post-adsorption, can 

serve as a slow-release fertilizer, enhancing nutrient utilization efficiency and minimizing nutrient loss 

due to runoff [24-26]. Additionally, Jiang et al. [27] found that phosphorus-loaded sludge biochar could 

be used as an agricultural fertilizer to improve soil fertility and remediate soils contaminated by heavy 

metals, presenting a new sustainable and eco-friendly method for waste utilization. 

 

Considering the findings of previous studies [28-32], which have demonstrated the feasibility of 

utilizing SS biochar (or SS ash) from same source in construction materials, the concept of multiple 

utilization of this by-product, initially as an adsorbent and subsequently as a substitute for a portion of 

the original raw materials in construction material production, also appears feasible. This approach 

would also accomplish multiple objectives of the circular economy leading towards reduced 

consumption of multiple primary resources while simultaneously reducing the amount of waste 

deposited to landfills. 

5 Conclusion 

The utilization of SS biochar in this study demonstrates its potential as an effective and economical 

adsorbent for wastewater treatment regarding the removal of various types of pollutants (heavy metals 

Cd, Cr, Cu, and Pb), nutrients (particularly phosphates, to a lesser extent ammonia), and the pesticide 

acetamiprid. Biochar derived from gasification of SS aligns with the objective of long-term resource 

recovery and promotes the establishment of a circular economy centered around wastewater. The 

thermochemical conversion of SS into biochar addresses two key challenges: reducing disposal costs 

and providing a valuable material for the removal of various pollutants from water and wastewater. The 

results of Cd, Cr, Cu, and Pb removal under optimal experimental settings (24 h adsorption duration, 

initial contaminant concentration 85 mg/L, the mass of the adsorbent used (biochar) 0.75 g, and the 

pH=3) showed removal efficiencies at the level of 98-99%. When the removal of nutrients was analyzed, 

a significantly better result with an efficiency level of over 95% was achieved for phosphate removal, 

while the efficiency of ammonia removal was only slightly below 35% (with an adsorption time of 24 

h, an initial pollutant concentration in the solution of 90 mg/L, an applied biochar mass as an adsorbent 

of 0.5 g, and a solution pH of 5). Significant removal efficiencies of acetamiprid were also achieved, 

with approximately 92% removal within the first 6 hours and a slight increase to just under 94% over 

24 hours. This was accomplished using the following process parameters: an initial contaminant 

concentration of 22.3 mg/L, 0.5 g of biochar as the adsorbent, and a neutral solution (pH=7). 

 

Further investigation is warranted to elucidate the mechanisms influencing the removal of different 

pollutants and to determine the maximum capacities of SS biochar for adsorption. Additionally, 

exploration of the possibilities and constraints of applying SS biochar in multiple cycles is essential. 

Plans include examining the potential leaching of other pollutants, primarily heavy metals, from biochar 

during wastewater contact, although significant quantities are not initially anticipated. Testing with 

actual raw wastewater is necessary to understand the mutual influence of various pollutants on the final 

outcome, particularly regarding potential competition among different pollutants. Finally, the suitability 

of repeatedly used SS biochar as an adsorbent for further use in the construction materials industry will 

be investigated, addressing both technical and health-environmental considerations. 
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1 Abstract 

The pH value of water is one of the most important parameters when treating wastewater or conditioning 

drinking water. The desired pH can be achieved chemically by adding acid or alkali, but it can also be 

achieved by electrolysis of water using a semi-permeable membrane. A semi-permeable membrane 

allows anions or cations to pass through the membrane thus making areas where the pH value is higher 

or lower. This paper presents the procedure for developing a simple mathematical model for controlling 

the pH of water in a batch reactor using direct current and a cation exchange membrane. The influential 

parameters of the model are described, as well as the operating parameters and their values for designing 

a simple 3D model. 

 

Keywords: pH value, mathematical modeling, water electrolysis 

2 Introduction  

The term pH stands for "potential of Hydrogen" and is a measure of the hydrogen ion concentration in 

a solution. The pH value of water is a measure of its acidity or alkalinity. It is a logarithmic scale ranging 

from 0 to 14, with 7 being neutral. A pH below 7 is acidic, and a pH above 7 is alkaline. The safe range 

for drinking water pH levels is generally considered to be between 6.5 and 8.5. This range is optimal for 

human consumption and usually ensures that the water is free from harmful contaminants, respectfully. 

Drinking water with extreme pH levels can have adverse health effects, including irritation of the skin 

and mucous membranes [1]. 

 

The pH value is essential for effective water and wastewater treatment. pH controls the proper 

functioning of various chemical reactions involved in water treatment. For example, coagulation, 

flocculation, and disinfection processes are all pH-dependent [2], [3], [4], [5]. Maintaining the optimal 

pH range ensures that these chemical reactions occur efficiently, resulting in the effective removal of 

contaminants and pollutants from the water. 

 

pH levels also influence the growth and activity of microorganisms in biological treatment stages. 

Deviations from the optimal pH can inhibit microbial activity, leading to reduced treatment efficiency 

and longer processing times. Maintaining the pH near neutral is essential to protect microorganisms and 

favor efficient biological treatment [6]. pH is a key parameter in wastewater treatment that significantly 

influences treatment efficiency [7]. For example, in systems like sequencing batch reactors (SBR), 

wastewater pH is controlled to optimize the removal rates of contaminants such as total suspended solids 

(TSS), biological oxygen demand (BOD), and chemical oxygen demand (COD) [8], [9]. 

 

The effectiveness of disinfectants like chlorine and chloramine is also influenced by pH. Low pH 

enhances the disinfection power of chlorine by increasing the proportion of hypochlorous acid (HOCl), 

which is more effective than hypochlorite ions (OCl-). Studies have shown that the pH of the water can 
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impact the formation of disinfection byproducts (DBPs) during chlorination and chloramination 

processes [10], [11], [12]. Factors such as the presence of organic matter, temperature, and nutrient 

composition of water can also affect the efficiency of disinfectants like chlorine and chloramine [13], 

[14]. Additionally, the pH level can influence the degradation of certain substances, such as 

nicosulfuron, under chlorine/chloramine conditions [15]. 

 

Mathematical modeling of the pH process can offer insights into the dynamics involved, facilitating 

precise control through model-based techniques [16]. Model Predictive Control (MPC) has been 

investigated as a strategy to tackle the nonlinearities and transient behavior linked with pH control 

processes [17]. Additionally, adaptive nonlinear control methods have been simulated for pH control, 

employing generic model control for feedback and static curve fitting for nonlinear adaptation [18]. 

These methods aim to improve the accuracy and efficiency of pH regulation systems. 

 

In the realm of water treatment, proper pH control not only assists in eliminating impurities like turbidity 

and color but also aids in maintaining optimal levels of dissolved residual aluminum in treated water 

[19]. Mathematical models have been developed to forecast the pH of cooling water systems based on 

parameters such as alkalinity and operational conditions, underscoring the significance of pH in water 

quality management [20]. 

 

Moreover, the creation of mathematical models for pH control in various processes, such as fermentation 

and enzyme systems, has been highlighted [21], [22]. These models enable the fine-tuning of pH levels 

during different industrial processes, ensuring the desired outcomes are efficiently achieved. 

 

Anion exchange membrane (AEM) has emerged as a promising technology for water electrolysis, 

offering advantages such as low footprint, large operational capacity, and rapid response to changing 

conditions [23], [24]. This method utilizes AEMs and catalyst layers for hydroxide ion conduction 

without the need for liquid electrolytes [23]. The use of inexpensive catalyst materials and components 

in AEM water electrolysis challenges traditional proton exchange membrane systems, making it a 

competitive option for green hydrogen production [25]. 

 

Research indicates that AEM water electrolysis can be a sustainable solution for achieving net-zero 

carbon emissions and meeting increasing energy demands through green hydrogen production [26]. The 

development of alkaline anion exchange membranes with enhanced ionic conductivity and stability has 

renewed interest in alkaline water electrolysis, which operates based on the anodic oxygen evolution 

reaction and concurrent cathodic hydrogen evolution reaction [26]. 

 

Moreover, AEM water electrolysis has been recognized for its ability to efficiently produce hydrogen 

at a low cost, making it an attractive option for water electrolysis technology [27]. The high pH 

environment associated with alkaline water electrolysis broadens the range of catalyst materials that can 

be used, enhancing stability and activity [26]. AEM research primarily focuses on developing suitable 

membranes for high-pH and high-temperature environments in various applications, including water 

electrolysis [28]. 

 

This paper presents the procedure for developing a simple mathematical model, which models the trend 

of pH value change of water in a laboratory batch electrochemical reactor using direct current and an 

anion exchange membrane. The influential parameters of the model are described, as well as the 

operating parameters and their values for designing a simple 3D model. 

3 Methods 

The laboratory electrochemical reactor (ECU) was constructed in the hydrotechnical laboratory of the 

Faculty of Civil Engineering, University of Zagreb. Its length is 0.26 m, width 0.12 m, and height 0.2 m 
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(upper edge of plexiglass walls). Water fills the device up to a height of 0.18 m. The electrode plates are 

made of carbon, have a width of 0.08 m, a height of 0.12 m, and a thickness of 0.003 m, and are raised 

from the bottom to a height of 0.06 m. The device is made with two sections (compartments), one section 

with cathode electrode and one section with anode electrode. The sections are separated with anion-

exchange membrane (permeable to OH-), Figure 1. 

 

   
Figure 1. Laboratory electrochemical reactor with graphite electrodes for water pH control  

 

Carbon electrodes were chosen since they are inert electrodes in the electrochemical processes of this 

type of reactor. Inert electrodes are essential components in various ECU, playing a crucial role in 

electroorganic synthesis, environmental applications, and electron transfer mechanisms [29]. 

Functionalizing inert electrodes can enhance properties such as capacitive behavior, catalytic activity, 

and sensing capabilities [30]. The utilization of three-dimensional electrodes, such as carbon felt, in 

electrochemical reactors has been demonstrated to enhance efficiency in applications like wastewater 

treatment and electrosynthesis [31]. 

 

An anion exchange membrane (AEM) is electrically conductive and commonly used in various 

applications, eg. fuel cells, desalinators, electrolysis. The membrane allows the passage of negatively 

charged hydroxide (OH-) while hindering the movement of other ions or neutral molecules. The 

functionality of an anion exchange membrane is based on the presence of fixed cationic groups that are 

chemically bonded to the polymer backbone. These cationic groups, often quaternary ammonium or 

phosphonium groups, have a positive charge that attracts and facilitates the transport of negatively 

charged hydroxide ions, and they are responsible for the selective transport of anions across the 

membrane, while simultaneously repelling and blocking the passage of cations [28]. 

 

The impact of the cathode and anode's distance from the fixed membrane was analyzed (Figure 1). The 

cathode and anode were placed 0.02 meters apart from the membrane in the first test configuration. In 

the following configuration distance rose by 0.015 meters, reaching a maximum of 0.05 meters 

(electrode distances of 0.02 m and 0.05 m were analyzed). The electrodes in every ECU experiment are 

maintained at a voltage of 90 V. The electrodes were connected to a 3000 W laboratory power supply 

(CSP-3000-120, Mean Well, Taiwan) controlled via the output voltage by a function generator (JT-

JDS6600, Joy It, Germany). The pH values were measured with a multiparameter probe HI-9829 (Hanna 

Instruments, USA). The laboratory ECU's pH value measurement findings made it possible to 

parameterize the developed numerical model for the modeling of the pH dynamics in the ECU sections 

(anode and cathode section). 
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Numerical simulations were performed with the 3D hydrodynamic model Flow-3D [32], [33], [34], [35]. 

Solving the system of mass, momentum and energy conservation equations is based on the finite volume 

method and Euler's approach. A structured spatial discretization (calculation) grid is used in the 

Cartesian coordinate system, and the boundary conditions are defined for 6 surfaces of each calculation 

block. The free area is calculated using the so-called "Volume of Fluid" technique. 

 

The presence of OH- ions in water is interpreted with model particles of charge 3.2∙10-13 C, diameter dp 

= 2∙10-5 m, and density P = 1000 kg/m3 which are carried through the model domain shown by the 

coupling of the 3D hydrodynamic and electrostatic model, Figure 2. Initial conditions of homogeneous 

distribution of pH in EKU are modeled with homogeneous initial distribution of 1.2E+4 model particles. 

Furthermore, 5 model particles are generated on the cathode surfaces in every second (particle flux QP 

= 5 p/s) of the simulation. All numerical simulations were performed for a period of 600 s. 

 

 
Figure 2. Spatial domain of the ECU model with calculation grid x =y =z = 0.003 m 

 

 

The numerical model also yields the solution of the Laplace equation for the spatial distribution of 

electric potential (1) and electric field strength (2). The dynamic equation (3) is solved in order to define 

the transport of model particles OH-. 

 

 𝛻 ⋅ (𝐾𝛻𝜙) = 0 (9) 

 𝐸 = −𝛻𝜙 (10) 

 
𝑑𝒖𝑃

𝑑𝑡
=  𝑔 −

1

𝜌𝑃
𝛻𝑝 + 𝛼(𝒖 − 𝒖𝑃) + 𝛽(𝒖 − 𝒖𝑃)|𝒖 − 𝒖𝑃|

𝜌

𝜌𝑃
+ 𝑒𝑖𝐸  (11) 

 

where  is the electric potential (adopted 0 V at the cathode and 90 V at the anode), E the strength of 

the electric field, K dielectric constant of the material (adopted for water = 80.5, carbon electrodes = 

2.75, insulating polymer material on the reactor walls = 5), uP particle velocity vector, P particle density 

(1000 kg/m3), u liquid velocity vector (water),  and  shape resistance coefficients (adopted values  

= 0 and  = 1), dp diameter of model particle (subject of calibration - adopted dp = 2∙10-5 m); ei is the 

electric charge of the particle divided by the mass of the particle. 

 

The calculation grid contains cells with equidistant lengths in the x, y, and z directions (x = y = z 

0.003 m). The entire computation domain is divided into two interconnected calculation blocks, which 

spatially coincide with the sections of the ECU (Figure 2). In the implementation of the simulations, the 

RNG k-ε turbulence model was used, and the influence of heat exchange was not taken into account. 

The pressure term was solved implicitly using the generalized minimal residual method, whereas the 

viscous stresses were explicitly computed. The boundary conditions in each of the two calculation 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

357 
 

 

 

blocks (Xmin, Xmaks, Ymin, Ymaks, Zmin) are defined as "wall", while at the boundary Zmax is given atmospheric 

pressure, with only the gas (air) phase present. A fixed potential is given on the surfaces of the electrodes, 

while on the edges (reactor walls) the potential is dynamically calculated with the condition  = 0. A 

hydrostatic pressure distribution and a constant free water surface at 0.18 m are used as the initial 

conditions. 

 

The model membrane was modeled in such a way that a vertical "porous" layer was placed on the left 

and right sides of the actual position of the membrane. The coefficient of restitution for the vertical 

porous layers in the ECU cathode sections is adopted with a value of -1, which means that the free 

transfer of particles is enabled towards anode. On the other hand, the coefficient of restitution for the 

vertical porous layers in the anode ECU section is adopted with a value of +1, which means that the 

transfer of particles from the anode to the cathode sections is prevented. 

 

The basic calibration parameters in the numerical model is the diameter of the model particle dp, which 

is varied in the value range from dp = 5∙10-6 m to dp = 3∙10-5 m (dp = 5∙10-6 m, 1∙10-5 m, 2∙10-5 m i 3∙10-

5 m) and the zeta potential at the anode in the value range from 0 V to 70 V (0 V, 10 V, 40 V and 70 V). 

With a decrease in the diameter of the model particle, a decrease in the number of particles in the ECU 

section with the cathode (desirable trend) is achieved, but at the same time there is also a decrease in the 

number of particles in the anode section of the ECU (undesired trend). 

 

In order to reduce the absorption of particles on the anodes, i.e. to achieve the desired trend of asymptotic 

increase in the number of particles in the anode section, the Zeta potential was used. Increasing the value 

of the Zeta potential also increases the number of particles in the anode section of the ECU. 

 

The measured time required to reach the final value of pH in the section of the laboratory ECU served 

as a target value that needs to be achieved by numerical simulation along with the variation of dp and 

zeta potential values. Adopting the values dp = 2∙10-5 m and Zeta = 20 V results in the required time for 

asymptotically reaching the maximum number of model OH- particles in the anode section and the 

minimum number of model particles OH- in the cathode section of 600 s, which is the same the measured 

time required to reach the final value of pH in the sections of the laboratory ECU. 

4 Results and discussion 

The measured series of pH values for the anode-containing section is displayed in Figure 3. The 

measurement findings are shown in comparison for the scenarios where the electrodes were positioned 

0.02 and 0.05 meters apart from the membranes. pH readings show that the ECU portions have a roughly 

homogenous field in both the initial condition and the 600-second extension of the experiment (Figure 

3). Additionally, Figure 3 shows that the distance between the electrodes affects the pH value increase, 

with a faster change in pH value corresponding to a smaller distance between the electrodes. The final 

pH value is not significantly influenced by the electrodes' position, but rather by the ECU operation 

time. The best option for electrode positioning, which reduces energy usage, is to place the electrodes 

0.02 m from the membranes, according to the measurement data displayed in Figure 3. 
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Figure 3. Measured pH values in the anode compartment of the ECU 

 

A comparison of the time series for the quantity of model OH- particles that flowed across the membrane 

over the 600 second simulation period is displayed in Figure 4. The strength of the electric field 

determines the difference in particle transport. The electric field is strongest in the upper part of the 

membrane, which is situated closest to the anode, and weakest in the lower part of the membrane, which 

is outside the shortest electric field lines. 

 

 
Figure 4. Time series of model particles that passed through the membrane during the 600 s of simulation period 

 

An analysis of the time series pertaining to variations in the quantity of model OH- particles in the anodic 

and cathodic sections is presented in Figure 5. The data from Figure 5 on the left demonstrate that while 

the asymptotic state of the number of particles is reached after 600 s, the reduction of the number of 

particles in the compartments with the cathode occurs faster when dp = 1∙10-5 m is adopted as opposed 

to dp = 2∙10-5 m. Conversely, Figure 5's results on the right demonstrate a higher rise of particles in the 

anodic region of the ECU occurs when dp = 2∙10-5 m is adopted. 

 

 
Figure 5. Time series of changes in model particles in the cathodic and anodic sections of ECU 

 

Moreover, a comparison of the green and black lines illustrates how a rise in the Zeta potential causes a 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

359 
 

 

 

more pronounced increase in the quantity of particles in the anode region. Additionally, it can be seen 

that, in accordance with the findings of the measurements at ECU, moving the electrodes away from the 

membranes (from 0.02 m to 0.05 m) causes a decrease in the number of particles in the cathode section 

and an increase in the number of particles in the anode section. As a result, it is determined that selecting 

a distance of 0.02 m, rather than 0.05 m between electrodes, is a more beneficial approach. 

 

Figure 6 displays the iso lines of electric potential for the 60th and 600th seconds of the simulation 

period for the model's longitudinal vertical section (Xmin – Xmax) with, with dp = 2∙10-5 m and Zeta = 40 

V.  

 

 
Figure 6. Iso line of electric potential in the longitudinal vertical section of the model for the 60th (left) and 

600th second (right) of the simulation period with dp = 2∙10-5 m and Zeta = 40 V with electrodes at 2 cm from 

the membrane 

 

Figure 7 provides a 3D representation of the spatial distribution of the model particles under the identical 

conditions for the 60th and 600th seconds of the simulation period. Figures 6 and 7 depict the scenario 

where the electrodes are positioned two centimeters away from the membranes. 

 

 
Figure 7. Spatial distribution of model particles for the 60th (left) and 600th (right) second of the simulation 

period under the conditions dp = 2∙10-5 m and Zeta = 40 V with electrodes at 2 cm from the membrane 
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5 Conclusion 

Proper pH control leads to more efficient treatment processes, resulting in shorter treatment times, 

increased capacity, and better resource utilization. This enhances overall productivity and reduces 

energy consumption, contributing to sustainable water management practices. Electrochemical pH 

control helps minimize chemical usage and waste by ensuring that the optimal chemical reactions occur. 

This reduces the amount of chemicals required for treatment, minimizing chemical waste and reducing 

the environmental impact associated with their production, usage, and disposal. 

 

The use of direct current and a semi-permeable membrane is certainly an energy-demanding way of 

controlling the pH value of water in the treatment process, but in some specific cases in which the use 

of acids or alkalis is not desirable due to the formation of additional by-products, this is an alternative 

way of changing the pH value, which has its price in terms of energy requirements and maintenance. 

In this paper the influence of model particle size, electrode distance and zeta potential were analyzed as 

the most influential parameters of ECU for water pH control. It is important to emphasize that the created 

model represents the trend of the change in pH values, not the actual pH values. The reason for this is 

insufficient computing power required for modeling a large number of particles (1.2E+4 model particles 

instead of 1E+23 particles) that describes the actual pH values. 

 

Using AEM in conjunction with a DC power supply and carbon electrodes in an electrodialysis setup 

offers a sophisticated and effective method for controlling the pH of water. By selectively removing or 

adding specific ions, the system can achieve precise pH adjustments, making it suitable for various water 

treatment applications. Regular monitoring and maintenance are essential to ensure optimal performance 

and longevity of the system. 

 

Given that the change of pH value necessitates a certain duration of direct current application, for 

example 10 minutes as in this study, a very long and shallow reactors, membranes and inert electrodes 

would be needed to achieve the same detention time in the case of continuous flow reactor. Constructing 

such a reactor for pH control would be extremely complex and expensive. 
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1 Abstract  

 In this paper, the AHP method is applied to the complex sewage system of the town of Županja (town 

in eastern Slavonia, Croatia), which consists of combined gravity sewage and vacuum sewage. It proved 

to be well applicable for selecting the type of sewage system. The selected method, which allows for a 

hierarchical structure of the problem, included analysis through social, economic  and environmental 

criteria. In the process of choosing the appropriate type of sewerage system in the area of the city of 

Županja, vacuum sewerage proved to be  adequate choice.  

 

Keywords: multi-criteria decision-making, AHP method, combined gravity sewerage, vacuum 

sewerage, Županja (Croatia)  

2 Introduction  

 Economic development and population growth are accompanied on the one hand by an increase in the 

need for water, and on the other hand by an increase in the pollution of water resources. Waste water is 

removed from urban areas through sewage systems. The sewage system is a very important urban 

infrastructure that collects, drains and treats wastewater. Considering the method of waste water 

removal, and the type of waste water that is removed by the sewage system, there are several types of 

sewage systems. The choice of the type of sewage system affects the efficiency of drainage and the 

standard of living of the urban environment. 

 

The choice of drainage type depends on various factors, including the characteristics of the existing 

system, if any, the capacity and quality of the receiver, the nature of the water discharge into the system, 

the topography of the area and the need for preliminary treatment. The decision is mainly focused on 

local conditions and requirements of sanitary, ecological and economic aspects. Local conditions 

include the number of inhabitants, existing and planned industries, and the amount and composition of 

wastewater. The topography of the area and urban development plans are also considered. When 

expanding the sewage network, the key factor is the existing infrastructure and its characteristics. 

Sanitary requirements refer to maintaining health standards and preventing negative environmental 

impacts, while economic aspects refer to the costs of building and maintaining the system. Ultimately, 

the selection of the type of drainage should take into account all the above factors to ensure that the 

chosen system meets the specific needs and conditions of the area. [1] 

Sewerage and sewage system management are invisible but key components of any urban environment, 

the efficiency of which directly affects the quality of life of residents and the preservation of natural 

resources. With the growth of urbanization and changes in the climate, the management of sewage is 

becoming more and more challenging, and it is necessary to invest in new technologies and approaches 

to ensure the sustainability of these systems. 

The key element of good functioning lies in making quality and correct decisions, which requires careful 
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consideration. In this process, we are often faced with multiple criteria that can influence the final 

decision, often being in conflict with each other. In such situations, it is convenient to apply multi-

criteria analysis, which will result in an optimal solution. The definition of multi-criteria decision-

making is decision-making based on different criteria that are used to evaluate different variants of 

problem solutions. Multi-criteria decision-making methods are not only used to highlight one of the 

most suitable options, but can also be used to rank alternatives, then to select alternatives that are 

satisfactory, or to separate acceptable alternatives from unacceptable ones. 

Problems related to multi-criteria decision-making are often extremely complex, not only because of the 

abundance of diverse criteria, but also because of variations in their importance. Therefore, it is crucial 

to carry out this process with a high degree of objectivity and structure in order to achieve decisions that 

are as good and high-quality as possible. Multi-criteria analysis represents a decision-making model that 

includes several key elements: a set of different solutions (variants that should be ordered or classified 

according to the decision-maker), a set of criteria (often multidimensional, enabling the assessment of 

different aspects using various measurement units), values (ratings) of each individual variant according 

to each of the criteria. [2] 

Multi-criteria analysis methods can be applied in the decision-making process in order to adequately 

consider all relevant factors and aspects. [2] Choosing the appropriate method is a complex multi-criteria 

challenge. No specific technique can be universally best for all decision-making situations. Some of the 

applied multi-criteria methods are: Electra method, Promethee method, Victor method, ANP, AHP,... 

Analyzes of the efficiency of sewerage systems in expert research were done from different aspects: 

from the implementation of a comprehensive assessment of the sewage system [3,4], to the safety 

assessment of the risks of sewage systems [5,6,7]. In this paper, the AHP method, which is often used 

in the management of the sewage system, was chosen. It is most often used for the choice of technology 

and location of the wastewater treatment plant. In works [5,6,7,8,9,10,11,12,13,14,15,16], the AHP 

method was applied to select the technology of the wastewater treatment plant. In the analyzed 

works[17,18,19], the AHP method was used to select the location of the waste water treatment plant, 

and in all works a hierarchical structure was formed, which includes two levels, criteria and sub-criteria. 

3 Methods 

To select the type of sewage system, the method of analytical hierarchical procedure was applied. (AHP 

method). This method was developed by Thomas L. Saaty in the 1970s. AHP is used to solve complex 

decision-making problems by decomposing those problems into a hierarchical structure that includes 

objectives, criteria (or sub-criteria), and alternatives. [20] A key component of the AHP method is a 

mathematical model that enables the calculation of priorities (weights) of elements at the same level of 

the hierarchy. This method is applied in multi-criteria decision-making, where the most acceptable 

solution is selected for each alternative based on defined criteria and attribute values, or the entire 

ranking of the importance of alternatives within the model is displayed. [21] 

 

In order to more precisely rank the set criteria and alternatives with the aim of making optimal decisions 

about priorities in our area of interest, during the decision-making process it is necessary to break down 

the procedure into the following steps: [22] 

1. Specify the problem and consider what needs to be decided. 

2. Structure a decision hierarchy that has the goal at the top, with the decision criteria in the middle, 

while the alternatives are at the last level of the hierarchy. We will be tasked with choosing one 

of the alternatives, with the help of consultation with experts in the relevant field, literature 

review, deep thinking about the problem and similar approaches. 

3. Compare elements pairwise, creating a set of comparison matrices as specified method. In this 

step, comparisons are made pairwise, respecting the hierarchy previously defined. For 

comparison, every two lower-level elements should be analyzed in relation to each higher-level 

element, using Saaty's scale. (Table 1) 
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Table 1. Saaty scale 

 
INTENSITY OF 

IMPORTANCE 
DEFINITION EXPLANATION 

1 Equal importance 
Two activities contribute 

equally to the objective 

3 
Weak importance of 

one over another 

Experience and judgment 

slightly favor one activity 

over another 

5 
Essential or strong 

importance 

Experience and judgment 

strongly favor one activity 

over another 

7 
Demonstrated  

importance 

An activity  is strongly 

favored and its dominance  

demonstrated in practice 

9 Absolute importance 

The evidence favoring one 

activity over another is of the 

highest possible order of 

affirmation 

2,4,6,8 

Intermediate values 

between the two 

adjacent judgments 

When compromise is needed 

 

4. Calculate the priorities of the alternatives and the weights of the criteria based on the results of 

the comparisons 

 

 

Mathematical model of the AHP method 

 

In the AHP method, the key mathematical instruments are matrices. Therefore, we provide basic 

definitions and results related to matrices, starting from desirable properties of these 

mathematical structures. 

In a situation where there are n priorities, whose weights wi should be determined based on 

their ratios, the calculation procedure is carried out as follows: [23]  

 

𝑎𝑖𝑗 = 
𝑤𝑖
𝑤𝑗

 (1) 

From these ratios, we generate a matrix of relative importance, denoted as matrix A.  

 

 𝐴 = (

𝑤1/𝑤1 𝑤1/𝑤2 𝑤1/𝑤𝑛
𝑤2/𝑤1 𝑤2/𝑤2 𝑤2/𝑤𝑛
𝑤𝑛/𝑤1 𝑤𝑛/𝑤2 𝑤𝑛/𝑤𝑛

) =  

𝑎11 𝑎12 𝑎1𝑛
𝑎12 𝑎22 𝑎2𝑛
𝑎1𝑛 𝑎2𝑛 𝑎𝑛𝑛

 (2) 

 

  

 

For the case of consistent changes for which it is valid  𝑎𝑖𝑗 = 𝑎𝑖𝑘 ∗ 𝑎𝑘𝑗, the matrix A satisfies the 

equation 𝐴 ∗ 𝑤 = 𝑛 ∗ 𝑤, where w represents the priority vector. Solving the weighting problem can be 

treated as solving an equation 𝐴 ∗ 𝑤 =  𝜆 ∗ 𝑤, where λ is different from zero. 

 

      [

𝑤1/𝑤1 𝑤1/𝑤2 …    𝑤1/𝑤𝑛
𝑤2/𝑤1 𝑤2/𝑤2 …     𝑤2/𝑤𝑛
𝑤𝑛/𝑤1 𝑤𝑛/𝑤2 …    𝑤𝑛/𝑤𝑛

 ]  ∗  ⌈

𝑤1
𝑤2
𝑤𝑛
⌉  =  n ∗  ⌈

𝑤1
𝑤2
𝑤𝑛
⌉   (3) 
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he matrix A has the property of positivity and reciprocity, because the elements contained in the 

matrix satisfy the equation  𝑎𝑖𝑗 = 
1

𝑎𝑖𝑗
. Rank is  𝑟(𝐴) = 1   and all its orders are proportional to the 

first, which is why only one of its eigenvalues is different from 0 and is equal to 𝑛. Given that the sum 

of the eigenvalues of a positive matrix corresponds to the trace of the matrix, i.e. the sum of the 

elements on the diagonal, the non-zero eigenvalue has the value 𝑛: 

 
λmax =n (4) 

  

If the matrix A contains an inconsistency, the weight vector w can be calculated using the following 

system of equations: 

 
(𝐴 − 𝜆𝑚𝑎𝑥 ∗ 𝐼) ∗ 𝑤 = 0 ∑𝑖 𝑤𝑖 =  1 (5) 

 

Considering the equation above, the following applies: 

 
𝐴 ∗ 𝑤 = 𝑛 ∗ 𝑤 (6) 

 ∑𝑖  𝑤𝑖 = 𝑛 ∗ 𝑤 (7) 

𝑤 =  
1

𝑛
 ∑𝑎𝑖𝑗 ∗ 𝑤𝑖  

(8) 

∑ 𝑖 𝑎𝑖𝑗 = 
𝑤1 + 𝑤2 + 𝑤𝑛

𝑤𝑗
 

(9) 

𝑤𝑗 = 
𝑤1 + 𝑤2 + 𝑤𝑛

∑ 𝑖 𝑎𝑖𝑗
 

(10) 

 

It follows that the weight of each alternative is: 

 

  𝑤𝑖 = 
1

𝑛
 ∑

𝑎𝑖𝑗

∑ 𝑖 𝑎𝑖𝑗
 (11) 

 

 

 

 

Researched area 

 

In this paper, the AHP method for selecting the type of sewage system was applied to the city of Županje 

in the Eastern part of the Republic of Croatia (Figure 1). 

 
Figure 1. Location of Županja on geographical maps (Europe and Croatia) 
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Županja is located on a flat terrain at an altitude of 83m along the Sava river, in the area of high 

groundwater levels. Two types of sewage system are used for waste water drainage: combined gravity 

sewage and vacuum sewage.  Combined gravity sewage are networks of underground pipes that convey 

blackwater, greywater and, in many cases, stormwater from individual households to a (semi-) 

centralised treatment facility, using gravity and pumps where necessary. Vacuum sewage  consist of a 

vacuum station, where the vacuum is generated, the vacuum pipeline system, collection chambers with 

collection tanks and interface valve units. In contrast to conventional gravity sewerage systems with 

intermediate pumping stations, the permanent pressure within the vacuum system is maintained below 

atmospheric pressure. Županja was chosen to apply the AHP method to compare these two sewage 

systems. The method evaluates criteria related to social, economic and environmental factors. Within 

the framework of the social criteria, the following sub-criteria were evaluated: impact during 

construction, accommodation in the space, complexity of the system for users and unpleasant smells. 

Under the economic criterion sub-criteria were evaluated: investment value, operating costs and 

construction complexity. Within the social criteria, the following were evaluated: environmental impact 

and energy consumption. 

4 Results and discussion 

4.1 Determining the most important criterion (element) 

In this part, the determination of the most significant criterion will be defined. The analysis includes a 

social, economic and environmental element. They are assigned values according to the Saaty scale 

analyzed by pairs as shown in the matrix representation. 

 

Table 2. Intensity of importance of criteria according to Saaty's scale 
1 SOCIAL ECONOMICAL 1 2 3 4 5 6 7 8 9 

2 SOCIAL ENVIRONMENTAL 1 2 3 4 5 6 7 8 9 

3 ECONOMICAL ENVIRONMENTAL 1 2 3 4 5 6 7 8 9 

 

Table 2 shows that in the relationship between social and economic criteria, the social criterion is 

moderately more important; the relationship between social and environmental criteria is equally 

important; in the relationship between economic and environmental criteria, the environmental criterion 

is strictly more important. 

 

First multiplication of decision matrices: 

[
1 3 1
0.33 1 0.33
1 5 1

] * [
1 3 1
0.33 1 0.33
1 5 1

] = [
3.00 11.00 2.60
0.86 3.00 0.73
3.65 13.00 3.00

] 

Determination of the 1st vector priority: 

- Summarizing the rows of the matrix: 

[
3.00 +    11.00 +    2.60
0.86 +      3.00 +    0.73
3.65 +   13.00 +    3.00

] = 
16.60
4.59
19.65

 = 40.84 

 

- Normalization of the sum of rows:  

[
0.41
0.11
0.48

] 

Second multiplication of the decision matrix: 

[
3.00 11.00 2.60
0.86 3.00 0.73
3.65 13.00 3.00

] * [
3.00 11.00 2.60
0.86 3.00 0.73
3.65 13.00 3.00

] = [
27.95 99.80 93.63
7.83 27.95 6.17
33.08 118.15 27.95

] 
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Determination of the 2nd vector priority: 

- Summarizing the rows of the matrix: 

[
27.95 +    99.80 +    93.63
7.83 +    27.95 +      6.17
33.08 +  118.15 +   27.95

] = 
221.38
41.95
179.18

 = 442,51 

 

 

- Normalization of the sum of rows:  

[
0.50
0.09
0.40

] 

Calculation of the difference of vector priorities:  

 

[
0.41
0.11
0.48

] − [
0.50
0.09
0.40

] = [
− 0.09
0.02
0.08

] 

 

Due to the small amounts of the difference vector, no further calculation of the priority vector is 

necessary. 

 

Determining the most important criterion:  

 

 

 
Figure 2. Representation of the analyzed criteria 

 

The environmental criterion proved to be the most significant. They are important for the long-term 

sustainability of the project, so it is important to choose an option that has less negative impacts on the 

environment. Preservation of the environment also includes the reduction of air, water, and soil 

contamination, which certainly represents a challenge in the construction and management of 

construction infrastructures. Considering all the challenges faced by the modern population, such as the 

fight against climate change, it is clear how important this aspect is and how it indirectly affects certain 

social aspects and the quality of life.  

 

According to the same methodology, the following results were obtained.  

 

41%

11%

48%
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SOCIAL

ECONOMICAL

ENVIRONMENTAL
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Figure 3. Representation of social sub-criteria 

 

 
Figure 4. Representation of economic sub-criteria 

 

 
Figure 5. Representation of environmental sub-criteria 
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4.2 Determination of the final value of sub-elements 

1. Social criteria: 

 

 

2. Economic criteria: 

 

 

 

3. Environmental criteria: 

From an environmental point of view, certain criteria related to conservation and protection, as well 

as minimal negative impacts on natural resources, are included in order to ensure sustainable 

development and environmental protection. Today, and thus in the future, these criteria will play a 

key role in the choice of drainage type. The following sub-criteria were analyzed 

a) Impact on the environment 

Both systems have potential positive and negative impacts on the environment, therefore it is 

essential to carry out a detailed analysis in order to adopt the one where it is easier to avoid bad 

effects. Environmental impact factors should be taken into account when planning and 

implementing sewage systems to ensure that an optimal balance is achieved between technical 

requirements, economic feasibility and environmental protection. 

b) Energy consumption 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

371 
 

 

 

Energy consumption is an important environmental criterion that provides an insight into how 

much energy each sewage system requires for its operation. Gravity and vacuum sewers differ 

in the way they use energy and the amount of energy they require to function. 

 

 

 

4. Final analysis: 

 

 

Through a detailed analysis using the AHP method for the agglomeration of Županja, based on all the 

processed criteria (social, economic, environmental), vacuum sewerage proved to be a little better 

choice. Vacuum sewerage is a modern and advanced technical solution for waste water management 

that brings a number of advantages. It is ideal for use on flat terrains and in cases of high groundwater 

levels, which is another benefit considering the observed area. This adaptability enables better use of 

urban space and reduces the need for intensive interventions in the environment during the 

construction phase. Thanks to the shallow burial depth, the possibility of groundwater infiltration is 

significantly reduced. Eliminating infiltration and draining only sanitary waste water results in lower 

channel contents and thus lower needs for purification at the purification devices. In terms of 

durability and maintenance, it can result in lower operating costs over the life of the system. Also, by 

performing vacuum sewerage, financial savings of approximately 30-40% are achieved. Smaller soil 

excavations, lower water consumption and reduced need for chemical wastewater treatment can 

reduce harmful effects on the environment and local ecology.  

5 Conclusion 

The advantages of multi-criteria decision-making both in the management of the sewage system and in 

the selection of the type of sewage system is in the integral approach to problem solving. Often, when 

designing sewage systems, only one criterion is analyzed - economic, and the cheapest technical solution 

is designed. The problems of multi-criteria decision-making are often extremely complex, not only 

because of the large number of different criteria, but also because of their different evaluation and 

ranking. Due to the large number of available multi-criteria decision-making methods, it is difficult to 
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choose the best one because each method has its own limitations, peculiarities, hypotheses, premises 

and perspectives and can lead to different results when applied to the same problem. . 

The results of the presented AHP method for selecting the type of sewage system are the results for the 

current specific conditions of the selected location. For our location (the city of Županja), vacuum 

sewerage was given a slight preference for selection. It follows from this that for a given location, 

combined gravity sewerage and vacuum sewerage will work equally well for waste water drainage. In 

practice, this has proven to be true because both types of sewers work equally well in this area. 

Combined gravity sewerage has more elements and greater maintenance needs, while vacuum sewerage 

uses a substation to create a vacuum. For another location and other criteria, it is necessary to re-apply 

the steps of the AHP method and analyze the results. When choosing weighting factors for individual 

criteria and sub-criteria, in order to obtain the most objective results possible, the cooperation of a team 

of different experts dealing with the given issue is necessary.. 
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1 Abstract  

This investigation determined the anthropological impact on small naturally formed water resources, as 

well as the hydrological analysis and current water quality state. Moreover, this research provides an 

answer to the potential significance of locations, and the need for further observation, protection, and 

the possibility of revitalization. The obtained results can provide the foundation for the development of 

protection mechanisms and mitigation of human impact on yet unprotected and vulnerable natural water 

resources.   

 

Keywords: anthropological impact, hydrological research, water quality parameters, synthetic polymer 

2 Introduction  

The quality, quantity, and availability of water resources, as well as their physicochemical and biological 

characteristics are constantly changing because of the impact of natural and human activities [1]. The 

anthropological impact on water resources is already well defined indicating that urbanisation, 

industrial, and agricultural activities introduce pollutants into water resources, and influence the water 

balance within water resource catchments [2]. Natural impact on water resource systems balance can be 

visible through weather extremes such as droughts and floods [2]. It is challenging to divide 

anthropological from natural activities' impact on water resource systems nevertheless their existence 

can be determined. 

 

In this paper, the focus is placed on human impact on natural small water resources such as small lakes 

and ponds, in order to provide the foundation for the development of impact mitigation practices. 

Naturally formed small lakes or ponds that are located in or near urban areas are usually recognized by 

the local population and tourists because of their natural beauty and/or biodiversity. They are usually 

not used for human activities and have specific biotopes and biocenosis, and therefore can be significant 

for the overall ecosystem. Despite their recognition, the direct or indirect anthropological impact is 

visible on those small water resources and their catchments and therefore they become the focus of the 

present study. 

 

Water bodies of mentioned resources are usually considered public water resources under the Croatian 

water that is a legal entity for water management and are not characterised as highly protected, 

vulnerable, or landscape significant areas according to any Croatian or European Union laws and 

directives. The catchment areas are usually under the jurisdiction of the local authorities and are not 

recognized in local authority urban plans. Since their importance has not been determined, there is no 

existing mechanism for their protection, and therefore natural small water resources such as small lakes 

and ponds are sometimes neglected and can face accelerated degradation. It should be noted that 

thousands of small lakes and ponds on the Croatian territory are not under protection from 
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anthropological actions, and we cannot expect that each of them should be highly protected, but there is 

a high importance in controlling and maintaining a stable ecosystem with mitigated human impact until 

they fall under some kind of regulatory protection in the future.  

 

This paper aims to determine the existence of the anthropological impact on three naturally formed 

ponds located on the island of Pag, Croatia, namely Škuncini stani, Vrgnica (Dabovi stani), and Vidasovi 

stani. These ponds were chosen because of the defined fast-growing human impact of tourism, 

urbanisation, and agricultural activities on the catchment areas and water bodies. To provide insight into 

the anthropological impact, hydrological analysis and measurement of water quality properties were 

performed. The anthropological impact is also shown through the characterization of the synthetic 

polymer fragments collected near the water bodies or in the water itself.   

3 Methods 

The results of the research that will be presented in this work are a part of the project called 

"Development of the methodology for the condition evaluation, protection and revitalization on small 

urban water resources" (ZIP-UNIRI-1500-2-22). The goal of the aforementioned Project is to develop a 

methodology for quality assessment, protection from the anthropological impact, and revitalization of 

small water resources in urban areas, which will be the basis for the development of guidelines for better 

management of the urban catchment areas of the aforementioned water resources. The project itself, in 

its first phase, included hydrometric research, water quality assessment, and pollutant determination at 

selected localities. Criteria for the research localities selection were that the water resource is on the the 

Register of Water Resources list from Croatian Waters, does not dry out, has a functional ecosystem, 

and are placed in or near the urban area i.e. they are under the impact of human activities. Furthermore, 

as the anthropological impact of pollution by synthetic polymer fragments is determined on the locations 

near the water bodies or in the water itself, research is expanded on the synthetic polymer pollution 

analysis.  

3.1 Hydrological analysis and measurements  

The first preliminary hydrological analyses and measurements carried out before of this project were 

previously established at the location of Medulin pond (Istria County) by our team in 2022 [3].  

 

The hydrological analysis encompasses a description of the selected water resources' topographic 

catchments, catchment basic physical characteristics, and analysis of the catchment landcover changes 

in the last fifty years in order to provide insight into the anthropological impact on the natural water 

balance. The topographic boundaries of the catchments are delineated on the topographic map, while 

the catchment landcover changes are determined by the visual analysis and delineation on the 

catchments' orthophotos that were taken through years from 1968 until 2021. Landcover changes 

provide insight into the human impact by urbanisation and land cultivation in general that can change 

the natural water balance [2]. 

 

The basic hydrological measurements are based on the bathymetry measurement that is carried out using 

instruments: probe CTD-diver (Van Essen Instruments B.V., Netherlands) for measuring depth, and 

Topcon positioning system HiPer V for geodetic measurements. The measurement process is performed 

by moving the geodetic instrument on the surface of the measuring site with the help of a vessel and 

placing the probe for depth measurements at that position. During this, the three-dimensional 

coordinates of the bottom, or bathymetry, are obtained.  

3.2 Water quality evaluation 

Water quality measurements are carried out by water sampling and water analyses in the Hydrotechnical 

Laboratory at the Faculty of Civil Engineering in Rijeka. The water quality parameters are measured by 

the Spectrophotometer - Hach DR 3900. In this paper physical and chemical properties are provided as 
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follows: pH, Total dissolved solids [ppm], Conductivity [µS/cm], Nitrates [mg/L; NO₃ -N], Ammonium 

[mg/L; NH₄⁺ - N], Chloride [mg/L; Cl⁻], Nitrites [mg/L; NO₂⁻ - N], Total nitrogen [mg/L; TNb], 

Orthophosphate [mg/L; PO³₄ ⁻₋ P], Total phosphorus TP [mg/L; PO³₄ ⁻₋ P], and Chemical oxygen 

demand CODcr [mg/L; O₂], in order to assess overall quality, ecological potential, and anthropological 

impact on the water.  

 

Water quality evaluation was conducted according to the Regulation on the Water Quality Standard (NN 

96/2019) [4] and Amendments to the Regulation on the Water Quality Standard (NN 20/2023) [5] issued 

by the Republic of Croatia government. It should be noted that there are no water quality standards for 

the ponds and they are not categorized in Regulations. Therefore, for the purpose of the water quality 

evaluation, the closest category is chosen, and that is small shallow lakes. 

3.3 Synthetic polymers analysis  

Synthetic polymers (widely known as plastics) consist of repeating units of organic monomers bound 

together. These monomers are made of carbon, hydrogen, and other atoms linked together by covalent 

bonds. The degradation of plastic can happen by abiotic and biotic degradation. Abiotic degradation 

makes the plastic weather through exposure to light, heat, chemicals or mechanical stress. The 

mentioned stresses make the polymer chain degrade through oxidation, dichlorination, chain scission, 

cross-linking, ablation, and fragmentation. Biotic degradation refers to the degradation of plastic by an 

organism [6]. 

 

The direct visible negative impact of human activities on water resources is provided through synthetic 

polymers that can be found in the water or in the vicinity of water resources. It is well known that 

synthetic polymers upon atmospheric action degrade, which means that both microplastics and smaller 

nano particles are released into the environment and enter natural water resources [6].  

 

For the purpose of this research, macro plastics are collected, categorized, and analysed using Attenuated 

Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectroscopy performed on the Cary 630 

FTIR spectrometer (Agilent) to determine the types of synthetic polymers. ATR-FTIR spectroscopy is 

based on the vibrations of molecules including stretching, bending, or twisting that result in 

transmittance or absorbance spectra upon exposition to infrared (IR) radiation and help to determine the 

chemical composition of a molecule of interest [7]. The unit of the x-axis is wavenumbers w measured 

in cm−1 where the w = 1/λ, and where λ is the wavelength of the photon measured in cm. The y-axis of 

an FTIR spectrum is typically transmittance or absorbance [8]. Transmittance is the fraction of incident 

IR radiation that passes through a sample without being absorbed, while absorbance is a measure of how 

much IR radiation is absorbed by a sample at a particular wavelength [7]. Transmittance and absorbance 

are mathematically dependent and can be calculated as shown in Equation 1, where A represents 

absorbance and T represents transmittance. 

 

𝐴 = −𝑙𝑜𝑔10𝑇                                                         (1) 

 

Samples' transmittance spectra were recorded with wavenumber resolution of the w =16 cm-1 and 100 

sample scans. The recorded spectra for every sample were compared to a manually built library 

containing pre-recorded labelled synthetic polymer spectra. Samples were categorised into six common 

groups of synthetic polymers as follows: Polyethylene Terephthalate (PET), High-Density Polyethylene 

(HD-PE), Polyvinyl Chloride (PVC), Low-Density Polyethylene (LD-PE), Polypropylene (PP), 

Polystyrene (PS). There is also the seventh group that includes others types of synthetic polymers but in 

this research, the goal was to identify the most common types [9]. Also, samples that have not been 

identified by the ATR-FTIR library are placed in a group of the not recognised ones.  

 

After the identification of the most common types of plastic, their possible degradation was assessed. 

The most detectable type of plastic degradation is photo-oxidation which can be recognised by the 

presence of carbonyl groups (C=O, a double covalent bond between a carbon atom and an oxygen atom) 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

377 
 

 

 

in ATR-FTIR spectra of the sample. Carbonyl groups indicate that the plastic has been degraded and 

facilitates further degradation due to the photo lability (unstable near light) of carbonyl groups [7], which 

could also mean that the nano and micro particles are released into the environment.  

In this paper, the degradation is determined by the calculation of the Carbonyl index (CI). Although 

there is currently no standard method to calculate the CI, in the last few years Specific Area Under Band 

(SAUB) method become widely used for the degradation assessment of the PE and PP samples [10]. 

SAUB method is also used in this paper and the calculation is represented with Equation 2. 

 

𝐶𝐼 =
𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑏𝑎𝑛𝑑 1850−1650 𝑐𝑚−1

𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑏𝑎𝑛𝑑 1500−1420 𝑐𝑚−1                                            (2) 

 

SAUB method is based on the area calculation by integration of the area under the absorbance curve at 

specific wavelength ranges of the IR spectra that are characteristic to the process of plastic degradation. 

In this paper, CI is calculated for the PE and PP samples found in or near water resources and then 

compared with the same new reference samples in order to determine the degradation.  

4 Results and discussion 

The results presented within this paper are focused on the analysis of three small naturally formed ponds 

that are recorded in the Register of Water Resources of Croatian Waters. The selection of a specific 

water resource was based on its registration in the Register of Water Bodies of the Croatian Waters, as 

a permanent resource, and a developed biocenosis within its biotope. In this paper, the selected small 

ponds, located in or near urban areas, are described in terms of their basic hydrological features, water 

quality analysis, and synthetic polymer presence in or around the ponds. The results of these analyses 

provide an insight into the ecological potential of the locations and their ecosystem stability and help in 

indicating the anthropological influence level. 

4.1 Locations and hydrological characteristics  

Three localities have been analysed, and they are: (i) Škunca stani pond (Novalja, Pag Island), (ii) 

Vrgnica pond (Dabovi stani, Novalja, island of Pag) and (iii) Vidasovi stani pond (Vidasovi stani, 

Novalja, island of Pag). Figure 1. show the location of ponds together with their specific topographic 

catchment. 

   

a) b) c) 

Figure 1. Location of processed ponds on the topographic map with the topographic boundaries of the 

catchment: a) Škunca stani, b) Vrgnica pond (Dabovi stani), and c) Vidasovi stani [11] notable 

 

A developed ecosystem has been established on all three analysed ponds and they appear to be under 

the moderate influence of anthropogenic activity. A large number of various insects, amphibians, snakes, 

and aquatic plants were observed at all locations. The locations serve as watering places for wild animals 

and birds, as well as for the sheep of local shepherds, for whom these ponds are extremely important. 

Direct anthropogenic impact in the form of the arrangement of protective walls was carried out by the 

Croatian waters for the purpose of protection on the ponds of Škunca stani and Vidasovi stani. The first 
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hydrological measurements were carried out on the island of Pag in June 2023. Table 1 shows the basic 

results of the hydrological measurement and characteristics of the catchments.  

 
Table 1. Results of the hydrological measurements and basic catchment characteristics 

 
 

Water replenishment of the analysed ponds takes place with regard to the geological karstic formation 

by surface and subsurface flow, and according to the information available from the local population, 

the ponds are recording a gradual annual decrease in water levels, but without drying up. 

 

The catchment landcover changes are determined by the visual analysis and delineation on the 

catchments' orthophotos that were taken through the years: 1968, 2011, 2014, 2017, 2019 and 2021 [11]. 

The area is divided into categories as urbanised, ground vegetation, bare, roads, and agricultural (garden) 

areas are. Landcover changes are providing insight into the anthropological impact by the urbanisation 

and land cultivation in general. The results of the analysis are shown in Figure 2., Figure 3. and Figure 

4. The biggest change in landcover is recorded between 1968 and 2011. On the Škunca stani pond 

catchment area reforestation is noticed, as well as the biggest urbanisation rate in comparison to others. 

On the Vrgnica (Dabovi stani) pond catchment area, also the reforestation of one part of the area 

happened but with no significant growth of urbanisation. On the catchment area of the Vidasovi stani 

pond also the growth of the ground vegetation can be noticed. 

 

 
Figure 2. Catchment landcover analysis on the pond Škunca stani 

 

Water surface 

area

Maximum 

water depth

Water 

volume

Altitude of 

the pond

Catchment 

area

Lowest altitude 

of the catchment

Highest altitude 

of the catchment

Al [m²] D [m] V [m³] Hmin [m a.s.l.] As [km²] Hmin [m a.s.l.] Hmax [m a.s.l.]

Škunca stani 286,1 2 227,9 60 121035,2 60 131,4

Vrgnica (Dabovi 

stani)
465,37 1,81 412,31 30 31676,9 30 51

Vidasovi stani 1530,95 2,03 1205,2 48 230395,7 48 71,6

Name

Characteristics of the water resource Characteristics of the catchment
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Figure 3. Catchment landcover analysis on the pond Vrgnica (Dabovi stani) 

 

 
Figure 4. Catchment landcover analysis on the pond Vidasovi stani 

 

4.2 Water quality and evaluation of ecological potential 

In the process of conducting basic hydrological measurements on ponds, water sampling was carried 

out at the positions shown in Figure 5. 

   

a) b) c) 

Figure 5. Display of water sampling locations on ponds: a) Škunca stani pond, b) Vrgnica pond (Dabovi 

stani), and c) Vidasovi stani pond [11] 
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The sampling of the water was performed by taking two samples per pond in three occasions, in summer 

and autumn in 2023 and in winter in 2024. To see changes in the water quality, it is necessary to perform 

water sampling in all four seasons of the year. The analyses of water samples are shown in Table 2. 

where every record represents the average result of two samples per pond measurement. Table 2., also 

shows the assessment of the ecological potential of water according to the regulations limits [4, 5, 12]. 

 
Table 2.  Laboratory analysis of water samples from Škunca stani, Vrgnica (Dabovi stani) and Vidasovi stani 

ponds 

 
 

The analysis of water samples showed that water is not contaminated with nitrates and nitrites, while at 

the location of the Vrgnica pond (Dabovi stani) and Vidasovi stani pond, a slightly increased level of 

orthophosphate was recorded, which usually can be correlated with the use of artificial fertilizers in 

nearby areas. The ammonium level is satisfactory and indicates that there are no significant 

microbiological activities. Chlorides in the water are increased at all analysed locations, and in this case, 

source of the chlorides needs to be jet determined as they can be introduced from the seawater and also 

as a result of the parent rock decomposition at the locations. Also, the impact of the chlorides on the 

ecological potential, in this case, can be estimated when its source is defined [13, 14]. Due to the above-

mentioned increased concentration of chloride, the electrical conductivity and TDS level are expected 

to be higher. Since the nitrates, nitrites, and ammonium are rather low, the elevated total nitrogen refers 

to organic nitrogen. The origin of the organic nitrogen content cannot be determined with certainty since 

water microbiological analysis is not conducted. However, the increased total levels of organic nitrogen 

and phosphorus in the Škunca stani pond and occasionally in others indicate increased levels of nutrients 

that can lead to eutrophication, i.e. changes that can have a negative impact on existing ecosystems by 

overgrowth of algae for example. Considering that the CODcr is within acceptable limits indicates that 

the level of organic matter is still currently satisfactory [12]. 

4.3 Synthetic polymer analysis 

More than 20 macroplastic fragment samples were manually collected in February 2024 directly from 

water and/or in vicinity of the water bodies and stored in the bags. Fragment samples are then processed 

in the laboratory by preparing size intended instrument pieces (usually 1 cm × 1 cm in size). Samples 

are next dried on room temperature, then categorised and analysed using ATR-FTIR spectroscopy. 

Transmittance spectra were recorded and typical polymer fingerprints were identified and subsequently 

compared with the self-built library that contained pre-labeled synthetic polymers including 

Polyethylene Terephthalate (PET), High-Density Polyethylene (HD-PE), Polyvinyl Chloride (PVC), 

Low-Density Polyethylene (LD-PE), Polypropylene (PP), and Polystyrene (PS). If the collected 

microplastic samples did not fall into one of the six main polymer categories found in the self-built 

library, they were marked as “Not recognized”. The results are shown in Table 3., and indicate that the 

most common types of plastic found in ponds of interest were PP, HDPE, and PET. 

 

13.06.23. 09.10.23. 19.2.24. 13.06.23. 09.10.23. 19.2.24. 13.06.23. 09.10.23. 19.02.24.

pH [ ] 7,3 7,35 7,2 7,35 6,9 7,1 7,55 6,8 7,35 Good: 7<pH<7,4

Total dissolved solids  

 (TDS)
 [ppm] 282 349 192,5 299,5 420,5 246 162,5 240 220,5

Marginally acceptable:     

200 <TDS<300

Conductivity ( C)  [µS/cm] 520,5 677 431 553,5 783,5 523,5 301 429,5 453,5 Fresh water

Nitrates  NO₃ -N  /  [mg/L] 0,3335 0,4 0,3845 0,26 0,339 0,239 0,3145 0,363 0,2355 0,15 - 0,35

Ammonium NH₄⁺ - N /  [mg/L] 0,4725 0,078 0,072 0,1545 0,4185 0,0165 0,0515 0,031 0,014 Good: Cyprinid water <1)

Chloride Cl⁻  / [mg/L] 84,05 105 66,75 104,5 117 98,6 50,35 58,9 62,75 Good: <0,005

Nitrites  NO₂⁻ - N  /  [mg/L] 0 0,0285 0,0035 0 0,0035 0,0005 0 0,007 0,0095 Good for water life: < 0,03

Total nitrogen TNb /  [mg/L] 1,835 16,95 2,525 1,091 7,87 1,25 0,801 8,96 2,355 Good: < 1,24

Orthophosphate PO³₄ ⁻₋ P / [mg/L] 0,009 0,0915 0,008 0 0,179 0,0285 0,0065 0,007 0,323 Good: <0,1

Total phosphorus 

(TP)
 PO³₄ ⁻₋ P /  [mg/L] 0,074 0,344 0,047 0,0035 0,227 0,1835 0,0235 0,1345 0,1475 Good: <0,3

Chemical oxygen 

demand (CODcr)
O₂  / [mg/L] 30,75 170 35,9 24,8 109,2 19,35 37,55 174,5 76,5 Good: 20<CODcr<200

Water quality 

parameter
Label/Unit

Within limits

Škuncini stani Vrgnica (Dabovi stani)

Slight difference Significant differenceEvaluation of the ecological potential:

Evaluation of ecological 

potential 

Vidasovi stani
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Table 3.  Laboratory analysis of synthetic polymer samples from Škuna stani, Vrgnica (Dabovi stani) and 

Vidasovi stani ponds 

 
 

In addition to the analysis of the main type of plastics in the environment, their degradation due to 

environmental conditions including mechanical, UV, thermal-induced stress was analysed. In order to 

determine the plastic degradation, recorded transmittance was converted to absorbance using Equation 

1. According to the presented SAUB method, only identified PET and PP samples were assessed to 

determine degradation by calculating CI using Equation 2. Since the examined plastic fragments were 

visually recognised packaging of yogurt or crackers, water bottles, etc., new packaging from the 

supermarket was used to prepare referent samples to allow the comparison between new and 

environment exposed ones. It is expected that the absorbance and the CI of the degraded samples rises 

with time, when exposed to environmental conditions, especially the region of the IR spectra where the 

carbonyl groups appear, indicating photo oxidation of the plastic. Figure 6. shows the degradation 

analysis of PET sample found on the pond Vidasovi stani, while Figure 7. shows the degradation on the 

PP sample found on the pond Škunca stani. In both cases, CI increased indicating that plastic degradation 

occurred over time. Moreover, the change in absorbance is also visible in other wavelengths of the 

samples indicating on somekind of environmental condition process. The observed plastic degradation 

can indicate that the nano and micro particles are released into the environment, which needs to be 

further confirmed. 

 

 
Figure 6. Absorbance spectra of the new and degraded PET sample (yogurt bottle)  

 

 
Figure 7. Absorbance spectra of the new and degraded PP sample (cracker packaging) 

Location PET HDPE PVC LDPE PP PS Not recognized Number of samples

Škunca stani 1 7 0 4 12 1 11 36

Vrgnica (Dabovi 

stani)
1 6 2 1 6 0 12 28

Vidasovi stani 6 3 0 1 13 0 1 24
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5 Conclusion 

The paper presents the results of hydrological investigations, water quality evaluation of small natural 

water resources in or near urban areas, and analysis of the collected synthetic polymers found on sites 

to assess the anthropological impact on the ecological potential and natural water balance. The main 

goal of the overall research is to provide assessment methodology and guidelines for the protection and 

revitalisation of small natural water resources such as ponds that are currently not falling under specific 

national regulations. Small naturally formed water resources in the form of ponds and lakes located in 

or near urban areas have their significance at the local level for the population in terms of landscape, 

history, and ecology, and sometimes represent small natural oases with a developed specific biocenosis. 

The surface of water resources themselves is under the jurisdiction of Croatian waters, while the 

management of the catchment area is the responsibility of local self-government. As a rule, due to their 

size, so far they have not been recognised yet as valuable natural areas and are therefore not under the 

protection of the ecological network Nature 2000, nor are they recognised as landscape and nature value 

within urban development plans. The aforementioned water resources are mostly supplied by surface 

and underground water from the catchment area, which significantly affects their condition, and the 

water surface itself is often under the direct influence of human activities.  

 

Within this paper, three localities have been analysed, and they are: (i) Škunca stani pond (Novalja, Pag 

Island), (ii) Vrgnica pond (Dabovi stani, Novalja, island of Pag) and (iii) Vidasovi stani pond (Vidasovi 

stani, Novalja, island of Pag). Hydrological research indicates that all ponds are very small and shallow 

with small karstic catchment areas. Despite their size, those ponds never dried up, and that is because of 

their specific way of water replenishment by the small local underground aquifer. Analysis of the 

landcover changes through the last fifty years indicates the catchment reforestation and the growth of 

urbanisation in smaller parts. The possible reason for the reforestation by ground vegetation on all 

analysed catchments, mainly between 1968 and 2011, can be found in the widespread electrification of 

the island of Pag and the change in human activities that took place around the 1970s. Namely, 

inhabitants were using vegetation as firewood before the 1970s, and with the arrival of electricity, they 

increasingly use other heating methods related to the use of electricity. The way of life for inhabitants 

also changed, and urbanization started with growth of tourism. Agricultural land is transforming into 

building areas, and further growth of urbanization can be expected in the future. All aforementioned 

indicates that humans have a potentially large impact on natural water balance. Reforestation has impact 

on the regeneration of the local underground aquifers by reducing of water infiltration, while 

urbanization affects the growth of surface runoff. Even though it is not straightforward to quantify the 

level of anthropological impact, its existence is evident.  

 

Water quality evaluation has shown overall positive ecological potential, but also the anthropological 

impact through a slightly increased level of orthophosphate at two locations, which usually comes from 

the application of artificial fertilizers. The change in some of the water quality parameters through the 

annual season, such as nitrates, total nitrogen, and total phosphorus, refers to the fragility of the water 

system and potential eutrophication. 

 

The anthropological negative impact concerning plastic pollution is unquestionable. The careless 

disposal of plastic packaging into our environment has undeniable consequences. The plastic samples 

based on synthetic polymers that were collected at the site of water ponds of interest do not only 

represent a visual contamination but they can have a negative impact on the local flora and fauna. 

Furthermore, the potential degradation of nano and micro plastics can enter into the water resources and 

in the ecological system. ATR-FTIR spectroscopy of the collected samples has shown the degradation 

of plastic in the ecological system. It is therefore important to define the importance and condition of 

the observed water resources in order to be able to establish basic guidelines for better management of 

the catchment area and the surface of the water resource itself to protect them and consequently our 

environment and us. 
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According to the presented research results, the need for further small water resources observation, and 

protection is visible. It is important to widen the research on additional locations to develop protection 

mechanisms and mitigation of human impact guidelines for small water resources that are placed in or 

near urban areas. 
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1 Abstract  

This article reviews the effectiveness of various rainwater management measures in reducing inflow 

into urban sewer networks and mitigating the risks of urban flooding. It emphasizes the role of numerical 

models in planning and designing green infrastructure solutions, including vegetative filter strips, bio-

retention systems, and permeable pavements. The analysis draws on numerous studies to highlight the 

significant reduction in runoff volume and pollutant concentrations achieved through these measures. 

Factors influencing the efficiency of these measures, such as weather conditions, rainfall intensity, and 

material characteristics, are examined in detail. The paper also discusses the use of mathematical 

modeling tools like SWMM and MIKE URBAN for simulating and optimizing the performance of 

rainwater management measures. The integration of these measures into urban drainage systems is 

crucial for sustainable urban development, providing essential insights for future adaptation strategies 

and enhancing the resilience of cities to climate change impacts.  

 

Keywords: wastewater, stormwater, runoff, infiltration, climate change, urban areas 

2 Introduction  

The impacts of climate change also affect the operation of sewer networks under the conditions of the 

Slovak Republic. Due to climate change, there are increasingly frequent periods of drought alternating 

with intense rainfall events, sometimes including heavy downpours. These events can lead to increased 

overflows of mixed wastewater into receiving waters or overload sewer networks, potentially resulting 

in urban flooding. The combination of negative aspects of climate change and urbanization is expected 

to globally increase flood risk in urban areas. During intense rainfall, the flow of stormwater can reach 

the capacity flow rate, fill the pipe cross-section, and create pressurized flow, or even backwater, 

subsequently causing urban flooding. The increased proportion of impermeable surfaces reduces 

evapotranspiration and water retention in the landscape, leading to increased surface runoff volume, 

concentration rates, and maximum flood volume. The intensification of these negative phenomena is 

caused by the combination of climate change and high levels of urbanization. 

 

A new concept of urban drainage has been developed to mitigate the impact of climate change on urban 

environments. This concept is based on principles of sustainable stormwater management and the 

implementation of adaptation measures into urban systems. When designing effective measures to 

reduce stormwater inflow into sewer networks and regulate flow within the network, it is advantageous 

to involve mathematical models in the design process. These models can predict the behavior of 

wastewater flow under various scenarios. Using models, it is possible to identify problematic sections 
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of sewer networks and subsequently propose modifications to these network segments or implement 

flow accumulation devices. Additionally, nature-based solutions can be designed to mitigate the broader 

impacts of climate change. 

 

The aim of adaptation measures and components of sustainable urban drainage systems is to create 

natural hydraulic and hydrological conditions for rainwater runoff from urban environments, aiming to 

mimic natural hydrological cycles. Directing surface runoff into sewer networks is considered a final 

resort in this context, applicable only after considering all other options [1]. In design, efficient rainwater 

drainage solutions from urbanized areas hold significant priority to positively impact the urban 

landscape [2]. However, the level of this impact depends on current local conditions and legislative 

regulations that set parameters for quantitative and qualitative runoff. Numerous studies emphasize the 

beneficial effects of integrated rainwater management on human health and the increase in property 

values within a given region [3]. Technologies for capturing rainwater fall under this category of 

devices, which can serve as a water source for flushing, washing, and irrigation [4]. The construction of 

rainwater management devices may utilize filtration materials capable of reducing organic pollutants 

(nutrients and heavy metals), sorption materials, or mechanical separators that remove floating debris. 

International research provides insights into the cleaning capabilities of these devices [5]. During the 

selection process of components for sustainable rainwater management systems, geological and 

hydrological characteristics of the site, ecological condition of the receiving body, urban layout, and 

architectural integration of devices are considered [6]. Integration of these elements into urban drainage 

systems aims to minimize surface runoff, reduce peak flow in sewer networks, and decrease the volume 

of discharged wastewater into receiving bodies. Objects supporting evaporation, infiltration, and 

delayed runoff are proposed to mitigate surface runoff. 

 

Given the current trend and the support for sustainable urban development, numerical models are often 

used in hydrology of urban areas for simulating surface runoff, the transport of pollutants in catchment 

areas, the impact of stormwater runoff on sewer networks and surrounding areas, and for the design and 

assessment of rainwater management measures in urban areas [7]. 

 

Mathematical models of drainage systems are increasingly used in the planning and design of green 

solutions to reduce rainwater inflow into sewer networks and to decrease the likelihood of urban 

flooding. The optimal use and comparison of these models is addressed in a Swedish study by 

Broekhuizen et al. (2019), which analyzes various models (MOUSE, SWMM, and Mike SHE) and their 

differences in simulations of surface runoff from green areas. The analysis of the models was conducted 

using simulations involving 11 different soil types and 6 varying soil depths. Variations in the model 

results were attributed to differing mathematical formulations. The study concluded that these variations 

could have a significant impact on design and assessment processes. The simulation results indicate that 

the influence of green spaces is a crucial factor that must be considered when modeling urban drainage 

systems [8]. 

 

Kourtis and Tsihrintzis (2021), in their study on adaptation measures, compared 29 scientific papers that 

included case studies evaluating the impact of climate change on sewer networks. They found that 41% 

of the papers used the SWMM program and 25% used DHI programs. The remaining studies used 

various models [9]. 

 

Radinja et al. (2019) utilized a hydrological-hydraulic model of the sewer network to assess the 

functionality of SUDS (Sustainable Urban Drainage Systems) objects in the urban catchment area of the 

of Girona. This involved a comprehensive assessment of the sewer system's functionality with 

implemented devices to reduce the volume of overflow waters. The SWMM program was used to create 

the mathematical model, and based on the results of a multi-criteria analysis, the impact of SUDS objects 

on the network was assessed [10]. 

 

The topic of surface runoff reduction in relation to LID (Low Impact Development) measures is also 
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discussed by Kong et al. (2017) using simulations of various load scenarios, they monitored the 

efficiency of LID facilities [11]. This study focused on the hydrological responses of stormwater runoff 

characteristics to four different urban land use conversion scenarios using a GIS-based SWMM model. 

Procedures using similar principles to capacity assessment were also used in examining the reduction of 

the amount and volume of overflows and the risk of urban flooding. 

 

Elliott & Trowsdale (2007) assess the suitability of 10 different models (MOUSE, MUSIC, P8, PURRS, 

RUNQUAL, SLAMM, StormTac, SWMM, UVQ, and WBM) for simulating LID objects in interaction 

with the sewer network. They compare the models in terms of potential use, temporal distribution, 

representation and spatial distribution of the catchment area, runoff formation, hydraulic progression, 

and modeled pollutants [12]. 

 

Hernes et al. (2020) assessed the impact of four design scenarios using SUDS measures on overflow 

discharges in the city of Oslo using the MIKE URBAN program. They evaluated the performance of 

two different SUDS measures, green roofs, and rain gardens, through simulations of a single rain event 

and continuous simulation. The study results showed that rain gardens have a greater impact on reducing 

overflow volumes, while green roofs are effective for smaller rain events [13]. 

 

Nguyen et al. (2020) explore and propose a new modeling framework for the future development and 

implementation of the "Sponge City" concept. The "Sponge City" concept is increasingly appearing as 

a new type of integrated urban water systems approach focusing on addressing stormwater management 

problems in cities. However, there are missing auxiliary tools for planning, assessment, and life cycle 

evaluation. The mentioned study addresses this issue by summarizing a proposal for a new "Sponge 

City" modeling framework capable of simulating environmental and socio-economic aspects of this 

integrated approach. The proposed model could be used in the future not only for assessing the efficiency 

of drainage capacity of sewer networks and "Sponge City" objects but also for multi-criteria analysis of 

the urban water system [14]. 

 

The sensitivity of urban flood simulations to stormwater drainage and infiltration infrastructure was 

investigated in a study at the University of Alabama by Anni et al. (2020). The case study examines the 

flood situation under the conditions of the university campus, where a measurement campaign was 

conducted to determine infiltration rates, soil moisture, and soil texture. Using the MIKE URBAN 

modeling tool, they compared different recurrence intervals of rainfall events to identify problem areas 

on the campus. The simulations further showed significant differences in water depth and flood extent. 

The study results demonstrate that urban flood simulations are sensitive to the inclusion of urban 

drainage infrastructure and to the values and spatial distribution of soil input data [15]. 

3 Adaptation measures to reduce rainwater inflow into the sewer network 

The main goal of these devices is to minimize the intensity of surface runoff caused by rainwater, thereby 

ensuring a reduction in peak flow to the sewer network and wastewater treatment plant (WWTP) and 

preventing potential degradation of the quality of surface and groundwater. Measures for stormwater 

management (SWM) are essentially structures and devices that support evaporation, infiltration, and 

ensure slow runoff of rainwater, among others. A wide range of SWM measures are available for 

managing surface runoff from impervious areas, which can generally be divided into two basic 

categories: decentralized and centralized [16], [17]. 

 

Decentralized structures and devices for SWM are measures aimed at capturing rainwater runoff at its 

source, i.e., on the plot of the drained impervious area. In a broader sense, these are measures that 

contribute to the preservation of the natural water cycle, such as: grassed areas, permeable paved areas 

(vegetative pavers), ditches with grass cover, ditches with a filtration layer, drainage perforated pipes 

with gravel-sand backfill, and infiltration shafts. Based on their location, these measures can be divided 
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into surface and subsurface infiltration structures and devices, with a preference for surface measures as 

they support evaporation, provide aesthetic value, and thus create a pleasant environment for people [1], 

[17]. 

 

Centralized measures are proposed only when all suitable decentralized solutions have been exhausted. 

These are measures and devices intended for multiple buildings and are implemented following 

decentralized measures. Centralized measures include retention infiltration tanks and systems of 

depressions and infiltration ditches [1] [17]. 

 

Most adaptation measures are based on the infiltration of rainwater at its point of impact. These are 

among the most commonly used devices. However, the use of infiltration devices is limited by the 

geological substrate. The following table summarizes the suitability of various soil types. 

 
Table 1. Suitability of Soils for Infiltration 

SOIL TYPE FILTRATION COEFICIENT 

(M/S) 

SUITABILITY FOR 

INFILTRATION 

NOTE 

Gravelly soils > 10^-3                     Very suitable           Excellent permeability 

Sandy soils 10^-3 až 10^-5              Suitable                  Good permeability 

Loamy soils 10^-5 až 10^-7              Moderately suitable Limited permeability 

Loess soils 10^-5 až 10^-6              Moderately suitable Limited permeability 

Clayey soils  < 10^-7                     Unsuitable Very low permeability 

 

Loess soils have a filtration coefficient that places them in the category of loamy soils, making them 

moderately suitable for infiltration devices. In practice, this means that when using infiltration devices 

in loess soils, their limited permeability must be considered. Additional measures, such as optimizing 

the size and placement of infiltration devices, may be necessary to ensure their effectiveness. 

In these areas, it is advisable to reconsider the use of devices and measures such as green roofs and 

accumulation tanks, which are not constrained by the filtration capacity of the geological substrate. 

 

4 Computational Software and Modeling of Sewer Networks with Surface Runoff Reduction 

Measures 

To model adaptation measures in a hydrological basins, dozens of software programs can be used, based 

on conventional methods of runoff creation and management. Some models include components for 

groundwater and infiltration from SWM devices. These models also use conventional methods to 

accumulate and treat, i.e., reduce, the content of contaminants by using specific types of SWM measures. 

The fundamental difference between these models lies in the hydrological and hydraulic criteria required 

for the simulation of various types of measures [18]. A list of software used for mathematical modeling 

of the rainfall-runoff process is provided in Table 2. Among the most commonly used softwares are the 

Storm Water Management Model (SWMM) and MIKE URBAN, due to their wide range of applications 

and ease of modeling.  

 
Table 2. List of commonly used models and their applications [18]. 

MODELLING TOOL DEVELOPER APPLICATION 

Green Infrastructure Flexible Model 

(GIF-Mod) 

Massoudieh et al. Modeling hydrological processes and 

water quality processes through green 

infrastructure 

Green Values National Stormwater 

Management Calculator 

U.S. EPA Comparing the performance, costs, and 

benefits of green infrastructure 

RECARGA University of Wisconsin Evaluating the effectiveness of 

bioretention measures, rain gardens, 

and infiltration tanks 

Water Balance Model (WBM) The British Columbia Inter-

Governmental Partnership (BCIGP) 

Supporting decision-making and 

scenario modeling through the 

implementation of green infrastructure 
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Long-Term Hydrologic Impact 

Assessment Model (L-THIA-LID) 

Bernie Engel and Jon Harbor (Purdue 

University) 

Simulating runoff and pollutant 

loadings using SWM measures 

Hydrologic Engineering Centre – 

Hydrologic Modelling System (HEC-

HMS) 

U.S. Army Corps of Engineers Simulating hydrological processes in a 

watershed 

Win-Source Loading and Management 

Model (Win-SLAMM 

Bob Pitt, University of Alabama Evaluating runoff volume and 

pollutant loading 

MIKE +/ Model for Urban Sewers 

(MOUSE) 

DHI Modeling system for analyzing urban 

drainage and sewer systems 

Storm Water Management Model 

(PCSWMM) | 

U.S. EPA Dynamic hydrological and hydraulic 

modeling of watershed runoff, 

considering SWM as a component 

HYDRUS PC-Progress Analyzing water flow, heat, and solute 

transport in porous media 

 

5 Effectiveness of rainwater management measures  

The effectiveness of measures applied to reduce rainwater inflow into a given catchment area, in terms 

of reducing the volume and speed of runoff, has been assessed by many authors in their research. For 

instance, Grey, V. et al. (2018) [19], Kolasa-Wiecek, A. et al. (2021) [20], Berndtsson, J.C. (2010) [21], 

Zhu, H. et al. (2019) [22], among others, in their studies, note that certain measures such as vegetated 

roofs, bio-retention systems, and permeable pavements significantly contribute to reducing runoff 

volume and are capable of capturing nearly the entire volume of surface rainwater runoff. By capturing 

nearly, the total volume of runoff (99%), these measures completely alleviate the burden on the sewer 

network. The high efficiency of these measures was particularly observed during rain events of lower 

intensity and shorter duration. At higher intensities, the efficiency of these measures was somewhat 

lower. Processes such as infiltration and evapotranspiration play an important role in reducing the 

volume of surface rainwater runoff, being able to reduce runoff by approximately half. Of course, the 

effectiveness of these measures is conditioned by several factors, primarily depending on the weather 

conditions of the catchment area (air temperature and humidity), the intensity and duration of the rain 

event, and the type and characteristics of the given measure (thickness of the filtration layers, used 

materials, infiltration capacity, etc.) [20], [21], [22]. 

 

Other studies have focused on the effectiveness of rainwater management measures in reducing pollutant 

concentrations, given that some measures involve processes such as filtration, sedimentation, 

adsorption, etc. The most frequently monitored parameters were total suspended solids (TSS), total 

nitrogen (TN), and total phosphorus (TP), heavy metals such as Pb, Cu, and Zn, considering the 

significant risk they pose to environmental degradation and human health [24], [25]. Berndtsson C.J. 

(2010) [21], Ahiablame, M.L., et al. (2012) [23], Griffin, D.R. (2018) [26] conducted review studies 

comparing dozens of research papers, technical reports, projects, government documents, and more. 

These authors, among others, evaluated the effectiveness of contaminant removal from surface runoff 

by comparing different measures. The authors of the review studies noted that the effectiveness of 

undesirable substance removal ranged from 0 to 99%, with the efficiency of removal and capture being 

conditioned by several important factors: the applied measure, characteristics of the filtration material 

(thickness, type of material), concentration of surface runoff pollution, physicochemical properties of 

pollutants, maintenance of devices, lifespan of the given device, geometric characteristics of the device, 

used vegetation, geological conditions of the catchment area, etc. [23], [22], [21], [26]. 
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Table 3. The percentage expression of captured runoff volume and reduction in contaminants present in 

stormwater runoff) [27] 

Measures  

Runoff TSS TP TN Zn Cu Pb 

[%] 

Green roofs  23 - 99 - 26-80 - > 96 > 96 > 93 

Vegetative filter strips 

 
35-95 >80 43-95 34-74 24-51 25-65 - 

Trench  14 - 98 30- 97 24-99 14-61 68-93 - <29 

Bio-retention systems  23 - 97 47-99 29-99 32-99 62 - 97 43 - 99 31 - 97 

Permeable pavements 

 
50 - 94 58 -94 10-78 - 73 - 99 20 - 99 74 - 99 

6 Conclusion 

The effectiveness of various rainwater management measures, such as vegetative filter strips, bio-

retention systems, and permeable pavements, in reducing rainwater inflow and mitigating urban 

flooding has been extensively studied. Numerical models of sewer networks play a crucial role in 

planning and designing these measures by providing detailed simulations of rainfall-runoff processes 

and enabling precise comparisons of different solutions. Studies have demonstrated that these measures 

can significantly reduce runoff volume, capture nearly the entire volume of surface rainwater runoff, 

and alleviate the burden on sewer networks, particularly during low-intensity rain events. 

 

The efficiency of these measures is influenced by several factors, including weather conditions, rainfall 

intensity and duration, and the characteristics of the measures themselves. Processes such as infiltration 

and evapotranspiration contribute significantly to runoff reduction. Additionally, these measures are 

effective in reducing pollutant concentrations, with varying efficiencies depending on the type of 

pollutant and the specific characteristics of the filtration material and implemented devices. 

 

Mathematical models, such as SWMM and MIKE URBAN, are essential tools for evaluating the impact 

of these measures on urban drainage systems. They enable the assessment of different scenarios and the 

optimization of design and operational strategies. Future developments, such as the "Sponge City" 

concept, aim to integrate environmental and socio-economic aspects into urban water management, 

further enhancing the capacity to address stormwater challenges. 

 

In summary, the integration of rainwater management measures into sewer network models offers a 

comprehensive approach to sustainable urban development, providing a foundation for effective 

planning, design, and implementation of solutions to reduce rainwater inflow, improve water quality, 

and mitigate urban flooding. As urban areas continue to grow and climate change impacts intensify, 

these models and measures will be increasingly important in creating resilient and sustainable cities. 
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1 Abstract  

Water treatment represents the necessary step in several cases related to obtain a quality and a safe 

drinking water. Treatment plants are among technically and technologically advanced constructions that 

anytime are to treat the ground or surface water to get drinking water complying with the requirements 

of the Decree of the Ministry of Health of the Slovak Republic no. 91/2023 Coll. which establishes 

details of drinking water quality, drinking water quality control, monitoring program and risk 

management in drinking water supply. A total of 138 water treatment plants were built in Slovakia, 

currently 80 of them are in operation.  

 

Keywords: water treatment, groundwater, surface water, water treatment plant technology, drinking 

water quality  

2 Introduction  

82.2% of Slovakia’s population is supplied with drinking water from underground sources; surface 

water is used in locations without a high-quality groundwater source. As regards the quality of the 

groundwater used for drinking water supplies, the decisive indicators are the contents of iron, 

manganese, ammonia ions, heavy metals (e.g. arsenic, antimony), etc., while the CO2 content, hydrogen 

sulphide content and microbiological quality of the water are also not negligible. Approximately only 

17.8% of the total amount of water supplied to public water supply systems is water obtained from 

surface sources.  

The sources of surface water present surface flows in mountain and foothill areas and water reservoirs 

that were built for the purpose of intake of high-quality water for drinking purposes. For extraction of 

water from these sources water treatment plants with a projected capacity of 1 to 1,000 l/s have been 

built. Approximately only 17.8% of the total amount of water supplied to public water supply systems 

is water obtained from surface sources.  

In the case of surface waters, substances that cause turbidity, colour and odour, humic substances, 

microbiological and biological recovery, etc. need to be removed from the water. The occurrence of 

micropollutants (pesticides, pharmaceuticals) and cyanobacteria, algae, which cause problems in some 

water sources, is now increasingly coming under the spotlight. 

In this case, water treatment is necessary. Water treatment has evolved historically from slow sand 

filtration, dosing of chemicals, various separation stages, filtration in conjunction with sorption, to water 

disinfection. The choice of the appropriate water treatment technology depends on the quality of the 

water source, the quantity of the water to be treated and the legislative requirements, which are becoming 

increasingly stricter with regard to public health. 

3 Overview of the History of Water Treatment 

Man has striven to obtain and use relatively clean water over the course of the centuries of his existence. 

There are files in ancient Greek and Sanskrit dating back to about 4000 years BCE with the first 

references to water treatment; these contain recommendations on heating water in the sun or boiling it 

over fire, on filtering water through sand and gravel, percolating it so as to improve its properties. At 

that time, turbidity was the force driving people to use these methods, as they were then unaware of 
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microorganisms or chemical contaminants. In ancient Egypt, images were preserved on the walls of the 

tombs of Amenophis II in Thebes and later of Rameses II, which document for the first time the use of 

aluminium which was put in water receptacles to reduce the turbidity. This predecessor of the current 

coagulation process dates back to circa 1500 BCE. Hippocrates, regarded as the “father of medicine”, 

discovered the healing effects of water and he also devised the so-called “Hippocratic sleeve” which 

was a filter made of fabric in the shape of a sleeve through which rainwater was filtered after boiling. 

 

“A doctor who arrives in an unknown town should have a clear idea about the water used by its 

population.”                                                             Hippocrates (460-377 BC) 

 

In 1804, the first water treatment plant based on slow sand filtration was built in Scotland; it was 

designed by Robert Thom. In 1806, a large facility for water treatment was operated in Paris. The treated 

water was first retained in cisterns for 12 hours and then transported to filters consisting of sand and 

charcoal. In 1827, Englishman James Simpson designed for London the treatment of water from the 

Thames by slow sand filtration through a sand filter. In 1835, in his book “Public Health” Dr. Robley 

Dunlingsen recommended the addition of a small amount of chlorine to contaminated water to render it 

potable. The first rapid sand filters were put into operation in Sommerville (New Jersey, USA) in 1885 

and in Europe in the water treatment plant in Zürich where, even today, slow sand filtration is still in 

operation. At the end of the 19th century, Dr. G. W. Fuller dealt with rapid filtration; in 1897 he found 

that bacteria are removed from water more efficiently when coagulation and sedimentation precede 

filtration [1]. 

4 History of Water Treatment in Slovakia 

The history of water treatment within our territory started in the 1930s, given that in Slovakia 

groundwaters of excellent quality are the predominant source used for supplying the population with 

drinking water.  

The development of water treatment plant construction in Slovakia was related to increased water 

consumption in the post-war period due to the development of industrial production. In the 1960s and 

1970s, the largest increase in the population connected to the public water mains was achieved. The 

increase in the numbers of population served and the comfort of housing also disproportionately 

increased water consumption, which exceeded water consumption in developed countries elsewhere in 

the world. This trend continued until the early 1990s. 

In the 1930s, the first water treatment plants were put into operation, all of them in Eastern Slovakia. 

The oldest one was built in 1930 – Smrdiace Mláky with an output of 8 l/s used slow sand filtration, 

while a further three treatment plants treating groundwater by filtration through crushed limestone were 

built in 1932–1934. None of these remains in operation today. 

1930s: 4 treatment plants, slow sand filtration, contact filtration through crushed limestone. 

In the war and post-war period (1940s), two groundwater treatment plants were put into operation – 

Vajs Springs and Modra – Harmónia where the water was de-acidified by way of contact filtration in 

crushed limestone filters. The Vajs Springs treatment plant near Krupina, built in 1942, was 

reconstructed in 2016; the limestone was replaced with semi-burnt dolomite; the water from this plant 

was supplied to Poltár. 

1940s: 2 treatment plants. 

Even in the following decade, water treatment plants using slow sand filtration were built; one of these 

plants – Kremnica treatment plant – with this technology, following its reconstruction in 1986, remains 

in operation with an output of 15 l/s. In this period, three surface water treatment plants were put into 

operation in which slow sand filtration was replaced with standard rapid filtration; however, this was 

ineffective in certain time periods. In 1958, the groundwater treatment plant Dedina Mládeže 

commenced operations; here, iron and manganese were removed from water for the first time in 

Slovakia. In this decade, 8 water treatment plants were built using slow, rapid and contact filtration and, 

for the first time, iron and manganese removal. 
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1950s: 8 treatment plants, contact filtration – HBD, rapid filtration, iron and manganese removal. 

In the 1960s, the number of treatment plants increased considerably, in combination with the increase 

in the population linked to the public water supply and the development of industry. 42 treatment plants 

were built, 21 for the treatment of groundwater and 21 for the treatment of surface water, while in one 

of them both groundwater and surface water were treated. As regards groundwater, iron and manganese 

were removed and the water was de-acidified. In this period, coagulation first came into use in the 

treatment of surface waters. In 1963, the Štrbské Pleso water treatment plant was put into operation; it 

was reconstructed in 2019 and, membrane technology is currently employed here. In 1965, the 

construction of the Hriňová water treatment plant was completed; it was the first treatment plant treating 

water from a water reservoir and, at that time, with the largest design output – 260 l/s. In the southern 

part of Western Slovakia, several water treatment plants removing iron and manganese from 

groundwater were put into operation: Nitra I – Horné Lúky – 150 l/s, Nové Zámky – 111 l/s, Šaľa – 58 

l/s. And the same issue was also resolved in Eastern Slovakia in the water treatment plants Borša – 75 

l/s, Michalovce – 100 l/s and Hrádok – 200 l/s. 

The Perlová Dolina water treatment plant treating surface water has been in operation since 1968; it was 

reconstructed several years ago and membrane technology and micro sieves are in use there as the first 

plant treating surface waters. In the same year, the Osuské water treatment plant for the treatment of 

groundwater was put into operation. It is the oldest plant for groundwater treatment; hydrogen sulphide 

and sulphuric bacteria are removed from the water there. The treatment plant has now been in operation 

for more than fifty years, following its reconstruction in 2015. It is located at the foot of the Small 

Carpathians and is an important part of the Senica group water supply system. Four sand filters were 

extensively modernised as part of the overall reconstruction of the water treatment plant (WTP). The 

original filter bottoms were replaced with the TRITON stainless steel drainage system; this was its first 

installation in Slovakia. The reconstructed water treatment plant was nominated in the 2015 

Construction of the Year competition. In 1969, the Demänovská Dolina water treatment plant was put 

into operation; it is another of those which remain in operation, in this case after reconstruction in 2008. 

Of the water treatment plants built in this decade, 31 were decommissioned; this was due, in some cases, 

to utilisation of the large-capacity water resource on Žitný Ostrov. 

1960s: 42 water treatment plants, coagulation. 

Overview of the number of water treatment plants put into operation in individual decades is listed in 

Table 1.  

Table 1. Overview of the number of water treatment plants put into operation in individual decades  
YEARS NUMBER 

OF WTPs 

SOURCE: 

GROUND 

WATER 

SOURCE: 

SURFACE 

WATER 

WTP IN 

OPERATION 

WTPs AFTER 

RECONSTRUCTION* 

1930s 4 3 1 0  

1940s 2 2  1 1 

1950s 8 4 4 4 1 

1960s 43 20 21 11+1 6 

1970s 37 12 27 27 3 

1980s 26 4 21 23 1 

1990s 9 2 7 7  

2000-2010 6 5 1 5 1 

after 2010 3 2 1 2 1 

TOTAL 138 54 83 80 14 

* The reconstruction of the treatment plant, which was built in the mentioned years, does not mean the 

year of reconstruction 

WTP – water treatment plant 

Selected water treatment plants with used technology are listed in Table 2.  
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Table 2. Selected water treatment plants with used technology 
Water Treatment Plant Water Source Capacity l/s 

projected/currant 

Technology Year of putting 

into operation 

Note 

Holíč 

Western Slovakia 

Ground water 100/60 aeration, lime dosage, 

contact filtration, 

sedimentation 

1975 removal of Fe a Mn, H2S, NH4, colour, odor, aggressive 

CO2 

Kúty 

Western Slovakia 

Ground water 80/40 aeration, lime dosage,  

filtration 

1999 removal of Fe a Mn, H2S, colour, odor, aggressive CO2 

Osuské 

Western Slovakia 

Springs, Ground 

water 

35/70 

 

aeration, filtration 1968-2015 

reconstruction 

removal of H2S and sulphuric bacteria 

Boťany 

Eastern Slovakia 

Ground water - 

wells 

180/ 80 contact filtration, 

sedimentation 

1982 removal of Fe a Mn, aggressive CO2 

Lastomír Ground water - 

wells 

100/16 contact filtration 1980 removal of Fe a Mn, NH4, aggressive CO2 

Demänová 

Central Slovakia 

Surface-

watercourse 

90 coagulation, flocculation, 

filtration 

1969 removal of turbidity, biological pollution 

Nová Bystrica 

Northern Slovakia 

Surface- Water 

supply reservoir 

700/200 coagulation, flocculation, 

filtration, sedimentation 

1983 removal of turbidity, biological pollution 

Hriňová 

Central Slovakia 

Surface- Water 

supply reservoir 

280/140 coagulation, flocculation, 

filtration, sedimentation 

1965 removal of turbidity, biological pollution-

algae,cyanobacteria 

Klenovec 

Central Slovakia 

Surface- Water 

supply reservoir 

460/120 flotation, filtration, 

membrane process 

1974, 2019 

reconstruction 

removal of turbidity, biological pollution-

algae,cyanobacteria 

Málinec 

Central Slovakia 

Surface- Water 

reservoir 

230/120 coagulation, flocculation 

filtration, sedimentation 

1995 removal of turbidity, biological pollution-algae, 

cyanobacteria 

Turček 

Central Slovakia 

Surface- Water 

supply reservoir 

500/130 coagulation, flocculation, 

sedimentation (lamela 

settling tanks),filtration 

1979,1999 removal of turbidity, biological pollution-

algae,cyanobacteria 

Bardejov 

Eastern Slovakia 

Surface-

watercourse 

100/6,8 coagulation, flocculation 

filtration, sedimentation 

1984 removal of turbidity, biological pollution 

Bukovec 

Eastern Slovakia  

Surface- Water 

supply reservoir 

410/125 coagulation, flocculation, 

filtration, sedimentation 

1979 removal of As, Sb, Mn, turbidity, biological pollution 

Štrbské Pleso 

Eastern Slovakia 

Surface-

watercourse 

10/13 Coagulation, membrane 

technology-ultrafiltration 

1963. 2019 - 

reconstruction 

removal of turbidity, biological pollution 

Perlová Dolina 

Eastern Slovakia 

Surface-

watercourse 

15/25 Microstrainer, membrane 

technology 

1968. 2017 - 

reconstruction 

removal of turbidity, biological pollution 
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In the 1970s, the trend of the construction of water treatment plants continued, 37 water treatment plants 

were built, 12 of them treating groundwater, for instance in Tatranská Štrba, Bardejov, Lekárovce, Holíč. 

Large water treatment plants for treating surface waters from water reservoirs were put into operation: 

Klenovec where the plant was reconstructed and ceramic microfiltration installed for the first time 

during the reconstruction, Bukovec WTP with an output of 700 l/s. The Turček WTP built in 1979, 

which treated water from surface sources, was reconstructed and extended in 2000; here water is 

extracted from a reservoir. In this treatment plant, the first separation stage is performed in lamella 

sedimentation tanks which represent an increase in sedimentation efficiency over the conventional 

settlement tanks; these are the only examples of this type in Slovakia. Currently, 27 out of 37 of these 

treatment plants are in operation. 

1970s: 37 water treatment plants. 

In the subsequent years up to the present, the number of water treatment plants increased by 18. The 

largest of them: Málinec in Central Slovakia with an output of 230 l/s: currently, it treats 120 l/s; 

Jakubany in Eastern Slovakia with a design output of 100 l/s: currently 29 l/s; Kúty in Western Slovakia 

where groundwater with an increased iron and manganese content is treated: currently 42 l/s are treated. 

1980s: granular activated carbon: bromates removal. 

5 Membrane technologies in Water Treatment in Slovakia 

In 2005, as part of the reconstruction, ultrafiltration was first installed for supply to the public water 

supply network in the Čierny Balog water treatment plant. The Čierny Balog water treatment plant 

addresses turbidity and bacterial pollution in the surface water source. Ultrafiltration serves as a barrier 

to the iron and manganese present in the water source (0.07 to 0,40 mg/l Fe and 0.005 to 0.085 mg/l 

Mn) and in the coagulating agent – Fe2(SO4)3. Ultrafiltration is not capable of capturing these metals in 

their dissolved form but it is effective in their oxidised form. The Čierny Balog WTP uses chlorine 

dioxide to disinfect water; this is a suitable oxidising agent not only for Fe but also for Mn. 

After modernisation, the output of the Štrbské Pleso WTP increased from 10 l/s to 13 l/s. A new building 

was constructed on the site of the original water treatment plant without any option of spatial expansion 

as the building is sited in a level 5 nature protection zone. During reconstruction, the Štrbské Pleso 

treatment plant was supplied from the auxiliary source of Popradské Pleso. Ultrafiltration (UF) in hollow 

fibre membrane modules is the main water treatment stage. Coagulation and a tubular reactor are used 

for pre-treatment to achieve the necessary reaction time for flake formation. Figure 1 shows a view of 

the water treatment plants, Štrbské Pleso on the left with ultrafiltration modules and Štôla on the right 

with a hall filled with slow sand filters. 

 

 
Figure 1 Štrbské Pleso WTP – view into the WTP with ultrafiltration modules (left), Štôla WTP – hall with slow 

sand filters (right) 

After modernisation, the output of the Perlová Dolina WTP increased from the original 15 l/s to 25 l/s. 

A new building was constructed for the new technology within the premises of the old water treatment 
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plant. Membrane ultrafiltration is the main technological stage with a filtration degree of 0.1 – 0.2 µm. 

The membranes consist of hollow fibres set in the membrane modules.  

The Jasná WTP was built in 1999. It treats drinking water from the Zadná Voda surface source in 

Demänovská Dolina. It was extensively reconstructed in 2017 when the water treatment technology was 

modernised. Two sieve filters are used for water treatment, one with an opening size of 500 μm and the 

other with an opening size of 200 μm, followed by 6 pressure sand filters; the final treatment stage 

consists of a cassette microfibre filter with an opening size of 20 μm. Subsequently, the water is 

disinfected with chlorine, accumulated in storage towers and provided to consumers. The design 

capacity of the water treatment plant is 30 l/s, the permissible extraction of water from the water source 

15 l/s. At turbidities of over 50 NTU the water treatment plant is switched off, and the population and 

hotels are supplied from water accumulated in the storage towers which are located next to the water 

treatment plant. The accumulation is secured by two storage towers, one with a volume of 1,500 m3 and 

the other 400 m3.  

The water treatment plant in Červený Kláštor is of special interest as history is combined with modern 

water treatment technology here: slow sand filtration with membrane technology. Slow sand filters are 

no longer in operation;, they have been replaced with ultrafiltration modules. The original capacity of 

the Červený Kláštor water treatment plant was 3.5 l/s; after reconstruction and installation of membrane 

technology, it has an output of 2 l/s. 

In 2019, modernisation of the Klenovec WTP commenced; it treats surface water from the Klenovec 

water reservoir and, following reconstruction, flotation and membrane microfiltration are included in 

the water treatment process line. The treatment plant capacity is currently 140 l/s. 

Membrane technologies are used to remove arsenic from water. The Jasenie WTP treats groundwater 

from the “Rástová” water source where the arsenic content has long achieved values of 40 to 90 μg As/l. 

The original technology of As3+ oxidation to As5+ by continuously dosing KMnO4 solution was replaced 

in 2007 with ozonisation with subsequent As5+ sorption by hydrated iron oxides and filtration on the 

DynaSand® continuous sand filter; this was, in turn, replaced in 2021 with oxidation of As by chlorine 

dioxide followed by coagulation and flake separation by ultrafiltration. 200 μm mechanical filtration 

precedes ultrafiltration. The design output after reconstruction is 18 l/s.  

The Selec water treatment plant removes arsenic from the water in a similar manner. The As 

concentration in raw water ranges from 14.3 to 26.7 µg/l, whereby As in treated water was measured 

from 2.5 to 7.79 µg/l. The water treatment plant is operated at a flow rate of 9.5 l/s. As(III) oxidation to 

As(V) by means of sodium hypochlorite is used for pre-treatment, thereby improving the affinity of 

arsenic for the coagulating agent. PAX18 is used as the coagulating agent, although other coagulating 

agents are also efficient in capturing As. A centrifugal pump is used for intensive mixing of chemical 

agents with water to provide the necessary pressure and flow, followed by a static mixer. A tubular 

reactor is used for the coagulation and formation of micro-flakes that are sufficiently large for effective 

filtration. Efficient water treatment is the outcome of this process which has been in use for years. The 

As concentration at the treatment plant exit can be readily adjusted and regulated by selecting the 

coagulating agent dose [2-6]. 

6 Discussion 

In the course of obtaining drinking water, whether from underground or surface water sources, 138 water 

treatment plants were built in Slovakia; out of this number, 80 are currently in operation, of which 14 

have been reconstructed. The number of reconstructed water treatment plants as a proportion of the total 

number of treatment plants and the year they were put into operation is inadequate. 

The functioning water treatment plants have been in operation for several decades without any major 

intervention in the technological assembly or in the mechanical-technological equipment. It follows, 

therefore, that most of them are obsolete and no longer viable. Many of these treatment plants have 

become unreliable, especially in the event of a sudden deterioration in water quality caused by the 

impacts of climate change, such as torrential rain, sudden snow melt, water shortages due to drought, 

etc. Not only does the incidence of these unfavourable situations pose a problem but also their duration, 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

398 
 

 

 

which requires operational interventions on the part of the operator. Many of them have to be shut down 

in these crisis situations as the existing water treatment technology is not able to ensure the production 

of high-quality drinking water. Most of the treatment plants situated at the foot of a mountain have just 

a single separation stage – filtration without coagulation, while in some of them even pressure filtration 

is used. 

Due to the deterioration of the treated water and, in some cases, even due to inadequate technological 

equipment, the delivery of high-quality water in these water treatment plants is only practicable with 

major effort and increased funding. The rationale for this is as follows: 

✓ obsolete and unreliable technological equipment with high energy consumption; 

✓ inefficiency of technological equipment; 

✓ deterioration in quality of water extracted from surface sources. 

Deteriorations in water quality were recorded in the past years in the water reservoirs in Klenovec, 

Hriňová, Málinec, Rozgrund and also, recently, in Turček.  

 

The water treatment plants can be rendered more efficient by enhancing:  

- the sedimentation process by use of lamella sedimentation tanks, or replacing this process with 

flotation;  

- the filtration process – by using a suitable filter design, especially by replacing the old bottom with 

nozzles with systems of the Leopold or Triton type which not only provide more effective filtration 

but also regeneration – washing of the filter cartridge and appropriate choice of material. Membrane 

technologies represent a very efficient separation process in water treatment.  

More attention needs to be paid to the pre-treatment of water – removal of cyanobacteria and other living 

organisms, use of activated carbon to remove organic pollution, reduction in the aggressiveness of water 

and enriching the water with magnesium or calcium. 

In recent years, there has been a considerable effort to modernise technological processes. This pertains 

also in Slovakia in the form of water treatment plant modernisations that are either in preparation, 

underway or have already been performed, e.g. the water treatment plants in Perlová Dolina, Štrbské 

Pleso, Demänovská Dolina, Osuské, Borinka, Holíč, Turček and currently, the water treatment plants in 

Klenovec and Málinec. 

 

Directive (EU) 2020/2184 of the European Parliament and of the Council of 16 December 2020 on the 

quality of water intended for human consumption regulates the periodic control of the efficiency of solid 

form separation. The operator is also required to monitor the “turbidity” parameter of the treated water, 

for which a significantly stricter benchmark must be met – 0.3 NTU for 95% of samples whereof none 

of the samples may exceed 1 NTU (does not apply to groundwater sources in which turbidity is caused 

by iron and manganese) [7]. 

The Slovak Republic is obliged to implement this Directive within 10 years. However, the great majority 

of water treatment plants in Slovakia do not have a separation stage such as could meet the above 

requirement, hence they will need to be modernised. Given the relatively short implementation period 

and the high number of water treatment plants requiring modernisation of technology, it is necessary to 

commence their gradual reconstruction without delay. 

There are two ways: to optimise the current water treatment technology or to use membrane 

technologies. For instance, ultrafiltration guarantees a turbidity of the treated water below 0.2 NTU. 

7 Conclusion 

Over the course of several decades, new technologies, materials, and equipment were developed, which 

led not only to the improvement of the efficiency of the water treatment process, but also to operational 

and energy savings.  And in many cases, the deteriorating quality of the treated water is the cause of 

inadequate technology. The solution to this problem lies in the modernization and reconstruction of 

these objects, but the obstacle is often considerable financial resources related to these activities. In 

recent years, even in Slovakia, modern treatment methods have been put into operation (e.g. membrane 
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processes, adsorption on GAU, flotation, multi-material filtration, advanced oxidation processes, etc.). 

Water treatment processes are highly complex. Water quality is different in every location, due to the 

variability of incidence of various substances with various concentrations. Accordingly, the design of 

new technological processes in water treatment needs to be based on the results of semi-operational 

experiments. 

The modernisation of the water treatment plants is now, and will surely be for years to come, the sole 

way to maintain their operational capacity and to improve the quality of operation by applying technical 

development. For all the parties involved, modernisation is far more demanding in terms of preparation 

and implementation than the construction of a new water treatment plant. The exchange of experience 

is the most effective way of overcoming the obstacles which are more or less inherent in every 

modernisation. 
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1 Abstract  

This paper analyses the seasonal changes of the thermocline position in two water reservoirs in Slovakia: 

the Rozgrund and the Turček reservoir. As preliminary results show, stratification is formed in both 

cases. In the summer, its course is almost the same; the thermocline is at a depth of about 4-5 m below 

the water surface. In the spring and the autumn season, however, the thermal stratification in these 

reservoirs is different. The study presents measurements over the one year. In the next step, data from 

next measurement campaigns, as well as the results of numerical simulations, will be analysed to 

confirm the facts found. 

 

Keywords: temperature, stratification, thermocline, seasonal changes, drinking water supply, the Turček 

reservoir, the Rozgrund Reservoir 

2 Introduction  

Water has a special position among the fluids. Its density in lakes, brooks, and rivers is not quite the 

same in different places and at different times. Although the differences that occur are generally small 

in themselves, they are nevertheless of great importance to the events in the water bodies [1]. In general, 

differences in density are mostly brought about through variations in temperature and salt content. In 

fresh water, it is primarily the temperature. It is known, that water occupies a special position in this 

respect. Its density does not increase continuously with decreasing temperature, as is the case with all 

other substances, but reaches its maximum at 4° C, after which it decreases. This anomalous behaviour 

of water is the cause of some very for life important natural phenomena [2]. 

 

Seasonal changes of thermal stratification are common phenomenon in deep lakes or reservoirs. Thermal 

stratification means that the water in such water bodies forms certain thermal layers due to solar heating. 

The heated atmosphere imposes a temperature signal on the water body surface. As a result, thermal 

stratification can be established during the warm season if a lake or reservoir is sufficiently deep. On 

the contrary, during the cold period, surface cooling forces vertical circulation of water masses and 

removal of gradients of water properties [3]. Additionally, the hydrological regime of many lakes and 

reservoirs has been modified to the extent that such water bodies have fundamentally changed their 

appearance, e.g., Aral Sea [4], or their stratification pattern has been altered by human impact, e.g., Dead 

Sea [5] or by climatic variability, e.g., Caspian Sea [6]. A considerable portion of the lakes or reservoirs 

on Earth is permanently stratified. Deep lakes or reservoirs especially show this feature. As a 

consequence, many of the largest water bodies (e.g., Caspian Sea, Baikal, Tanganyika, Malawi-Nyasa) 

and many middle size and small water bodies do not circulate completely in the vertical and do not show 

a homogenized, overturning water body at any time during the annual cycle. Anyway, stratification has 
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decisive impact on the redistribution of dissolved substances, such as nutrients or oxygen, and hence 

determines the biocenosis that can form in the water body [7, 8]. So, a good knowledge of the 

stratification of the water body thus helps to understand and predict the biota of the water body and thus 

the water quality in it. 

 

When a water body stratifies, three different layers typically form (see Fig. 1): 

• Epilimnion - the warm, upper layer that receives sunlight and contains the most dissolved 

oxygen 

• Metalimnion - the middle layer where the temperature changes rapidly with depth 

• Hypolimnion - the cold, dense bottom layer that rarely receives direct sunlight and has the least 

amount of dissolved oxygen. 

 

Thermocline is a relatively thin part of the metalimnion layer in which temperature decreases rapidly 

with depth increase. The thermocline was defined as a layer of water in which the temperature decrease 

1° or more along 1 meter of the depth. 

 

 

 
Figure 1. . Scheme of stratification in lakes and reservoirs (source:Fafard, 2018) 

(https://www.iisd.org/ela/blog/lakes-stratify-turn-explain-science-behind-phenomena/) 

 

Seasonal changes in the intensity of solar radiation and air temperature cause continuous changes in 

thermal stratification. A change in water temperature causes a change in its density, which makes it 

move and thermal layers mixing. Such mixing in lakes or reservoirs is extremely important, as it is the 

event that, for example, causes replenishing dissolved oxygen levels in the deepest waters of such water 

bodies. This movement causes a change in the stratification of several water quality indicators (chemical 

stratification) and also the position of the thermocline. 

 

The classification of lakes/reservoirs according to their circulation pattern is as follows [4]: 

1. Holomictic lakes/reservoirs overturn and homogenize at least once a year. 

2. Meromictic lakes/reservoirs are water bodies in which the deep recirculation does not include the 

entire water body.  

4. Amictic lakes/reservoirs do not experience a deep recirculation. Usually, permanently ice-covered 

lakes are included in this class.  

Holomictic lakes/reservoirs are subdivided into classes indicating the frequency and time of overturn. 

Lewis [9] subdivided the classes even further. ‘‘Polymictic’’ refers to lakes/reservoirs which are not 

deep enough to form a hypolimnion. The entire water body behaves like an epilimnion, which is mixed 

by sporadic strong wind events over the year or even on a daily basis in response to strong daily 

temperature cycle. ‘‘Dimictic’’ lakes/reservoirs are handled as prototypes of such water bodies in 

moderate to cold climates, with two circulation periods in general. ‘Monomictic’’ lakes/reservoirs 
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possess one circulation period in addition to the stratification period. Many lakes/reservoirs in the 

temperate climate belong into this class if they do not develop an ice cover during winter. Such water 

bodies are sometimes also referred to as warm monomictic to distinguish them from cold monomictic 

water bodies, which show an ice cover for most of the year and circulate during the short period without 

ice. ‘‘Oligomictic’’ lakes/reservoirs circulate less frequently than once a year, normally at irregular 

intervals, triggered by extreme weather conditions such as unusually cold winters for the respective 

location. 

 

At the time of the ongoing climate change, questions related to the water balance, water availability and 

quality are starting to be discussed more and more. The availability of water resources is dwindling due 

to excessive use, persistent human impact, and the effects of climate change, potentially leading to 

severe impacts on water quality. This is a critical concern, as water is vital for human well-being, 

ecological balance, and economic activities [10]. The deterioration of water quality poses risks such as 

exposure to dangerous diseases and pollutants [11], a decline in ecosystem productivity and variety [12], 

and harm to sectors like aquaculture and agriculture that depend on water. Even though Slovakia is a 

country with a relatively good balance in this regard, it is still true that the distribution of water resources 

in time and space is not uniform.  

 

Access to safe drinking water is a basic human right. In Slovakia, the majority of the population is 

supplied from ground water sources. However, there are locations with the problem to access the ground 

water [13], at which this is not possible. In such cases, it is solved through water reservoirs specifically 

designed to supply the population with drinking water. It is important to pay increased attention and 

care to this type of reservoir, because the threat to the quality of water in them can have immeasurable 

negative consequences. Such types of reservoirs are also the Turček and Rozgrund reservoirs. As 

mentioned above, lakes and reservoirs are subject to thermal stratification, which can affect the quality 

of the water in them. This study therefore addresses this issue and describes the initial results of the 

analyses confirming dimictic character of these reservoirs. 

3 Methods 

3.1 Description of localities  

This paper analyses the seasonal changes of the thermocline position in two water reservoirs in Slovakia: 

the Rozgrund reservoir and the Turček reservoir. They are relatively close to each other, but have 

different parameters. 

3.1.1 The Rozgrund reservoir 

The Rozgrund water reservoir (Fig. 2) was built in the 18th century as part of a unique water 

management system in the vicinity of the Banská Štiavnica town (N48.458652, E18.893036). Samuel 

Mikovíni developed the project of this water structure in 1741. The dam was built in 1743-1744 and 

until the middle of the 19th century, it had the leading place in the height of the dam among mining 

reservoirs in Europe. It is a unique water structure that held the world championship in the angle of slope 

of the earth dam for 111 years (the slope on the water side is 1:1.5 and the slope on the air side is 1:1.25 

to 1:1.75) [14]. The filling of the reservoir was solved in an ingenious way, mostly from a foreign 

catchment area (approx. 35 km2). Water was also supplied from the own catchment with area of 

approximately 15 km2. The original role of the Rozgrund reservoir was the accumulation of water to 

drive mining machines. From the beginning of the 20th century until the recent past, it was also used as 

a source of drinking water. Today it is operated as a potential reservoir for supplying the population 

with drinking water, but it also serves to flatten the flood wave and breed fish with the aim of increasing 

the water quality in the reservoir through the biological system of the reservoir. Its total volume is 0,515 

mil. m3, the elevation of the maximum operating level is 705 m above sea level, the current maximum 

depth is around 19 m. 
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Figure 2. The Rozgrund reservoir 

3.1.2 The Turček reservoir 

The Turček reservoir (Fig. 3) is younger and bigger, the construction of dam was finished in 1996. This 

water structure was built primarily for drinking water supply (this reservoir supplies 3 districts with 

drinking water: Žiar nad Hronom, Handlová and Prievidza), but also for flood protection of downstream 

part of the basin and for ensuring ecological discharges, as well. The Turček water reservoir also 

contributes to the production of electricity by three small hydroelectric plants with a total installed 

capacity of 300 kW. Total volume of the reservoir is 10,8 mil. m3, the elevation of the maximum 

operating level is 775,3 m above sea level, the maximum depth is 60 m.  

 

The Turček reservoir is located in central Slovakia near the Turček village (the Turčianske Teplice 

district) at the confluence of the Turiec and the Ružová streams. The total area of the catchment is 29.5 

km2. 

 

  
Figure 3. The Turček reservoir 

 

According to the available literature dealing with the topic of stratification [3, 4, 9, 15, 16, 17], the 

Rozgrund and Turček reservoirs were estimated to be dimictic, which means that the water in these 

bodies is mixed twice up to a year, in spring and autumn (spring and autumn circulation). With the onset 

of summer, after the surface has warmed and the climatic conditions have stabilized, the water is divided 

into temperature layers. This assumption was tried to be confirmed based on the measurements made at 

the Rozgrund and Turček water reservoirs, as well as those provided by the reservoir manager (Slovak 

Water Management Company - SVP, š.p.). 

3.2 Field measurements  

Monitoring of the spatial distribution of water quality indicators, including temperature, in larger water 

bodies can be complex and time-consuming, so it was necessary to find an optimal solution and design 
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a monitoring method in selected water reservoirs. The resulting solution is a combination of manual 

measurement of depth horizons in individual point locations of the water reservoir using the YSI 

Professional Plus multiparametric probe from a boat and the use of an autonomous AUV EcoMapper 

monitoring device capable of automatic data collection in the reservoir area.  
 

A prerequisite for collecting correct data during experimental measurements with the AUV EcoMapper 

device is precise mapping of the site of interest, especially bathymetry, detailed route planning, planning 

of deep dives and calibration of the multiparametric probe. At both reservoirs, several variants of 

traversing and diving were tried, while the maximum depth achieved in the case of Rozgrund was 10 

meters, and 20 meters in the case of Turček. Due to relatively little maneuvering space, in the case of 

Rozgrud, two monitoring lines for the EcoMapper device in the deepest part of the reservoir and four 

such lines for Turček were chosen in the final stage. In the shallower peripheral parts, and of course also 

at checkpoints identical to the trajectory of the AUV Eco Mapper, the spatial distribution of temperature, 

or other monitored indicators of water quality, is measured manually from a boat with a multiparametric 

probe. A sonar is used simultaneously to check the depths and a GPS device to check the exact location 

of the measured point. The manual measurement with a parametric probe was performed with a step of 

1 m to a depth of 15 m in case of the Rozgrund reservoir and to the depth of 45 m in case of the Turček 

reservoir. The measurement with the EcoMapper device was carried out at depths of 1 m, 2 m, 4 m, 6 

m, 8 m and 10 m. Further depths were measured with a step of 5 meters. A more detailed description of 

the EcoMapper device and the method of measurement with it is described in the paper [18]. Manually 

measured data were compared with data measured by EcoMapper and mutually calibrated. Continuous 

measurement with the AUV EcoMapper showed that the values of the measured water quality indicators 

did not change significantly in the area during one measurement campaign. 

 

  
  

  

Figure 4. Photos from measurements of the site of the Rozgrund water reservoir (left) and the Turček water 

reservoir (right) (photo: Velísková) 

 

Measurement campaigns took place at both locations in three different seasons - in spring (in the period 

after the melting of the ice cover of the reservoir and melting of the snow in its vicinity), in summer and 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

405 
 

 

 

in autumn. In winter, it is not possible to take measurements on the reservoir due to the freezing of the 

surface up to a thickness of several tens of centimetres. 

  

Figure 5. Manually measured points at the site of the Rozgrund water reservoir (left) and the Turček water 

reservoir (right) 

4 Results and discussion 

As the first of the measurements at the monitored locations, measurements of the current bathymetry of 

the reservoir were carried out. The results are presented in graphic form in Fig. 6 and 7. 

 

This measurement served both to evaluate the current state of the bottom morphology and at the same 

time as a basis for planning the missions (measurement paths) of the EcoMapper device, as well as for 

the design of the distribution of manually measured points in the reservoir area. 

Originally, manual measurements were done at 28 points in each reservoir. After the analysis of spatial 

changes within the framework of measurement in one period of the year, the number of measured points 

was reduced (Fig. 5). Besides, due to spatial reasons and due to the extensiveness of the data, only partial 

results in this study are presented, but even from these results (Fig. 8) it is possible to see that the most 

significant stratification occurs in the summer. Originally, it was assumed that in the spring and autumn 

the temperature distribution along the depth would be of approximately the same nature, since the 

reservoirs are not far from each other, the measurements were done within 2 weeks, and therefore it was 

not assumed that there would be very different meteorological conditions. However, the measurement 

results so far show that this is not the case. It depends not only on the depth, but probably also on the 

total mass of water that is mixed in the reservoir and also on the manipulation of levels and withdrawals 

[17]. According to [3], an important factor influencing the depth of the thermocline, which has the 

sharpest temperature gradient, is wind speed, with greater wind stress leading to a deeper thermocline 

and more mechanical energy used to stir the lake. Stronger surface winds can cause a longer duration of 

mixing, delaying ice formation [15]. On the other hand, the solar radiation absorbed by the water body 

can be reduced by the ice cover, what is leading to a later onset of stratification [19]. 

Anyway, as far as Rozgrund is concerned, there is a more pronounced degree of stratification in the 

spring than in the autumn. The most significant stratification is in the summer, when thermocline was 

created in the depth around 4-5 m. 
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Figure 6. Current bathymetry of the Rozgrund water reservoir measured by the EcoMapper device 

 

 

Figure 7. Current bathymetry of the Turček water reservoir measured by the EcoMapper device 
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In case of the Turček reservoir, the significant thermal stratification as well as the thermocline layer was 

created during the summer season, and in the same depth 4-5 m. However, as it can be noticed in Fig. 

8, in the case of the deeper Turček reservoir, the transition to the temperature that occurs stably at the 

reservoir bottom is significantly longer than in the case of the Rozgrund reservoir.  

 

The autumn circulation takes place in both reservoirs in a relatively similar manner and its extent is 

influenced by the deep of reservoir. The thermal stratification in the spring period has a slightly different 

character in these two mentioned reservoirs, even though the measurements on them took place within 

2 weeks. On the curve of temperature distribution along the depth in the case of the Rozgrund reservoir, 

the initial stage of temperature increase in the upper layers of the reservoir is clearly visible, while this 

is not the case at the Turček reservoir, and a relatively constant distribution of temperature along the 

depth can still be observed. This is probably caused by the fact that the ice cover occurs longer to the 

spring months at the larger Turček reservoir and is thicker. Austin & Colman [19] confirmed this fact, 

as well. 

 

  
Figure 8. Thermal stratification at the site of the Rozgrund water reservoir (left) and the Turček water reservoir 

(right) 

 

All findings represent preliminary results and they will need to be verified by further measurements in 

the following years. 

 

Anyway, as it was mentioned above, the Rozgrund and Turček reservoirs were estimated to be dimictic, 

which means that the water in these bodies is mixed twice up to a year, in spring and autumn. So, based 

on the measurements performed at the Turček water reservoir, as well as those provided by the reservoir 

administrator, this assumption was confirmed. 
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5 Conclusion 

The paper deals with the development of temperature stratification in two water reservoirs (Rozgrund 

and Turček), which are relatively close to each other, but have different parameters, and with the 

determination of changes in the position of the thermocline, which is characterized as a layer in which 

temperature decreases rapidly with depth increase. 

 

As preliminary results show, thermal stratification is formed in both cases. In the summer, its course is 

almost the same in both reservoirs; the thermocline is formed at a depth of about 4-5 m below the water 

surface. In the spring and the autumn season, however, the thermal stratification in these reservoirs is 

different, and the existence and position of the thermocline in the same time period is different. It is 

probably caused by the different depth of the reservoirs, differences in the duration and thickness of the 

ice cover on the reservoirs and their area size (which is related to the effect of the wind on mixing mainly 

in the surface layer). Level manipulation is also an assumed possible influence, but this aspect was not 

analyzed in this study. All of these facts affect the dynamics of the water in the reservoirs and thus also 

the mixing of temperature layers. 

 

The result of the study is the confirmation of the assumption that both reservoirs are dimictic, that is, 

the water in the body of the reservoir is mixed twice a year. Thanks to the EcoMapper device use, the 

current bathymetry was mapped, as well as a detailed distribution of the measured basic indicators of 

water quality in selected lines. A complex continuous measurement of the distribution of these water 

quality indicators was not possible due to the limited spatial possibilities of maneuvering this device. 

 

Finally, it should be mentioned and emphasized that the study presents measurements over the one year. 

In the next step, data from next measurement campaigns, as well as the results of numerical simulations, 

will be analyzed to confirm the facts found. 
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1 Abstract 

Changing climatic conditions in urbanized areas have a tremendous impact on the quality of life in 

urbanized areas. Persistent prolonged dry periods, extreme downpours with high runoff or prolonged 

rainfall are extreme problems for efficient urban water management. Extreme weather changes also 

result in environmental risks for the seepage or discharge of highly contaminated water from the first 

flush. These effluents are a potential source of groundwater and surface water pollution in which various 

types of pollutants are concentrated. Our research focuses on evaluating the water quality of surface 

runoff with an emphasis on micropollutant concentrations. The analyses are aimed at evaluating the 

concentrations of heavy metals, microplastics, and other pollutants in surface runoff with respect to 

receiving water quality and groundwater quality. 

 

Keywords: storm water, micropollutants, urban pollution, first flush 

2 Introduction  

Rainwater captured from rooftops is considered an alternative source of water for supplying the 

population, especially in arid areas where water resources are scarce. In the past, rainwater was 

considered a water source with minimal pollution that could be used after simple treatment [1]. 

Nowadays, the quality of rainwater is greatly influenced by the lifestyle of the population. 

The nature of pollutants in stormwater runoff from paved areas can be divided into primary and 

secondary pollution. Primary pollution is caused by the stormwater itself, which absorbs airborne 

emissions. Secondary pollution occurs after the rain has come into contact with paved surfaces. In 

stormwater management (capture and reuse) in urbanised catchments, secondary pollution is an 

important factor that can significantly affect stormwater quality. 

The chemical composition of the stormwater itself is influenced by natural factors such as the chemical 

composition of the air (content of gases such as nitrogen and oxygen), the spatial distribution of the area 

and the conditions. The quality of atmospheric precipitation is greatly influenced by the sudden 

development of urbanized areas, transport infrastructure and industry [2] [3]. The intensification of the 

formation of paved areas and the suppression of permeable vegetation areas have caused the presence 

of undesirable and environmentally hazardous substances in stormwater runoff, which are considered to 

be the main source of pollution of water bodies (rivers, lakes) [4]. 

Unwanted substances in surface runoff can be organic or inorganic and originate from paved areas such 

as roads, car parks and building roofs. These substances may exist in soluble or insoluble form. Inorganic 
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substances present in surface runoff include dust particles, sand, heavy metals (Cd, Cu, Ni, Pb, Zn), 

sulphates, chlorides, nitrogen and phosphorus compounds. Organic pollutants are mainly petroleum 

products, chlorinated hydrocarbons, polycyclic aromatic hydrocarbons (PAHs), polychlorinated 

biphenyls (PBCs), pesticides, and various microbial pollutants such as coliforms and mesophilic bacteria 

[3]. 

The variability of pollutants in surface runoff depends on several parameters, mainly land use, materials 

used, pollutant and soil characteristics, and rainfall intensity and duration. Studies show various 

relationships between rainfall characteristics and pollutant concentrations. For example, Lee et al. 

(2011) argue that this dependence can be influenced by the intensity and duration of rainfall and the 

length of the rain-free period [5]. On the contrary, Soller et al. (2005) state that pollutant concentrations 

are not dependent on land use and duration of rain, but rather on the intensity of the rain itself [6]. Other 

studies suggest that the greatest amount of pollutants in surface runoff occurs after a long rain-free 

period [7]. The findings of these studies indicate that the highest pollutant concentrations accumulate at 

the beginning of the surface runoff period, and this is influenced by the intensity of the rain and the 

length of the rain-free period. If a rainfall event occurs, these pollutants are set in motion and can be 

transported into the storm drain system and subsequently discharged to the nearest watercourse. 

In the last ten years, many studies have been carried out to analyse the quality parameters of stormwater. 

The reason? The manifestation of climate change and the associated risk of a crisis due to water scarcity 

and rising air temperatures. The current over-exploitation of good quality water and the diversion of 

heavily polluted water are causing significant damage to the aquatic ecosystem. As an alternative 

solution to this problem, rainwater harvesting from paved areas and its reuse - for example for washing, 

flushing toilets or irrigating green areas in homes - is being offered as an alternative solution. However, 

it should be stressed that this solution may have the disadvantage of the possible presence of 

microbiological and chemical substances in the captured rainwater, which can cause serious health 

problems for humans and also environmental degradation 

3 Methods 

Surface runoff sampling methodology is highly variable and must be carefully tailored to the specific 

characteristics of the runoff source. Understanding the source of contaminated water is crucial because 

the type of surface from which the runoff originates significantly influences its quality indicators. For 

example, runoff from rooftops primarily carries contaminants such as dust, particulate matter, and 

residues from roofing materials. In contrast, runoff from roadways is likely to contain a higher 

concentration of pollutants like oil, heavy metals, and tire residues due to vehicular traffic. Green spaces, 

on the other hand, might contribute organic matter, pesticides, and nutrients like nitrogen and 

phosphorus from fertilizers. The methodology for sampling surface runoff involves selecting 

appropriate sampling points and times to capture representative samples of the runoff. This often 

requires considering the frequency and intensity of rainfall events, as these factors can affect the 

concentration and composition of contaminants. For instance, initial runoff during the first flush of a 

storm event typically has higher pollutant concentrations than later runoff. Therefore, capturing samples 

at different stages of a rainfall event can provide a more comprehensive understanding of the runoff 

quality. Furthermore, the tools and techniques used for sampling can vary. For rooftop runoff, collectors 

positioned at downspouts might be used, while roadway runoff sampling might involve the use of 

automated samplers placed in storm drains or along the edges of roads. Sampling from green spaces 

might require placing collection devices at strategic low points where water naturally accumulates. 

Accurate and consistent sampling is essential for assessing the environmental impact of surface runoff 

and for informing mitigation strategies. By understanding the variability in sampling methodologies and 

the influence of different sources, better management practices can be developed to address the specific 

pollutants associated with each type of surface runoff. 
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3.1 Pollution of surface runoff from roads  

The chemical composition and concentration of pollutants in surface runoff discharged from different 

types of roads e.g. roadways, parking lots and pedestrian walkways depends on the type of material 

used, traffic volume, road gradient [8], amount of emissions from vehicles themselves, winter 

maintenance, abrasion and corrosion as results of vehicle movement and crashes, etc. As a result of these 

pollution sources, various oil and grease, lubricants, gritting salt substances, dust particles, heavy metals 

(lead, cadmium, zinc, copper, iron), polyaromatic hydrocarbons (PAHs) and other organic and inorganic 

substances are thus released into the surface runoff. In the foreign literature these substances are termed 

"road-deposited sediments" (RDS) or road sediments, which accumulate on the road surface in the dry 

season and are at best discharged to the sewer network in the event of a rainfall event. Information on 

the pollutants found in stormwater runoff from roads and their sources of generation is presented in 

Table 1. 

 

Table 1. Sources of stormwater surface runoff pollution from roads [9] 
 

 Source of pollution Pollutants 

F
ro

m
 v

eh
ic

le
s 

Brakes Ba, Cu, Fe, Mo, Na, Ni, Pb, Sb 

Tyres Al, Zn, Ca, Cd, Co, Cu, Mn, Pb, hydrocarbons, PAHs (pyrene, 

benzo(a)pyrene, fluoranthene) 

Catalyst Pt, Pd, Rh 

Vehicle bodywork Cr, Fe, Zn 

Exhaust gases Ag, Ba, Cd, Cr, Co, Mo, Ni, V, +Sb, Zn, PAU (for naphthalene), 

MTBE, BETX 

Motor oil leaks PAHs, Pb, Ni, Zn, organics, oils, fats, hydrocarbons, Cu, Cr 

O
th

er
s 

Road surface (asphalt, bitumen) Al, Ca, Fe, K, Mg, Na, Pb, Si, Sr, Ti, PAU 

Dust substances Ca, Mg, Na, Cl, ferrocyanide 

Road equipment (e.g. road signs) Ca (galvanized steel) 

Detergents used for tunnel 

washing 

tensides 

Spraying on vegetation herbicides 

 

The concentration of road sediments has been the subject of research for many years due to the potential 

impact on the environment and human health. Among all these substances, considerable attention has 

been paid to the occurrence of heavy metals due to their high toxicity and non-biodegradability in the 

environment, due to the characteristics of the pollutants, the complexity of identifying the source of 

pollution and risk assessment. Comparing many studies, the most frequently occurring metals in surface 

runoff from roads are lead and zinc, due to their high applicability in the automotive industry (batteries, 

tires, oils and lubricants, etc.) [10]. Examples of concentrations of road sediments occurring in urban 

surface runoff are shown in Table 2. (Mean concentrations from an urban road located in China are 

shown) [11]. 

 

Table 2. Concentrations of pollutants in urban surface runoff [11] 
Indicator Concentration [mg.l-1] Indicator Concentration [mg.l-1] 

TSS 631 ± 608 Zn 0,69 ± 0,43 

CHSK 418 ± 311 Cu 0,13 ± 0,07 

N total 8,1 ± 5,0 Pb 0,58 ± 0,08 

P total 1,2 ± 1,4 Cd 0,051 ±0,009 

N-NH3 4,3 ± 2,3 Fe 11,8 ± 5,6 

 

In addition to heavy metals, in recent years some scientists have begun to look at the presence of 

polyaromatic hydrocarbons (benzene, naphthalene, pyrene) in surface runoff due to their high 

concentrations in soil (in some cases higher than in air). The presence of these pollutants in stormwater 

runoff is conditioned by emissions from cars, which are due to incomplete combustion of biomass and 

fossil fuels are considered one of the main sources of PAHs. [12]. 
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3.2 Pollution of surface runoff from roofs  

The quality of surface runoff from building roofs depends on a number of factors, just as it does from 

roads. It is determined by the type of roofing material (wood shingle, concrete tile, clay tile, etc.), the 

geometry of the roof (slope, length, width), and the environmental conditions of the area (climatic 

conditions, air pollution, etc.). Pollutants in surface runoff may originate from: 

- from roofing - material used for roofing, flashing, etc, 

- from dry deposition on the roof surface - flying substances, insects, leaves, bird droppings 

- from atmospheric contaminants washed off by rainwater. 

Various studies have demonstrated the presence of inert roof sediments (e.g., dust and animal fecal 

sediments), heavy metals (nickel, chromium, zinc, iron, copper, aluminum), nitrogen pollution, 

suspended solids, and bacteria (Escherichia colli, Enterococci) in roof runoff. The concentration of these 

substances also depends on the characteristics of the rain event: length of the rain-free period, intensity 

of rainfall, duration of rainfall, wind direction, etc. The presence of high concentrations of pollutants in 

roof runoff can be particularly problematic in areas with elevated levels of air emissions, i.e. in urban 

agglomerations due to intensive traffic and local sources of pollution. 

The influence of roofing type on the quality of surface runoff from roofs was confirmed by Lee in his 

study. Lee et al. (2010) [4] compared four types of roofing materials in their study and found that wood 

shingle, among all the types of roofing materials considered, had the greatest effect on the increase in 

pH, electrical conductivity and zinc, with galvanized steel roofing proving to be the most suitable 

material. Zang et al (2014) compared the quality of surface runoff from conventional roofing and green 

roofing, finding that green roofing, despite all its positive environmental impacts, is not the most suitable 

solution when it comes to collecting rainwater from paved areas, but ceramic tile is. An example of the 

average concentrations of pollutants in roof runoff depending on the type of roofing material used is 

described in Table 3. 

 
Table 3. Average pollutant concentrations in roof runoff depending on the type of roofing material used [4] 

 
Parameters Unit Wooden 

shingle 

Concrete tile Ceramic 

covering 

Metal roof 

tile 

pH [ - ] 6,0 – 9,0 

TSS [mg.l-1 ] 213,9 309 219,3 285,8 

TOC 49,7 32,9 35,6 31,8 

SO42- 5,57 3,64 3,1 2,87 

Al [μg.l-1 ] 227 535 243 622 

Cu 34 58 37 59 

Fe 154 160 155 302 

Pb 10 14 11 12 

Zn 135 196 131 428 

 

At the same time, rainwater runoff from the roofs of buildings is increasingly being captured and used 

as an alternative source of water - domestic water or for irrigating vegetation, etc. The presence of 

nutrients, microbial pathogens, heavy metals and other pollutants in roof runoff is undesirable and can 

have a negative impact on the environment and human health. 

"First flush" or the first flush (runoff) of stormwater from a paved area is an important aspect in 

urbanized areas that is related to the occurrence or assumption that the first portion of stormwater runoff 

is the most contaminated. This view is shared by most scientists, while some question whether the actual 

mass of the first runoff represents a significant portion of the runoff. In general, the first flush of surface 

runoff represents an important aspect of surface runoff that is characterized by high pollutant 

concentrations in the initial runoff phase at the onset of a storm event. A first flush can only be said to 

occur when the first runoff has a higher pollutant concentration compared to later runoff. The mass 

(pollutant concentration) of the first runoff event depends on the intensity of the rainfall event and the 
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catchment's storage capacity, and will only occur if the pollutant concentration in the initial runoff is 

higher compared to the pollutant concentration in the later runoff. 

Understanding the quality of surface runoff and its proper definition has been the subject of many studies 

(Deletic A. (1998), Huang (2012) , Seget at al., (1995). The first definition was attempted by Bertrand-

Krajewski in 1998. In his study, he stated that the first stormwater runoff from surface runoff can be 

considered as that surface runoff in which at the beginning of the rainfall event (in the first 30% of the 

runoff), 80% of the pollutants reach the runoff. The authors of the other studies are identical to the 

Bertrand-Krajewski view, except that theytra assume the greatest concentration of emissions in the early 

phase of runoff, approximately in the first 20% to 40% of the total runoff volume. In any case, it can be 

argued that surface runoff generated during a rain event represents the primary pollutant transport 

medium. 

4 Results and discussion 

Infiltration of rainwater from surface runoff into the soil horizon has a positive effect on the hydrological 

regime of the area. First of all, it ensures the replenishment of groundwater reserves and the partial 

interception of flood waves, and also has a positive effect on the microclimate of the city. Significantly 

high concentrations of nutrients, heavy metals and organic compounds that infiltrate the soil horizon can 

be a problem. The presence of pollutants in surface runoff varies widely and depends on the season, 

location, traffic density and the volume and intensity of rainfall. Infiltration of contaminated water into 

the soil aquifer causes localised changes in groundwater hydrology, influences groundwater level rise 

(flood level), causes groundwater pollution, and may even cause surface water pollution as a result of 

sediment transport.  In recent decades, infiltration of stormwater from paved areas has been addressed 

by many authors (Datry et al. (2004), Tedoldi et al. (2016) and many others), who have pointed out that 

the topsoil and unsaturated zone act, as a filtering layer and most of the pollutants do not penetrate deep 

into the groundwater, but remain in the shallow groundwater levels.  An example of the most commonly 

occurring contaminants in groundwater due to infiltration (seepage) is given in Table 4. 

 

Table 4. Example of the most frequently occurring substances in groundwater due to infiltration of 

surface runoff, the source of occurrence and the possibility of risk reduction 

 
Pollutant Risk of impairment Source of occurrence Risk reduction options 

Nitrate low to medium fertilisers, atmospheric 

deposition, animal waste, etc. 

slow infiltration using a finer 

textured material, 

Chloride high road salt zníženie aplikovania cestnej soli 

Phosphorus Low plant and leaf waste, soil 

particles, animal waste, 

fertilisers, road salt and 

atmospheric deposition particles 

the concentration of phosphorus in 

the soil should not exceed 30mg-

p/kg-soil 

Toxic metals Low  substances caused by the 

transport and surface treatment 

of paved surfaces 

replacing a few centimetres of soil 

Pathogens low to medium areas where there are ducks, 

geese, pets and other animals 

use infiltration processes with 

higher concentrations of organic 

matter: avoid infiltration into very 

coarse soils if bacterial 

concentrations are high 

Organic 

compounds 

low to medium transport, industry, pest control, 

manufacturing and more 

addition of organic matter to the soil 

or medium 

 

Qualitative indicators of groundwater piramo follow qualitative indicators of surface water in this article 

we are only dealing with the first part and that is surface water. Their impact on groundwater will be 

evaluated in a separate article. 

On the territory of the Slovak Republic, stormwater management in urbanised areas is not yet 

comprehensively addressed by legislation and technical standards. This issue is partially tackled in the 
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Slovak Water Plan in accordance with Article 4.7(d) of the Water Framework Directive (2000/60/EC). 

This directive unreservedly supports measures for the construction of water retention facilities in 

urbanised areas. Additionally, Slovak Government Regulation No. 269/2010 Coll. of Laws (Z. z.) lays 

down requirements for achieving good water status, which includes some provisions related to 

stormwater management. The Slovak Government Decree No. 269/2010, specifically in § 9, points 1-3, 

sets out the requirements for the discharge of water from surface runoff into surface and groundwater. 

It specifies that when hazardous substances are presumed to be present in the surface runoff, necessary 

measures must be taken before any indirect discharge. According to Slovak regulations, surface runoff 

from paved areas refers to runoff from staging and assembly areas, industrial sites, and other locations 

where there is a risk of pollutant accumulation. The discharge requirements for surface runoff to surface 

waters are also outlined in the Water Act No. 364/2004 Coll. The Water Act No. 364/2004 Coll., in 

Section 2(i), defines storm (rain) water as "water from surface runoff" that does not soak into the ground 

and is discharged from the ground or external parts of buildings to surface and groundwater. Section 

36(17) of the same act describes the management of stormwater from surface runoff, specifying the 

conditions under which it is permissible to discharge stormwater runoff to surface waters and the 

circumstances that necessitate the formulation of specific measures. Despite these provisions, there are 

significant shortcomings in Slovak regulations regarding stormwater management. One major 

deficiency is the lack of precise definitions for limit indicators of pollution when discharging stormwater 

from surface runoff (such as from roads, car parks, and roofs of buildings) into groundwater and surface 

water. This gap makes it challenging to effectively monitor and control the quality of discharged 

stormwater, potentially leading to environmental degradation and non-compliance with broader EU 

water management objectives. Effective stormwater management in urban areas is crucial for several 

reasons. Firstly, it helps to mitigate the risk of flooding, which can cause extensive damage to 

infrastructure, property, and natural ecosystems. Secondly, it plays a critical role in reducing the 

pollution load entering water bodies, thus protecting water quality and the health of aquatic ecosystems. 

Urban runoff often contains a variety of pollutants, including oils, heavy metals, nutrients, and 

sediments, which can have detrimental effects on water quality if not properly managed. Moreover, 

implementing comprehensive stormwater management practices contributes to the resilience of urban 

areas against climate change. 

5 Conclusion 

As climate change increases the frequency and intensity of extreme weather events, such as heavy 

rainfall, effective stormwater management becomes even more important. Green infrastructure 

solutions, such as green roofs, permeable pavements, and rain gardens, can enhance urban resilience by 

increasing water retention, reducing runoff volumes, and promoting groundwater recharge. In light of 

these challenges and opportunities, there is a growing recognition of the need for more detailed and 

robust legislative and technical standards for stormwater management in Slovakia. This includes setting 

clear pollution limits, adopting best practices for runoff management, and integrating green 

infrastructure solutions into urban planning. The legislative framework dealing with the quality of water 

from surface runoff on the territory of the Slovak Republic is described in detail in the chapter results 

and disscusion. By doing so, Slovakia can ensure that its urban areas are better equipped to handle 

stormwater, protect water quality, and enhance overall environmental sustainability. In conclusion, 

while current Slovak regulations provide a foundational framework for stormwater management, there 

is a critical need for more comprehensive and precise guidelines. Addressing these gaps will not only 

help to meet EU directives but also ensure that urban areas in Slovakia are resilient, sustainable, and 

capable of effectively managing the challenges posed by stormwater runoff. 
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1 Abstract  

Between 2023 and 2024, devastating floods occurred worldwide, affecting every country. The primary 

cause was the exceptionally heavy rainfall, which resulted in widespread damage and the failure of 

various structures such as dams and flood defences (dikes), leading to numerous landslides. China and 

Libya were the most severely affected. The intense rainfall caused water levels to rise several meters 

above the ground, compromising building constructions due to uplift, flow pressure, and erosion. The 

knowledge gained from these events is crucial for us, as scientists and engineers, as it provides valuable 

insights and places a significant responsibility on our shoulders for minimizing structural failures during 

future flood events. 

 

Keywords: floods, water levels, constructions, dams, dikes, protection. 

2 Introduction  

Intense rainfall can cause rising water levels in rivers, lakes, reservoirs, and land surfaces. Dam incidents 

and failures mainly occur during flood events [1]. Dams, reservoirs, and flood dikes are the most 

significant protective measures. These measures can prevent or significantly reduce water rises in 

protected areas near human settlements. Between 2023-2024, extreme flood events caused water levels 

to increase up to 5 meters above ground level, resulting in damage and numerous environmental 

accidents such as slope instability, damage to transportation routes and other infrastructures, and intense 

uplift, induced loads, and hydraulic flow effects. 

 

The currently advanced construction techniques and technologies for building new structures and 

reconstructing older ones promise to ensure structure stability and resistance in flood conditions. While 

this may be costly in some cases, technical means are available, encompassing a wide range of tools, 

machinery, software, knowledge, and skills to mitigate the damage. This paper mainly focuses on 

geotechnical methods, which hold the potential to reduce the impact of floods significantly, instilling a 

sense of hope and optimism in the face of such challenges. It is assumed that the building structure is 

made of suitable materials and is stable under all loading conditions. 

 

In the Department of Geotechnics at the Faculty of Civil Engineering of the Slovak University of 

Technology in Bratislava, there was a significant focus on studying inundated environments from 1999 

to 2001. This was part of the project 'Geotechnical Problems of Flooded Areas', funded by the Scientific 

Grant Agency of the Ministry of Education, Science, Research and Sport of the Slovak Republic. The 

most important findings and recommendations are summarised in the book [2]. Following this, several 

publications and presentations were published at scientific and professional conferences both 

domestically and abroad. 

3 Methods 

The causes and consequences of flood situations are very broad. In this paper, we have decided to 

include only some selected information about the developments of flood-water levels, characteristic 
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failures of structures, conditions of their stability, and protective measures. Dams, water reservoirs and 

flood dikes protect buildings over large areas. However, dams and dikes need to be stable; then, there is 

no need to worry about the stability of individual structures. Even in such cases, however, it cannot be 

ruled out that some objects will require their own protective measures. Suitable stabilization measures 

need to be created in critical sections of watercourses where protective effects of dams, polders and 

flood dikes are not provided. 

4 Results and discussion 

4.1 Development of flood-water levels 

The temporal development of water levels depending on discharge and some flood patterns in Bratislava 

are shown in Figure 1. In 1954, several flood protection dikes broke in Hungary. In 1965, dikes broke 

in our country near Čičov and Patince. In 1991, the Gabčíkovo waterworks were practically completed 

but not yet put into operation. In 2002, the maximum water level was the same as the maximum level in 

1954. The mentioned figure also includes information about the surface ground level near the Slovak 

National Gallery in Bratislava (SNG; 138 meters above sea level) and the record of the millennial flood 

level (140 meters above mean sea level). Flood conditions on the Danube with various patterns usually 

occur during the summer months. 

 
Fig. 1 Development of characteristic flood flows of the Danube in Bratislava according to SHMU data. 

 

In Bratislava, on the wall of the Old Town Hall, the water level was marked when a millennial flood 

occurred on the Danube in February 1850. At that time, there were no flood protection measures in 

Bratislava, so water covered a significant part of the old town. Currently, Bratislava has permanent flood 

protection structures in the lowest areas and mobile flood barriers available to protect the city even from 

a millennial flood. Major cities worldwide have massive underground drainage systems, which allow 

significant amounts of water (pressure flow) to be managed during intense rainfall. 

4.2 Examples of dams and dikes failure  

Dam failures and dikes primarily occur due to structure errors during the planning and building phases. 

Failures and accidents of dams and dikes during their operation most often happen due to water 

overtopping the dam crest, leading to destructive effects (external erosion) on the downstream slopes. 
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Another common cause is suffusion, which occurs due to intense seepage flow in the foundation of dams 

and dikes. 

 

The failure of the dam at Edenville Reservoir, Michigan, USA, following intense rainfall in 2020 is 

depicted in Figure 2. It is one of 10 documented dam failures worldwide captured on camera [3]. 

According to the final report [4], the cause of the failure was soil liquefaction in a section of the dam, 

which led to a loss of stability and subsequent failure of the downstream slope, resulting in the dam's 

collapse. During the rainfall, the water level in the reservoir rose approximately 1 meter above the 

maximum level reached in 1929. The water released from the reservoir caused overtopping and 

subsequent failure of the downstream Sanford Dam. Similarly, protective dikes can also breach during 

floods. 

 

 
 

Fig. 2 The failure of the Edenville Dam, USA [3]. 

 

The breaching of dams during intense rainfall was the main cause of extensive damage of structures in 

Libya and Russia. The damages are among the largest caused by intense rainfall and floods worldwide 

between 2023 and 2024. 

 

A different failure mechanism occurred with the Danube dikes during the flood in 1965 near Čičov and 

Patince. The hydrological regime indicated by the water level development, shown in Figure 1, points 

to a prolonged flood. The foundation layer of the dikes contains thick layers of gravelly soil. According 

to Figure 3, during the first stage, water emerged from the foundation layer to the surface at the 

downstream toe of the dikes; more than 2000 such springs were identified in Slovakia then. Due to 

increased hydraulic gradients, water flow velocities increased, and during the second stage of failure, a 

tunnel formed under the dike, concentrating the intense water flow from the Danube. Subsequently, 

during the third stage, the dike collapsed and was washed away. A trench was several meters deep below 

the original contact level of the dike with the foundation remained at the site. Approximately 10,000 

houses made of unfired bricks were destroyed in the flooded area. 
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Fig. 3: Development of the breach of Danube dikes in 1965 and the damaged structures [8]. 

 

4.3 Characteristic failures of structures and buildings 

The higher flood levels result in buoyant forces acting on structures, increasing vertical and horizontal 

hydrostatic and hydrodynamic loads. These forces can potentially lead to failures, damage, or even 

collapses. During floods, buoyant forces can lift and sweep away almost all securely sealed automobiles. 

Similarly, light and sealed structures can also be set in motion. This can destroy buildings or bridges at 

the nearest bridge when a building hits the bridge. Structures with several vertically segmented 

underground parts typically suffer from cracks.  

 

When underground parts of buildings is flooded during a flood event, vertical loads on the foundation 

soil can significantly increase. For example, tall buildings approximately 100 meters high have a contact 

loading of around 300 kPa. When four underground floors and one above-ground floor are flooded with 

surface water, the contact stress increases by about 150 kPa. This is a significant addition for stability 

calculations, significantly when fine-grained soils above the foundation base hinder the buoyant forces. 

 

The flood in Prague in 2002 caused incredible problems. According to reports [5], 18 metro stations and 

19.6 km of tracks were flooded, and the damage to public transportation was estimated at 7 billion CZK. 

Such a metro disaster was reportedly unprecedented in the world. 

 

Intense horizontal loads occur mainly in the initial stages of floods caused by heavy rainfall as water 

flows from surface areas. Their effects on structures gradually decrease in line with the reduction of 

hydraulic gradients of flowing surface water and the filling of internal spaces of structures with water. 

Extremely high river water levels increase flow forces, which cause bank erosion, disruptions to 

transportation networks, and the removal of soils around the foundations of bridge piers. Similarly, the 

increased levels of groundwater cause an increase in flow effects, which affects the stability of landslide 

areas. Landslides are often triggered by heavy rainfall, which can worsen the destabilising effects of 

flowing groundwater. The reduced shear strength of fine-grained soils at the shear plane represent also 

significant impact [6]. As shown in Figure 4 [7], structures near unstable slopes are at risk. 

 

 

 

 

 

 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

422 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Landslide threatening a family house [7]. 

4.4 Notes on building stability 

The stability of buildings during destructive floods depends on their location, geology, loads, suitable 

materials, structural systems, and reliable foundations. Unsuitable locations for buildings are those near 

watercourses. All stability conditions must be met from the perspective of foundation of the structures. 

It has been noted that current construction and geotechnical technologies allow for stable structures even 

during extreme flood conditions. Figure 5 illustrates the spread of taller buildings and deep foundations, 

along with geological conditions and load states, which form the basis for stability calculations. It is 

assumed that the buildings will be constructed from suitable materials and that their structural systems 

will be safe for all load conditions. 

 

The highest water level during a flood is an important basis for the calculations; it should correspond to 

flows close to a millennial flood. Verifying these data with the Slovak Hydrometeorological Institute is 

recommended. The structure's foundation, shown in the left part of Fig. 5, is spread, which assumes the 

presence of coarse-grained soil and that the groundwater level usually does not reach the surface of the 

area. It is further assumed that the structure has adequate waterproofing, at least to the proposed flood 

level, preventing surface water from entering its interior spaces. 

 

The entire structure will be quickly uplifted as the water level rises to the design flood level. Under the 

water level, horizontal hydrostatic and hydrodynamic loads will act on the structure's walls. The 

hydrodynamic load component will be the highest immediately upon the arrival of the flood wave at the 

structure when the water level on its upstream side is near the surface of the area. The hydrodynamic 

component will very quickly decrease as the hydraulic gradient reduces due to the rising water level on 

the upstream side of the structure. 

 

The vertical component of the load on the structure will mainly consist of its weight. If the structure was 

not waterproofed, the load from water would be added to the structure's weight. 
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Fig. 5 Loads for designing stable foundation structures during extreme flood conditions. 

 

If the waterproofing and sealing elements are extensively damaged during extreme rainfall, the water 

level inside the structure will quickly reach the level on the upstream side of the structure. Additionally, 

intense rain and extreme flood conditions may involve strong wind gusts (wind loads). 

Uplift is crucial for the stability of lighter structures in flooded areas, which typically have foundations 

at shallower depths below the ground surface. These are usually older structures that were unprepared 

for the effects of extreme flood loads. Such objects are the most damaged or completely destroyed. 

 

In Figure 5, a taller building is indicated on the right side, with a thicker layer of fine-grained soil at its 

base. Therefore, it would require deep foundations. Large-diameter drilled piles are commonly used, 

and for greater depths, sections of diaphragma walls created using hydro-cutter are dapplied. The same 

considerations as those stated for spread foundations apply to load-bearing conditions. The only 

debatable aspect is the effect of buoyancy. If the contact between the underground part of the structure 

and the surrounding fine-grained (practically impermeable) soil is reliably proofed, surface floodwater 

couldn't enter below the foundation slab above the heads of the piles, and buoyancy wouldn't apply. In 

the case of uncertain assumptions about tight contact between the structure and the soil, it is safer to 

consider buoyancy. 

4.5 Protective measures and their effectiveness 

 

Almost all dams in Slovakia have their bodies secured against seepage by internal or external sealing 

elements, beneath which sealing grouting curtains are installed. Flood protection dikes along the Danube 

have outer downstream sealing elements created in critical sections connected to sealing walls made of 

self-hardening suspensions reaching depths around 30 meters. 

 

The sealing efficiency of dam and dike elements in Slovakia are regularly monitored by observing the 

behavior of water levels and flow velocities in observation boreholes installed in their bodies and 

foundations. In homogeneous environments, water level behavior data are usually sufficient. The most 

intense water flows occur at places with maximum water levels or maximum increases within the 

compared time intervals. Privileged seepage flow occurs in heterogeneous environments, concentrating 

into more permeable positions of degraded gravelly or fractured rock environments, from which sandy 

and dusty particles are flushed out. In such cases, more intense flow may also occur at positions with 

decreasing tendencies in groundwater flow levels. This reduces the filtration stability of soil and rock 

massifs on the slopes and foundations of dams and dikes, which may also cause the loss of structural 
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stability. 

To monitor the flow velocities of groundwater and seepage water in the bodies and foundations of dams 

and dikes (as well as in construction pits, landslide areas, and water sources), indicator methods based 

on dilution and vertical flows of indicators in the permeable sections of observation boreholes are used. 

These methods were developed and successfully implemented at the Department of Geotechnics, 

primarily based on significant scientific studies by an international team of authors [8]. 

Based on the dilution of the indicator solution (NaCl, 131I, and other substances), the filtration velocity 

of groundwater flow (vf) is calculated using the following equation: 
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ln                                                               (1)                                                                                                                                                                                                                                                

 

where d is the inner diameter of the observation tube in the permeable part of the borehole, 

α – coefficient of the drainage effect of the borehole during horizontal flow, 

co – artificial initial concentration (or volumetric activity) of the indicator, 

cp – natural concentration of the indicator, 

c – concentration of the indicator at time t. 

 

Equation (1) can only be used for horizontal water flow through the observation borehole. 

 

Based on the vertical water flow in the borehole, the filtration velocity of water flow in the surrounding 

soil or fractured rock mass is calculated using the following equation. 

 

                                                              v
q

d h
f

v=



                                                          (2) 

                         
where Δqv is the increase or decrease in vertical flow in the section of the borehole with height Δh, 

α – coefficient of the drainage effect of the borehole during vertical flow, 

d – inner diameter of the observation borehole tube. 

Vertical flow is also used to determine the conditions for the applicability of the dilution method; in this 

case, Δqv = 0. 

 
The results of measurements using the mentioned methods are evaluated in the form of depth 

dependencies of filtration velocities, from which the maximum values can be easily determined. Internal 

suffusion involves the migration of fine-grained soil particles by the seepage forces. For practical 

purposes, these effects are assessed using limit states and critical velocities. Figure 6 graphically 

illustrates the results of filtration stability problems research, described in more detail in [10]. 

 

Soil fine-grained particles or small-sized fragments in rock fissures will remain stable and will not 

migrate if filtration velocities do not exceed the limit state velocity values. Fine-grained particles may 

or may not move when filtration velocity values are between the limit state and critical velocities. 

Beyond critical filtration velocity values, the migration of fine-grained particles becomes a lawful 

natural phenomenon. The limit state velocity value for gravelly soils is 7.10-4 m/s, and the critical value 

is 2.10-2 m/s. The limit state velocity for rocks is 1.2.10-3 m/s [11]. 
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Fig. 6 Limit state and critical velocities for gravelly soils and fractured rocks [10]. 

 

The absolute maximum value for the monitored locality can be easily determined from the maximum 

filtration velocities for individual boreholes. The monitored dam or section of the dike will be reliably 

stable in terms of internal suffusion if the following conditions hold: 

 

                                                                      max vf  < vf medz                                                                     (3)            

 

(max vf is the absolute maximum measured value of the filtration velocity, vf medz - limit state velocity) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. 7 Results of vertical water flow measurements in borehole VZ 23 [12] 

 

An example of measured values and evaluation of results in the bottom layers of the Nosice Dam is 

shown in Fig. 7 [12]. The Slovak Nosice Dam is problematic because there is a mineral water spring in 
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the subsoil of the gravity structure, which is aggressive to concrete. Therefore, special protective 

measures were taken during construction of the dam. The most intense water flow in the entire locality 

was found in borehole VZ-23. The sublayer of the borehole contains claystone, a fractured zone with 

fissure permeability, for which the limit state velocity value vf medz = 1.2*10-3 m/s applies. The absolute 

maximum measured filtration velocity was max vf = 6*10-4 m/s at a depth of 2 to 4 m below the floor of 

the injection gallery. Based on this fact, it can be concluded that there are no unstable positions in the 

sublayer and around the Nosice Dam regarding internal suffusion. The filtration stability was not 

threatened by other factors such as the breach of the impermeable cover, contact and chemical suffusion, 

hydraulic and seismic liquefaction, and surface erosion of slopes. 

 

Indicator methods for monitoring the stability of dams and dikes have been used in Slovakia for long 

time. The conditions of stability are determined by equation (3). The results from Nosice dam 

characterize one of the most intense flows of groundwater and seepage under Slovak dams and 

protective dikes so far. 

5 Conclusion 

Information about water level behavior during floods in recent years indicates that in Bratislava stretch 

of the Danube, their maximum levels were approximately 9 meters higher than before the floods 

reaching approximately the level of the terrain. In 1850, the maximum level was about 2 meters higher 

and reached the level of a thousand-year flood. Recently, maximum levels of flood water worldwide 

have been 5 meters above ground level, and even higher below breached dams. Maximum water levels 

are important for designing and evaluating the effectiveness of protective measures. 

 

The knowledge gained from studying failures and collapses has enabled the creation of characteristic 

scenarios. Dams have breached due to excessively elevated water levels, which caused liquefaction and 

loss of soil shear strength, as well as overtopping the dam crest. Flood protection dikes have been 

breached due to the flushing out of sand from gravelly soils in the sublayer. In the conditions of Slovak 

Republic, accidents involving high dams have not occurred. Their safety is continuously monitored by 

technical safety supervision – Vodohospodárska výstavba š.p. Systematic monitoring of water levels 

and velocity flow regimes by indicator methods plays an important role in monitoring the safety of dams. 

 

Structures were mainly damaged due to uplift, pressure from water flow, and deteriorated soil properties; 

these factors also contributed to the activation of landslide processes threatening buildings and 

transportation infrastructure. Intense water flow during high river levels causes erosion of riverbanks, 

failures of nearby transportation routes, scouring and undermining of bridge foundations, and building 

collapses after the flushing out of the soil from foundation subsoil. Flooding of underground spaces of 

transportation routes, basements or garages of buildings is also hazardous. 

 

When solving stability problems, special attention must be paid to the effect of uplift, which manifests 

fully in the subsoil composed of permeable gravelly or sandy soils and fractured rocks under spread-

founded buildings. Suppose the underground parts of the structures, reinforced concrete underground 

walls, or piles pass through relatively impermeable subsoil formed by silt and clay soils. In that case, 

the uplift on the structures is practically not manifested during relatively short periods of extreme flood 

conditions. During extreme flood conditions with high water levels above the terrain's surface, it is 

important to create conditions for the reliable transfer of intense water flow pressure in the early stages 

of flooding. 

 

Protective measures can have a regional character when the intense effects of floods are contained in 

reservoirs, polders, and reliable dikes alongside the river. Structures in such protected regions do not 

require special stabilisation measures. If regional measures do not exist or are unreliable, the stability of 

each structure must be ensured individually. For these purposes, piles, anchors, sealing underground 
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walls, and improvement of subsoil properties (compaction, grouting, or other means) can be used. The 

basic requirement is designing a stable structure below the maximum flood level. Particularly, 

considered maximum flood level during the design phase is also problematic. Failures of dams, dikes, 

and other hydraulic structures during extreme floods in recent years have shown that maximum flood 

levels were not correctly considered in many cases or were not considered at all. 
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1 Abstract 

Special methods for measuring filtration velocities can be used to monitor groundwater flow and seepage 

flow in dams' bodies and subsoil. In Slovakia, single-well indicator methods are most commonly used 

to measure water flow velocities. For monitoring vertical water flow in wells, a submerged device 

is used, which incorporates a dosing unit with pneumatic-hydraulic control of the injection of the 

indicator and two conductometric sensors positioned below and above the injection point. The indicator 

is often sodium chloride in powder form or an aqueous solution. The submerged device is connected to 

a computer converter via a multi-core cable, and then to a portable computer. On the computer screen, 

concentration curves can be directly monitored, and the time at which maximum concentration occurs 

(peak time) can be determined. 

 

Keywords: groundwater, seepage, vertical water flow, concentration curve, observation well, filtration 

stability 

2 Introduction  

This paper focuses on measuring filtration velocities by monitoring the vertical flow of water in a well. 

The correct interpretation of these measurements has a significant impact on the results of these 

measurements, which are used to assess the safety of the water structure, mainly from the point of view 

of filtration stability. The output of the measurement are concentration curves, from which the filtration 

velocities are then calculated. The paper analyses and compares concentration curves at Veľká Domaša 

dam at different times under the same loading state, from which the filtration velocities are then derived. 

The Veľká Domaša Dam was built between 1962 and 1967. The maximum height of the dam above 

the terrain is 25.4 m, and above the foundation joint is 35.0 m. The reservoir was created by damming 

the Ondava River valley with a heterogeneous earth dam with internal sealing (Figure 1). 

The stabilization prisms of a heterogeneous earth-fill dam were constructed of alluvial gravel. Internal 

inclined sealing consists of sandy loams, which, in contact with stabilizing prisms, are protected by 

a single-layer filter. The dam is connected with bedrock by a wide sealing tooth and a concrete grouting 

tunnel. The reservoir is located in the geological environment, which consists of Paleogene rocks 

(Magura flysch) and quaternary sediments [1]. 

 
Figure 1. The cross-section profile of the dam Veľká Domaša 
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3 Methods 

Special methods for monitoring groundwater flow can be broadly divided into indirect (non-invasive) 

and direct (invasive) methods. Indirect methods include geophysical measurements, aimed at obtaining 

preliminary information on geological and physical properties of the rock environment by studying 

physical fields. Specifically, geo-electrical measurements are used for groundwater flow measurements. 

Accurate interpretation of results is essential in geophysical measurements, as anomalies might lead to 

false interpretations, requiring verification by direct measurements. Direct measurements are 

appropriate for verifying the filtration stability of dams and their subsoil [2]. In Slovakia, single-well 

tracer methods are commonly used to measure groundwater flow velocities, with sodium chloride 

in powder or aqueous solution serving as the tracer. 

3.1 Method for Monitoring Vertical Water Flow in Wells 

A submersible device with a built-in tracer dispenser and two conductivity sensors, placed above and 

below the injection point at a distance of 𝑙𝑣 = 0.5 m, is used for vertical water flow monitoring. The tracer 

is a sodium chloride solution. 

 

 
Figure 2. Setup of devices for measuring vertical water flow in boreholes 

 

 

The submersible device is connected to a computer converter and then to a portable computer, where 

concentration curves are directly monitored, and the peak concentration time 𝑡𝑣𝑟 is determined. From 

the results of calibration laboratory tests performed for our measuring devices [2], the calculation time 

equation was determined 𝑡𝑣, which should be used to calculate the average value of the vertical velocity 

𝑣𝑣 [2]. 

 

𝑡𝑣 = 0.266 𝑡𝑣𝑟
1,474

 (1) 
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𝑣𝑣 =
𝑙𝑣
𝑡𝑣

 (2) 

 

where: 𝑡𝑣𝑟  is the peak concentration time (s), 

𝑙𝑣  is the distance between the tracer injection and the corresponding electrode (cm). 

 

 
Figure 3. Concentration curve for evaluating measurements of downward vertical flow, where c - concentration, 

t - time 

 

Vertical flow is determined from the continuity equation: 

𝑞𝑣 = 𝑣𝑣 𝐴 = 𝑣𝑣
𝜋(𝑑2 − 𝑑𝑠

2)

4
 (3) 

 

where: 𝐴  is the cross-sectional flow area of the observation well (cm²), 

𝑑 the inner diameter of the observation well (cm), 

𝑑𝑠 the outer diameter of the observation well (cm). 

 

Measurements are repeated at appropriate intervals to evenly cover the entire saturated permeable part 

of the borehole, allowing graphical representation of the depth dependency of vertical flows: 

𝑞𝑣 =  𝑓 (ℎ) (4) 

The relationships of dependency of vertical flows can be interpreted as follows: 

• increasing vertical flow in the direction of flow indicates water entering the borehole, 

• decreasing vertical flow indicates water exiting the borehole, 

• constant vertical flow around the borehole indicates a relatively impermeable environment. 

From the results of vertical water movement measurements in the well, which is due to the connection 

of different pressure horizons, the filtration velocity of water flow in the surrounding environment, 

approximately in the horizontal direction, is determined using [3]: 

 

𝑣𝑓 =
∆𝑞𝑣
�̅�𝑑∆ℎ

 (5) 

 

where: 𝑣𝑓  is the filtration velocity (cm·s⁻¹), 

∆𝑞𝑣 is the increase or decrease of vertical flow in the segment of the borehole of height ∆ℎ 

(cm³·s⁻¹), 

̅ is the well drainage influence coefficient for vertical flow (̅ = 2 to 20),  

𝑑 is the inner diameter of the observation tube (cm). 

injection 

upper elecrode 

lower elecrode 
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In homogenous gravel aquifers usually can be assumed α = 2 [4]. In more heterogeneous karst 

or fractured aquifers, α can differ at a small scale, depending on the permeabilities of the surrounding 

rock. 

Calculations of filtration velocities according to previous equations are graphically represented in depth 

dependencies. The average filtration velocity for the respective well is determined from the following 

relationship and is usually a vector, which are determined from hydroisohypses, constructed on the basis 

of measured water levels in boreholes. 

4 Results and discussion 

Special measurements of the filtration velocities in all observation points are regularly carried out at the 

Veľká Domaša dam. These measurements are part of assessing the reliability of the anti-seepage 

measures in the dam body and its subsoil, and also to evaluate the filtration stability of the dam body 

and its subsoil over time. Currently, there are 63 observation points at the dam where water levels 

and filtration velocities can be measured (Figure 4). In this paper, we present only the results from 

borehole S3 and SJ, with analysed data from the year 2005 [5], 2008 [6], 2018 [7], and 2022 [8]. 

Measurements were also carried out before 2005, but the results of the concentration curve 

measurements are no longer available. 

 

Figure 4. The scheme of the dam Veľká Domaša layout with monitoring boreholes 

 

To be able to compare the measurements, it was necessary to select measurements with approximately 

the same boundary conditions – at least the water level in the reservoir and the water level in the 

downstream channel. Besides the reservoir and downstream channel water levels, several other factors 

influence the measurements, which cannot be controlled, such as daily precipitation accumulation, 

reservoir water level fluctuations, etc. The boreholes S3 and SJ are located on the right slope of the dam 

in the flow direction. These boreholes were selected due to the calculated high correlation of water level 

in boreholes with the water level in the reservoir (Figure 4) for selected time periods. The diameter 

of borehole S3 is 8 cm, and for SJ, it is 9 cm. The start of perforation for borehole S3 begins at 10.60 m 

and for SJ at 8.00 m, both extending to the bottom. Hence, the water level is within the perforated 

section.  

Table 1 presents the water level during measurements and the water levels in boreholes S3 and SJ, 

selected for analysis due to their high correlation with the reservoir water level over the recent period. 

However, it should be noted that the correlation is indicative and applies only to a specific observed 

period. 
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Table 1. Water levels during measurements of filtration velocities 

Date of measurements 19.-20.6.2022 21.-22.6.2018 1.-2.5.2008 1.-2.5.2005 

Reservoir water level (m a.s.l.) 157.5 160.0 159.7 161.2 

Water level in the downstream channel (m a.s.l.) 133.1 133.0 133.1 132.7 

Water level in borehole S3 (m) below borehole cap 12.95 10.60 10.90 7.90 

Water level in borehole SJ (m) below borehole cap 18.68 15.54 15.75 13.53 

 

Measurements are typically carried out at 2 m intervals, depending on the water column and the water 

level in the borehole. The duration of each measurement depends on the operator when determining 

the peak time, usually the time is not longer than 5 minutes at one depth level.  

The following figures illustrate the measurement results from borehole S3 at a depth of 13.0 m and from 

borehole SJ at a depth of 21.5 m. From the measurements, it can be observed that the concentration 

curves have a similar trend of development, but the read peak times may slightly differ for individual 

measurements. Different peak times read from the concentration curves are influenced by various factors 

mentioned earlier, as well as the amount of injected tracer, which may vary. This could be due to the 

manual injection of the tracer and also depends on the pressure in the pressure bottle and the depth of the 

borehole and the water column above the probe. 

 

 
Figure 5. Results of concentration curve measurements in borehole S3 at a 13 m depth  

 

 
Figure 6. Results of concentration curve measurements in borehole SJ at a 21.5 m depth  
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The results of vertical flow and filtration velocity calculations are presented in the following figures. 

From the measurement evaluation, it can be observed that the magnitude of vertical flow may vary 

within individual measurements. Comparing individual measurements, it can be inferred 

for concentration curves that the important aspect is the shape or trend of the curves' development, 

based on which the peak time can be reliably determined. The actual values of measured concentrations 

are not as crucial because they are influenced by the mineralization of groundwater and infiltrating 

waters, which can change over time. The calculated filtration velocities at different depths show very 

good agreement between individual measurements. For this type of geophysical measurement, 

a dispersion of values within the same order can be considered as very good agreement. 

 
Figure 7. Vertical flow and calculated filtration velocities in borehole S3 

 

 
Figure 8. Vertical flow and calculated filtration velocities in borehole SJ 
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The individual results of the measurement evaluation in borehole S3 (Figure 7) show good agreement, 

despite varying vertical velocities, except for the measurements in 2005 at higher elevations and in 2022, 

mainly at lower elevations. In 2005, measurements were also performed at higher elevations because 

the water level in the borehole was approximately 3 m higher than in the measurements in 2008 and 

2018 and 5 m higher than in 2022. The measurements in this borehole may also be influenced 

by precipitation and slope waters, which are not closely addressed in this paper. Furthermore, we note 

more significant differences at lower depths in 2022. These differences may also be caused by boundary 

conditions, as during the measurements, the water level in the borehole was approximately 2 m lower 

than in 2018 and 2008. Additionally, differences may arise because measurements in 2022 were carried 

out at different depths (even depths in 2022 - 14, 16, 18, 20, and 22 m) compared to previous years 

(odd depths - 13, 15, 17, 19, 21, and 23 m). 

In borehole SJ (Figure 8), very good agreement was achieved between individual measurements, except 

for the last depth in 2022. However, from the development of the concentration curves, it was not 

possible to determine the peak time. In this paper, concentration curves from these depths are not 

presented due to paper limitations. When the peak of the concentration curve is not entirely clear, it is 

advisable to select the most unfavourable peak time value so that the filtration velocity is as high 

as possible. Because if the highest possible calculated filtration velocity does not reach the limit values 

of filtration velocities, the filtration stability of the rock environment is ensured [9, 10]. 

5 Conclusion 

The essence of assessing filtration stability lies in the maximum filtration velocities measured in the 

observation objects of the investigated environment. The calculated filtration velocities from special 

geophysical measurements should then be compared with the acceptable (limit) velocities. If the limit 

velocities are exceeded, conditions for the development of internal suffusion may be created. In the 

geological conditions of the Veľká Domaša dam, long-term attention has been paid to the potential risk 

of internal suffusion within the dam body and its subsoil, as well as the filling of cracks in the bedrock. 

When assessing the risk level of its occurrence, hydraulic criteria, represented by permissible (limit) 

filtration velocities, are taken into account [11]. These threshold values were determined based on the 

results of geological and geotechnical investigation, mainly from water pressure tests performed during 

the construction of Veľká Domaša dam. These values are as follows [8]: 

 

• cover layers and stabilization prisms (Quaternary deposits) vfp,kvart. = 6.10-4 to 9.10-3 m.s-1,  

• Paleogene with a predominance of sandstones (valley slopes) vfp,pal,p = 1.2.10-3 to 4.10-3 m.s-1,  

• less permeable Paleogene with a predominance of claystones vfp,pal,p.il= 1.2.10-4 to 4.10-4 m.s-1.  

 

This paper presrents only selected measurements along with their overall evaluation for chosen 

boreholes. It is clear that measurements could vary over time due the influence of several factors. 

Therefore, it is advisable to carry out such measurements continuously and monitor the trend of 

calculated filtration velocities. An increasing trend in filtration velocities and exceeding the established 

limit values may indicate a threat to the filtration stability of the rock environment. The presented 

boreholes are located on slopes where the limit velocities ranges from 1.2.10-3 to 4.10-3 m.s-1. From the 

evaluation, it is evident that these velocities were neither reached nor exceeded, and the calculated 

filtration velocities over time have a relatively stable character. Therefore, it can be concluded that 

filtration stability is not threatened in the given boreholes. The same applies to other boreholes not 

presented in this paper, thus for entire water structure based on the latest measurements from 2022. This 

report concludes that, based on the current development of maximum filtration velocities and their 

comparison with permissible values for the Quaternary and Paleogene formations, there is currently no 

risk of internal suffusion within the dam body, its foundation, and the adjacent valley slopes. 
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1 Abstract  

Air temperature, precipitation and potential evapotranspiration are analyzed in two consecutive normal 

periods (1961–1990) and (1991–2020) to quantify climate change and its trends. Descriptive statistics 

methods were applied for the analysis of climatic elements. The analysis was implemented in the 

meteorological station Milhostov on the East Slovak Lowland. The above analysis shows that in the 

normal period (1991–2020) there is a significant trend of increasing temperature and potential 

evaporation. Precipitation increased slightly, statistically insignificant. From this, it is possible to 

conclude about the increased drying of the natural environment in the mentioned period. 

 

Keywords: air temperature, precipitation, potential evapotranspiration, normal periods 

2 Introduction  

In recent decades, climatic changes have been observed in the atmosphere [1], [2], [3]. These are 

manifested by an increase in the frequency of occurrence of extreme hydrological events. In order to 

quantify climate change, it is necessary to identify the development of basic meteorological elements in 

different normal periods. The minimum representative length of the normal period is a 30-year series of 

measurements. The World Meteorological Organization (WMO) [4] stipulated that the periods 1901–

1930, 1931–1960 and 1961–1990 will be used for global comparison of normals, [5]. The World 

Meteorological Organization has recommended that the 30-year standard reference periods be updated 

every decade to better reflect the changing climate. The WMO meeting [6] recommended that a new 

30-year baseline be adopted globally, for the reference period 1991–2020. 

Basic meteorological elements affected by climate change include air temperature, precipitation, and 

evaporation. At the same time, they are decisive elements that influence hydrological processes in 

the system atmosphere – plant cover – unsaturated zone – groundwater, [7], [8], [9], [10], [11]. In recent 

decades, an increase in the average air temperature has been recorded almost all over the Earth. 

Atmospheric precipitation is an inseparable factor influencing the weather, the climate of the territory, 

the water regime of the unsaturated zone of the soil and the availability of water in this environment. 

Water from precipitation enters the soil through the process of infiltration. In the opposite direction, i.e. 

water gets from the soil to the atmosphere by evaporation. Evaporation of water is a natural 

thermodynamic process in which a solid or liquid turns into a gas. In the hydrological cycle, it is one of 

the decisive elements regulating energy flows. Evaporation of water from plants, water surface and soil 

is called evapotranspiration. The maximum value of evaporation from the soil with vegetation that is 

possible under the given meteorological conditions is the potential evapotranspiration (ETpot). 

Evaporation is characterized in this paper through potential evapotranspiration [12], [13], [14]. 

The aim of the contribution is to compare air temperatures, precipitation and evaporation in the selected 

meteorological station Milhostov, on the East Slovak Lowland (ESL) in the normal periods 1961–1990 

and 1991–2020. 
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3 Methods 

The analysis is based on the hypothesis that the mentioned climatic elements will increase in the normal 

period (1991–2020). Two normal periods NP1 (1961–1990) and NP2 (1991–2020) are selected for 

comparison. Annual and monthly totals of precipitation (P), annual and monthly totals of potential 

evapotranspiration (ETpot) and average annual and monthly air temperatures (T) were compared in 

the mentioned normal periods. The mentioned climatic elements are compared in the meteorological 

station Milhostov (48°40′11′′; 21°44′18′′). The station is located in the central part of the East Slovak 

Lowland. The station is characterized by rapid change of air masses in each season and developed 

cyclonic activity [15], [16]. Complete, uninterrupted measurements of selected climatic elements are 

available for NP1 and NP2 in the mentioned station. Potential evapotranspiration was calculated 

according to [12]: 

 

            𝐸𝑇𝑝𝑜𝑡 =
0.408 𝛥 (𝑅𝑛−𝐺)+𝛾

900

𝑇+273
 𝑢2 (𝑒𝑠−𝑒𝑎)

𝛥+𝛾 (1+0.34 𝑢2)
          (1) 

 

where: 

ET𝑝𝑜𝑡   – reference evapotranspiration [mm day−1], 

R𝑛       – radiation balance of the crop surface [MJ m−2 day−1], 

G        – heat flow in the soil [MJ.m−2 day−1], 

T         – average daily air temperature at a height of 2 m [°C], 

u2        – average daily wind speed at a height of 2 m [m s−1], 

es         – saturated water vapor pressure [kPa], 

ea      – current water vapor pressure [kPa], 

𝛥         – derivative of saturated water vapor pressure [kPa  C−1], 

𝛾        – psychrometric constant [kPa °C−1]. 

 

Mathematical statistics methods were applied for the analysis of climatic elements. The results are 

processed graphically and in tabular form. 

4 Results and discussion 

Table 1 shows the descriptive statistics parameters of the series of average annual air temperatures, 

annual precipitation totals and potential evapotranspiration in NP1 and NP2. 

 
Table 1. Descriptive statistics for the average annual air temperatures, annual precipitation totals and annual 

ETpot totals at Milhostov meteorological station in the normal periods 1961–1990 and 1991–2020 

  

average annual air 

temperature 
annual precipitation total annual ETpot total 

  
NP1 

1961–1990 

NP2 

1991–2020 

NP1 

1961–1990 

NP2 

1991–2020 

NP1 

1961–1990 

NP2 

1991–2020 

Mean 9.0 10.0 546.9 578.4 678.0 758.6 

Standard Error 0.1 0.1 16.7 17.6 8.4 9.2 

Median 9.0 10.0 546.3 562.5 675.2 750.9 

Standard Deviation 0.6 0.7 91.6 96.4 45.8 50.6 

Sample Variance 0.4 0.6 8389.8 9284.4 2096.5 2560.4 

Kurtosis -0.5 -0.8 -0.3 2.6 -0.8 -0.7 

Skewness -0.2 0.2 -0.1 1.2 0.1 0.2 

Range 2.2 2.6 364.7 453.7 166.5 192.4 

Minimum 7.8 8.7 351.9 438.1 596.2 667.0 

Maximum 10.0 11.4 716.6 891.8 762.7 859.4 

Sum 268.9 300.7 16405.9 17351.0 20339.6 22759.5 

Count 30 30 30 30 30 30 

Confidence Level 

(95.0%) 0.2 0.3 34.2 36.0 17.1 18.9 

 

It follows from Table 1 that the period NP2 (1991–2020) is on average 1.0°C warmer than NP1 (1961–
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1990) with higher variability in absolute value and relative to the average. The skewness and kurtosis 

values show that the air temperature distribution in NP2 is significantly flat with a positive skew to 

the right. The distribution of mean annual air temperatures in NP1 is less flat and skewed to the left. 

The test of average annual air temperatures showed that the P-value for the t-test is less than 0.05 and 

there is a statistically significant difference between the means at the 5% significance level. The F-test 

showed that the null hypothesis of equality of variances could not be rejected. 

Figure 1 shows the average annual air temperatures in the normal periods NP1 (1961–1990) and NP2 

(1991–2020) and their linear trends in the climate station Milhostov. Their trends show a significant 

increase in air temperatures in NP2 and an increasing trend in average annual air temperatures. Figure 2 

analyzes the long-term average monthly temperature values and their differences between NP1 and NP2. 

The analysis shows that the biggest increase in air temperature was recorded in July (1.9°C) and in 

January (1.7°C). In the summer half-year NP2 (April–September), the average air temperature rose by 

(1.2°C) in the cold half-year by (0.9°C). Figure 3 shows histograms and box plots of average annual air 

temperatures in both normal periods. The figure graphically displays the results from Table 1 and 

illustrates the analysis of air temperatures so far. Histograms and boxplots show the shift and change in 

the shape of the temperature distribution between the studied periods.  

 

   
Figure 1. Average annual air temperatures and their trends at Milhostov meteorological station in the normal 

periods of NP1 1961–1990 and NP2 1991–2020. 

 

    
Figure 2. Comparison of long-term average monthly air temperatures at Milhostov meteorological station 

between the two normal periods NP1 1961–1990 and NP2 1991–2020 (in left).  

Air temperature difference between the normal period 1961–1990 and 1991–2020 (in right). 
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Figure 3. Comparison of average annual air temperatures of normal periods NP1 (1961–1990) and NP2 (1991–

2020) using histograms and box plots. 
 

Average annual precipitation totals (Table 1.) are 5.8% greater in NP2 than in NP1. Precipitation 

variability is slightly greater in NP2. NP1 is left-skewed and flat, while the NP2 set is right-skewed and 

more pointed. The F-test and t-test for the comparison of the variances and means of the average annual 

rainfall totals did not show statistically significant differences between NP1 and NP2 at the 5% level of 

significance. 

Figure 4 shows the annual rainfall totals in the examined normal periods. In NP1, precipitation totals 

are balanced without a significant trend. In NP2, it is possible to identify a slight increase in the linear 

trend and an increased variability of precipitation totals. 

 

    
Figure 4. Annual precipitation totals and their trends at Milhostov meteorological station in the normal period of 

NP1 1961–1990 and NP2 1991–2020. 
 

Figure 5 shows the long-term average monthly atmospheric precipitation totals in NP1 (1961–1990) and 

NP2 (1991–2020) in the meteorological station Milhostov. The slight increase in precipitation in NP2 

compared to NP1 is caused by an increase in precipitation totals, especially in the months of May, July, 

September and October. 

Figure 6 shows a comparison of the average annual precipitation totals of the normal periods NP1 (1961–

1990) and NP2 (1991–2020) using histograms and box plots. The figures show a significant negative 

skew to the left in the NP1 data set. In the boxplot for the NP2 period, one outlier was identified that 

lies more than 3 times the interquartile range to the right of the box. The identified value belongs to 

the precipitation total from 2010. The mentioned year was very wet and the annual precipitation total 
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was 158.5% of the average value in NP2. At the same time, it was the wettest year in terms of 

precipitation for the entire period 1961–2020. The absolutely driest year for the mentioned period was 

1961. The annual precipitation total was 64.2% of the average value in NP1. 

 

 
Figure 5. Long-term average monthly precipitation totals and long-term average precipitation totals at Milhostov 

meteorological station in the normal periods of NP1 1961–1990 and NP2 1991–2020. 
 

 

   
Figure 6. Comparison of mean annual precipitation totals of normal periods NP1 (1961–1990) and NP2 (1991–

2020) using histograms and boxplots 

 

The average annual totals of ETpot are 11.9% greater in NP2 than in NP1. The skewness and kurtosis 

values show that ETpot distributions in both normal periods have similar characteristics. The ETpot 

distribution is flat in NP2 with a positive skew to the right. The distribution of mean annual ETpot totals 

in NP1 is more flat with a positive skew to the right. A test of mean annual totals of ETpot showed that 

the P-value for the t-test is less than 0.05 and there is a statistically significant difference between ETpot 

at the 5% level of significance. The F-test showed that the null hypothesis of equality of variances could 

not be rejected. It is worth noting that the average annual ETpot increased by 80.6 mm and precipitation 

by 31.5 mm in NP2. From this, it is possible to conclude about increased drying of the natural 

environment at ESL in NP2. 

Figure 7 shows the average annual totals of ETpot in the normal periods NP1 (1961–1990) and NP2 

(1991–2020) and their linear trends in the climate station Milhostov. Their trends show a significant 

increase in ETpot in NP2 and a growing trend of average annual ETpot totals. 

Figure 8 analyzes the long-term average monthly ETpot totals and their differences between NP1 and 

NP2. The analysis shows that the greatest increase in long-term average ETpot totals in NP2 compared 

to NP1 was recorded in August by 19.6 mm (19.7%) and in July by 13.5 mm (11.4%). In the summer 

half-year of NP2 (April–September), the average total ETpot increased by 70.7 mm (12.6%) compared 

to NP1, in the cold half-year by 9.7 mm (8.2%). 
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Figure 7. Trend analysis of the annual cumulated values of potential evapotranspiration (ETpot) at Milhostov 

meteorological station in the normal periods of NP1 1961–1990 and NP2 1991–2020. 
 

 
Figure 8. Long-term average monthly cumulated potential evapotranspiration (ETpot) at Milhostov 

meteorological station in the normal periods of NP1 1961–1990 and NP2 1991–2020. 
 

Figure 9 shows the histograms and boxplots of annual totals of ETpot in both normal periods. The figure 

graphically displays the results of descriptive statistics from Table 1 and illustrates the ETpot analysis so 

far. 

 

   
 

Figure 9. Comparison of annual totals of ETpot of normal periods NP1 (1961–1990) and NP2 (1991–2020) using 

histograms and box plots 
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5 Conclusion 

In recent years, the frequency of occurrence of extreme hydrological events has been increasing in 

the natural environment of Slovakia and within it also the East Slovak Lowland. In order to quantify 

these changes and their development trends, basic hydrometeorological elements are analyzed in two 

consecutive normal periods NP1 (1961–1990) and NP2 (1991–2020). They were air temperatures, 

precipitation and ETpot. The analysis was based on the hypothesis that the mentioned 

hydrometeorological elements will increase in NP2 compared to NP1. 

In the case of average annual temperatures, a significant increasing trend was identified in NP2. 

The differences in average annual temperatures between NP1 and NP2 are statistically significant. As 

for the variance, it is not possible to reject the hypothesis of equality of variances.  

In the case of annual rainfall totals, the hypothesis was not confirmed. No significant statistical 

differences were identified between the size and variance of precipitation totals in the investigated 

periods NP1 and NP2 at the 5% level of significance. Nevertheless, precipitation in NP2 was 5.8% 

greater than in NP1. 

Annual totals of ETpot, similar to temperatures, had a significant increasing trend in NP2 compared to 

NP1. The differences in average annual temperatures between NP1 and NP2 are statistically significant 

at the 5% significance level. As for the variance, it is not possible to reject the hypothesis of equality of 

variances. It is worth noting that the average annual ETpot increased by 80.6 mm and precipitation by 

31.5 mm in NP2. 

The above analysis shows that in NP2 (1991–2020) compared to NP1 (1961–1990), there is a trend of 

increasing temperature and potential evaporation. Precipitation increased slightly, statistically 

insignificant. From this, it is possible to conclude about increased drying of the natural environment at 

ESL in NP2. 
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1 Abstract  

Hydrological processes in the unsaturated zone are the results of the interaction processes of 

the unsaturated zone with the surrounding subsystems. In the growing season of 2022 in the East Slovak 

Lowland a soil drought occurred. In this paper, the components of the water regime are quantified and 

analyzed. The data base for the analysis was obtained by monitoring and numerical simulation on the 

HYDRUS mathematical model. Extremely low actual evapotranspiration and a significant influence of 

the water table on the water storage in the root zone of the soil profile were identified. 

 

Keywords: soil water regime, unsaturated zone, monitoring, numerical simulation 

2 Introduction  

Hydrological processes in the unsaturated zone are part of the hydrological cycle. The hydrological 

cycle is studied as a physical system, which is divided into atmosphere – vegetation cover – unsaturated 

zone – groundwater. The water storage (WS) in the unsaturated zone is the result of the interaction 

processes of the unsaturated zone with the surrounding subsystems. Anthropogenic activity in the 

country also has a direct impact on the quality, quantity and dynamics of water in the unsaturated zone. 

In the region of the East Slovak Lowland (ESL), it is mainly agriculture, the chemical industry, and 

complex water management measures implemented since the 1960s [1], [2], [3], [4], [5]. 

Water in the unsaturated zone is a source of water for the biosphere. This source supplies water to 

the vegetation cover during the growing season. In order to assess available water storage in the soil for 

vegetation cover, the characteristic points of the moisture retention curve are selected based on 

the convention [6]: field water capacity (FC), threshold point (TP) and wilting point (WP). FC is the 

moisture state of the soil, which occurs after gravity water drains from the pores. With TP, plants are 

put under stress and their biological activities are oriented towards survival. If the water reserves in the 

soil fall below the value corresponding to the WP, the soil becomes dry and the plants die. It follows 

from the above that the available source of soil water for the biosphere is the volume of water in the soil 

aeration zone, which corresponds to the interval of the energy binding of water with the solid phase of 

the soil between FC and WP. It is the existence interval of the water content for the plant cover in the 

given location of the territory. This volume of water does not have the properties of free water. In order 

for plants to be able to use it, they must have a developed root system and a suction pressure that is able 

to overcome the binding of water with the soil. Information on the temporal and spatial distribution and 

dynamics of moisture in the unsaturated zone of the soil environment is crucial for agricultural 

production, water management in the country and the design of adaptation measures. The mentioned 

information can be obtained by monitoring and calculation. 

In the past growing season of 2022, it was possible to see the manifestations and feel the consequences 

of the lack of water in the unsaturated zone of soils on the territory of Slovakia. In ESL conditions, 

the lack of water manifested itself in the form of soil drought. The aim of the work was to quantify and 

analyze the components of the water regime of the soil in the site Milhostov on the ESL during 

the growing season of 2022. The data base for the analysis was obtained by monitoring and numerical 

simulation on the HYDRUS mathematical model. 
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2.1 Description of the locality 

The investigated site of Milhostov is located on the East Slovak Lowland. The ESL represents the 

northernmost part of the extensive Inner Carpathian tectonic depression. It covers an area of 2 638 km2. 

It was created by uneven tectonic subsidence of the earth's crust inside the Carpathian mountain in 

the Neogene and Quaternary periods. Soil conditions correspond to geological conditions. ESL is 

characterized by a high proportion of heavy and very heavy soils (Table 1). 

 
Table 1. Soil types in the East Slovak Lowland 

soil types 

light soils medium heavy soils heavy soils very heavy soils 

sand sandy loam loam clay loam clayey 

loamy sand    clay 

[%] [%] [%] [%] [%] 

2.64 50.70 4.92 21.88 19.86 

 

From a climatic point of view, the territory of ESL lies in the transition zone between oceanic and 

continental climate. The territory belongs to a warm, slightly humid region with a cold winter. One of 

the basic features of the local climate is the great temporal variability of the weather and thus of all 

meteorological elements. The rapid change of air masses in each season and developed cyclonic activity 

are characteristic here [7]. From the temperature point of view, the territory of ESL forms a relatively 

homogeneous temperature area. The long-term average temperature in this region is around 9.6°C. The 

coldest month of the year in the mentioned period is January (-2.8°C) and the warmest is July (20.5°C). 

Circulation factors are decisive for precipitation formation. At ESL, the most precipitation falls during 

the flow of moist warm air from the south. Precipitation from the west, north and east is reduced by 

the precipitation that falls on the Carpathian massif. The area with annual precipitation below 600 mm 

lies in the central to south-western part of the plain. The investigated site of Milhostov also falls into 

this area. In the direction to the northeast, precipitation increases and reaches 800 to 900 mm in the 

territory of the East Slovak hillock. 

3 Methods 

The methodological procedure was divided into two stages. The goal of the first stage was the creation 

of a database for further analysis. In the second stage, its analysis and interpretation of the results was 

carried out. The data base was formed by the results of monitoring and numerical simulation on 

the HYDRUS mathematical model. 

As part of the monitoring, the texture of the soil profile was analyzed in layers of 0.1 m to a depth of 

1 m, the bulk moisture of the soil samples and the basic hydrophysical characteristics were measured. 

Volumetric humidity was measured gravimetrically to a depth of 1 m in layers of 0.1 m. The results of 

volumetric moisture measurements were displayed using isolines (isolines, isopleths). From a physical 

point of view, an isoline is defined as a line along which the selected scalar physical quantity has 

the same value. The name of the isoline depends on what quantity it shows. Isolines along which there 

is the same humidity in the soil profile at different times are called chronoisopleths. In the form of a 

chronoisopleths, a picture of the time development of moisture in the soil profile is obtained. 

To obtain difficult-to-measure characteristics, the method of numerical simulation on the HYDRUS-1D 

model was used. The mathematical model HYDRUS-1D in version 4 was used to calculate the analyzed 

members of the balance equation in the evaluated time period. HYDRUS-1D is a one-dimensional model 

for the simulation of water flow, heat transfer and movement of soluble substances involved in 

subsequent first-order reactions in variably saturated soils [8]. It is based on the solution of the Richards 

equation [9] for variably saturated flow and on the advection-dispersion type of equations for the transfer 

of heat and soluble substances. The flow equation allows for a drop to account for water uptake by plant 

roots. The chosen hydraulic model of van Genuchten [10] and Mualem [11] was single-pore without 

hysteresis. For each layer, the basic hydrophysical characteristics of soils were measured in 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

447 
 

 

 

the laboratory and the parameters of the analytical expression of moisture retention curves according to 

van Genuchten were defined. The input data on groundwater were provided by the regional office of 

SHMI Košice as part of the cooperation. The time calculation step of the simulation was set to 1 day. 

This corresponds to the time scale of all inputs and outputs from the model. The submitted paper presents 

information from them on evapotranspiration, evapotranspiration deficit and water reserves up to a depth 

of 1 m. Descriptive statistics and correlation analysis methods were used to describe the investigated 

parameters and quantify their interrelationships. 

4 Results and discussion 

The investigated site of Milhostov is situated in the central area of ESL (48°40'11'; 21°44'18''). The site 

is covered with silty clay loams, which change to sandy loams in the lower soil horizons (80 cm) 

(Figure 1). The average retention characteristics of the investigated soil profile to a depth of 1 m 

expressed in the form of hydrolimits, field water capacity (FC), point of reduced availability (TP) and 

wilting point (WP) are shown in Table 2. 

 

 
Table 2. Average values of hydrolimits in the investigated profile up to a depth of 1 m 

Locality 
Hydrolimits  [%] 

WP TP FC 

Milhostov 23 31 42 

 

 

During 2022, 463.6 mm of precipitation fell in the investigated location. It is 61.1% of the long-term 

normal period 1991–2020. 

In the growing season (April–September) 2022, the precipitation total in Milhostov was 295.4 mm 

(63.7% of the annual total), which represents a 13% probability of occurrence in the 53 annual series of 

measurements. In this context, it should be noted that 47.5% (140.2 mm) of the total vegetation 

precipitation fell at the end of the growing season in the month of September (Figure 2). If 

the precipitation from July (63.3 mm) is added to this, it is 68.9% of the entire growing season. In 

addition to small amounts of precipitation, the examined growing season is characterized by high air 

temperatures. Their average monthly temperatures and maximum and minimum monthly temperatures 

are shown in Figure 2. This fact had an impact on water reserves in the soil, and thus the growing season 

of 2022 ranks among the absolute driest since 1970. 

 

 

      
Figure 1. Identification of soil types and texture along the vertical of the investigated soil profile  
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Figure 2. Temperature and precipitation conditions in the investigated location in the growing season of 2022 

 

 

Figure 3 shows in the form of isolines the course of bulk moisture in the studied profile during 

the growing season of 2022. The bulk moisture was measured gravimetrically, by taking soil samples in 

layers of 0.1 m to a depth of 1.0 m. In the picture, the individual humidity levels are also distinguished 

by colour. It is clear from the given display that the entire profile to a depth of 1 m was dried. Drying in 

the surface layer up to 0.1 m already occurred at the beginning of May. The moisture content of the soil 

profile was continuously below the stress point until mid-September. Parts of the soil profile dropped 

below the wilting point. The condition of the grass, which was dry, also corresponded to this. 

The September precipitation gradually saturated the upper soil horizons to an optimal state. 

The mentioned results are more prominently presented in Fig. 4. In this display, the intervals of moisture 

isolines are defined by hydrolimits FC, TP and WP. 

The monitoring results shown in Figures 3 and 4 also confirm the results shown in Figure 5. Numerically 

simulated daily totals of potential (ET0) and actual (ETa) evapotranspiration, evapotranspiration 

deficit  𝐸𝑇𝐷 = 𝐸𝑇0 − 𝐸𝑇𝑎 and calculated WSc and measured WSo water reserves are shown there, in the 

soil profile to depth 1 m. The water supply to a depth of 1 m on 21/05/2022 falls below the wilting point 

and remains continuously below it until 12/9/2022, when the water supply rises above the wilting point 

due to September precipitation. This corresponds to the totals of the current evapotranspiration, which, 

due to the lack of water in the soil profile, oscillates above zero. For that reason, the evapotranspiration 

deficit is almost identical to the total potential evapotranspiration. Temperatures (T), precipitation (P) 

and groundwater level (GWL) shown in Figure 5 supplement the information field on evaporation 

processes and changes in water reserves in the soil profile. 
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Figure 3. Volumetric soil moisture isolines to a depth of 1 m during the growing season of 2022 

 

 

 

 
Figure 4. Volumetric soil moisture isolines to a depth of 1 m during the 2022 growing season defined by 

hydrolimits FC, TP and WP 

 

 

The statistical characteristics of the descriptive statistics of the course of the investigated parameters are 

shown in Table 3. These, in numerical form, summarize the course of the examined parameters shown 

in Figure 5. 

In Table 4, correlation coefficients are given to assess the closeness of the relationships between 

the investigated parameters. The closest relationship was identified between ET0 and ETD. The strength 

of this bond is due to the low ETa (3.2% of ET0). Then, if 𝐸𝑇𝐷 = 𝐸𝑇0 − 𝐸𝑇𝑎 ⇒ lim
𝐸𝑇𝑎→0

𝐸𝑇𝐷 = 𝐸𝑇0 which 

causes the correlation coefficient to close to the functional value. This is confirmed by the descriptive 

statistics values shown in Table 3 and the graphical illustration using histograms and boxplots shown in 

Figure 6. 

A highly significant relationship was identified between groundwater level GWL and water storage WSc 

(0.82), indicating interaction processes between groundwater and water storage in the root layer of 

the soil profile. The expected significant correlations were confirmed between temperature T and ET0, 

ETD and thus GWL. 
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Figure 5. Course of daily totals of potential and actual evapotranspiration ET0, ETa, evapotranspiration deficit 

ETD, precipitation P, water reserves WS in the soil profile to a depth of 1 m (WSc – calculated, WSo – observed), 

groundwater level GWL and average daily temperatures T 

 
Table 3. Characteristics of descriptive statistics 

Parameter 
GWL ET0 ETa ETD WSc T 

[cm] [mm] [mm] [mm] [mm] [°C] 

Mean -220.90 5.34 0.17 5.17 238.86 18.24 

Standard Error 1.79 0.23 0.02 0.22 5.60 0.45 

Median -229.82 5.58 0.05 5.48 194.97 19.15 

Standard Deviation 24.24 3.10 0.24 3.02 75.70 6.04 

Sample Variance 587.43 9.62 0.06 9.13 5730.18 36.53 

Kurtosis -1.40 -0.70 3.78 -0.76 -0.57 -0.30 

Skewness 0.39 0.21 2.02 0.19 1.01 -0.55 

Range 73.26 13.27 1.21 12.64 217.27 28.65 

Minimum -253.60 0.00 0.00 0.00 171.46 1.88 

Maximum -180.35 13.27 1.21 12.64 388.73 30.53 

Sum 40424.38 976.76 31.37 945.39 43711.78 3338.60 

Count 183 183 183 183 183 183 

Confidence Level (95.0%) 3.54 0.45 0.04 0.44 11.04 0.88 

Table 4. Correlation table of dependencies between the investigated parameters 
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 P GWL ET0 ETa ETD WSc T 

P 1       
GWL -0.13 1      
ET0 -0.27 -0.17 1     
ETa -0.22 0.49 0.36 1    
ETD -0.26 -0.21 0.997 0.29 1   
WSc 0.04 0.82 -0.56 0.26 -0.59 1  
T -0.12 -0.67 0.63 -0.13 0.65 -0.82 1 

 

 
 

Figure 6. Comparison of potential evapotranspiration ET0 evapotranspiration deficit ETD 

5 Conclusion 

The work analyzed the basic components of the water regime of the soil profile to a depth of 1 m in 

the Milhostov area on the ESL. The analysis was carried out in the extremely dry growing season of 

2022. The analysis was based on the results of monitoring and numerical simulation of the components 

of the water regime on the HYDRUS-1D mathematical model. Correlation analysis confirmed 

the significant level of interaction processes between groundwater and water supply in the soil profile. 

This is due to the fact that groundwater replenishes the water reserves in the root zone of the soil profile 

up to a certain critical depth. 

A very low level of actual evapotranspiration ETa was identified, the total of which for the entire growing 

season was only 3.2% of ET0. This was reflected in a high evapotranspiration deficit that almost 

duplicated ET0. In addition, the expected significant correlations between temperature T and ET0, ETD 

and subsequently GWL were confirmed. 
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1 Abstract  

Paper analyses design of various adaptation measures for a part of urban catchment with focus to the 

legislation, hydraulic and environmental aspects of the urban stormwater management. There were 

estimated required range and composition of adaptation measures and their effects on the overall urban 

stormwater management are described with regard to the achievement of the required goals. The results 

show that that green measures (green infrastructure) alone cannot eliminate all the negative impacts of 

climate change. 

 

Keywords: urban drainage, stormwater runoff, green infrastructure, climate change, adaptation 

measures 

2 Introduction  

The climatic change implies implementation of adaptation measures in the field of urban drainage. 

Higher rainfall intensities typically requires larger hydraulic / storage capacity of the urban drainage 

systems in aim to better manage the increased stormwater flows and volume.  

Without amendments to the prevailing concept of urban drainage in the Slovak Republic, the likelihood 

of flooding in urban areas due to increased rainfall intensities will remain high, as the current sewerage 

network is unable to cope with the increased demand. Furthermore, climate change will result in an 

increased amount of pollution transported from sewerage networks to surface waters (receiving waters) 

due to the more frequent hydraulic overflow of wastewater through combined sewer overflow (CSO) 

structures. Additionally, the larger volumes of such water will reach the receiving waters directly 

without any treatment. 

Two approaches can be taken to address this issue: increasing the hydraulic capacity of the sewer 

network or reducing the inflow to the sewer network. Increasing the capacity of the sewerage network 

typically involves structural modifications to the network, such as increasing the diameter of pipes, 

create or increase of central retention volumes. These modifications are often accompanied by extensive 

civil works, traffic constraints and high financial requirements. It is therefore advisable to utilise the 

second option as frequently as possible, namely to reduce the inflow to the sewerage network in order 

to ensure that its current capacity is sufficient to convey stormwater.  

The second method, reduction of inflow to the sewer network, assumes local area retention or 

disposal / use of stormwater at the place of its generation. In this case, retention means interception of 

stormwater and its slow, regulated discharge into the sewerage network so as not to exceed the maximum 

flow limits set by the relevant authority (e.g. local authority, Water Company). The disposal of the water 

is understood to be the evaporation or discharge to local surface waters, thus preventing its entry into 

the sewerage system.  

For the retention of rainwater, but also for its local disposal, it is advantageous to use natural solutions, 

often based on different types of vegetation, whose action resembles the hydrological characteristics of 

the natural basin. These solutions are collectively known as 'green infrastructure'. 
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This development resulted also in the update of the existing EU legislation in the field of urban drainage, 

which requires elaboration of the integrated urban wastewater management plans. These plans shall 

comprise methodology and procedures for achieving the objectives in the field of urban stormwater 

management, such as a surcharge or flooding as well as minimising the pollution load of untreated water 

to the local recipients. Such measures could include the adaptation of the existing or the creation of new 

urban wastewater collection infrastructure including creation of additional stormwater storage 

(detention measures). New infrastructure implementation plans should prioritize the implementation of 

green infrastructure (e.g. and storage ponds, wetlands, semipermeable surfaces, green roofs etc.) 

designed in order to support biodiversity and water reuse. 

 

  
a)  b) 

 

   
c)  d) e) 

Figure 1. Examples of adaptation measures in urban stormwater management: a) micro pond at the Faculty of 

Forestry, TU Zvolen, b) wetland park in Portland [1], c) family house infiltration system [2], d) grassed 

semipermeable paving [3], e) green roof [4] 

 

The impact of discharge from CSO’s on the biological regime is a complex and non-trivial issue, highly 

individual and local in nature. Simple calculation methods can typically provide an approximate balance 

load to the receiving water, which does not take into account the effect of individual rain events, nor the 

duration or frequency of CSO’s events. Similarly, calculations using complex rainfall-runoff models 

may not provide sufficiently reliable results due to uncertainties and variability of parameters during 

rainfall events (e.g. in larger catchments due to spatial variability of rainfall, quantitative and temporal 

variation of pollutants in rainwater and wastewater depending on several local and temporally variable 

factors, etc.). 

At present, we can formulate the characteristic effects of the annual pollutant load to the receiving waters 

in the CSO waters, the CSO volume as well as the number of CSO events and their duration during the 

non-freeze period of the year (or whole year). 

However, the scientific question we ask in this paper is the extent to which green infrastructure can 

reduce or eliminate the negative effects of CSO events on receiving water. Impact of CSO events can 

be quantified in a variety of ways, but the most common expression is its impact on reducing the risk of 

flooding and its impact on reducing the amount of pollution transported through the CSO structures to 

the receiving water.  

This paper focuses on the impact of green infrastructure on the balance parameters of pollution transport 

through CSO’s to receiving waters. This issue is one of the key indicators mentioned in the 

aforementioned EU Directive, namely Directive 91/271/EC, which sets a (non-binding) indicator for the 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

455 
 

 

 

pollution of receiving waters by discharged water of 2% of the total annual pollution transported to 

waste water treatment plants. This is an emission based balance parameter and the details and 

methodology for calculating this indicator have not yet been defined.  

3 Methods 

For the calculations and assessments that we have carried out in this paper, several calculation methods 

have been considered. Firstly, the method of prof. Urcikán, presented in his publication [5] was 

considered. This method allows, based on statistically processed rain gauge data according to [6], [5] to 

determine approximately the number of cases of CSO events, the duration and the volume of CSO 

sewage water. However, this method does not allow taking into account some aspects that occur in real 

sewer networks, such as the inclusion of rainwater basins, etc. 

Therefore, we decided to use a simple balance method presented at the NATO Advanced Science 

Institute (ASI) series in Harrachov in 1996 [7]. This method also has its shortcomings, but it allows a 

simple and understandable consideration of practically all aspects occurring in the drainage networks 

(e.g. stormwater basins, dynamic effect of WWTPs, etc.) and also allows fast and simple recalculation 

of several alternatives for the application of water retention features (green infrastructure) in an 

urbanised catchment.  

The principle of this method is a simple comparison of the rainfall depth (volume) occurring in the 

catchment with the available retention depth (volume) in the catchment (hydrological losses, but also 

the retention capacity of the drainage system elements). Each rainfall event is defined by its duration 

and total rainfall. The rainfall defined in this way produces the scatter plot shown in Figure 2. 

 
Figure 2. Rainfalls in Bratislava city (10-year rain gauge records) 

 

From the precipitation, defined in terms of total amount and duration, we successively subtract the 

hydrological losses - surface wetting / retention, infiltration, interception, etc. We have subtracted these 

losses from a value that includes the sum of these losses (see Table 1). 

 
Table 1. Used values of hydrologic losses 

PERCENTAGE OF THE GREEN 

INFRASTRUCTURE IMPLEMENTATION 

CATCHMENT HYDROLOGIC LOSSES  

hHL 

(%) (mm) 

0% 1 

25% 1,5 

50% 2 

75% 2,5 

100% 3 
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Next, we subtracted the retention capacity of the sewer network and the rainwater storage tank (ST) 

from the total rainfall, but both were converted to the total rainfall according to the relationship 

 

ℎ =
𝑉

𝐴𝑟𝑒𝑑
 (1) 

Where h is the corresponding volume retention (sewer system, storage tank), expressed as rainfall depth 

(m), 

V is the retention volume (m3) and 

Ared is the reduced catchment area (m2), i.e. total catchment area multiplied by runoff coefficient (Ared = 

A.φ) 

 

The dynamic part of the system volume balance, i.e. the volume taken from the urban drainage system 

by the Waste Water Treatment Plant (WWTP) or simply flowing out of the system towards the WWTP 

can be expressed as  

 

ℎ𝑊𝑊𝑇𝑃 =
𝑄𝑊𝑊𝑇𝑃 . 𝑡

𝐴𝑟𝑒𝑑
 (2) 

Where  

h is the corresponding outflow volume for time t, expressed as depth (m/min), 

QWWTP is the flow rate of the wastewater flowing out of the urban drainage system (towards the WWTP) 

t is the rainfall duration time (min). 

 

The CSO volume can then be determined graphically or by calculation (e.g. using a simple spreadsheet 

SW) according to the following relationship (Eq 3): 

 

ℎ𝐶𝑆𝑂 = ℎ𝐻𝐿 − ℎ𝑆 −∑ℎ − ℎ𝑊𝑊𝑇𝑃 . 𝑡  (3) 

Where 

hCSO is the CSO outflow volume, expressed as depth (m), 

hHL are the total hydrologic losses (surface losses) on the urban catchment (m), 

h is the sum of the total retention (accumulation) capacity of the drainage system, see Eq. 1 (m). 

 

If the value of the hCSO is zero or negative, CSO event does not occur, i.e. the retention / storage capacity 

is bigger than the rainfall.  

To express the CSO overflow volume in volumetric units, we can use following equation (Eq. 4): 

 
𝑉𝐶𝑆𝑂 = ℎ𝐶𝑆𝑂  . 𝐴𝑟𝑒𝑑 

(4) 

 

For practical calculations, we have created a hypothetical catchment area in the city of Bratislava with 

the following parameters (Table 2): 

 
Table2. Parameters of the hypothetical case study catchment area 

PARAMETER  VALUE UNITS  

CATCHMENT AREA 100 ha 

NUMBER OF INHABITANTS 4000 Nr. of inhabitants 

POPULATION DENSITY  40 Inh.ha-1 

POPULATION EQUIVALENT (PE) INDUSTRY 20 % 

Small industry pollution production (surcharge to the 

inhabitant production) 

SPECIFIC WASTEWATER PRODUCTION 100 l.inh-1day-1 

SMALL INDUSTRY WASTEWATER PRODUCTION  20 % Additional charge to dry weather flow 

INFILTRATED WATER  50 % Ratio  of infiltrated water to sewage water  

SPECIFIC BOD5 PRODUCTION  60 g BOD5 inh-1 day-1 
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BOD5 CONCENTRATION IN DRY WEATHER 

FLOW 327 mg BOD5 . l-1  

BOD5 CONCENTRATION IN CSO  175 mg BOD5 . l-1 

SPECIFIC LENGTH OF THE SEWER NETWORK 3 m.inh-1 

SHARE OF ROOFS 15 % Percentage share of the total catchment area 

SHARE OF ROADS 25 % Percentage share of the total catchment area 

SHARE OF PAVEMENTS, PEDESTRIAN ZONES 5 % Percentage share of the total catchment area 

SHARE OF CAR PARK LOTS 15 % Percentage share of the total catchment area 

SHARE OF GREEN AREAS 40 % Percentage share of the total catchment area 

MIXING RATIO 1:4 Proportion of flow to WWTP 

 

The area shares (buildings, streets…) were obtained by analysing a map of the sample catchment area 

in the Bratislava-Petržalka district based on the ZBGIS digital map [8]. 

We considered the implementation of green infrastructure only on roofs (green roofs), sidewalks 

(soakaways, swales, rain gardens) and parking lots (semi-permeable surfaces with infiltration).  

The calculation was carried out in alternatives for the status quo, 25%, 50%, 75% and 100% 

implementation of green infrastructure on the potential areas, as well as alternatives with the 

construction of a rainwater retention basin with a volume of 720 m3 (12 x 2.5 x 24 m) and 1350 m3 (15 

x 3 x 30 m).  

As the updated Directive 91/271/EC [9] requires as a guideline to achieve a maximum of 2% of the 

yearly pollution load in the CSO effluent (of the total yearly WWTP pollution load in the dry period), 

we also calculated this indicator to the value of BOD5, taking into account the pollution values 

(concentration) according [10]. 

4 Results and discussion 

The results of the calculations are shown in Table 3. 

 
Table 3. Calculation Results 

ALTERNATIVE 

NR. OF CSO 

EVENTS PER 

YEAR 

CSO 

YEARLY 

VOLUME 

% ACCORDING 

THE DIRECTIVE 

91/271/EC 

SHARE 

COMPARED TO 

STATUS QUO 

 (-) (m3 year-1) % % 

STATUS QUO 16.4 45 044 9.99 100.00 

25% GI 14.0 34 661 7.69 76.95 

50% GI 11.5 25 913 5.75 57.53 

75% GI 9.7 18 610 4.13 41.31 

100% GI 8.1 12 496 2.77 27.74 

STATUS QUO + ST 720 M3 12.5 34 667 7.69 76.96 

25% GI + ST 720 M3 10.4 25 910 5.75 57.52 

50% GI + ST 720 M3 9.1 18 547 4.11 41.18 

75% GI + ST 720 M3 7.1 12 505 2.77 27.76 

100% GI + ST 720 M3 5.4 7 902 1.75 17.54 

STATUS QUO + ST 1350 M3 10.3 27 466 6.09 60.98 

25% GI + ST 1350 M3 8.9 19 809 4.39 43.98 

50% GI + ST 1350 M3 7.0 13 563 3.01 30.11 

75% GI + ST 1350 M3 4.9 8 752 1.94 19.43 

100% GI + ST 350 M3 3.3 5 395 1.20 11.98 

 Note: ST – storage tank 

 

We present the results in graphical form in the following graphs (Figure 3, Figure 4): 
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Figure 3. Number of CSO events in year 

 

 
Figure 4. Discharged CSO volume 

 

As can be seen from the model results, the implementation of GI reduces the number of CSO events as 

well as the CSO volume as the proportion of its implementation increases (decreasing trend of the curves 

in Figure 3 and Figure 4). The inclusion of a stormwater detention basin also reduces these parameters 

(lower position of the curves with inclusion of a stormwater detention basin in Figure 3 and Figure 4). 

For both trends, however, we can see some non-linearity in the results, e.g. when comparing the curves 

with both rainwater stormwater tanks. In the case of the larger tank, the tank volume is approximately 

twice (1350 vs. 720 m3), but the decrease of the curve with the larger reservoir is not proportional to this 

ratio of reservoir volumes. This could lead to the hypothesis that for both green and grey infrastructure 

there are some technical (physical) limits to the minimum runoff from the urban catchment, which 

cannot be exceeded by common available technologies, or only at disproportionately high cost. 

In this section, it is also necessary to mention the uncertainties and simplifications of the model used, 

which can significantly affect the results of this study. 

The first simplification is the neglect of the spatial rainfall distribution, which plays an important role 

in runoff of large urbanised catchments. In addition, the typical catchment areas assigned to the 

Bratislava CSO’s chambers are much larger than the catchment area we have chosen, which may lead 

to a bias in the results. Niemczynowicz [11] recommended in case of large catchments one rain gauge 

per every square kilometre. Schilling [12] find out in his study, that in case of studies based on statistical 

processed data causes the spatial rainfall distribution only a minor errors, whereas in cases of studies, 

based on single rain events, the spatial rainfall unevenness has fundamental importance. 

The uneven spatial rainfall distribution causes only a small error in our study, because on the area of 

chosen virtual catchment 100 hectares (= 1km2) can be spatially even rainfall distribution assumed; this 
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corresponds fully with the assumptions in our study. 

It should be emphasized that the problem of spatial rainfall unevenness is independent of the type of 

model used. Current technologies of radar rainfall measurements and their combination with ground-

based rain gauge data eliminate this problem, but the problem is the availability - this data are charged 

in Slovakia. This causes a problem in obtaining and using this data in research, as well as in engineering 

and design practice. 

Another aspect is the neglect of the dynamics of the rainfall-runoff process. Our method assumes a 

constant runoff coefficient as well as a constant rainfall intensity during its duration (essentially a block 

rain assumption). The method assumes constant storage volumes (which is acceptable in the case of 

stormwater basins), but neglects the dynamics of flows in the sewer network and its dynamic, non-

uniformity, non-stationarity and time-varying filling with wastewater. Neglecting of the rainfall-runoff 

process dynamic is often used in engineering practice (e.g. assumption of flow stationarity). To 

incorporate the dynamics of the rainfall –runoff processes dynamics into the model will lead to a 

complete change of the model used, which will require also time-dependant input data (e.g. rainfall time 

series). 

Removing the above-mentioned simplifications of the model would enormously increase the 

requirements for input data into the model; the calculation would also be more difficult, without 

possibility of using simple means (MS Excel). If detailed modelling approach is required, the complex 

hydrodynamic model (approach) shall be used (e.g. SWMM [13], MIKE [14]) 

The technical feasibility of implementing green infrastructure is also uncertain, e.g. will it be possible 

to implement adaptation measures on 100% of the selected areas? Probably not, e.g. green roofs are 

cannot be often easily (and cost-effectively) implemented due to the static load-bearing capacity of older 

buildings or inadequate building structures (e.g. insulation, pitched roofs), semi-permeable surfaces of 

car parks cannot be used in heavily frequented car parks (e.g. industry, shopping centres, etc.). 

Insufficient space for their location, land ownership, hygiene and operational problems are also frequent 

problems (especially in densely built-up areas in city centres). 

The described method is based on rainfall data from previous periods, which could be also a source of 

errors. In the context of climate change short-term rainfall intensities are expected to increase in the 

order of units to tens of percent [15], and work published so far confirms this trend [16, 17]. 

Other options for surface runoff retention, such as surface retention ponds (microponds), infiltration or 

direct discharge to receiving waters, are not included in the methodology used. Such measures can 

substantially improve the local microclimate [18]. The urban catchment in Bratislava suffers from a lack 

of local stream, so the restoration of the river network in urbanised areas is also of great importance 

[19]. 

In addition, in real catchments there are likely to be other catchment parameters that we have only 

estimated in our hypothetical example (local and time-varying parameters). These are in particular the 

length of the sewerage network or the utilisable volume of the sewerage network, the wastewater flows 

(amount of industrial wastewater, infiltrated water) as well as the concentrations of pollutants in the 

wastewater or in the discharged water. 

5 Conclusion 

The overall approach and design of urban stormwater adaptation measures is very specific and individual 

depending on local conditions, like the availability of a suitable recipient and its hydraulic capacity, 

hydrogeological properties of the soil (stormwater infiltration) or the hydraulic capacity of the urban 

sewerage system. It is also necessary to emphasize that green measures (green infrastructure) alone 

cannot eliminate all the negative impacts of climate change and a comprehensive restructuring of the 

existing urban drainage system is often necessary. 

As the results show, the implementation of the GI (also in maximum possible extent) is not guarantee 

for the achieving the goals, proposed in the Directive 91/271/EC [9] (see Table 3). As it can be seen in 

in this table, only extensive combined approach (GI and grey infrastructure - stormwater tanks) can 

secure the required 2% of the yearly pollution load, transported through the CSO directly to the surface 
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water. 

However, this study is a virtual study; in the real engineering practice can be such extensive 

implementation of adaptation and retention measures even more difficult due to various technical 

problems.  

Another important question is the technical vs. financial effectivity of implemented measures, i.e. to 

find the optimal solution to achieve the required parameters. This will be most probably a “mix” of 

green and grey infrastructure, whereas the share and extent of each infrastructure type will determine 

the total costs (investment and maintenance costs). However, we assume that such optimal solution will 

be very case specific and has to be determined for each particular case. 

Another set of issues that we want to address in the future is the comparison of the results of the method 

described in this paper with the results of the numerical rainfall-runoff model. It is also necessary to 

address the fact that the calculation method used is based on historical data, thus does not include the 

effects of climate change. 
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1 Abstract 

The paper outlines the findings from numerical simulations of flooding in the city of Rovinj, Croatia. 

The simulations using a numerical spectral model were carried out under conditions of moderate (RP = 

100 years) and high (PP = 5 years) probabilities of elevated sea levels and intense wave action. The 

integration of elevation data into these wave models involved incorporating two different resolutions: 5 

m and 1 m. The research findings indicate that when using LiDAR data at a resolution of 1 m, the 

estimated flooded areas are, on average, 2% larger for a 100-year return period and 8% smaller for a 5-

year return period compared to results obtained with elevation data at a 5 m resolution. 

 

Keywords: coastal flood, mareographic measurements, digital elevation model, phase averaged wave 

numerical model 

2 Introduction  

By 2050, 2 billion people in flood-prone areas will be affected by population growth, climate change, 

deforestation, loss of wetlands, and rising sea levels [1]. Coastal areas are prone to flooding due to 

oceanographic and hydrological factors. Approximately 86 million EU residents live within 10 km of 

the coast [2]. Migration and urbanization may increase this number in the future, heightening 

vulnerability to flooding [3]. The UN's 2030 Agenda for Sustainable Development and the Sendai 

Framework for Disaster Risk Reduction are important global documents that focus on flood occurrences 

[4]. 

The Croatian Adriatic coast is prone to marine flooding [5]. Winter months primarily cause floods due 

to synoptic atmospheric actions [5], with a few events identified as meteorological tsunamis [6]. Storm 

surges cover larger areas and last longer, typically predicted with combined models [7]. Besides synoptic 

processes, additional factors contribute to high sea levels. Additional processes include long-period sea 

level oscillations and tidal oscillations [8]. Sea levels can rise by over 30 cm during cyclone passages 

due to slow-propagating atmospheric planetary waves lasting longer than 10 days, leading to flooding. 

Tidal oscillations in the Mediterranean are mainly caused by those in the Atlantic Ocean through 

Gibraltar [9]. Mediterranean tidal oscillations are typically weak (20-30 cm). Exceptions include the 

Tunisian Gulf, where tidal oscillations can exceed 2 m [10], and the Adriatic, where tidal oscillations in 

its northern part can reach 1.2 m. In Croatia and the EU, marine flooding risks are evaluated for low 

(1000-year return period, 0.1% annual exceedance probability), medium (100-year return period, 1.0% 

annual exceedance probability), and high (25-year return period, 4% annual exceedance probability) 

occurrences. 

This study aims to analyse the impact of terrain elevation data resolution on flood area and wave height 

calculations. The following chapter provides an overview of available sea level measurement data at the 

Rovinj tide gauge station, explanations of the applied methodology for estimating the probability of high 

sea levels, and the established wave deformation model. Numerical analyses results are in the third 
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chapter. The fourth chapter concludes with a review of the research results. 

3 Methods 

3.1 Analysis of Sea Level Dynamics 

Hourly sea level data are available, measured at the Rovinj tide gauge station (λ = 13.6291, φ = 45.0837) 

from 1991 to 2020 (Figure 1). 

 

 
Figure 1. The position of the Rovinj tide gauge station is (λ = 13.6291, φ = 45.0837), and a time series of 

monthly maximums measured during the period from 1990 to 2020 is presented. 

 

The estimation of extreme sea level values at the selected location was carried out using the measured 

data series following the methodology proposed by [11]. The basic steps in the extreme value analysis 

consist of the following procedures (after trend removal and peak grouping):  

3. Selection of Extreme Values: Two standard approaches were used to select appropriate extremes:  

   a) Block Maxima (BM) series, corresponding to the Generalized Extreme Value (GEV) distribution, 

using yearly segments and analyzing the top r = 1 to 10 highest values in each segment. 

   b) Peak Over Threshold (POT) series, corresponding to the Generalized Pareto Distribution (GPD), 

with extremes defined as all values exceeding a specified threshold. The threshold was chosen to match 

the average number of annual extremes as in the BM method (on average r = 1 to 10 extremes per year). 

4. Parameter Selection: Parameters of the GEV distribution (for BM) and GPD distribution (for POT) 

were estimated using the Maximum Likelihood Estimation (MLE) method. GEV distribution reduces to 

Weibull, Frechet, and Gumbel distributions, while GPD reduces to Pareto and exponential distributions, 

depending on shape parameters. 

5. Distribution Fitting: GEV and GPD distributions were fitted to the extremes to define the 

corresponding high sea levels for annual exceedance probabilities (AEP) of 1.0% and 20.0%. The 

goodness of fit was assessed using two statistical measures: Root Mean Square Error (RMSE) and 

Akaike Information Criterion (AIC). 

The original time series of sea levels was corrected by removing long-term trends and ensuring a 

stationary data series. The data series must be stationary, meaning the mean and standard deviation do 

not change over time [12]. Linear regression is commonly used to remove trends (min. 30 years). 

However, sea level changes can be highly nonlinear due to acceleration and deceleration of MSL 

changes and long-term oscillations. Therefore, moving annual average is considered a more reliable 
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trend removal method for sea level data and is commonly used in extreme value analyses [11]. The 

second step involved reducing the hourly sea level data to daily maximum sea levels. Independent events 

in this case are defined with a 3-day (72-hour) interval between two events, estimated in previous 

research as the average duration of storm surge impacts on sea levels in coastal areas. The third step 

involves selecting representative extremes from the overall sample. In the case of the BM approach 

corresponding to the GEV distribution, the r highest values within each year are selected. While some 

extreme analyses focus solely on annual maxima (e.g., [13]), better outcomes can be achieved by 

considering a sample of multiple values, if available [12]. It is important to mention that in a given year, 

the second or third highest value may surpass the maximum value recorded in another year within the 

observed series. Therefore, the analysis was conducted for r = 1 to 10 highest values each year. When 

the number of peak values per year increases, it is anticipated that the variance will decrease, which will 

enhance the selection of parameters for the corresponding theoretical distribution. However, selecting 

too many non-extreme events could increase model bias. Thus, selecting an appropriate r value is a 

compromise between bias and variance [12]. For the Mediterranean region, [14] suggest choosing r = 5.  

Since return periods associated with extreme sea level estimates generally exceed the sea level 

monitoring periods by several times, threshold selection can cause significant differences in the 

extrapolation range. To compare POT results with BM, an analysis was conducted for various thresholds 

defined by durations resulting in the same number of extremes as in the BM method (on average 1 to 10 

extremes per year). Figure 2 shows the selection of extremes using BM and POT approaches for the 

Rovinj station for r = 5 (BM approach) and a 2.2% duration with a threshold of 69 cm above MSL (POT 

approach).  

 

 
Figure 2. Selection of Extremes at the Rovinj Location According to the BM Approach (r = 5 Extremes per 

Year) and the POT Approach (Threshold 69 cm, Ht2.2%) 

 

The three most commonly used methods for estimating distribution parameters are the Method of 

Moments (MOM), the Method of L-moments (LMOM), and the Maximum Likelihood Estimation 
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(MLE). Given that the sensitivity of extreme value analysis to the parameter estimation method is very 

weak compared to other elements, such as the choice of trend removal method and the selection of the 

number of extremes or the threshold for exceedance selection, the MLE method was chosen for 

parameter estimation in line with recent research on this topic [11]. 

In the block maxima method, the Generalized Extreme Value (GEV) distribution is used. The sample 

size is usually relatively small, so the estimated values in the area of low probabilities also show a high 

degree of uncertainty. Recognizing this property served as motivation for finding more sophisticated 

methods that rely on a larger data set over the same time period, such as the Peaks-over-Threshold (POT) 

method. The POT method involves consistently fitting the Generalized Pareto Distribution (GPD) or 

another distribution to the set of peak values that exceed a defined threshold (Davidson and Smith, 

1990). Exceedances above the set threshold are assumed to follow a Poisson process with a parameter 

representing the average number of threshold exceedances per year with a corresponding independent 

distribution. The goodness of fit for these distributions to the data series is assessed using statistical 

measures of Root Mean Square Error (RMSE) and the Akaike Information Criterion (AIC). Lower 

RMSE/AIC values indicate a better model and fit. Figure 3 shows the results of the extreme value 

analysis for Rovinj using the POT approach for r = 5. 

 

 

 
Figure 3. Return Period Diagram, Probability Density Function, and Q-Q and P-P Diagrams for Rovinj 

Location, POT Approach (GPD Distribution) with a Threshold of 72 cm (Ht2.5%) and an Average of 5 Extremes 

per Year 
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3.2 Estimation of Extreme Sea Levels and the Impact of Climate Change 

We calculated the probabilities and expected maximum sea levels for annual exceedance probabilities 

ranging from 50% to 0.1% (return periods from 2 to 1000 years). For Rovinj, the representative 

distributions are the Gumbel distribution (BM approach) and the exponential distribution (POT 

approach), which have approximately linear forms on a logarithmic scale, while the POT approach 

yields higher extreme values for the same exceedance probability. 

To estimate the impact of climate change on extreme high sea levels along the Adriatic coast, results 

from numerical climatological oceanographic models for the Adriatic Sea area can be used. The average 

modeled sea level rise is taken, and the mean value of sea level rise over the observed period is added 

to the previously calculated extreme sea level distributions. The dominant cause of sea level rise 

currently is the melting of glaciers and ice sheets (Greenland and Antarctic ice sheets), and to a lesser 

extent, the thermal expansion of the ocean. The expected future sea level rise will largely depend on 

greenhouse gas emissions and their future concentration in the atmosphere. In the Adriatic region, a 

mean sea level rise of 50 to 80 cm is expected by the end of the 21st century [15]. In this study, an 

estimated increase in extreme sea levels due to climate change of 60 cm for an annual exceedance 

probability of 1% (return period of 100 years) is used. 

3.3 Digital Elevation Model (DEM) 

The Digital Terrain Model (DTM) of the State Geodetic Administration (SGA) is created through 

photogrammetric stereo measurements based on aerial images with a spatial resolution of about 30 cm 

(Ground Sampling Distance – GSD). This terrain model is produced in the HTRS96/TM cartographic 

projection on the GRS80 ellipsoid, with the latest update made in 2019. By interpolating the vector data 

of the DTM, it is possible to create a regular grid of elevation points, which in raster form represents the 

Earth's surface and is called a Digital Elevation Model (DEM). For the purposes of this study, a Digital 

Elevation Model with a spatial resolution of 5 m was created, using the formal name DGU-5. The State 

Geodetic Administration created another detailed DEM from a Lidar survey project with a resolution of 

1 meter, which will also be used here as DGU-1 [16]. 

3.4 Numerical Wave Model 

The maritime area covered by the spatial domain of the spectral wave deformation model Mike 21/SW 

is shown in Figure 4. Figure 4 also depicts the applied model's spatial discretization with triangular cells 

(unstructured computational grid). The computational grid has a variable spatial step, ranging from 22 

m in deeper waters to 2 m in the coastal area and on land (Figure 4). The computational grid consists of 

approximately 185,000 numerical cells. Depth data were obtained from detailed bathymetric surveys 

conducted in 2004, with a spatial data step ranging from 2 m to 10 m in the analyzed area (Figure 4). 

Data on significant wave heights (HS) and peak wave periods (TP) at the open boundary position of the 

wave deformation model (Figure 4) were taken from [17] for return periods of 5 and 100 years (Figure 

4). 
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Figure 4. The Maritime Area Covered by the Spatial Domain of the Numerical Wave Deformation Model Mike 

21/SW with a Display of the Computational Grid (Triangular Finite Volumes) 

 

In the numerical spectral model Mike 21/SW, the full spectral formulation [18] was used, and for the 

spectral discretization of the frequency domain, a logarithmic scale from a minimum frequency of 0.05 

Hz (wave period 20 s) to a maximum frequency of 0.95 Hz (wave period 1.05 s) was used, through 32 

discrete steps. The model encompasses processes of nonlinear wave-wave interactions (triads), 

refraction and shallow water effects [19], diffraction, and wave breaking [20], while the dissipation 

process due to surface wave breaking (white capping) was not considered. The implementation of the 

desired degree of reflection from the shoreline and breakwater structures within the spatial domain of 

the numerical model was defined using appropriate reflection coefficients. Reflection coefficients were 

applied along the modeled shoreline, while the model domain boundary at locations with elevations > 5 

m was treated with a reflection coefficient Kr = 0. 

4 Results and discussion 

Figure 5 shows the results of numerical simulations using the spectral model Mike 21/SW in the form 

of significant wave height (HS) fields with wave propagation vectors for the scenario with a 5-year 

return period without climate change (still water level at +1.01 m above mean sea level) and for the 

scenario with a 100-year return period with climate change (still water level at +1.82 m above mean sea 

level). The comparison is given for models with terrain height data from DGU-5 and DGU-1. Figure 6 

shows the spatial distribution of depths in the flooded area for the simulation with a 100-year return 

period with the impact of climate change (as shown in Figure 5). 

 

Open boundary Mike 21/SW 

Hs = 3.04m ; Tp = 6.5s (RP = 5y.) 

Hs = 3.82m ; Tp = 7.0s (RP = 100y.) 

 

WSW  

(247.50) 
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Figure 5. Fields of Significant Wave Heights (Hs) with Wave Propagation Vectors for the Scenario with a 5-

Year Return Period without Climate Change (top) and for the Scenario with a 100-Year Return Period with 

Climate Change (bottom), with Implemented Terrain Height Data from DGU-5 (left) and DGU-1 (middle and 

right) 

 

Based on the results of the numerical wave deformation simulations, flooding areas of the coastal zone 

(heights > 0 m above mean sea level according to HVRS71) were obtained for 4 analyzed scenarios (a 

total of 8 simulations: 4 for DGU-5 and 4 for DGU-1). In addition to the total flooding area (AFlood), 

Tables 1 and 2 also show the partial flooding areas by elevation classes of flooding height, z. 

Furthermore, for each elevation class of flooding height z, the average significant wave heights (HS-mean) 

on the corresponding flooding area were calculated. 

 

Hs = 3.82m  

Tp = 7.0s  

MSL = +1.82m  

RP = 100y. 

 

DGU-5 

 

DGU-1 

 

DGU-5 

 

DGU-1 

 

DGU-1 

 

DGU-1 

 

Hs = 3.04m  

Tp = 6.5s   

MSL = +1.01m  

RP = 5y. 
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Figure 6. Depths of the Flooded Area for a 100-Year Return Period with Climate Change, with Implemented 

Terrain Height Data from DGU-5 (left) and DGU-1 (middle and right) 

 
Table 1. Total Flooding Areas and Partial Flooding Areas by Elevation Classes of Flooding Height z, and 

Average Significant Wave Heights (Hs-mean) for the Corresponding Flooding Areas According to the Results of 

the Mike 21/SW Model (Using Data from DGU-5) 

 RP 

(year.) 

Climate 

change 

included 

Aflood (m2) 

Aflood for 

0m<z<0.5

m (m2) 

Aflood for  

0.5m<z<1.0m 

(m2) 

Aflood for 

1.0m<z<1.5m 

(m2) 

Aflood for 

1.5<z<2m 

(m2) 

1 5 No 9.52E+04 4.37E+04 5.15E+04   

2 100 No 1.20E+05 4.52E+04 4.38E+04 3.12E+04  

3 5 Yes 1.86E+05 8.22E+04 4.37E+04 4.49E+04 1.54E+04 

4 100 Yes 2.34E+05 1.02E+05 4.77E+04 4.40E+04 3.96E+04 

 RP 

(year.) 

Climate 

change 

included 

 

Hs-mean in 

Aflood for 

0m<z<0.5

m (m) 

Hs-mean in 

Aflood for 

0.5m<z<1.0m 

(m) 

Hs-mean in 

Aflood for 

1.0m<z<1.5m 

(m) 

Hs-mean in 

Aflood for 

1.5m<z<2m  

(m) 

1 5 No  0.25 0.58   

2 100 No  0.26 0.61 0.83  

3 5 Yes  0.16 0.56 0.77 0.91 

4 100 Yes  0.16 0.57 0.85 1.07 

 
Table 2. Total Flooding Areas and Partial Flooding Areas by Elevation Classes of Flooding Height z, and 

Average Significant Wave Heights (Hs-mean) for the Corresponding Flooding Areas According to the Results of 

the Mike 21/SW Model (Using Data from DGU-1) 

 RP 

(year.) 

Climate 

change 

included 

Aflood (m2) 

Aflood for 

0m<z<0.5

m (m2) 

Aflood for 

0.5m<z<1.0m 

(m2) 

Aflood for  

1.0m<z<1.5m 

(m2) 

Aflood for 

1.5<z<2.0m 

(m2) 

5 5 No 8.19E+04 3.23E+04 4.96E+04   

6 100 No 1.14E+05 4.83E+04 3.18E+04 3.37E+04  

7 5 Yes 1.84E+05 9.34E+04 3.56E+04 3.62E+04 1.93E+04 

DGU-5 

 

DGU-1 

 

DGU-1 

 

Hs = 3.82m 

Tp = 7.0s  

MSL = +1.82m  

RP = 100y. 

 

Hs = 3.82m 

Tp = 7.0s  

MSL = +1.82m  

RP = 100y. 
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8 100 Yes 2.53E+05 1.17E+05 6.44E+04 3.12E+04 4.04E+04 

 RP 

(year.) 

Climate 

change 

included 

 

Hs-mean in 

Aflood for 

0m<z<0.5

m (m) 

Hs-mean in 

Aflood for 

0.5m<z<1m 

(m) 

Hs-mean in 

Aflood for 

1.0m<z<1.5m 

(m) 

Hs-mean in 

Aflood for 

1.5m<z<2.0m  

(m) 

5 5 No  0.26 0.62   

6 100 No  0.22 0.68 0.86  

7 5 Yes  0.17 0.57 0.85 0.88 

8 100 Yes  0.17 0.51 0.93 1.10 

5 Conclusion 

Calculated fields of significant wave heights and flooding areas for the city of Rovinj under conditions 

of medium (annual exceedance probability of 1%, return period of 100 years) and high (annual 

exceedance probability of 20%, return period of 5 years) probabilities of coastal flooding. In estimating 

flooded areas, two sources of terrain height data were used: one with a spatial resolution of 5 m (DGU-

5) and the other with a spatial resolution of 1 m (DGU-1), while the same database was used for depths. 

For the estimation of extreme still water levels, data on measured sea levels at the Rovinj tide gauge 

station during the period 1990-2020 (hourly data resolution) were used, and extreme value analysis was 

conducted using block maxima series (BM) (with the adaptation of the generalized extreme value 

distribution) and peak-over-threshold series (POT) (with the adaptation of the generalized Pareto 

distribution). The POT approach yields higher extreme values for the same exceedance probability, and 

these values were adopted for defining still water levels in the numerical simulations of wave 

deformation. 

The obtained results of the estimated flooding areas show that the application of terrain height data from 

DGU-1 (1 m resolution) results in smaller areas by an average of 8% under conditions of a 5-year return 

period (high probability) and larger flooding areas by an average of 2% under conditions of a 100-year 

return period (medium probability). The maximum percentage difference in the estimation of the 

flooding area occurs under conditions of a 5-year return period without the impact of climate change, 

where the flooding area using heights from DGU-1 is 14% smaller than the flooding area using heights 

from DGU-5. 

Regarding wave heights in the flooded area, it was found that the application of DGU-5 or DGU-1 does 

not significantly affect the average values of significant wave heights, and that in zones with flooding 

depths from 0 m to 0.5 m, the average significant wave heights are Hs-mean(h = 0m - 0.5m) = 0.2 m, in 

flooding zones from 0.5 m to 1 m, Hs-mean(h = 0.5m - 1.0m) = 0.6 m, in flooding zones from 1.0 m to 1.5 

m, Hs-mean(h = 1.0m - 1.5m) = 0.9 m, and in flooding zones from 1.5 m to 2.0 m, Hs-mean(h = 1.5m - 2.0m) 

= 1.0 m. 

Given the results of the conducted research, it can be concluded that the height data from DGU-5 provide 

a good basis for estimating coastal flooding areas and the spatial distribution of wave heights in those 

areas. This allows for significant financial savings compared to using the much more expensive data 

from DGU-1. 
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1 Abstract 

This study examines the impact of climate change on the seasonality of discharge patterns in Slovak 

rivers, focusing on lowland and mountain types. Using STL decomposition the changes in seasonal 

discharge before and after 2000 were analyzed. The results show significant alterations, with the lowland 

Topľa River experiencing increased variability, intense peaks in maximum flows, and reduced minimum 

flows post-2000, highlighting its vulnerability. In contrast, the mountain Gidra River displayed more 

stable discharge patterns with minor changes in variability and peak flows. These findings underscore 

the differential responses of river types to climate change, with important implications for water resource 

management. 

 

Keywords: climate change, seasonality, STL decomposition, lowland river, mountain river 

2 Introduction  

Climate change is a complex and urgent global challenge that significantly impacts various 

environmental processes, including the hydrological system [1]. Changes in temperature and 

precipitation patterns resulting from climate change disrupt the natural balance of water distribution, 

leading to shifts in surface runoff dynamics [2]. The hydrological system, encompassing rivers, lakes, 

and groundwater, is particularly vulnerable to these alterations [3]. Therefore, understanding the effects 

of climate change on the hydrological system and surface runoff is essential for assessing future water 

availability and managing water resources effectively. 

 

Slovakia's diverse topography, characterized by highlands and lowlands, plays a crucial role in shaping 

its hydrological landscape [4]. Mountainous rivers, in particular, are significant components of the 

hydrological cycle, influencing surface runoff characteristics in various ways [5]. These characteristics 

vary across different regions due to factors such as elevation, land cover, and precipitation patterns [6]. 

Additionally, the presence of highland-lowland gradients further complicates runoff dynamics as water 

flows from mountainous areas to lowland plains, impacting water quality and quantity [7]. Studying 

surface runoff in Slovakia provides valuable insights into the intricate interactions between climate, 

geography, and hydrology. 

 

Time series data analysis is a fundamental tool for understanding long-term trends and variability in 

surface runoff [8]. By analyzing time series data, researchers can identify seasonal patterns, trends, and 

anomalies, which are crucial for informed water resource management [9]. Dissecting the components 

of surface runoff, such as baseflow and stormflow, enables a deeper understanding of the underlying 

processes driving hydrological changes [10]. This knowledge is pivotal for developing adaptive 

strategies to mitigate the impacts of climate change on water resources effectively. 

 

Statistical methods play a pivotal role in quantifying and monitoring changes in surface runoff over time 

[11]. Techniques such as trend analysis, regression modeling, and frequency analysis allow researchers 

to detect shifts in runoff patterns and assess their significance [12]. Statistical approaches also help 

identify potential drivers of change, such as land use changes or climate variability, thereby informing 

decision-making processes in water management [13]. Applying rigorous statistical methods enables 
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stakeholders to track evolving surface runoff dynamics and develop evidence-based strategies to address 

emerging challenges. 

 

Case studies conducted in neighboring countries, such as Austria and the Czech Republic, have 

highlighted the increasing frequency and intensity of extreme rainfall events due to climate change [14]. 

These events lead to significant runoff volumes and flood risks, emphasizing the need for proactive 

measures to mitigate risks and enhance resilience [15]. Coping with climate change and runoff changes 

is crucial for sustainable water management in Slovakia and beyond [16]. Adapting to shifting 

hydrological conditions requires a multifaceted approach integrating scientific knowledge, policy 

interventions, and community engagement [17]. Investing in climate-resilient infrastructure, 

implementing water conservation measures, and promoting ecosystem-based adaptation strategies are 

essential steps toward building resilience to future challenges. 

 

The primary aim of this study is to investigate how climate change influences the seasonal discharge 

patterns of Slovak rivers, with a particular focus on the differences between lowland and mountain river 

systems. This research examines the changes in seasonal discharge patterns in Slovak rivers before and 

after the year 2000, identifying specific differences in discharge pattern changes between lowland and 

mountain rivers. Additionally, the study explores the implications of these changes for water resource 

management and ecosystem health. 

3 Study area 

3.1 Topľa River 

This study delves into the hydrological features of the Topľa River, a significant tributary in eastern 

Slovakia. With a length of 129.8 km and a catchment area of 1,544 km², it courses through diverse 

landscapes of agriculture and forests. The river's flow follows a distinct seasonal pattern influenced by 

precipitation variations, ranging from 600 to 1000 mm annually across its basin. The southern areas 

experience warmer climates with frequent hot summer days, while the north is cooler, with increased 

precipitation in July, driving summer discharge peaks [18]. 

 

Monitoring discharge at key gauging stations like Hanušovce nad Topľou provides crucial data on mean 

daily discharge (8.1 m³/s) and seasonal fluctuations. Additional insights from the Bardejov station, 

covering a 325.8 km² catchment area, reveal a mean annual discharge of 2.978 m³/s, enriching our 

understanding of the river's hydrology. This investigation isn't just academic; it has practical 

implications. By comprehending the Topľa's discharge patterns and their responses to climate shifts, we 

can proactively manage risks like floods and droughts. Such understanding is vital for preserving the 

health of the river ecosystem and the well-being of local communities reliant on it [18]. 

3.2 Gidra River 

This study examines the hydrology of the Gidra River, situated in Slovakia's Carpathian Mountains. 

Unlike the Topľa River, it's smaller but still significant. Originating from the Little Carpathians, the 

Gidra is notable for its forest cover exceeding 95%, especially in its upper reaches. Several factors shape 

the Gidra's hydrological behavior. Its mountainous terrain likely leads to faster flow rates, while the 

extensive forest cover acts as a natural regulator, absorbing and slowly releasing water. Additionally, 

western Slovakia's lower precipitation levels may contribute to comparatively lower discharge volumes. 

 

The Gidra's catchment area presents unique challenges for water management. Numerous water intakes, 

both private and public, dot its course, posing risks of water loss if not carefully monitored. A notable 

event in 2018 saw parts of the lower Gidra River dry up, emphasizing the need for improved monitoring 

and management practices. Despite limited available data, daily discharge records from gauging stations 

provide valuable insights spanning over five decades. These records are crucial for understanding the 

river's hydrological dynamics and informing future management strategies [18, 19]. 
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4 Methods 

4.1 Seasonal and Trend Decomposition using Loess (STL) 

Seasonal variations in river discharge play a vital role in hydrological applications like flood prediction 

and water resource management. This study utilizes Seasonal and Trend decomposition using Loess 

(STL), a non-parametric technique, to analyze annual river discharge data [1]. 

 

STL breaks down time series data into three components: trend, seasonal, and remainder. The trend 

component captures long-term changes in the data, while the seasonal component reveals recurring 

patterns within fixed periods. The remainder component represents the residuals after the trend and 

seasonal components have been removed, indicating irregular fluctuations. 

 

The core function of STL, Loess (Locally Estimated Scatterplot Smoothing), employs localized 

weighted regressions to capture non-linear trends and seasonality [1]. The STL method can be 

mathematically expressed as in Eq. (1): 

 

                                                              𝑋(𝑡) = 𝑇(𝑡) + 𝑆(𝑡) + 𝑅(𝑡)                                                                             (1) 

Where: 

- X(t): is the observed time series at time (t). 

- T(t): is the trend component at time (t). 

- S(t): is the seasonal component at time (t). 

- R(t): is the remainder component at time (t). 

 

The Loess smoothing technique used in STL is defined by as in Eq. (2): 

 

                                                                    𝑦�̂� =∑𝑤(𝑥𝑗)𝑦𝑗                                                                                 (2)

𝑛

𝑗=1

 

Where: 

- (𝑦�̂�) is the fitted value at point ( 𝑖 ). 

- (𝑤(𝑥𝑗)) is the weight assigned to the ( 𝑗 )-th data point, determined by the distance between (𝑥𝑖) and 

(𝑥𝑗). 

- (𝑦𝑗) is the observed value at point ( 𝑗 ). 

 

By applying STL, this study isolates the seasonal component of annual river discharge data, facilitating 

further analysis of recurring patterns and their hydrological impacts. The analysis focuses on annual 

variations, using STL to effectively isolate periodic patterns and underlying trends. This enables the 

identification of trends, anomalies, and recurring patterns over time. 

The seasonal component is crucial for understanding recurring discharge patterns, while the trend 

component provides insights into long-term changes influenced by climate dynamics. The remainder 

component helps in identifying anomalies and short-term variations not explained by the seasonal or 

trend components. 

 

In summary, utilizing STL for seasonal discharge analysis provides a robust framework for 

understanding the interplay of seasonal variations and long-term trends in hydrological data. By 

isolating the seasonal component, this study enhances insights into annual discharge patterns and 

informs effective water resource management strategies [20,21]. 

4.2 Statistical analysis 

4.2.1 Coefficient of Variation (CV)  

Coefficient of Variation (CV) serves as a crucial metric in hydrological studies, providing a unitless 
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measure of discharge variability around the mean annual discharge. Unlike standard deviation, which 

varies with measurement units, CV expresses variability as a percentage, allowing direct comparisons 

across rivers with different flow rates. While assuming a normal distribution of discharge values, CV 

remains valuable despite deviations in real-world data. It aids in comparing discharge variability 

between rivers and assessing environmental impacts on discharge patterns, such as those induced by 

climate change or human water management practices. 

 

Calculating CV for distinct periods enables the investigation of discharge variability changes over time. 

A rising CV may indicate an increasing influence of climate change, leading to more extreme weather 

events affecting river flow. Conversely, a stable or decreasing CV suggests minimal changes in flow 

patterns. Integrating CV into analysis alongside STL decomposition provides a comprehensive 

understanding of both seasonal rhythm and discharge variability, crucial for effective water resource 

management and assessing environmental impacts on rivers [22]. 

4.2.2 Annual Maximum and Minimum Flow 

This study extends beyond seasonal discharge rhythm and variability (as examined by STL and CV) to 

explore annual maximum and minimum flows, crucial for flood risk assessment and drought planning. 

Annual Maximum Flow (AMAX) represents peak discharge during heavy precipitation or snowmelt, 

informing flood control measures. Conversely, Annual Minimum Flow (AMN) indicates drought 

severity, guiding sustainable water withdrawal practices. 

 

Applications of Annual Flow Extremes encompass flood risk assessment, drought monitoring, and water 

resource management. Analyzing trends in AMAX aids in flood risk assessment, informing adaptive 

measures amidst climate change and land-use alterations. Monitoring AMN is vital for drought 

preparedness, prompting conservation efforts and water use restrictions. Understanding both AMAX 

and AMN is pivotal for sustainable water management across sectors. 

 

Statistical techniques like frequency and trend analysis facilitate the examination of annual flow 

extremes. Frequency analysis estimates the likelihood of surpassing specific flow values annually, while 

trend analysis detects changes in AMAX or AMN over time. By integrating annual flow extremes 

analysis with STL decomposition and CV calculations, this study offers a comprehensive view of river 

discharge patterns, critical for effective water resource management and ecosystem sustainability [12, 

23]. 

5 Results and discussion 

5.1 Topľa River Analysis 

Comparing the seasonality of the Topľa River discharge between the periods of 1988-2000 and 2000-

2020 reveals notable shifts in hydrological patterns, particularly in response to changing climatic 

conditions. Utilizing the Seasonal and Trend decomposition using Loess (STL) method and the additive 

method allows for a nuanced examination of these changes. 

 

In the months of January and February, the seasonal discharge appears relatively consistent between the 

two periods, with slight variations. However, before 2000, there is a discernible small peak at the end 

of February, indicating the onset of intense precipitation. This peak suggests a distinct precipitation 

pattern characteristic of this period, potentially signaling the beginning of the rainy season. March marks 

the beginning of more pronounced differences in seasonal discharge patterns. After 2000, there is 

evidence of two local peaks emerging, contrasting with the single peak observed before the turn of the 

century. This shift could be attributed to changes in precipitation intensity or distribution, leading to 

altered runoff dynamics during the spring months. 

 

Before 2000, the seasonal discharge continues to increase steadily until reaching a peak in early May, 
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followed by a gradual decrease with intermittent local peaks. These peaks may be associated with factors 

such as snowmelt or increased rainfall, contributing to elevated discharge levels during this period. From 

June to August, the seasonal discharge exhibits a decreasing trend, punctuated by occasional peaks 

attributed to summer rainstorms and accelerated ice melting. This decline reflects the typical progression 

of hydrological conditions during the summer months, with the influence of precipitation events and 

melting snow contributing to fluctuations in discharge. 

 

After 2000, the increase in seasonal discharge from January to March becomes more gradual, with the 

emergence of two moderate peaks in March. April experiences a significant drop in discharge compared 

to February, possibly indicating a shift in precipitation patterns or hydrological dynamics during this 

period. May stands out with two significant peaks in seasonal discharge, accompanied by a substantial 

increase in discharge levels. These peaks may be linked to intensified rainfall or other meteorological 

phenomena, leading to heightened runoff during this time. The discharge then returns to lower levels 

until July, when a moderate peak occurs, likely driven by summer precipitation events or increased 

glacial melt. August sees a small peak before reaching a stable low level of seasonal discharge for the 

remainder of the year. Overall, the comparison highlights the complex interplay between climate 

change, precipitation patterns, and hydrological dynamics, underscoring the importance of continued 

monitoring and analysis to inform effective water resource management strategies. 

 

 
Figure 1. Comparison of the seasonal discharge component (1988-2000 vs. 2000-2020) - Topľa River 

 

The analysis of the coefficient of variation (CV) for the seasonal component of discharge reveals a 

significant increase exceeding 20% after the year 2000 [1]. This rise in CV, alongside a comparison of 

CV values using quantiles, indicates a clear increase in the relative variability of seasonal discharge 

patterns in the later period, even after removing outliers. 

 

Examining the annual extremes of discharge further strengthens the evidence for a changing 

hydrological regime. The post-2000 period exhibits a trend towards more frequent and intense peak 

flows, with the year 2010 witnessing a discharge tripling the pre-2000 maximum [2]. Furthermore, the 

Topľa River experienced four additional high-flow events exceeding the previous maximum within the 

post-2000 timeframe. This statistically significant increase in both the frequency and magnitude of peak 

flows suggests a growing tendency towards extreme high-flow events. 

 

On the other hand, annual minimum flows (AMN) also paint a concerning picture. The post-2000 period 

has seen a new record low, with a discharge decrease of 90% compared to the historical minimum [2]. 

This dramatic decline in low-flow conditions highlights the potential for increased water scarcity during 

dry periods. These observed trends in both seasonal variability and annual extremes point towards a 

potentially changing hydrological regime in the Topľa River. The statistical findings underscore the 

importance of continuous monitoring and data collection for informing future research. Further 
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investigations should identify the potential drivers of these changes using advanced statistical modeling 

techniques and develop effective water resource management strategies to address these emerging 

challenges [3]. 

 

This analysis indicates a shift towards more extreme variability in both high and low-flow conditions in 

the Topľa River [1]. This has significant implications for flood risk management, ecological 

sustainability, and water resource planning. It necessitates the development of robust water management 

strategies that can adapt to the increasing unpredictability and extremity of river discharge patterns. 

 
Figure 2. Comparison of Variation Coefficient (1988-2000 vs. 2000-2020) - Topľa River 

 

 
Figure 3. Comparison of Annual Maximum and Minimum Flow Rates (1988-2000 vs. 2000-2020) - Topľa 

River 

5.2 Gidra River Analysis 

Comparing the seasonality of the Gidra River discharge between the periods of 1961-2000 and 2000-

2020 reveals some notable similarities and differences. Before 2000, the seasonality exhibited a 
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characteristic pattern, with a small peak in January followed by a drop until mid-February. Then, a rapid, 

gradual increase led to a moderate peak in February, indicating a period of sustained high seasonal 

discharge. March saw a gradual rise culminating in the highest peak in late March or early April, 

followed by a decline until June, reaching its minimum in July. 

After 2000, the overall pattern remained largely similar, although with noticeable differences in 

discharge volume and timing. The peak in early February shifted slightly later towards the end of 

February and the beginning of March. March experienced the highest peak, notably larger in magnitude 

compared to the preceding period. However, in April, there was a steep decrease in discharge until mid-

May, followed by a slow increase towards the end of the year. One significant observation is the decrease 

in the volume of seasonal discharge after 2000, particularly pronounced from March to May, indicating 

potential impacts of changing environmental factors on the river's flow patterns. 

 

Overall, while the general seasonality remained similar between the two periods, the noticeable decrease 

in discharge volume and alterations in peak timing and magnitude after 2000 underscore the influence 

of changing environmental factors on the river's hydrological regime. Understanding the specific causes 

behind these observed changes requires further investigation. Analyzing precipitation data alongside a 

longer time series for discharge analysis could shed light on potential factors such as variations in winter 

snowfall and spring rain patterns, the influence of upstream water management practices, and the 

potential effects of climate change on regional hydrology. 

 

 
Figure 1. Comparison of the seasonal discharge component (1961-2000 vs. 2000-2020) - Gidra River 

 

The Coefficient of Variation (CV) of the seasonal component, Annual Minimum, and Maximum Flow 

analysis are also conducted on the data of Gidra River. The analysis indicates that the CV percentage 

has slightly decreased after 2000, suggesting a stabilization or homogenization in the variability of 

seasonal discharge. The stability in CV persists even when considering the data filtered by various 

quantile ranges to mitigate the impact of outliers. These results underline a modest but consistent 

decrease in variability, pointing to changes in the watershed, such as improved regulatory mechanisms 

controlling river flow or alterations in land use that stabilize runoff patterns.  

 

The AMAX from 2000 onwards shows a nuanced picture. While the peak discharge has increased 

slightly in specific years like 2007 compared to the maximum peak before 2000, the general trend does 

not reach the peak levels observed in the earlier period. This pattern might suggest that while the river 

retains the potential for significant discharge events due to extreme rainfall or snowmelt, such events 

have become less frequent. The AMN shows minimal change in the post-2000 period, with a negligible 

increase compared to earlier records. This stability in the minimum flow suggests that the river maintains 

a consistent base flow level across the years. 

 

The analysis reveals contrasting trends between the Gidra and Topľa Rivers in Slovakia. Unlike the 
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Topľa River, the Gidra River shows a decrease in the variability of seasonal discharge and a reduction 

in extreme maximum flows. While this may aid in flood risk management and water planning, it poses 

challenges for ecosystems reliant on periodic flooding for regeneration. Further investigation into 

climate patterns, land management, and hydrological modifications is essential to understand these 

changes fully.  In the Gidra River, a minor decrease in the coefficient of variation (CV) after 2000 

suggests a potential stabilization in seasonal discharge variability. This differs from the Topľa River's 

trend, warranting further exploration into underlying causes. Despite the decrease in the extreme high 

flows in the Gidra, future extreme events remain possible. The complexity of climate change impacts 

on hydrological systems is evident in these contrasting patterns, emphasizing the need for 

comprehensive analysis to understand regional hydrological cycles better. Integrating these insights can 

enhance strategies for managing water resources and environmental protection efforts effectively. 

 

 
Figure 5.  Comparison of Variation Coefficient (1961-2000 vs. 2000-2020) - Gidra River 

 

 
Figure 6. Comparison of Annual Maximum and Minimum Flow Rates (1961-2000 vs. 2000-2020) - Gidra River 
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6 Conclusion 

In conclusion, this study systematically compared the seasonal discharge patterns of the Topľa and Gidra 

Rivers in Slovakia over two periods: 1988-2000 or 1961-2000 and 2000-2020. The analysis revealed 

significant variations in how these rivers respond to climatic and environmental changes, emphasizing 

the intricate relationship between geographical characteristics and hydrological responses. The Topľa 

River displayed substantial changes in seasonal discharge patterns, especially post-2000, marked by 

increased variability, intense peaks in annual maximum flows, and notable reductions in annual 

minimum flows. Conversely, the Gidra River exhibited a more stable discharge pattern, with 

comparatively minor changes in variability and less extreme peak flows. 

 

These observed changes reflect the broader impacts of climate change on river systems. For the Topľa 

River, intensified peak flows and diminished minimum flows indicate heightened extremes in the 

hydrological cycle, possibly influenced by factors such as precipitation intensity and land use changes. 

Understanding these changes is essential for effective water resource management, particularly in 

developing adaptive strategies to address flood and drought risks. While the Topľa River requires 

comprehensive management approaches, focusing on conservation and sustainable usage might suffice 

for the Gidra, given its less extreme changes. 

 

Adapting to these shifts necessitates a multifaceted approach, integrating advanced hydrological 

modeling, enhanced monitoring systems, and flexible policy frameworks. Investments in green 

infrastructure can mitigate flood risks, while strategies to enhance water storage and conservation during 

high-flow periods can counteract challenges posed by reduced flows in dry periods. In summary, the 

divergent responses of the Topľa and Gidra Rivers underscore the need for tailored, river-specific 

management strategies, informed by a thorough understanding of hydrological dynamics and climate 

change impacts. This ensures sustainable water management that meets both human and ecological 

needs in Slovakia. 

Acknowledgments 

This work was supported by The Slovak Research and Development Agency under the contract No. 

APVV-19-0383, together with APVV-20-0023. 

 

References: 

[1] Intergovernmental Panel on Climate Change (IPCC): Climate Change 2014: Impacts, Adaptation, 

and Vulnerability. Part A: Global and Sectoral Aspects, Cambridge University Press, 2014. 

[2] Trenberth, K. E., Fasullo, J. T., Shepherd, T. G.: Attribution of climate extreme events, Nature 

Climate Change, 5(8), pp. 725-730, 2015. 

[3] Kundzewicz, Z. W., Mata, L. J., Arnell, N. W., Döll, P., Kabat, P., Jimenez, B., Miller, K.: The 

implications of projected climate change for freshwater resources and their management, 

Hydrological Sciences Journal, 53(1), pp. 3-10, 2008. 

[4] Fendeková, M., Blaškovičová, L.: Prognosis of hydrological drought development in Slovakia, 

Comenius University in Bratislava, Bratislava, 2018. 

[5] Viviroli, D., Weingartner, R., Messerli, B.: Assessing the hydrological significance of the world's 

mountains, Mountain Research and Development, 23(1), pp. 32-40, 2003. 

[6] Allan, R. P., Soden, B. J.: Atmospheric warming and the amplification of precipitation extremes, 

Science, 321(5895), pp. 1481-1484, 2008. 

[7] Li, L., Zhang, L., Wang, X.: Effects of land cover change on hydrological processes in a large plain 

region: A case study of the Yellow River Delta, Journal of Hydrology, 456-457, pp. 247-258, 2012. 

[8] Wilks, D. S.: Statistical Methods in the Atmospheric Sciences, Vol. 100, Academic Press, 2011. 

[9] Hipel, K. W., McLeod, A. I.: Time Series Modelling of Water Resources and Environmental 

Systems, Elsevier, 1994. 

[10] Smakhtin, V. U.: Low flow hydrology: A review, Journal of Hydrology, 240(3-4), pp. 147-186, 

2001. 

 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

481 
 

 

 

[11] Helsel, D. R., Hirsch, R. M.: Statistical Methods in Water Resources, Vol. 323, U.S. Geological 

Survey, 2002. 

[12] Helsel, D. R., Hirsch, R. M.: Statistical methods in water resources, U.S. Geological Survey, 1997. 

[13] Hirsch, R. M., Slack, J. R.: A nonparametric trend test for seasonal data with serial dependence, 

Water Resources Research, 20(6), pp. 727-732, 1984. 

[14] Schär, C., Vidale, P. L., Lüthi, D., Frei, C., Häberli, C., Liniger, M. A., Appenzeller, C.: The role 

of increasing temperature variability in European summer heatwaves, Nature, 427(6972), pp. 332-

336, 2004. 

[15] Blöschl, G., Montanari, A.: Climate change impacts—throwing the dice?, Hydrological Processes, 

24(3), pp. 374-381, 2010. 

[16] Kundzewicz, Z. W., Schellnhuber, H. J.: Floods in the IPCC TAR perspective, Natural Hazards, 

31(1), pp. 111-128, 2004. 

[17] Adger, W. N., Arnell, N. W., Tompkins, E. L.: Successful adaptation to climate change across 

scales, Global Environmental Change, 15(2), pp. 77-86, 2005. 

[18] Mitkova, V. B., Pekarova, P.: Analysis of maximum runoff volumes with different time durations 

of flood waves: A case study on Topl’a river in Slovakia, IOP Conference Series: Earth and 

Environmental Science, 362(1), p. 012013, 2019. 

[19] Čubanová, L., Šoltész, A., Mydla, J.: Analysis of droughts due to the operation of water structures: 

Gidra River Case Study, Pollack Periodica, 17(1), pp. 111–116, 2022. 

[20] Liu, Z., Zhu, Z., Gao, J., Xu, C.: Forecast Methods for Time Series Data: A Survey, IEEE Access, 

9, pp. 91896–91912, 2021. 

[21] Dokumentov, A., Hyndman, R. J.: STR: A seasonal-trend decomposition procedure based on 

regression, Department of Econometrics and Business Statistics, Monash University, Australia, 32 

p., 2015. 

[22] Viglione, A.: Confidence intervals for the coefficient of L-variation in hydrological applications, 

Hydrology and Earth System Sciences, 14(11), pp. 2229–2242, 2010. 

[23] Medina, Y., Muñoz, E.: Estimation of annual maximum and minimum flow trends in a data-scarce 

basin. Case study of the Allipén River watershed, Chile, Water, 12(1), p. 162, 2020. 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

482 
 

 

 

RESEARCH OF THE INFLUENCE OF FLOOD FLOWS ON THE AREA BETWEEN THE ANTOŠOV 

IRRIGATION CHANNEL AND THE LAMAČSKÝ STREAM 

MARTIN ORFÁNUS 1, LEA ČUBANOVÁ 2, JÁN RUMANN 3, PETER ŠULEK 4 

1 Faculty of Civil Engineering STU Bratislava, Slovakia, martin.orfanus@stuba.sk 

2 Faculty of Civil Engineering STU Bratislava, Slovakia, lea.cubanova@stuba.sk 

3 Faculty of Civil Engineering STU Bratislava, Slovakia, jan.rumann@stuba.sk 

4 Faculty of Civil Engineering STU Bratislava, Slovakia, peter.sulek@stuba.sk 

 

1 Abstract 

The aim of the work was to assess the current situation in the area of interest (between the Antošov 

channel and the Lamačský stream) in terms of flood flows using a 2D mathematical model. As part of 

the work, 2D flow simulations were made at Q100 discharge in the area of interest for the current state, 

topography measurements and objects. The area of interest falls within the basin of the Morava River. 

The system creates a characteristic fan-shaped drainage framework of the Western part of the Bratislava 

territory. 

 

Keywords: discharge, measurements, floods, hydrodynamic model, Q100 

2 Introduction  

The aim of the work is to assess the current situation in the area of interest (between the Antoš channel 

and the Lamačský stream) in terms of flood flows using a 2D mathematical model. As part of the work, 

2D flow simulations were made at discharge of Q100 in the area of interest for the current state. The work 

is divided into the analysis, study and processing of delivered and obtained documents, measuring the 

topography, or objects in the location of interest for building a model of the current state, processing of 

documents into the necessary format for a 2D model of the current state, development of a mathematical 

2D model of the area of interest (the land between the Antoš channel and the Lamačský stream) – current 

state on the Figure 1. 

The area of interest falls within the basin of the Morava River. The main stream is the Morava River, 

which flows into the Danube near Devín Castle. The type of runoff regime of the treated area is rain-

snow. The maximum flows occur in the winter and spring months (March, April) in connection with the 

melting of snow and in the summer months, when they are conditioned by heavy rains. The minimum 

flows are mainly in September and October. Currently, the river network no longer has a natural 

character. As a result of frequent flooding and waterlogging of the territory, most of the streams were 

modified for water management (relocation and regulation of streams, establishment of irrigation and 

drainage canals), which, together with other melioration modifications, have a significant impact on the 

groundwater level. As a result of the regulation of flows, at maximum water levels, they emerge from 

the riverbeds only occasionally, floods mainly occur in the Morava floodplain [1]. 

Lamačský stream - originates in the Small Carpathians. The upper stream has a rapid nature. In the 

lowland part, its bed is adjusted and straightened. The stream is watery all year round and empties into 

the Vápenické stream. The length of the stream is 6.2 km. It causes flooding of adjacent lands under the 

forest area, especially during torrential rains and increased flows. Due to culverts and bridges with 

insufficient capacity, it is also embanked on the adjacent road, so the water flows outside the channel 

and floods the adjacent apartment buildings [2]. Erosion can potentially occur not only due to a lack of 

culvert capacity, but also due to the clogging of culverts and narrowed areas of the streambed by 

alluvium brought by the flow during increased flows from higher-lying forest areas. 
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Figure 1. Area of interest. Area between the Antoš channel and the Lamačský stream) 

 

Antoš's canal - is an artificial watercourse and its bed begins at the state road Lamač - Devínska Nová 

Ves. It runs for 2.5 km through agricultural land, has a well-maintained, straight riverbed. Several 

objects have been built on the stream within the treated territory - concrete stabilization thresholds, small 

steps to reduce the slope of the level and economic crossings, built as pipe culverts, with concrete faces 

and using reinforced concrete pipes DN1000. 

The channel also serves as a recipient for the outlet of systematic pipe drainage, and drainage outlet 

objects are installed in its bank. The bottom of the channel is in some places clogged with deposits of 

mud, the bank vegetation and the surroundings of the channel are largely marked by succession and a 

large presence of moisture-loving plants. After studying the background and available materials, it was 

necessary to enlarge the model beyond the scope of the site of interest in order to determine the influence 

of adjacent roads, which (according to the currently valid flood risk maps, they look like they overflowed 

at flood flow Q100, because of the culverts that lead under the communications. 

3 Methods 

The two-dimensional mathematical model HEC-RAS 2D v.6.3 (U.S. Army Corps of Engineers, 

Hydrologic Engineering Center's River Analysis System) was used to determine the water level regime 

and overall hydraulic conditions in the area. The software can work with both steady and unsteady 1D 
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and 2D flows, which HEC-RAS solves using a diffuse or dynamic wave, using a finite difference 

numerical method. 

 

 
Figure 2. Two-dimensional mathematical model HEC-RAS of the area 

 

 

The equation of motion, the so-called the diffusion wave is used for larger models that do not require a 

detailed solution for the flow around certain obstacles. It finds its application in e.g. in models of open 

channels, in the design of anti-flood measures. The diffusion wave is practically a simplified dynamic 

wave, where the approximation consists in neglecting the non-linear term of the inertial force, since it 

assumes a small change in the flow with increasing time. 

The dynamic wave is also known as the de Saint-Venant equation, which is used to describe unsteady 

flow in open channels. The basis for the derivation of the Saint-Venant equations was the system of 

Navier-Stokes equations. The HEC-RAS 2D model uses it in an approximate form, as the so-called 

Shallow Water Equations (SWE) because in 2D flow negligible vertical velocity components are 

assumed and also that the flowing liquid is incompressible and has a constant density [3]. 

Solving these equations requires higher demands on computing technology and longer simulation times. 

The advantage is the possibility of solving a large number of scenarios, including dynamic flood waves, 

sudden widening or narrowing of the current, mixed flow regime, wave propagation, etc. If the fluid is 

incompressible, then the continuity equation in the form of a differential equation for an unsteady state 

has the form 
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𝜕ℎ

𝜕𝑡
+
𝜕(ℎ𝑢)

𝜕𝑥
+
𝜕(ℎ𝑣)

𝜕𝑦
= 𝑞 (1) 

 

where t is time, u and v are the components of velocity in the x and y directions, q is the discharge. 

3.1 Current state 

From the point of view of solving the site of interest at Q100, a 2D mathematical model of the current 

state was compiled with basic schmee based on Eq (1), This model serves to create an idea where the 

embankment from the Lamačské stream and the Antoš channel to the area of interest occurs. 

A digital relief model (DMR) of the area of interest was downloaded from the Basic Database for 

Geographic Information System (ZBGIS). At the locations of the identified objects on the streams, 

culverts according to the focus were defined in the model. The bed of the Lamačské stream and the 

Antoš channel was deepened in the model of the current state according to the geodetic focus shown in 

the Figure 2. The calculation network of the area of interest was entered with a dimension from 1 m 

depending on the need for detailed calculation, with a roughness factor according to Manning n = 0.090, 

while the value 0.090 corresponds to an unmaintained channel with dense weeds, the height of which is 

equal to the depth of the flow and with unremoved rustling. 

3.2 Simulation model 

Simulation calculations for steady flow were made for the area defined in this way. Calibration of the 

model was not possible because there were not enough data available to carry it out [4]. The boundary 

conditions were specified as: 

• flows: QN annual flows (Q Q100 = 7.4 m3.s-1 on the Lamačský stream rkm 3.5 Q100= 8.4 m3.s-

1 on the Lamačské stream rkm 2.8 and Q100 = 2.1m3.s-1 on Antošov channels rkm 2.2 

• lower boundary condition: free runoff from the modeled area at the confluence of Mláka-

Muriansky stream-Lamačský stream The result of the simulations is a depth map in the solved 

area of interest for Q100. 

 

3.3 Uncertainty of the model  

The 2D mathematical model was developed with certain uncertainties resulting from the data provided 

for the solution, in particular: 

• the geodetic measurement was carried out in the growing season and many sections were inaccessible 

due to overgrown vegetation (measurement in the autumn-winter period would be more appropriate), 

• the model was not calibrated, there would have to be a reconciliation of the measurement of the level 

and the flow, which in summer reaches unmeasurable values, 

• some culverts were partially blocked, there were transverse obstacles in the flow from fallen trees, 

which was transferred to the model in the form of an increased level of roughness. 

4 Results and discussion 

From the simulations for the current state model, flood locations were confirmed according to the 

currently valid flood hazard map [5], which are easily identifiable even with the naked eye in the field 

(places with a high growth of sedge, terrain depressions, with otherwise very sloping terrain in the 

direction of the flow of both streams). Since the simulation was created with higher detail (Figure 3), it 

can be seen that the water depths in the area of interest at flood flow Q100are in the range of 0-25 cm 

(Figure 4).  
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Figure 3. The simulation model - higher detail. 

 

 

The critical places in relation to the area in question are the culverts on the Lamačské and Antošov 

canals, which do not have the necessary capacity to implement Q100. The maintainability of the riverbed 

plays a big role in the transfer of flows [6]. Due to the high degree of overgrowth of the Lamačské 

stream and the Antoš channel, the capacity of the bed is significantly limited. High longitudinal slope 

defines the high velocities shown in figure Figure 5 with potencial to higher capacity but under the 

conditions of clear riverbed with proper vegetation modifications. 

 



 

WMHE 2024 18th International Symposium on Water Management and Hydraulic Engineering 
 

 

 

487 
 

 

 

 
Figure 4. The map of depths.  
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Figure 5. The map of velocity 

5 Summary and conclusions 

The aim of the work was to assess the impact of flood flow Q100 on the Lamačský stream and Antošov 

canal on the area of interest by creating a depth map at Q100. As part of the work, measurements were 

carried out and a 2D mathematical model was compiled based on current topographical and hydrological 

data for the current state. The current state model has not been calibrated. For possible calibration of the 

model in the future, it would be advisable to supplement the measurement of the level regime at a higher 

water level (harmonize the level measurement at a relatively stable and at the same time known water 
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level) so that the entire model can be calibrated. The result of this work is a recommendation for the 

purification of both streams (Lamačské stream and Antoš channel) to the originally designed profile, as 

well as the maintenance of culverts, respectively. For their conversion to frame structures, or ground 

level bridges which are less prone to clogging/maintenance and have higher capacity than pipe bridges. 

Of course, this only applies to culverts on the Antošov canal and Lamačský stream. Along most of the 

watercourse beds in the wider area of interest, mature greenery is planted, but of varying quality. They 

are also accompanied by accompanying low greenery (shrubs). 

Watercourse beds are important biocorridors. From the point of view of the flow rate and capacity of 

the riverbeds, some overgrown and clogged sections of the riverbeds are a problem. In the spring, during 

the melting of the snow or during torrential rains, waters from upper basin at Lamačský stream are 

washed out. 

However, the solved issue must be viewed in a broader context, as the Lamačský stream has a torrential 

nature in its upper part, which is characterized by fast drainage due to the large slope of the territory, 

which is propagated further along its course into the residential zone of the Lamač district. 

As for the possible close-to-nature modifications of the treated stream beds, they are not in accordance 

with the territorial system of ecological stability (ÚSES), because currently the already stabilized 

corridors of the Antoš channel and Lamačské brook with riparian vegetation and other elements of the 

ÚSES in the wider area are part of the provincial biocorridor leading in the Little Carpathian Mountains 

and feeding into the Devínsk Kobyla provincial biocenter. They thus represent the last possibility of 

connecting the entire Lesser Carpathians with Devínská Kobyla in an area that has not yet been built on. 

Although it is also necessary to state that the functionality of the given biocorridor is limited by the 

existence of current linear barriers, such as highways, roads, railways, partial development and also 

large-scale agricultural. 
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